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Samenvatting 
 
Landdegradatie in het Ethiopisch hoogland omvat verschillende problemen zoals het 
verlies van de natuurlijke vegetatie, bodemerosie, dalende bodemvruchtbaarheid en tekort 
aan beschikbaar water. Deze problemen worden hoofdzakelijk veroorzaakt door een 
combinatie van factoren die samengaan met de sterke bevolkingsgroei, zoals ontbossing, 
overbegrazing, uitbreiding van akkerland en roofbouw van de natuurlijke hulpbronnen. 
Aangezien de plattelandsbevolking voornamelijk afhangt van de landbouwproductie, 
vormt landdegradatie een serieuze bedreiging voor het levensonderhoud en de 
voedselzekerheid van miljoenen mensen. Andere nefaste gevolgen zijn het ondermijnen 
van duurzame ontwikkeling en het verlies van biodiversiteit. Vanaf het midden van de 
jaren 1970 is men in Ethiopië gestart met grootscheepse maatregelen voor bodem- en 
waterconservering om de landdegradatie een halt toe te roepen. Naast constructies zoals 
stenen muurtjes (E: stone bunds) langsheen de hoogtelijnen en controledammen (E: 
checkdams) in de ravijnen, werd ook het herstel van de vegetatie aanzien als een 
mogelijkheid voor rehabilitatie van het gedegradeerde milieu. In dit opzicht werden vanaf 
het begin van de jaren 1980 zogenaamde gesloten gebieden (E: exclosures) aangelegd op 
steile hellingen in gemeenschapsland met herstel van het gedegradeerde land als 
belangrijkste doelstelling. In deze gesloten gebieden werd begrazing en houtkap verboden 
en andere activiteiten zoals het verzamelen van grassen streng gereguleerd. Gezien het 
duidelijk positieve en snelle effect op vegetatieherstel werd afsluiting van gedegradeerde 
stukken land een populaire praktijk die meer en meer werd toegepast, zodat ondertussen 
aanzienlijke oppervlaktes gesloten zijn (ongeveer 12 % in het studiegebied). Gesloten 
gebieden kunnen echter ook meer druk veroorzaken op nog resterend graasland en 
natuurlijke bossen en aangezien ze tot op heden weinig opbrengen en eerder een verlies 
aan kostbaar en reeds schaars land inhouden, wordt deze maatregel niet altijd gesteund 
door de lokale bevolking.  
 
Gezien het controversieel karakter van de gesloten gebieden is het van groot belang om 
de effecten ervan op het milieu correct te kunnen inschatten. Met deze studie werd 
getracht een aantal pedologische en hydrologische effecten van de gesloten gebieden 
beter te begrijpen om na te gaan of, in welke mate, en hoe de techniek kan aangewend 
worden voor bodem- en waterconservering. Het uiteindelijke doel is een bijdrage te 
leveren tot voedselzekerheid voor de lokale bevolking door het efficiënter terugdringen 
van landdegradatie.  
 
Verscheidene pedologische en hydrologische effecten van het vegetatieherstel werden 
geanalyseerd door gesloten gebieden van verschillende leeftijden met elkaar en met de 
uitgangssituatie, zijnde het gedegradeerd graasland, te vergelijken. Hieruit bleek duidelijk 
dat gesloten gebieden een succesvolle maatregel zijn voor bodem- en waterconservering. 
Hun vermogen tot landrehabilitatie wordt nog versterkt wanneer ze worden aangelegd 
onder brongebieden van sediment en afstromingswater (E: runoff).  
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Vruchtbaar sediment dat in de brongebieden wordt losgemaakt door bodemerosie en via 
het afstromingswater de gesloten gebieden binnenkomt, wordt daar onmiddellijk 
vastgelegd in de eerste meters. Dit bevordert de opbouw van vruchtbare bodem in de 
gesloten gebieden en het vasthouden van sediment binnen een stroombekken. Het 
vegetatieherstel in gesloten gebieden leidt tot een verhoging van de strooiselproductie, de 
accumulatie van organisch materiaal en humusvorming. Naast bodembescherming, 
brengen deze processes ook een verbetering teweeg van de bodemstructuur en 
bodemvruchtbaarheid. 
 
Met betrekking tot waterconservering is de verhoogde infiltratiecapaciteit van de bodem 
in gesloten gebieden van groot belang. Dit leidt enerzijds tot een hogere 
waterbeschikbaarheid en bijhorende stijging in evapotranspiratie en dus 
biomassaproductie. Anderzijds resulteert de hoge infiltratie samen met de verhoogde 
vegetatieve bodembedekking in een sterke vermindering van de hoeveelheid afstromend 
water. Hierdoor worden velden, die onder de steile hellingen gelegen zijn gevrijwaard 
van sterke waterstromen die de gewassen beschadigen. Waar extra laterale watertoevoer 
(E: runon) in een gesloten gebied infiltreert, zorgt dit voor doorsijpeling van het water uit 
de wortelzone, hetgeen kan bijdragen tot de voeding van de grondwatertafel.  
 
Het vermogen van gesloten gebieden om bodem en water te absorberen heeft niet enkel 
een snelle rehabilitatie van de gedegradeerde hellingen tot gevolg. Dit filtereffect komt 
ook bodem- en waterconservering op het niveau van het stroombekken ten goede, maar 
resulteert tegelijkertijd in een verlaagde watertoevoer stroomafwaarts. 
 
Vegetatieherstel in gesloten gebieden speelt een sleutelrol in alle pedologische en 
hydrologische processen die werden bestudeerd. Dit herstel zet een aantal 
ecosysteemprocessen in gang, die samen leiden tot een verhoogde bodemvruchtbaarheid 
en een efficiënter gebruik van het beschikbaar water. De verhoogde biomassaproductie 
die hierdoor mogelijk wordt, veroorzaakt een terugkoppelingsmechanisme, waardoor 
vegetatieherstel nog wordt versneld.  
 
Door gesloten gebieden aan te leggen op geschikte plaatsen in het landschap kunnen de 
positieve effecten voor landrehabilitatie optimaal aangewend worden. Ravijnafleidingen 
kunnen dit effect nog versterken door een verhoging van de sedimentvastlegging en de 
wateropbrengst (E: water harvesting).  
Een duurzaam gebruik van de hulpbronnen in de gesloten gebieden is noodzakelijk om de 
steun van de lokale bevolking voor het behoud van deze gebieden te verzekeren. 
Honingproductie en gecontroleerd begrazen, snoeien, uitdunnen en oogsten van grassen, 
kunnen hiertoe bijdragen zolang men erop toeziet dat het evenwicht tussen aangroei en 
wegname niet verstoord wordt.  
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Summary 
 
Land degradation in the Ethiopian highlands includes several problems, such as 
degradation of the natural vegetation, soil erosion, loss of soil fertility and water stress. 
The alarming rate of desertification can be explained by the combined effects of several 
factors related to population pressure, such as deforestation, overgrazing, expansion of 
cropland, unsustainable use of the natural resources and unbalanced crop and livestock 
production. As the rural population in Ethiopia largely depends on agricultural 
production, land degradation is a serious threat to the livelihood and food security of 
millions of people. Other undesirable consequences are the undermining of sustainable 
socio-economic development and loss of biodiversity.  
In the mid 1970s, a start was made with large-scale soil and water conservation measures 
to halt and reverse land degradation. Besides physical constructions like stone bunds 
along the contours and checkdams in gullies, also vegetation restoration was conceived as 
an option to fight land degradation and rehabilitate the natural environment. In this 
regard, the establishment of exclosures originated in the early 1980s in different parts of 
Ethiopia as a promising strategy to rehabilitate degraded hillslopes. They are mainly 
established on steep, degraded areas in community land, where grazing and wood cutting 
are forbidden and other activities, like the collection of grasses is strongly regulated. 
Because of the clearly positive and fast effect on vegetation recovery, exclosures became 
a popular and common practice, so that meanwhile, considerably large areas are closed 
(ca 12 % in the study region). However, exclosures can also cause increased pressure on 
the remaining grazing lands and natural forests. Furthermore, as exclosures involve a loss 
of already scarce land and as they do not yield many tangible and material benefits so far, 
the measure is not always supported by the local farmers. 
 
Given the controversial nature of exclosures, it is very important to correctly assess the 
effects of the set aside policy on various aspects of the natural environment. Therefore, 
this study aimed at a better understanding of several pedological and hydrological effects 
of exclosures. This knowledge was then used to examine if, to what extent and how the 
exclosure practice can be applied for soil and water conservation. The ultimate objective 
was to contribute to better livelihoods and food security for the local population through a 
well thought-out and more efficient fight against land degradation.  
 
Several pedological and hydrological effects of vegetation restoration were analyzed by 
comparing exclosures of different ages among each other and against degraded grazing 
land, which is considered as the reference situation from where the restoration started. 
From this it was clear that exclosures are a successful soil and water conservation 
technique. Their capacity to rehabilitate degraded land is reinforced if they are located 
below sediment and runoff source areas.  
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Fertile sediments, which are eroded in the sediment source areas and brought into 
exclosures suspended in the runoff water, are immediately trapped in the upper metres of 
the exclosure. Sediment deposition enhances the recovery of soil fertility in the 
exclosures and also helps to retain the sediments within a catchment.  
Vegetation restoration results in increased litter production, organic matter accumulation, 
and humus formation. Besides soil protection, these processes trigger soil structure 
amelioration and an increase in soil nutrient content.  
 
With respect to water conservation, the high infiltration capacity of exclosures is very 
important. On the one hand, it leads to higher soil water availability with a corresponding 
rise in evapotranspiration and biomass production. On the other hand, high infiltration 
and the extended vegetative soil cover result in a considerable reduction of runoff from 
the steep slopes, so that fields downslope are less threatened by damaging floods. Where 
areas receive runon it is thanks to the capacity of exclosures to infiltrate huge amounts of 
water that deep percolation and groundwater recharge is realized.  
 
The capacity of exclosures to absorb soil and water does not only result in a fast 
rehabilitation of the degraded hillslopes. The filter effect of these vegetation strips also 
serves soil and water conservation at a larger catchment scale. Reduced water yields 
downstream is a drawback related to this.  
 
Vegetation restoration plays a key role in the pedological and hydrological processes that 
were studied. This restoration triggers several ecosystem processes, which together result 
in the recovery of soil fertility and a more efficient use of the available water. As such, 
higher biomass production is enabled, which governs a feedback mechanism as it 
positively influences vegetation restoration.  
 
An appropriate location of exclosures in the landscape can enhance the beneficial effects 
for land rehabilitation. The application of gully diversions in a selection of exclosure 
areas can further optimize this through water harvesting and increased sediment trapping. 
A sustainable use of the natural resources present in exclosures is necessary to secure the 
support of the local farmers for the conservation of the exclosure areas. As long as the 
balance between growth and harvest is maintained, controlled grazing, pruning, thinning 
and grass collection, as well as honey production can contribute to this.  
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∆ψ   diurnal range in leaf water potential [MPa] 
 
 
*   significant at 0.05 level (2-tailed) 
**   significant at 0.01 level (2-tailed) 
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CHAPTER 1 
 
Introduction 
 
 
1.1 Problem statement 
 
Land degradation 
 
The natural environment of the northern Ethiopian highlands is seriously threatened by 
land degradation (e.g. Hurni, 1988; Herweg and Stillhardt, 1999; Feoli et al., 2002; 
Nyssen et al., 2004). This includes degradation of the natural vegetation cover, soil 
erosion, loss of soil fertility and water stress (Fitsum et al., 1999). The combined effects 
of rapid population increase, deforestation, overgrazing, expansion of cropland, 
unsustainable use of natural resources and unbalanced crop and livestock production are 
often invoked to explain the alarming rate of desertification (UNEP, 1994) in Tigray 
region (Girma, 2001). Besides these anthropogenic impacts, drought is commonly seen as 
the culprit of the environmental decline in Ethiopia (Nyssen et al., 2004), although a 
consistent trend of lower rainfall conditions has not been demonstrated (Conway, 2000a, 
cited in Nyssen et al., 2004 and Meze-Hausken, 2004). 
 
As agricultural production is the mainstay for the majority of the rural population in 
Tigray, land degradation, affecting the resource base for agriculture, threatens the 
livelihood and food security of millions of people (Girma, 2001). That is why recurrent 
famines in the country have been attributed at least partly to this phenomenon (Hurni, 
1988, 1993). Besides undermining of much-needed progress in agricultural productivity 
and sustainable socio-economic development (Wagayehu and Drake, 2003), land 
degradation also results in loss of biodiversity (Aerts et al., 2006b). 
 
Soil and water conservation efforts 
 
As a reaction to the severe famines, large efforts to promote soil and water conservation 
and reverse land degradation started in Tigray in the mid 1970s (Shiferaw and Holden, 
1998) and were consolidated in the 1980s by a large food-for-work program sponsored 
by the World Food Program and several non-governmental organizations (Wagayehu and 
Drake, 2003). The conservation strategy mainly focused on the construction of physical 
structures, such as contour stone bunds (see e.g. Desta et al., 2005; Vancampenhout et al., 
2006), contour furrows, and gully check dams (Fitsum et al., 1999). Although divergent 
theories exist on the adoption of these soil and water conservation structures by the local 
farmers (Wagayehu and Drake, 2003; Nyssen et al., 2004), it is clear that these structures 
contribute to a reduction in runoff and erosion (Herweg and Stillhardt, 1999; Herweg and 
Ludi, 1999; Desta et al., 2005). Their efficiency in terms of used resources and benefits in 
the specific situation of the Tigray highlands remains open for debate (see for example 
Hengsdijk et al., 2005 and Nyssen et al., 2006).  
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Exclosures  
 
Apart from the construction of physical structures, also vegetation restoration was 
conceived as an option to fight land degradation (Chadhokar and Solomon, 1988; Fiedler 
and Gebeyehu, 1988) as it is believed to be a powerful tool for site rehabilitation (Hongo 
et al., 1995; Kebrom, 2001; Gao et al., 2002; Aerts et al., 2004; Zhang et al., 2004). In 
this regard, the establishment of exclosures originated in the early 1980s in different parts 
of Ethiopia as a promising strategy to rehabilitate degraded hillslopes (Bendz, 1986, cited 
in Mengistu et al., 2005). Exclosures are defined by Le Houérou (2000) as areas of 
natural vegetation protected from the intrusion of major degradation agents, such 
as humans, livestock and big game.  
 
The primary objective of exclosures is environmental rehabilitation (Wisborg et al., 2000; 
Mengistu et al., 2005). More specific objectives have been listed by the Bureau of 
Agriculture and Natural Resources BoANR (Forester, 2002; cited in Betru et al., 2005) 
as: 
 

− halt and reverse land degradation, 
− check the adverse effect of runoff, 
− create natural resources highly demanded by livestock, human beings and the 

land, 
− improve the microclimate of respective places and thereby maintain 

environmental stability in the region, 
− create habitat for wildlife, 
− conserve the diminishing biological resources, such as forest trees, shrubs, herbs 

and grasses. 
 
Because of the clear and impressive vegetation restoration and soil loss reduction noticed 
in the areas closed in the early 1980s, the practice became very common. Various 
estimations of the area closed in the Tigray region (with a total area of 50 230 km2) are 
reported: Asefa et al. (2003) and Wisborg et al. (2000) mention the revegetation of  
143 000 ha of degraded land, while Emiru (2002, cited in Mengistu et al., 2005) estimates 
the total exclosure area at 188 432 ha. Still higher figures of 262 000 ha and 305 000 ha 
are reported by Betru et al. (2005) and Fitsum et al. (1999) respectively. In the study 
district Dogu’a Tembien (refer to chapter 2) 12 % (or 136 km2) of the total area is 
exclosure (Bureau of Agriculture, Hagere Selam).  
 
Exclosures are usually demarcated on strongly degraded hillslopes in community land. 
Different types of exclosures can be distinguished as there are no well defined 
management plans: in some areas (exotic) tree species are planted, while in others the 
vegetation results exclusively from natural regeneration. In some cases, stone bunds or 
contour trenches have been constructed to trigger faster land rehabilitation.  
During the Derg regime (until 1991) exclosure establishment was usually implemented 
using a top-down approach without any community participation (Betru et al., 2005). At 
present, the administration and practical management of the exclosures lies within the 
jurisdiction of the Bureau of Agriculture at district level. The local governmental 
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institutions and NGOs (e.g. Relief Society of Tigray, REST) are providing incentives 
including food for work and payments for the protection of exclosures. As such, they 
influence how exclosures are managed and how the benefits are distributed. Although 
local communities are more involved now with respect to the delineation of exclosure 
areas, the formulation of bylaws and the management and guarding of the areas, 
participation of community members is still restricted to agreeing with the decisions 
made by the policy makers. Practically, protection of the exclosures against grazing and 
unauthorized harvesting of wood or grasses is ensured by guards. However, the level of 
protection greatly varies from place to place and is partly determined by the correct 
allowance of the guards (Betru et al., 2005), which has important repercussions on the 
success of the measure.  
 
Material profits for the local communities are restricted to the controlled collecting of 
grasses and wood from dead shrubs or trees, known as ‘cut-and-carry’ (REST, 2003). The 
benefits are shared among the community members based on annual turns, with priority 
for those with critical shortages of grass for thatching and fodder.  
In many cases community and individual benefits and user-rights still remain unclear 
(Kebrom, 2001). These uncertainties and the limited decision making power of the people 
adversely affect the sense of ownership and community commitment for effective 
protection and sustainable management of the resources in exclosures. 
 
Observed effects in exclosures 
 
Different studies describe the vegetation restoration taking place after exclosure 
establishment. Immediately after closure, herbs and grasses regenerate from the soil seed 
bank (Mengistu et al., 2005) and quickly restore a vegetative soil cover. Herbaceous 
species richness increases with age of closure, but Asefa et al. (2003) noticed a maximum 
already after three years. Also in the tree and shrub layer, increases in species richness, 
number of individuals and crown cover are observed where areas are closed (Kebrom, 
2001; Asefa et al., 2003). After some years the development of a shrub and tree layer 
starts to suppress the herbaceous vegetation (Aerts et al., 2004; Betru et al., 2005). The 
rapid regeneration of pioneer shrubs, such as Dodonea angustifolia L.f., Rhus natalensis 
Krauss, Euclea racemosa Murr. is attributed mainly to coppice resprouting (Kebrom, 
2001), which is recognized as an important regeneration mechanism in dry tropical 
forests (Murphy and Lugo, 1986). The near absence of woody species in the soil seed 
bank (Demel, 1997; Kebrom and Tesfay, 2000) confirms the importance of coppice 
resprouting for the restoration of shrubs in exclosures. The regeneration of tree species is 
taking place more slowly (Asefa et al., 2003) and for some typical forest tree species the 
chance for in situ regeneration is even very small (Aerts et al., 2006d).  
Generally speaking, all studies on vegetation recovery in exclosures agree on the increase 
of aboveground biomass, the regeneration of herbaceous and woody vegetation, the 
development of a protective vegetative soil cover and the increase in biodiversity (Mitiku 
and Kindeya, 2001; Kebrom, 2001; Asefa et al., 2003; Mengistu et al., 2005). According 
to Aerts et al. (2006a), the vegetation type in exclosures can be defined as semiarid 
degraded savannah.  
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Besides vegetation restoration, other beneficial effects of exclosures are observed: 
reduction of runoff and erosion, increases of downstream water yield and rise of the 
groundwater table, stabilization of the land, increase in soil water availability and 
development of new springs (Chadhokar, 1992, Mitiku and Kindeya, 1998, Wisborg et 
al., 2000; Betru et al., 2005). However, none of these studies report to have used sound 
scientific measurements or observations to come to their conclusions, nor did they 
objectively quantify the observed processes. Also Mengistu et al. (2005) note that 
documented information on (the effects of) exclosures is scarce, because virtually no 
systematic and scientific studies have been made. Exceptions are the previously 
mentioned vegetation studies focusing on ecological issues, and the study by Aerts et al. 
(2004) who demonstrated that under influence of vegetation restoration a forest-like 
microclimate is installed.  
 
Exclosures are a debated land use  
 
In a region characterized by severe shortages of food, fodder and fuelwood, setting aside 
entire areas for regeneration of vegetation is challenging. It should not surprise that 
exclosures are a debated land use. People acknowledge the environmental benefits but 
gain very little direct or financial profits, because user-rights are not clearly regulated and 
management plans are nearly non-existent (Betru et al., 2005). Furthermore, although on-
site effects seem to be beneficial for environmental rehabilitation, off-site effects might 
be detrimental. Negative off-site effects can be related to the increased pressure and 
subsequent degradation of remaining free-access grazing lands and remaining natural 
forest reserves. A photo-monotoring exercise comprising pictures with a time lapse of 30 
years (Munro et al., 2006), did not observe the former but corroborated the latter effect. 
Another possible drawback of exclosures is related to the expected increase in 
evapotranspiration of the developing forest vegetation, which could result in decreased 
base flows and lowering of the water table.  
 
It seems thus imperative that a more profound and scientifically based knowledge is 
obtained on the effects of the set aside policy on various aspects of the natural 
environment. This knowledge could guide policy makers in the formulation of much-
needed management plans. Well-informed decision making is believed to contribute to 
the sustainable development and use of the resources present in exclosures. As exclosures 
contribute to land rehabilitation, this could eventually contribute to improved livelihoods 
for the local farmers.  
 
Secondary dry tropical forests 
 
Besides the local interest for increased knowledge on the effects of exclosures, also from 
a broader scientific point of view more information on these restoring forest areas would 
be welcome. Exclosures can be denominated as secondary dry tropical forests. According 
to Mooney et al. (1995), dry tropical forests occur in tropical regions with clear 
climatic seasonality characterized by several months of drought and highly variable 
rainfall, ranging from 250 to 2000 mm per year (Murphy and Lugo, 1986). Different 
vegetation forms have been described going from tall, semideciduous forests to scrubland 
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vegetation (Bullock et al., 1995). Secondary forests are defined by Brown and Lugo 
(1990) as forests influenced by human impact (e.g. grazing, agriculture, wood cutting), 
emerging after abandonment of the land.  
Besides their important area extent (secondary dry tropical forests occupy 42 % of the 
total forested area in the tropics (Brown and Lugo, 1982)) and ecological significance 
(Colón and Lugo, 2006), tropical secondary forests are also important as assets for 
conservation (Brown and Lugo, 1990) because:  
 

− they produce woody biomass and as such remove pressure from primary forests 
and remaining forest relics, 

− they foster species that can form future and mature ecosystems, 
− they improve soil and water quality, 
− they conserve genetic material, 
− they are sinks for organic matter and nutrients, 
− they improve water conservation. 

 
Most of the functions, products and services to people and the environment provided by 
secondary forests depend on their ecological characteristics and the ecosystem processes 
taking place (Brown and Lugo, 1990). Proper management of these characteristics is 
needed to sustain the functions and services, but this depends on a thorough 
understanding of all ecosystem aspects and the interrelations with the physical 
environment. However, that’s were the shoe pinches. Various authors found that, despite 
their importance, secondary dry tropical forests are relatively understudied as compared 
to climax forest ecosystems or rainforests (Murphy and Lugo 1986; Brown and Lugo 
1990; Mooney et al., 1995; Read and Lawrence, 2003; Sanchez-Azofeifa et al., 2005; 
Vieira and Scariot, 2006). That is why the possibilities of restoring dry tropical forests to 
support the needs of people through products, ecological services and environmental 
protection remain largely unknown. 
 
1.2 Overall objective of the study 
 
Land degradation in the Tigray highlands includes three major elements, i.e. (1) 
degradation of the natural vegetation cover, (2) soil degradation and (3) overall 
desiccation problems. Given the fact that (1) the capacity of exclosures to restore the 
vegetation has already been demonstrated by several studies (e.g. Kebrom, 2001; Asefa et 
al., 2003; Mengistu et al., 2005), but (2) the effects of exclosures on the physical 
environment have not been exhaustively treated, this research was focussed on 
pedological and hydrological processes taking place in exclosures. Through gaining 
insights into the effects of vegetation restoration on these processes, the present research 
aims at answering the following questions: 
 

− Are exclosures successful soil and water conservation measures?  
− What is the role of vegetation restoration in the land rehabilitation process? 
− How can process-based management enhance the beneficial effects of exclosures? 
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Practically, the obtained information can form the basis for ecologically sound 
management plans for a sustainable use of the restoring forest areas in the Tigray 
highlands. It is hoped that this finally contributes to food security and improved 
livelihoods for local farmers. The study further aims at filling scientific knowledge gaps 
(1) on ecosystem processes taking place in secondary dry tropical forests and (2) on the 
effects of vegetation restoration on different soil and water-related issues.  
 
1.3 Pedological processes 
 
From many studies it is known that increased vegetation cover contributes to reduced soil 
erosion rates. Thornes (1990) and Morgan (2005) give general overviews of the 
interrelations between erosion processes and vegetation. Vegetation protects the soil 
surface via both the leaf canopy and the litter layer (Sanchez et al., 1997). As raindrops 
are intercepted their energy is dissipated and infiltration pathways are created (Morgan et 
al., 1986; Castillo et al., 1997; Le Maitre et al., 1999; Descroix et al., 2001). Also the 
roots of the vegetation are important as they lend stability to the topsoil (Gyssels and 
Poesen, 2003; Gyssels et al., 2005; De Baets et al., 2006). By creating surface roughness, 
vegetation tempers the water flow velocity, so that the opportunities for the water to 
infiltrate are increased (Bochet et al., 1998). Through the incorporation of organic matter, 
aggregate formation is triggered and soil structure is improved (Six et al., 2004; Bronick 
and Lal, 2005). That is why increased vegetation cover also indirectly accounts for 
increased infiltration, decreased runoff and less erosion. Based on a review of studies on 
the relation between vegetation and erosion, Gyssels et al. (2005) conclude that erosion 
exponentially decreases with increased vegetation cover. As the studies, from which this 
relation is derived, describe the erosion process in very diverse environmental conditions, 
Gyssels et al. (2005) stress the universal character of this relationship. 
Also for soil fertility, the effects of land use change have been discussed extensively in 
the literature. A few examples from the large number of studies conducted in semiarid 
areas are the studies by Jaiyeoba (1995), McIntosh et al. (1997), Kosmas et al. (2000), 
Wang et al. (2001), Carvaca et al. (2002), Mulugeta et al. (2005a,b,c). From these studies 
it is clear that vegetation restoration invariably leads to increased soil organic matter 
content and improved soil fertility. 
For the particular case of exclosures in the Tigray highlands there is not yet any scientific 
evidence that decreased erosion and improved soil fertility are attained through 
vegetation restoration. However, given the previously mentioned body of evidence, these 
beneficial effects can reasonably be taken for granted. Therefore, instead of only adding 
experimental evidence to widely accepted processes, it was decided to focus the research 
on other pedological processes taking place in exclosures.  
 
From soil profile observations it became clear that the vegetation belts on steep hillslopes 
are capable of trapping considerable volumes of sediment, coming from the strongly 
eroding soils upslope. This sediment deposition process is believed to influence soil 
formation and enhance the recovery of soil fertility. Given the scarcity of information on 
the effects of land rehabilitation on catchment sediment yield (Bruijnzeel, 2004), 
increased understanding of sediment deposition processes in exclosures would be very 
valuable. Moreover, if it could be demonstrated that exclosures act as sediment sinks, this 
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would have important consequences for impact assessments of land use changes in the 
study region.  
Plant litter production and decomposition are considered important pathways of nutrient 
return to the soil (Vitousek, 1984; Lavelle et al., 1993; Martínez-Yrízar et al., 1999; 
Xuluc-Tolosa et al., 2003; Lawrence, 2005). Insights into these processes can help to 
understand how rehabilitation is taking place in exclosures, as especially in dry forest 
ecosystems these processes are believed to be crucial for forest recovery (Campo et al., 
2001). Moreover, knowledge on litter quality of important species present in exclosures 
provides valuable information to guide decisions on enrichment planting.  
Humus formation is closely linked to litter production and decomposition. Furthermore, 
as humus forms are reflections of plant – soil interactions (Kindel and Garay, 2002), they 
can reveal important ecosystem functions of restoring forest areas and increase our 
understanding of the role of the regenerating vegetation in soil rehabilitation.  
During the assessment of pedogenesis, sediment trapping and humus formation, a 
(limited) dataset on soil nutrient content was acquired. Although the investigation of soil 
fertility recovery was not the primary intention, it seemed worthwhile to use this dataset 
for checking the widely held convictions.  
 
1.4 Hydrological processes 
 
As stated above, a few studies mention increases in downstream water yield, a rising 
ground water table and the appearance of new springs as a result of exclosure 
establishment (e.g. Chadhokar, 1992, Wisborg et al., 2000; Betru et al., 2005). However, 
based on comprehensive reviews by for example Bosch and Hewlett (1982) and 
Bruijnzeel (2004) of studies examining the effect of vegetation changes on catchment 
hydrology, the opposite would be expected. It is commonly reported that upon 
reforestation or vegetation restoration, peak flows are reduced because of increased 
infiltration. Nevertheless, also for semiarid regions baseflows and aquifer recharge are 
reported to decline (Bellot et al., 1999, 2001). This is mostly attributed to the higher 
water requirements of forest vegetation. Because of the contrast between the reported 
observations and what would be expected based on literature, it is of great interest to 
investigate to what extent exclosures can promote infiltration and push back runoff. To 
clarify whether this would suffice to contribute to groundwater recharge and stream 
baseflows, it is necessary to assess also other components of the water balance such as 
evapotranspiration and soil water storage.  
 
Although a paired catchment approach is recommended by Bruijnzeel (2004) to study 
effects of land use change on catchment hydrology, this methodology was not adopted in 
our study. The reason is that within the scope of this research it was not found feasible to 
obtain the long-term, high-quality data on land use, streamflow and climatic variables, 
needed for such study (Bruijnzeel, 2004). Moreover, as exclosures are numerous and 
scattered over the study region, but not covering entire catchments, it is difficult to find 
paired catchments with clearly contrasting land use and for the rest identical influencing 
factors. Therefore it was decided to assess the water balance, and all its components, at 
the level of hillslope sections covered with different land use types. To assess those water 
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balance components that can not be simply measured or recorded, a modelling approach 
was opted for with soil water content for calibration and validation.  
 
For runoff, one could follow the same reasoning as made for erosion to claim that 
because many studies have been conducted to demonstrate the effects of land use changes 
on runoff (see Descheemaeker et al. (2006b) for a concise overview), it is not necessary 
to repeat this type of study for the particular case of exclosures in Tigray. This argument 
could be reinforced by the fact that relationships between runoff and vegetation cover 
have been described previously (e.g. Francis and Thornes, 1990; Bochet et al., 2006). 
However, first of all, semiarid rangelands and semiarid natural vegetation are relatively 
underrepresented in runoff studies (Mapa, 1995; Descroix et al., 2001; Archer et al., 
2002). Besides that, Pilgrim et al. (1988) report a great diversity in hydrological 
characteristics within (semi)arid regions, mainly because of variation in soils and rainfall. 
Therefore, it would be unrealistic to assume that the findings of other studies are 
unconditionally applicable to Tigray. Another more practical point pleading for a 
thorough investigation of runoff processes is the fact that runoff is an essential 
component of the water balance, which is studied in this research.  
 
1.5 Specific objectives  
 
To meet the research needs set out above and to achieve the overall aim of the study, 
several recording, measurement and experimental campaigns have been set up in a study 
area in the highlands of Tigray. These serve for achieving the following specific research 
objectives:  
 

1. to understand the land use dynamics that took place on the steep slopes, where 
exclosures are usually established, 

2. to assess the climate of the study sites, 
3. to characterize representative soil types in the study sites, 
4. to assess vegetation cover restoration in exclosures, 
5. to understand and quantify sediment deposition in exclosures, 
6. to gain insights in pedogenesis on steep hillslopes in the Tigray highlands, 
7. to assess litter production, litter quality and organic matter accumulation of 

different species and exclosure sites, 
8. to describe humus forms and understand humus formation processes taking 

place upon vegetation restoration, 
9. to indicatively assess the recovery of soil fertility where degraded areas are 

closed, 
10. to monitor soil water evolution in different land use types, 
11. to investigate runoff processes on steep slopes and assess the effect of 

vegetative soil cover on runoff attenuation, 
12. to understand the plant water status of important shrub and tree species present 

in exclosures in different seasons, 
13. to determine crop coefficients for the assessment of evapotranspiration rates of 

restoring forest vegetation, 
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14. to model the soil water balance of exclosure sites and gain insights into soil 
water fluxes throughout the year, 

15. to evaluate the capacity of exclosures to store runoff water from gullies and act 
as sinks for water and sediment. 

 
Based on the research outcomes associated with these 15 specific objectives it is the aim 
to formulate practical recommendations for improved exclosure management. 
 
1.6 Thesis outline 
 
Concise background information is provided on the study area, on the selection of study 
sites and on the general methodological approach in chapter 2. Detailed information on 
climate, soils and vegetation complete the background information required for this 
research. 
In chapter 3, processes explaining soil rehabilitation in exclosures are treated. The 
discussion starts with sediment deposition and pedogenesis. Litter production, 
decomposition and humus formation are set out next, followed by a brief paragraph on 
the recovery of soil fertility. Hydrological processes are discussed in chapter 4. Soil water 
content, runoff and runon are treated successively, before an extensive paragraph is 
devoted to evapotranspiration. The chapter is rounded off with soil water balance 
modelling. 
The knowledge collected in the previous sections was practically implemented in a gully 
diversion experiment. In chapter 5 it is evaluated to what extent a gully diversion can be 
applied to optimize the soil and water conservation capacities of exclosures. 
Based on the research outcomes practical recommendations for improved land use 
planning and sustainable exclosure management are proposed in chapter 6.  
Finally, conclusions and possibilities for future research are presented in chapter 7. 
 
Figure 1.1 illustrates how paragraphs and chapters contribute to the overall understanding 
of pedological and hydrological processes taking place with vegetation restoration in 
exclosures. 
 



 

 

 
 
Figure 1.1: Thesis outline 
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CHAPTER 2 
 
Study area  
 
 
This chapter first presents the general setting of the study area, the selection of the study 
sites and the experimental approach of the research. In the subsequent sections specific 
information related to climate, soils and vegetation for the different experimental units is 
provided. 
 
2.1 General setting of the study area 
 
2.1.1 Location 
 
Ethiopia is situated in the Horn of Africa (Figure 2.1,a). The study area is located in the 
Dogu’a Tembien district in Tigray (Figure 2.2), around the district capital Hagere Selam 
(13º39’ N, 39º10’ E, altitude 2650 m a.s.l.). Tigray is the northernmost province of 
Ethiopia (Figure 2.1,b) and belongs to the so-called Sudano-Sahelian region (Warren and 
Khogali, 1992). Because of its elevation and morphology the study area can be 
considered representative for the northern Ethiopian highlands (Nyssen, 2001). 
 
 
 

                    
 
Figure 2.1: Location of Ethiopia in East Africa with indication of provinces  
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Figure 2.2: Tigray region with the Dogu’a Tembien district highlighted (adapted from 
http://www.ocha-eth.org/Maps/downloadables/TIGRAY.pdf) 
 
2.1.2 Geology, lithology, topography 
 
The geology of Ethiopia has been extensively studied and is described in a number of 
reference works (e.g. Mohr, 1963; Merla et al., 1979). Also for Tigray many geologists 
(e.g. Merla and Minucci, 1938; Garland, 1980; Valera et al., 1996; Bosellini et al., 1997) 
have characterized the geological setting.  
 
Tigray is bounded by two important morphological and structural systems: the Sudan 
scarps at the West and the Rift valley at the East. The latter resulted from major faulting 
during the early Tertiary (Mohr, 1963), which also involved the uplift of the actual 
Ethiopian Highlands. 
 
The geological basement of Tigray is formed by a Precambrian complex, composed of 
strongly folded, but weakly metamorphosed rocks (Mohr, 1963). This complex was 
strongly eroded during the Palaeozoicum, which resulted in an extensive peneplain. In the 
Mesozoic era, several marine transgressions took place. They successively deposited 
Adigrat sandstone, Antalo limestone, consisting of both hard and soft layers, and finally 
Amba Aradam sandstone (Bosellini et al., 1997). Later on, these sedimentary rocks were 
partly eroded, resulting again in a peneplain, before Tertiary basalts flows unconformably 
covered them (Bosellini et al., 1997). Together with these basalt flows, a network of 
dolerite sills and dykes originated and an uplift of the total complex took place, which 
resulted in the subhorizontal orientation of all layers (Nyssen, 2001).  
 
The outcropping rocks in the study area can be situated in the sedimentary series 
deposited in the Mesozoicum and in the Tertiary basalt flows. In between the basalt 
flows, also silicified lake deposits of limestone and diatomite with gastropods (Nyssen, 
2001) are found. 
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The topography of the study area was studied by Nyssen (1995), who came to the 
conclusion that the relief is strongly determined by the deep incision by rivers. 
Furthermore, the topography is also related to the subhorizontal orientation and the 
alternating weathering resistance of the lithological layers. The latter characteristics result 
in a stepped landscape where flat areas, formed in the soft layers, alternate with steep 
escarpments, formed in the hard layers.  
 
2.1.3 Climate 
 
The climate in Ethiopia can be divided into several agro-ecological zones, taking into 
account altitude, rainfall and a temperature range (Ministry of Agriculture, 2000). 
According to this classification the study area belongs to the Weinadega agro-ecological 
zone, as it is situated mainly between 1500 and 2500 m a.s.l., receives less than 900 mm 
of rainfall annually and has a mean air temperature around 18 - 20 ºC. Based on their 
altitude, some areas around Hagere Selam would classify as Dega (between 2500 and 
3500 m a.s.l.), but prevailing annual precipitation is less than prescribed for this zone 
(900-1000 mm).  
 
The climate in the study area is strongly determined by its mountainous nature, which 
influences both temperature and rainfall (Nyssen et al., 2004). Mean annual precipitation 
is about 700 mm and is concentrated in the summer rainy season (Figure 2.3). Besides 
important seasonality, also interannual rainfall variability is very strong (Nyssen et al., 
2005). During winter, the weather is hot, dry and windy. Average temperature for the 
whole of Tigray region is estimated at 18 ºC (Fitsum et al., 1999) and reported to range 
between 15 and 25 ºC (Ogbaghebriel et al., 1998).  
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Figure 2.3: Monthly rainfall and mean air temperature in Hagere Selam (data source: MU – IUC, 
2005) 
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2.1.4 Soils 
 
Studies with the specific aim to characterize the soils in the study area and to relate the 
presence of certain soil types or traits to parent material and geomorphology have been 
conducted by De Geyndt (2001) and Van de Wauw (2005). On a regional scale, Hunting 
(1976) conducted a soil mapping exercise, which is reported in the Tigray Rural 
Development Study. Also FAO (1971-1981) conducted soil surveys in Tigray.  
 
According to Hunting (1976), the main soil types in the highlands around Hagere Selam 
are Vertic and Dystric Cambisols in association with Leptosols on steep slopes. The soil 
type is strongly related to the parent material (Hunting, 1976; Fitsum et al., 1999). 
Nyssen (2001) attributes the dominance of young soils, such as (cumulic) Regosols and 
Cambisols, to the active erosion and sediment deposition processes taking place in the 
study region. Also important are Vertisols, which are often formed in flatter landscape 
positions in basaltic colluvium (De Geyndt, 2001). A remarkable phenomenon is the 
presence of Phaeozems, of which the regional distribution does not include the highlands 
of Ethiopia (IUSS Working Group WRB, 2006). These soil types are found under forest 
vegetation in the study area (De Geyndt, 2001). Another special feature of soils in the 
study area is their high stoniness. A dense rock fragment cover on the soil surface and a 
high rock fragment content in the soil profile are recognized by Nyssen et al. (2002b) as 
important features of soils in the Ethiopian highlands.  
 
2.1.5 Land use and vegetation 
 
The dominant land use in the study area is intensive rain-fed cultivation of cereals and 
pulses (FAO and UNDP, 1984a). The farming system was defined by Westphal (1975) as 
the “grain-plough” complex. Main crops are barley, wheat, teff, grass pea, horse bean and 
lentil. According to Ruthenberg (1980) this farming system qualifies as a permanent 
upland cultivation system. Livestock (cattle, sheep, goats, donkeys) is very important for 
the rural population both as a source of energy (e.g. traction and manure substituting 
fuelwood) and as an insurance (Nyssen, 2001). Livestock grazing is commonly practiced 
on uncultivated areas, on fields after harvesting and practically in all areas where it is not 
strictly forbidden. Naudts (2001) conducted a study on land use in a typical catchment of 
200 ha in the study area and concluded that cropland covers more than half of the area 
(58%). Overgrazed rangeland, shrubland and forest each comprise 18, 18 and 6 % 
respectively of the total area.  
 
The original climax vegetation typical for the study area is Afromontane forest dominated 
by Podocarpus and Juniperus trees (Pichi-Sermoli, 1957; Darbyshire et al., 2003, Aerts et 
al., 2006d). The rise in sedentary agriculture resulted in widespread deforestation and at 
present, relics can give nothing but a mere indication about this original vegetation 
(Wilson, 1977). The current semi-natural vegetation of the study area is classified as dry 
Afromontane forest or (degraded) shrub savannah according to Aerts et al. (2006a, d). 
Based on Pichi-Sermoli (1957), Nyssen (1997) characterized the semi-natural vegetation 
as belonging either to montane evergreen thicket and scrub or to montane savannah.  
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2.2 Experimental approach and selection of study sites 
 
2.2.1 Chronosequence study 
 
To study changes in pedological or hydrological processes induced by land use dynamics, 
one could monitor different land use types for a long time, and record what happens. 
However, this time-consuming and therefore costly method is often substituted by a 
method, in which the process or variable in question is monitored or recorded in areas 
covered by different land use types. When areas covered by vegetation or land uses of 
different age are compared, the research is denoted as a chronosequence study. The 
prerequisite for this method is that in the selected areas differences in lithological, 
topographic and climatic conditions are negligible, so that space can replace time 
(Woldeamlak and Stroosnijder, 2003). This inferential approach has been used widely in 
studies on the effects of land use changes on soil properties (e.g. Adejuwon and Ekanade, 
1988; Jaiyeoba, 1995; Abubakar, 1996, 1997; Hajabbasi et al., 1997; Lumbanraja et al., 
1998; Paniagua et al., 1999; Liu et al., 2002; Woldeamlak and Stroosnijder, 2003). The 
chronosequence approach is also applied to study forest succession after land 
abandonment and to assess the effects of the vegetation restoration on ecosystem 
processes (Aide et al., 2000; Read and Lawrence, 2003; Ceccon et al., 2002; Kennard, 
2002; Ruiz et al., 2005). The land use types in question are often compared to reference 
ecosystems (e.g. Veldkamp, 1994; Feigl et al., 1995; Wang and Gong, 1998), 
representing either mature or climax vegetation on the one hand or the land use from 
which the vegetation regeneration started on the other hand. 
 
2.2.2 Selection of study sites 
 
During a preliminary inventory of 43 exclosure, these sites were located on a topographic 
map and described according to lithology, soil type, vegetation type and cover, slope 
gradient and aspect, management, the presence or absence of physical soil and water 
conservation structures and year of closure. Based on the information collected, four 
representative study sites (Figure 2.4) were selected, each of them located in a different 
lithological unit of the study area: i.e., Haragua (Adigrat sandstone), May Ba’ati (Antalo 
limestone), Kunale (on the edge between Amba Aradam sandstone and Antalo limestone) 
and Adewro (basalt) (Figure 2.5). Within the study sites, several hillslope sections 
covered by different land use types were selected in similar landscape positions (Figure 
2.6), to enable comparative analysis. The land use types investigated were exclosures of 
different ages, degraded grazing land, Eucalyptus plantation and church forest.  
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Figure 2.4: Overview of study sites and selected hillslope sections with their land cover 

 
 
 
 

ADEWRO 
 
 

KUNALE 
 
 

MAY BA’ATI 
 
 
 
 
 
 
 
 

HARAGUA 
 
 
 
 
 
 

 

 

 
Figure 2.5: Situation of the study sites in the lithological sequence of the study area (adapted from 
Nyssen, 2001) 
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The choice of study sites was inspired by the conditions that: 
 

1. the study sites were representative for the dominant lithological units and the 
prevailing topography, 

2. the vegetation present in the site was typical for the particular parent material and 
was mainly a result of natural regeneration (except for the Eucalyptus plantation),  

3. different land use types, including degraded grazing land and exclosure, were 
present in similar landscape positions, 

4. the site was reasonably accessible on foot from Hagere Selam. 

The third condition ensured the possibility of investigating the effects of the land use 
changes on pedological and hydrological processes. 
 
Land use dynamics on steep slopes, which are now under exclosure, went through a 
number of typical stages, illustrated in figure 2.7:  
 

1. removal of the original forest vegetation (Figure 2.7,a) through increased cutting 
for fuelwood and livestock grazing, due to population pressure  

2. further degradation of the vegetation cover with severe soil erosion and land 
degradation as a result (Figure 2.7,b), 

3. vegetation restoration and land rehabilitation after exclosure establishment 
(Figure 2.7,c and 2.7,d).  

 
In all study sites, each of the selected hillslope sections represents a specific stage in this 
land use evolution.  
 
Church forests are sacred groves where the forest vegetation has been protected against 
degradation since a long time because of their holy status (Binggeli et al., 2003; 
Alemayehu et al., 2004). These forest fragments are disturbed to some extent so that they 
can only provide an indication on the original climax vegetation of the study area. 
However, as they form islands of forest biodiversity in an otherwise degraded landscape 
they are important in the landscape ecology of the region and for future forest restoration 
as refuges, species pools and seed producers (Aerts et al., 2006d). 
 
An overview of all study sites with basic information about the selected hillslope sections 
and the studied topics is given in table 2.1.  

Hillslope sections, although covered by the same land use type, still contain considerable 
variability, which influences the processes taking place upon vegetation restoration. In 
order to deal with this, landscape units, homogeneous in soil type, slope gradient and 
overall vegetation density were identified and demarcated (Figure 2.8, Table 2.1)). For 
more variable hillslope sections this resulted in a higher number of landscape units, 
causing an unbalanced field design with a total of 29 landscape units, of which 5 in 
Adewro, 8 in Kunale and 16 in May Ba’ati. The landscape units were the experimental 
units of the different components of the water balance study (chapter 4). Also litter 
production (paragraph 3.2) and humus forms (paragraph 3.3) were assessed based on 
records and measurements at the level of the landscape unit. In figure 2.8 only the 
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(b)   

hillslope sections, which were split up in various landscape units are depicted. In the 
grazing lands of Adewro and Kunale and the church forest of May Ba’ati only one 
landscape unit was considered. 
 

(a)   
 
 

 
 

  

Figure 2.6: Selected hillslope sections in (a) May Ba’ati (MXY: young exclosure; MXOa and MXOb: 
old exclosures; MFO: church forest; MRA: degraded grazing land) and (b) Kunale (KXY: young 
exclosure; KXM: middle-aged exclosure; KXO: old exclosure) in their landscape context 
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Figure 2.7: Illustration of a typical succession of land use types found on steep hillslope sections in the Tigray highlands. Church forest (a), degraded 
grazing land (b), young exclosure (c) and old exclosure (d). Detailed view of the vegetation in a young exclosure (e) and an old exclosure (f). All pictures 
are from the May Ba’ati study site, taken in the dry season. 
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Table 2.1: Study sites and selected hillslope sections with their landscape units and the studied topics 

 

 Study 
site 

Location Elevation Code for hill-
slope section (m a.s.l.) 

Land cover Age (1)

(years)
Area 
(ha) 

Landscape units Studied topics 

Adewro 13º 37’ N 2700  ARA Degraded grazing land n.a. 1.8 ARA Sediment deposition, pedogenesis,
 39º 09’ E  AXY Young exclosure 4 2.2 AXY1, AXY2 water balance 
   AEU Eucalyptus plantation 16 2.3 AEU1, AEU2  
    

   

   
    

      

AFO
 

Church forest n.a. 3.3 No landscape unit considered  

Haragua 13º 41’ N 2100 HRA Degraded grazing land n.a. 1.5 No landscape unit considered Sediment deposition, pedogenesis
 39º 09’ E 

 
 HXY Young exclosure 5 2.2 No landscape unit considered  

HFO
 

Church forest n.a. 1.3 No landscape unit considered  

Kunale 13º 40’N 2500 KRA Degraded grazing land n.a. 1.7 KRA Litter production, humus, 
 39º 11’E 

 
 KXY Young exclosure 5 4.2 KXY1, KXY2, KXY3 

 
water balance 
 KXM Middle-aged exclosure 14 0.5 KXM1, KXM2

KXO
 

Old exclosure 21 1.4 KXO1, KXO2  

May  13º 39’ N 2300 MRA Degraded grazing land n.a. 14.1 MRA1, MRA2 Sediment deposition, pedogenesis,
Ba’ati 39º 13’ E  MXY Young exclosure 3 1.2 MXY1, MXY2, MXY3 litter production, humus, 
   MXOa Old exclosure 20 2.5 MXO1, MXO2 water balance 
   MXOb Old exclosure 20 5.6 MXO3, MXO4, MXO5, MXO6, 

MXO7, MXO8, MXO9, MXO10
 

 

MFO Church forest n.a. 5.6 MFO
(1) at the time of interviewing, i.e. summer 2002; n.a.: not applicable (for grazing lands and church forests) 
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(a) 

Figure 2.8: Location of landscape units within the selected hillslope sections of the study sites May Ba’ati (a), Kunale (b) and Adewro (c) (for hillslope 
sections with only one landscape unit, refer to figure 2.4). Landscape units are coloured according to their soil type: dark grey: Phaeozems; light grey: 
Cambisols; white: Calcisols. Codes of the landscape units refer to the study site by the first letter (M: May Ba’ati; K: Kunale; A: Adewro) and to the 
land use type by the second and third letter (XY: young exclosure; XM: middle-aged exclosure; XO: old exclosure; EU: Eucalyptus plantation; RA: 
degraded grazing land) (refer also to table 2.1) 
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(b) 

 
 

  
(c) 
 
Figure 2.8 continued 
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2.3 Climate  
 
Climatic characteristics (rainfall, air temperature, reference evapotranspiration and length 
of the growing period) for the study sites are discussed in this section.  
 
2.3.1 Rainfall 
 
2.3.1.1 Introduction 
 
Based on rainfall patterns, the Ethiopian National Meteorological Services Agency 
(NMSA) divides Ethiopia into four climatic zones (NMSA 1996, cited in Tsegay, 2000). 
The three-season rainfall pattern dominates the study region. According to the amount 
and timing of rainfall the seasons are designated as Bega (October-January), Belg 
(February-May), and Kiremt, (June-September) (Tsegay, 2000).  
During the Bega season, the Inter-Tropical Convergence Zone (ITCZ) lies south of 
Ethiopia (Conway, 2000b). The dry, windy and sunny weather in this season is caused by 
the Sahara and Siberian High Pressures, sending dry winds to Ethiopia (Tsegay, 2000; 
Nyssen et al., 2005).  
In February-March, the Belg season starts with the return northwards of ITCZ, which 
brings along rains (Conway, 2000b; Nyssen et al. 2005), caused by the interaction of 
colder extra-tropical air with humid equatorial air masses (Tsegay, 2000, Daniel, 1977). 
In May, the Egyptian High strengthens the northward movement of the ITCZ, which 
results in a short dry season before the main wet season (Conway, 2000b).  
Around June, the ITCZ moves further north and a south-west air stream extends over 
Ethiopia, causing the main rainy season (Conway, 2000b). Besides the ITCZ movements, 
various regional and global weather systems affect the Kiremt season (Tsegay, 2000) 
such as the Maskaran High Pressure in the Southern Indian Ocean, the Helena High 
Pressure Zone in the Atlantic, the Congo air Boundary, the Monsoon depression and 
Monsoon trough, the Monsoon Clusters and the Tropical Easterly Jet. Nyssen et al. 
(2005) quote two theories to explain the summer rains: Goebel and Odenyo (1984) refer 
to the south-east monsoons bypassing the highlands by the South and reaching them from 
the West, while others (Hemming, 1961; Suzuki, 1967, Daniel, 1977; Rudloff, 1981) 
attribute the summer rains to humid air masses coming from the West and absorbing 
water vapour when passing over the equatorial forests. 
 
In the rainy season in the study area, convective cloud formation takes place in the 
morning, which results in a dominance of afternoon rains (Nyssen et al., 2005). Based on 
rainfall data collected with 16 raingauges spread over the study region and mainly 
covering a period of 6 years, Nyssen et al. (2005) conclude that the annual rainfall pattern 
is unimodal with a clear-cut rainy season and dry season. Rains between October and 
May are unreliable and interannual rainfall variability is very high (Nyssen et al., 2005). 
The study of Nyssen et al. (2005) reports annual rainfall ranging between 546 mm in 
2002 and 879 mm in 1998, with an average annual rainfall of ca. 700 mm.  
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Besides the study of Nyssen et al. (2005), a dataset of daily rainfall from Hagere Selam 
comprising 20 years (1973-1981 and 1995-2005) is available as part of the digital 
database of the Geba catchment (MU – IUC, 2005).  
 
In order to investigate hydrological effects of vegetation restoration, it was necessary to 
relate different hydrological processes and water fluxes to observed rainfall on the spot. 
Therefore, daily rainfall data and rainfall intensity had to be recorded in the close vicinity 
of the selected study sites.  
With the help of a frequency analysis the rainfall regimes that can be expected in the 
study region were assessed. This information was required to make predictions about 
water fluxes under different rainfall scenarios (refer to paragraph 4.5).  
 
2.3.1.2 Methodology 
 
Following the methodology set out in Nyssen et al. (2005), 7 simple rain gauges were 
constructed nearby the sites, where measurements of hydrological processes were 
conducted (Figure 2.9, Table 2.2). Of the total of 7 rain gauges, 3 (Kunale, Adi Kalkwal 
and Hechi upper) were inherited from previous research (Nyssen et al., 2005). Care was 
taken to locate the rain gauges sufficiently spaced from neighbouring obstacles, such as 
Eucalyptus trees. 
 
Table 2.2: Location of the rain gauges 

Rain station 
X coordinates 

(UTM, m) 
Y coordinates 

(UTM, m) 
Adi Worho 520151 1510935 
Kunale 519648 1510092 
Adi Kalkwal 521719 1508945 
May Ba’ati 523495 1508604 
Hechi upper 521603 1508279 
Adewro exclosure 516707 1506040 
Adewro Eucalyptus 517663 1505903 

 
The volume of rain collected by the rain gauges was recorded daily by secondary school 
students of nearby villages during the period April 2003 – September 2005. The collected 
data was verified for inconsistencies and regular tests of the observers ensured 
satisfactory precision of the records.  
An overview of the available datasets of daily rainfall is given in table 2.3. 
 
Table 2.3: Overview of daily rainfall data availability for the study region around Hagere Selam 

Source Recording years Number of rain gauges 
Digital database of the Geba catchment  
(MU – IUC, 2005) 

1973-1981 & 1995-2005 1 

 
Nyssen et al., 2005 

 
1998-2003 
2000-2003 
2002-2003 

 
9 
3 
4 

 
This study 

 
2003-2005 

 
7 
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Figure 2.9: Location of the rain gauges near the study sites  
 
In three rain stations (Adi Worho, May Ba’ati and Adewro exclosure; refer to table 2.2), a 
tipping bucket rain gauge (Davis, Rain Collector II, resolution of 0.2 mm ) with 
datalogger (Onset HOBO Event) was installed to record rainfall intensity. These rain 
gauges were operational from April 2003 to September 2005, except for the one in 
Adewro exclosure, which broke down in August 2004. The RAINGAUGE software 
(Raes and Descheemaeker, 2005) was used to calculate a series of rainfall characteristics 
based on the time records of the tipping bucket rain gauges. Daily rainfall, rainfall per 
storm, average rainfall intensity per storm and, for user-defined periods, maximum storm 
rainfall intensity and intensities during the storm were determined with the 
RAINGAUGE software.  
 
To determine the different rainfall regimes that can be expected in the study region, a 
frequency analysis was conducted on the annual rainfall data using the RAINBOW 
software (Raes et al., 2006b). The Hagere Selam annual rainfall data (for the years 1973-
1981 and 1995-2005) of the digital database of the Geba catchment (MU – IUC, 2005) 
was used for this analysis. The first step in the frequency analysis consisted of a 
homogeneity test of the annual rainfall data, based on the cumulative deviations from the 
mean. This was followed by the selection and verification of a distributional assumption 
and transformation if necessary. With RAINBOW the probability of exceedance of 
different events was calculated, which resulted in the determination of annual rainfall for 
different return periods. Abnormally and exceptionally dry or wet years were defined as 
years with a return period of between 5 and 10 years and more than 30 years respectively.  
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2.3.1.3 Results 
 
Figure 2.10 represents monthly rainfall in May Ba’ati, Kunale and Adewro for the period 
April 2003 – September 2005. Rainfall clearly follows a unimodal pattern with a dry 
period from October to May and a concentration of rainfall in the months June to 
September. The total rainfall depth collected during the entire recording period, ranged 
from 1418 mm in Kunale to 1808 mm in Adewro. In May Ba’ati 1472 mm of rainfall was 
collected. Over the three recording years, the average annual rainfall was 506 mm in May 
Ba’ati, 495 mm in Kunale and 640 mm in Adewro.  
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Figure 2.10: Monthly rainfall in May Ba’ati (black bar), Kunale (white bar) and Adewro (grey bar) 
from April 2003 to September 2005.  
 
Based on the tipping bucket data it is concluded that rainfall intensity during a storm is 
quite variable. Usually, rainfall intensity is only high during a small part of a storm and, 
as also noticed by Nyssen et al. (2005), this high intensity period can occur either at the 
beginning, in the middle or at the end of a storm. Rainfall intensity calculated in 1 minute 
time intervals is generally low in the three study sites, as about 60 % of all rain was 
observed with an intensity between 1.2 and 6 mm h-1. More than 90 % of the rain had an 
intensity below 12 mm h-1. High intensity rainfall is exceptional. Less than 1 % of the 
recorded rainfall depth had an intensity above 60 mm h-1 (Table 2.4).  
 
Table 2.4: Frequency distribution (%) of rainfall intensity calculated in 1 minute time intervals in the 
three study sites for the observation period May 2003 - September 2004 

 
 
 
 
 
 
 
 
 

Intensity              May Ba'ati            Kunale            Adewro 
(mm h-1) %  cumulative % % cumulative % % cumulative % 
<1.2  25.3 25.3 28.5 28.5 23.9 23.9 
1.2-6 60.4 85.8 58.9 87.4 62.4 86.3 
6-12 5.7 91.4 5.5 92.9 6.5 92.8 
12-18 2.9 94.4 2.3 95.2 2.7 95.5 
18-30 2.5 96.9 2.5 97.8 2.2 97.8 
30-60 2.2 99.1 1.8 99.6 1.6 99.4 
>60 0.9 100.0 0.4 100.0 0.6 100.0 
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Table 2.5: Storm characteristics for dry (October – May) and rainy months (June + September and July + August) for the 3 study sites,  
based on rainfall records from 2003 – 2004. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
I30: maximal 30 minutes rainfall intensity 
 

Site Period Number  Duration (min) Depth (mm) Mean intensity (mm h-1) I30 (mm h-1) 
  of storms av (stdev) range av (stdev) range av (stdev) range av (stdev) range 
May  Oct-May 61 28.9 (43.2) 10-252 1.9 (4.6) 0.2-26.9 2.5 (3.4) 0.6-19.3 9.1 (10.5) 0.7-33.2 
Ba'ati June+Sep 85 31.3 (29.2) 10-139 2.5 (4.4) 0.2-22.9 3.5 (4.2) 0.7-17.8 9.9 (11.3) 0.7-43.7 

 July+Aug 
 

175 
 

51.3 (65.1) 
 

10-405 
 

3.3 (6.1) 
 

0.2-34.6 
 

3.3 (4.5) 
 

0.4-32.1 
 

8.9 (10.8) 
 

0.6-49.1 
 

Kunale Oct-May 51 36.9 (53.5) 10-261 1.4 (2.4) 0.2-13.2 2.4 (2.9) 0.4-18.3 4.0 (3.7) 0.6-13.4 
 June+Sep 83 38.8 (33.5) 10-140 3.0 (4.5) 0.2-23.9 3.5 (4.3) 0.4-29.9 9.8 (9.6) 0.5-42.6 

 July+Aug 
 

180 
 

50.0 (73.0) 
 

10-509 
 

2.6 (4.3) 
 

0.2-26.4 
 

2.9 (3.8) 
 

0.4-26.3 
 

6.8 (7.0) 
 

0.6-29.9 
 

Adewro Oct-May 67 30.7 (43.5) 10-260 1.6 (2.9) 0.2-15 2.8 (3.0) 0.6-16.6 6.3 (6.0) 1.0-17.7 
 June+Sep 77 44.0 (41.6) 10-177 3.0 (4.4) 0.2-21.8 3.4 (3.3) 0.7-14.1 8.3 (9.1) 0.7-40.7 
 July+Aug 156 49.5(65.5) 10-428 2.6 (5.3) 0.2-44 2.9 (4.7) 0.4-32.2 6.2 (8.2) 0.6-43.5 
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According to the classification scheme proposed by Daniel (1977), Nyssen et al. (2005) 
classified the months October to May as dry, June and September as rainy with moderate 
concentration of big rains and July and August as rainy with very high concentration of 
big rains. Characteristics of the storm events for these different groups of months are 
summarized in table 2.5. Average storm duration varied from roughly half an hour in the 
dry season to about 50 minutes in July and August. The biggest rainfall event was 
recorded in Adewro (44 mm), while the biggest storms in May Ba’ati and Kunale 
produced 35 mm and 26 mm respectively. The highest rainfall intensity over a period of 
30 minutes (I30) was recorded in May Ba’ati (49 mm h-1), but also in Kunale and 
Adewro maximum values for this variable were over 40 mm h-1. Average values for the 
mean intensity of a storm were below 4 mm h-1 in all sites and average values for I30 
were below 10 mm h-1. During the peak of the rainy season, taking place in the months 
July and August, higher rainfall depths and longer lasting storms were recorded as 
compared to June and September (Table 2.5). 
 
Preliminary data exploration of the Hagere Selam rainfall dataset (for the years 1973-
1981 and 1995-2005) comprised in the digital database of the Geba catchment (MU – 
IUC, 2005) led to the exclusion of the year 1980 with unrealistically high annual rainfall 
of 1372 mm. Homogeneity of the rainfall data was not rejected as the cumulative 
deviations from the mean were not significantly different from zero at the 0.05 level. 
According to the Kolmogorov-Smirnov test, the annual rainfall was normally distributed. 
Table 2.6 presents the results of the frequency analysis of annual rainfall obtained with 
the RAINBOW software. Average annual rainfall in Hagere Selam is 721 mm. In 
exceptionally wet and dry years, which occur once in 30 years, annual rainfall is at least 
918 mm and not more than 525 mm respectively.  
Based on the classification of annual rainfall regimes presented in table 2.6, the recording 
years 2003, 2004 and 2005 were designated as very abnormally dry, exceptionally dry 
and normal respectively.  

 
Table 2.6: Probability of exceedance or non-exceedance (for wet and dry years respectively) and 
return period for different rainfall regimes for Hagere Selam 

Rainfall regime 
Annual rainfall 
(mm) 

Probability of exceedance/ 
non-exceedance (%)(1)

Return 
period (y) 

exceptionally wet 918 3 30 
very abnormally wet 859 10 10 
abnormally wet 812 20 5 
average 721 50 2 
abnormally dry  613 20 5 
very abnormally dry 584 10 10 
exceptionally dry 525 3 30 

(1): probability of exceedance applies to the wet years; probability of non-exceedance applies to the dry 
years.  
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2.3.2 Air temperature 
 
2.3.2.1 Methodology 
 
Daily minimum and maximum air temperature were recorded for the sites Adewro, 
Kunale and May Ba’ati from March 2003 until September 2005. Minimum-maximum 
thermometers were placed in locally constructed, well ventilated Stevenson shelters, 
situated at 1.5 m above the soil surface (Figure 2.11). Local students were trained to 
record daily the maximum and minimum air temperature. Reading out was done every 
morning, so that the maximum air temperature refers to the previous day. Regular 
evaluations and precision checks of the recorded data ensured the good quality of the 
data. 
 

  

Figure 2.11: Locally constructed Stevenson shelter with minimum-maximum thermometer 
 
2.3.2.2 Results  
 
Mean monthly minimum (Tmin) and maximum (Tmax) air temperatures are presented in 
figure 2.12.  
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Figure 2.12: Mean monthly minimum (Tmin) and maximum (Tmax) air temperature for the period 
May 2003 to September 2005 in Adewro (full line), Kunale (dashed line) and May Ba’ati (dotted line) 
 
2.3.3 Reference evapotranspiration (ET0) 
 
Reference evapotranspiration (ET0) is a climatic parameter expressing the evaporative 
power of the atmosphere independently of crop type, crop development, management 
practices and soil factors (Allen et al., 1998). It is used in conjunction with a crop 
coefficient to calculate crop evapotranspiration. 
 
2.3.3.1 Methodology  
 
The FAO Penman-Monteith equation is recommended by FAO as the standard method to 
calculate ET0 (Allen et al., 1998). In this method, ET0 is defined as the evapotranspiration 
rate from a reference surface, not short of water. The reference surface is a hypothetical 
grass reference crop with a crop height of 0.12 m, a surface resistance of 70 s m-1 and an 
albedo of 0.23. The calculation procedure requires radiation, air temperature, air humidity 
and wind speed data:  
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where  

0ET   reference evapotranspiration [mm day-1] 

nR  net radiation at the crop surface [MJ m-2 day-1] 
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G  soil heat flux density [MJ m-2 day-1] 
T  mean daily air temperature at 2 m height [°C] 

2u  wind speed at 2 m height [m s-1] 

se  saturation vapour pressure [kPa] 

ae  actual vapour pressure [kPa] 

s ae e−  saturation vapour pressure deficit [kPa] 
∆  slope of vapour pressure curve [kPa °C-1] 
γ  psychrometric constant [kPa °C-1] 
 
In case of missing climatic data alternative calculation procedures are presented by Allen 
et al. (1998). Given that only daily minimum and maximum air temperature were 
available at the study sites, these procedures were used in this study.  
 

− In case of missing air humidity data 
 
Allen et al. (1998) propose to estimate actual vapour pressure (ea) by assuming that daily 
minimum air temperature (Tmin) approximates dew point temperature (Tdew): 
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In arid lands however, the low humidity of the air can lead to non-reference situations in 
which Tmin remains well above Tdew, resulting in an overestimation of ET0. Therefore, it 
was investigated whether it could be expected that Tmin - Tdew is systematically higher 
than 2°C for some periods in the year, in which case adjustments on Tmin are required 
(Allen et al., 1998). 
 

− In case of missing radiation data 
 
Radiation measuring devices are often lacking, but solar radiation can also be estimated 
from daily sunshine hours. However, when this is also absent, solar radiation can be 
derived from air temperature differences using the adjusted Hargreaves’ radiation 
formula (Allen et al., 1998):  
 

aRss RTTkR )( minmax −=          (2.3) 
 
where   

sR   solar radiation [MJ m-2d-1] 

aR   extraterrestrial radiation [MJ m-2d-1] 

Rsk   adjustment coefficient, assuming a value of 0.16 for locations dominated  
  by land mass and without strong influence of a large water body 

maxmin ,TT  minimum and maximum air temperature 
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− In case of missing wind speed data 
 
Allen et al. (1998) suggest to import wind speed data from a nearby weather station on 
the condition that air masses are of the same origin or that the same fronts govern air 
flows and that topography and altitude are similar.  
 

− Comparison between ET0 calculations using complete and limited climatic 
datasets 

 
ET0 estimates based on a full set of climatic data (ET0(full)) are more reliable than ET0 
estimates based on a limited dataset (ET0(lim)), in which several climatic parameters 
have to be estimated with the above-mentioned calculation procedures. In order to obtain 
reliable ET0 estimates for stations where only Tmin and Tmax are available, deviations 
between ET0(full) and ET0(lim) were analyzed for a nearby synoptic station. Regression 
functions between ET0(full) and ET0(lim) provided a basis to adjust the ET0 estimated 
with a limited data set.  
 

− ET0 calculation for the study sites 
 
Daily ET0 estimates for the three study sites were derived from the daily minimum and 
maximum air temperatures by applying the calculation procedures proposed by Allen et 
al. (1998). Afterwards, these ET0(lim) estimates were adjusted by using the obtained 
regression functions. Monthly ET0 estimates were calculated using monthly average Tmin 
and Tmax with the same calculation and adjustment procedure. 
 
2.3.3.2 Results 
 
Given the concern about using Tmin as a substitute for Tdew when estimating the actual 
vapour pressure (ea; Equation 2.2) in arid environments, one should check whether  
Tmin - Tdew is systematically higher than 2°C for some periods of the year. In that case, 
Tmin could not simply substitute Tdew. However, nor for our study region, nor for the 
digital database of the Geba catchment (MU – IUC, 2005) daily Tdew values were 
available. Since in the FAOCLIM 2 database (FAO, 2001) Tdew data were not available 
for similar environments in Ethiopia, data from other East-African countries (Kenya, 
Uganda, Sudan, Eritrea, Somalia, Somaliland, Djibouti) had to be used to compare Tmin 
with Tdew. For sites at an altitude above 2000 m Tmin - Tdew nearly never exceeded 2°C 
(Figure 2.13), even in very dry regions. For many climatic stations, it seemed that Tdew is 
even higher than Tmin (Figure 2.13), implicating oversaturated air, which is unlikely. This 
puzzling finding casts doubt on the datasets available in the FAOCLIM 2 database. 
Finally, it was decided to perform no corrections on Tmin, assuming that Tmin values are 
reasonably good estimates for Tdew.  
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Figure 2.13: Differences between monthly minimum and dew point temperature (Tmin - Tdew) for 
different monthly ratios of precipitation (P) to ET0 for stations in East Africa at an altitude above 
2000 m (data source: FAOCLIM 2 database (FAO, 2001)) 

 

For the comparison between ET0(full) and ET0(lim) the synoptic station at Mekelle 
Airport (13º30’ N, 39º29’ E, altitude 2212m a.s.l.) in the Geba catchment was selected 
(MU – IUC, 2005). The station was selected for its long series of climatic data (air 
temperature, relative air humidity, sunshine hours, wind speed). The average monthly 
values for different climatic parameters were calculated for the period 1995 to 2004 and 
their evolution in the course of a year is plotted in figure 2.14. Given the closeness of the 
Mekelle weather station to the study sites (distance approximately 50 km) and the 
similarity in temperature pattern (Figure 2.11 versus Figure 2.14), it is assumed that most 
of the climatic parameters show a similar pattern in the study sites. For wind speed it is 
assumed that the average monthly values measured in Mekelle occur also in the study 
sites. A wind speed of 3.5 m s-1 in the dry season (October to May) and 2 m s-1 in the wet 
season (June to September) is considered. 

 
Daily ET0 values for Mekelle were calculated following the procedures of Allen et al. 
(1998) using different climatic datasets (Table 2.7). This was done for three years (1995, 
1996, 2003), in which a minimum of data gaps for the climatic parameters was found. 
Average monthly values of the ET0 estimates (Table 2.7) for Mekelle are compared in 
figure 2.15. For all these estimates, measured wind speed data was used. 
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Figure 2.14: Evolution of average monthly climatic parameters throughout the year for the Mekelle 
weather station, calculated for the period 1995 to 2004 (Tmax: maximum air temperature; Tmin: 
minimum air temperature; RHmax: maximum relative air humidity; RHmin: minimum relative air 
humidity; ea: actual vapour pressure; n: sunshine hours; Rns: net incoming solar radiation; Rnl: net 
outgoing longwave radiation; Rn: net radiation; u: wind speed) (Data source: MU – IUC, 2005) 
 
 

Table 2.7: Overview of climatic parameters used to calculate reference evapotranspiration (ET0) 
following the procedures of Allen et al. (1998) 

 Data used for the calculation of 
ET0 denotation ea Rs

ET0(lim) Tmin Tmin, Tmax

ET0(Tmin,n)  Tmin n 
ET0(RH, Tmin,max)  RHmin, RHmax Tmin, Tmax

ET0(RH, n)  RHmin, RHmax n 
ea: actual vapour pressure (kPa) 
Rs: solar radiation (MJ m-2 day-1) 
RHmin: minimum relative air humidity (%) 
RHmax: maximum relative air humidity (%) 

Tmin: daily minimum air temperature (°C) 
Tmax: daily maximum air temperature (°C) 
n: sunshine hours (h) 

 
In the dry period from October to May the largest differences between the various daily 
ET0 estimates were found, amounting to 1 mm . For the dry period in general, the more 
climatic parameters were estimated, the lower ET0 (Figure 2.15). In the rainy season, the 
opposite is true: the more directly obtained climatic parameters were used, the lower the 
ET0 estimate (Figure 2.15). As the relation between ET0(lim) and ET0(RH,n) differs 
between the dry season, the rainy season and the transitional months June and September, 
the relation between ET0(lim) and ET0(RH,n) was determined for these four periods 
separately (Table 2.8). 
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Ketema (2006) did a similar analysis and reports the following relation between monthly 
ET0(lim) and monthly ET0(full) for Mekelle:  
 

52.514.1 −= xy          (2.4) 
 
with  and non-mentioned n and p-value. 75.02 =R
 
His relation applies to data for the whole year lumped together. For the dataset used in 
this study, the slope of the regression curve for the whole year (Table 2.8) is similar to 
the one found by Ketema (2006). 
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Figure 2.15: Comparison between estimates of daily reference evapotranspiration (ET0) obtained 
with different climatic datasets throughout the year for the Mekelle airport weather station. (codes 
between brackets indicate which parameters have been used for the ET0 calculation. lim: all climatic 
parameters estimated based on Tmin and Tmax; RH: minimum and maximum relative air humidity; n: 
sunshine hours) 

 
Table 2.8: Relation between daily reference evapotranspiration determined with a complete dataset 
(ET0(RH,n), dependent variable) and a limited dataset using only air temperature (ET0(lim), 
independent variable) for different periods in the year for the Mekelle airport weather station. 

Period Regression function R2 n p 
Dry season (October-May) 06.021.1 −= xy  0.61 616 <0.0001 
Rainy season (July, August) 15.097.0 −= xy  0.49 177 <0.0001 

June 19.008.1 −= xy  0.43 85 <0.0001 

September 56.145.1 −= xy  0.62 60 <0.0001 

Whole year 98.036.1 += xy  0.61 952 <0.0001 

R2: coefficient of determination 
n: number of observations 

p: level of significance 
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By using the regression functions for the different periods (Table 2.8), the daily ET0(lim) 
for the study sites were adjusted. The average values for the adjusted daily ET0 were 
calculated for each month in the period March 2003 to September 2005 and are presented 
in figure 2.16. 
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Figure 2.16: Mean values for the adjusted daily reference evapotranspiration (ET0) in Adewro (full 
line), Kunale (dashed line) and May Ba’ati (dotted line) based on data from May 2003 to September 
2005 
 
Daily ET0 reaches a maximum in April and May with values around 5.5 to 6 mm (Figure 
2.16). It is in this period that air temperature and radiation are maximal (Figure 2.14). 
The rainy season is characterized by lower values of daily ET0 around 3.5 mm (Figure 
2.16). This is the consequence of lower air temperatures and radiation and higher air 
humidity in this season (Figure 2.14). Ketema (2006) describes the same trend in average 
monthly ET0 for Mekelle, although slightly higher ET0 values are reported. This might be 
due to higher air temperature (because of lower altitude) and a slightly shorter rainy 
season with less clouds in Mekelle as compared to the study region. 
 
According to Allen et al. (1998) daily ET0 values vary between 4 and 6 mm in 
moderately warm arid and semi-arid tropical climates. This range applies to the values 
which were obtained for the dry season. The rainy seasons’ estimates for daily ET0 fit 
better into the range (3 to 5 mm) proposed for tropical humid to sub-humid conditions.  
 
2.3.4 Length of the growing period  
 
The growing period is an agroclimatic concept, which refers to the period of the year 
when both moisture and temperature conditions are suitable for crop production (FAO 
and UNDP, 1984b). The length of the growing period is defined as the period in which 
rainfall exceeds half of the reference evapotranspiration (ET0/2), increased by the number 
of days necessary to evapotranspire an additional 100 mm of soil water (De Pauw, 1989). 
The latter adjusts for the fact that the growing period continues beyond the rainy season, 
when crops mature on soil water reserves. Another way of calculating the length of the 
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growing period makes use of a water balance approach (De Pauw, 1982; De Pauw and 
Nachtergaele, 1985; Fischer et al., 2002). When temperature conditions are not limiting 
for crop growth, the length of the growing period is the number of days during which the 
actual evapotranspiration (ETa) exceeds half of the reference evapotranspiration (or 
ETa/ET0 ≥ 0.5).  
Based on the length of the growing period, an agro-climatic characterization of the study 
area can be obtained.  
 
2.3.4.1 Methodology  
 
During the recording years 2003-2005 climatic conditions were dry (refer to paragraph 
2.3.1). Therefore it was decided to determine the length of the growing period based on 
rainfall records for so-called normal years with average rainfall (Table 2.6) and on ET0 
calculations based on average minimum and maximum daily air temperatures (refer to 
paragraph 2.3.2). Rainfall data from the digital database of the Geba catchment (MU – 
IUC, 2005) were used for this study. 
 
2.3.4.2 Results 
 
From figure 2.17 it results that on average, but also for abnormally dry and wet years, the 
growing period in the study area is initiated in June and lasts until the month of 
September. The average daily precipitation exceeds daily ET0/2 generally from 15th of 
June onwards until the 10th of September. However, the start of the growing period may 
vary considerably and even in wet years it is possible that the onset of the growing period 
occurs later. After adding 25 days to enable the evapotranspiration of an extra 100 mm of 
soil water, the length of the growing period was calculated to comprise 112 days. 
Applying the water balance approach (De Pauw, 1982; De Pauw and Nachtergaele, 1985; 
Fischer et al., 2002), it is calculated that the actual evapotranspiration exceeds 0.5ET0 in a 
period of on average 131 days, starting around the 20th of June until the 31st of October. 
When applying the regression function1 proposed by FAO and UNDP (1984b) for 
obtaining an indicative length of the growing period (LGP) in Ethiopia, 160 days were 
obtained.  

                                                 
1 ; where LGP, length of growing period (days); H: altitude (m a.s.l.); 
P: mean annual rainfall (mm) (FAO and UNDP, 1984b) 

PHLGP 093.0028.018 ++=
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Figure 2.17: Average monthly rainfall for abnormally wet years (return period of 5 years; black 
bars) normal years (light grey bars) and abnormally dry years (return period of 5 years; dark grey 
bars) and half of the average monthly reference evapotranspiration (ET0/2) (line) for Hagere Selam 
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2.4 Soils 
 
2.4.1 Introduction 
 
To investigate pedogenesis in exclosures, an extensive soil survey, including 15 profile 
pit descriptions and 300 augerings, was carried out. The methods used and the results 
obtained from this study are presented in paragraph 3.1.  
 
In order to assess hydrological effects of vegetation restoration, landscape units were 
treated as experimental units. Various soil characteristics influence hydrological 
processes, so that it is important to thoroughly characterize the soils present. As not every 
landscape unit showed unique soil characteristics, similar soils were grouped into a 
limited number of representative soil types. These representative soil types were present 
in at least one, but often more than one landscape unit. 
 
As a result of vegetation restoration, organic matter is added and incorporated in the soil, 
resulting in changed soil properties. Besides the utmost importance of organic matter for 
soil fertility in tropical soils (Sanchez et al., 2003), organic matter also plays an important 
role in soil aggregation (e.g. Six et al., 2004; Bronick and Lal, 2005) and increasing the 
porosity of the soil (e.g. Le Maitre et al., 1999, Masri and Ryan, 2006). Aggregate 
stability is used as an indicator for soil structure (Six et al., 2000), which refers to the 
size, shape and arrangement of solids and voids, continuity of pores and voids, the 
capacity to retain and transmit fluids and organic and inorganic substances, and ability to 
support root growth and development (Lal, 1991). Soil structure influences soil water 
flow, water availability and storage (e.g. Emerson, 1995; Franzluebbers, 2002, Pachepsky 
and Rawls, 2003), which are important characteristics influencing the hydrological 
processes which need to be assessed.  
 
As soils in the study sites are very stony, it is important to take into account the influence 
of rock fragment content on several variables and processes. Rock fragments modify (i) 
the soil physical properties such as bulk density, available water content, infiltration and 
water percolation (Childs and Flint, 1990, Poesen and Lavee, 1994, Cousin et al., 2003), 
(ii) the soil chemical properties such as nutrient content (Ugolini et al., 1996) and as a 
consequence (iii) the agronomical, conservational and management characteristics. 
Therefore, soil properties are not correctly evaluated, (either overestimated or 
underestimated), if only the fine earth fraction of the soil is considered (Ugolini et al., 
1998). 
 
Although recognizing the importance of soil organic matter, it was not the aim of this 
study to investigate the effects of the restoring vegetation on various soil hydrophysical 
variables in the study sites. Soil hydrophysical variables were rather determined as a 
means to understand various hydrological processes taking place in the studied land use 
types. The objectives of the study presented in this section are (1) to identify, describe 
and classify representative soil types characterizing the different landscape units, (2) to 
determine different variables for each representative soil type, including texture, 
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stoniness, bulk density, water retention and saturated hydraulic conductivity, (3) to assess 
the influence of rock fragments in all of these variables (except texture).  
 
2.4.2 Representative soils 
 
Each representative soil type was characterized based on a profile description in one 
landscape unit and several soil variables were assessed for the successive horizons. Soil 
augerings in each landscape unit ensured the correct designation of the soil present as one 
of the representative soil types (Table 2.9) and allowed to determine the specific 
thicknesses of the horizons. The profile descriptions of each representative soil type are 
compiled in appendix I. 
 
Table 2.9: Representative soil types and overview of landscape units(1) where they are found and 
described based on a profile (representative landscape unit)  
Study 
site 

Representative 
soil code (2)

Soil type (3) Representative 
landscape unit 

Other landscape units 

Adewro Ph-A1 Haplic Phaeozem (Pachic) AEU1 AEU2, AXY1, AXY2  
 Ph-A2 

 
Haplic Phaeozem (Pachic, Siltic) ARA  

Kunale Cm-K1 Haplic Cambisol (Humic) (Thapto-Calcic) KXY2 KXM2 
 Ph-K1 Haplic Phaeozem (Pachic, Clayic) KXM1 KRA, KXY1, KXY3 
 Ph-K2 

 
Haplic Phaeozem (Pachic) (Thapto-Calcic) KXO2 KXO1 

May  Cl-M1 Hypercalcic Calcisol MRA1 MRA2, MXY2 
Ba’ati Cl-M2 Endopetric Calcisol (Clayic, Novic) MXO2  
 Ph-M1 Haplic Phaeozem (Pachic, Clayic) MXO5 MXO10 
 Ph-M2 Haplic Phaeozem (Pachic, Clayic) (Thapto-Calcic) MXO6 MXO3, MFO 
 Cl-M3 Humic Calcisol (Clayic, Novic) MXO8 MXY1, MXY3, MXO1 
 Cm-M1 Haplic Cambisol (Humic) (Thapto-Calcic) MXO9 MXO4, MXO7 
(1): refer to table 2.1 and figure 2.8 
(2): the code reflects the major soil type (first two letters) and the study site (third letter).  
(3): classification according to WRB (World reference base for soil resources, IUSS Working Group WRB, 
2006) 
 
Calcisols are only found in the study site May Ba’ati, where they were formed in the 
calcareous parent material. Calcisols are soils with substantial secondary accumulation of 
lime within 100 cm of the surface (IUSS Working Group WRB, 2006). They are common 
soils of level to hilly land in arid and semiarid regions and show low potential for 
agriculture (IUSS Working Group WRB, 2006). In May Ba’ati Calcisols are the 
dominant soil type in the degraded grazing land. Calcisols are also present in exclosures, 
but in many cases the qualifier Humic is added there to account for the higher organic 
carbon content in the upper soil layer, which results from vegetation restoration (refer to 
chapter 3). Cambisols are soils with beginning soil formation and horizon differentiation 
manifested through changes in colour and structure (IUSS Working Group WRB, 2006). 
The Cambisols described in the exclosures of May Ba’ati and Kunale show the presence 
of a relatively thick A horizon, which is characterized by high organic matter content and 
incipient soil formation. The A horizon typically comprises deposited allochthonous 
material (refer to paragraph 3.1; Descheemaeker et al., 2006c), covering a buried soil 
underneath. The presence of Phaeozems out of their typical regional distribution (IUSS 
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Working Group WRB, 2006) is remarkable. The Phaeozems in the study sites were 
formed under influence of vegetation in deposited sediments (refer to paragraph 3.1; 
Descheemaeker et al., 2006c). The classification of several representative soils as 
Phaeozems is justified by the presence of a mollic horizon, a base saturation of at least 50 
%, and the absence of secondary carbonates (IUSS Working Group WRB, 2006). The 
presence of the ‘Thapto’ qualifier in some cases is justified by the presence of a buried 
horizon or soil under a layer of deposited sediment. Cm-K1, Ph-K2, Ph-M2, Cm-M1 
receive the qualifier Thapto-Calcic (Table 2.9), because of the presence of an old calcic 
horizon under a layer of deposited sediments.  
 
2.4.3 Texture 
 
2.4.3.1 Methodology 
 
After sieving the samples of each horizon on a 2mm sieve to remove rock fragments, 
texture was determined using the sieve-pipette method (Sheldrik and Wang, 1993). As 
primary soil particles are usually aggregated by organic matter, this had to be removed 
first by H2O2 treatment. Also carbonates, soluble salts and iron oxides were removed 
prior to the dispersion of the sample by a sodium metaphosphate dispersing agent. After 
removing the sand fraction by sieving, the suspension was stirred and the silt and clay 
fraction were separated based on their different sedimentation rate (Stokes’ law) 
(Sheldrik and Wang, 1993). Once the percentage of the sand (0.053 - 2.0 mm), silt (0.002 
- 0.053 mm), and clay (<0.002 mm) fractions were determined, the soil was assigned a 
texture class using the USDA textural triangle (USDA, 1951).  
 
2.4.3.2 Results 
 
Table 2.10 presents the results of the texture analysis for each of the horizons of the 
representative soils.  
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Table 2.10: Soil texture of each horizon of representative soils in the three study sites  

Study 
site Soil Lithology Horizon Depth (cm) Clay (%) Silt (%) Sand (%) Texture class 
Adewro Ph-A1 Basalt h1 0-50 14.8 31.3 53.9 sandy loam 
   h2 50-90 6.5 15.3 78.2 loamy sand 
   h3 90-145 6.2 17.9 75.9 loamy sand 
   h4 145-200 5.3 20.2 74.5 loamy sand 
 Ph-A2 Basalt h1 0-70 21.4 57.0 21.6 silt loam 
   h2 70-140 36.7 50.7 12.6 silty clay loam 
   h3 140-270 28.7 52.9 18.5 silt loam 
 
Kunale 

 
Cm-K1 

 
Limestone h1 0-60 34.7 22.1 43.2 clay loam 

   h2 60-110 26.5 21.8 51.7 sandy clay loam 
   h3 110-160 16.0 34.0 50.0 loamy sand 
 Ph-K1 Basaltic  h1 0-45 40.8 21.3 37.9 clay   
  colluvium h2 45-70 42.6 23.2 34.2 clay 
 Ph-K2 Basaltic  h1 0-90 36.9 20.7 42.4 clay loam 
  colluvium h2 90-145 39.0 21.3 39.6 clay loam 

   
h3 
 

145-200 
 

29.2 
 

35.4 
 

35.4 
 

clay loam 
 

May  Cl-M1 Limestone h1 0-35 29.7 31.8 38.5 clay loam 
Ba’ati   h2 35-130 25.8 25.6 48.6 loam 

Cl-M2 Limestone h1 0-70 43.7 45.3 11.1 silty clay   
   h3 85-110 20.8 23.1 56.1 sandy clay loam 
 Ph-M1 Limestone h1 0-30 61.6 21.3 17.1 clay 
   h2 30-70 60.0 21.6 18.5 clay 
   h3 70-150 59.8 18.1 22.2 clay 
 Ph-M2 Limestone h1 0-65 51.9 32.0 16.2 clay 
   h2 65-95 59.9 27.8 12.3 clay 
   h3 95-110 49.5 26.9 23.6 clay 
 Cl-M3 Limestone h1 0-10 40.6 33.2 26.2 clay 
   h2 10-50 32.9 24.0 43.2 clay loam 
   h3 50-95 29.0 55.5 15.5 silt loam 
 Cm-M1 Limestone h1 0-70 43.3 31.4 25.3 clay 
   h2 70-125 32.4 30.3 37.3 clay loam 
   h3 125-150 25.3 28.6 46.1 loam   

 
 
2.4.4 Stoniness  
 
Rock fragments are known to influence various chemical (e.g. Ugolini et al., 1996), 
surface hydrological (Poesen et al., 1994) and soil physical (Gras, 1972; Childs and Flint, 
1990; Poesen and Lavee, 1994; Ugolini et al., 1996) variables. Besides that, they 
complicate the measurement and correct determination of various soil hydrophysical 
variables. Given the high rock fragment content of soils in the study area, a detailed 
investigation of stoniness is imperative.  
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2.4.4.1 Methodology 
 
Rock fragment content of representative soils in May Ba’ati, Kunale and Adewro was 
determined along with the TDR (Time Domain Reflectrometry) reliability tests (refer to 
paragraph 4.1). For this experiment, about 0.066 m3 of soil was removed in 12 landscape 
units (AEU1, ARA, KXY2, KXY3, KXM1, KXO2, MXY1, MXO5, MXO6, MXO8, 
MXO9, MRA) both in the rainy and the dry season to compare TDR readings with 
gravimetrically obtained soil water content values (refer to paragraph 4.1 for details about 
the sampling pattern). 
 
Rock fragments contained in the sampled volume were separated from the fine earth 
fraction through wet sieving over a 2 mm sieve. Rock fragment content was assessed for 
12 rock fragment classes (L1, L2, L3, Sr1, Sr2, Sr3, Sw1, Sw2, Sw3, B1, B2, B3). In the 
code for the rock fragment classes, the letter indicates the type (L: limestone, Sr: red 
sandstone; Sw: white schist; B: basalt) and the number indicates the size (1: 2 – 20 mm; 
2: 20 – 60 mm; 3: >60 mm). Rock fragment content is expressed on a mass basis as:  
 

tot

rf
m M

M
R =   [g g-1]         (2.5) 

 
where  

rfM  dry mass of the rock fragment fraction [g] 

totM  total dry mass of a sample [g] 
 

The volumetric rock fragment content (Rv) was obtained by taking into account the bulk 
density of the rock fragment fraction and the total bulk density of the soil mixture 
containing both fine earth and rock fragments (Childs and Flint, 1990) (refer to paragraph 
2.4.5 for the determination of the bulk density): 
 

rf

tot
mv RR

ρ
ρ

=   [m3 m-3]        (2.6) 

 
where  

rfρ  bulk density of the rock fragment fraction [g cm-3] 

totρ  total bulk density of a sample [g cm-3] 
 
2.4.4.2 Results 
 
Three types of rock fragments are dominant: basalt (mainly in Kunale and Adewro), 
limestone (in May Ba’ati and Kunale) and sandstone (mainly in Kunale and to a minor 
extent in May Ba’ati). On top of the hillslope sections in Kunale, the red Amba Aradam 
sandstone outcrops as a steep cliff, in which whitish bands are visible. Samples of the 
latter lithology were analyzed at the K.U.Leuven Division of Historical Geology, which 
revealed that it is a weathering product of schist, consisting of a mixture of kaolinite, 
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quartz and remnants of illite-muscovite (N. Vandenberghe, personal communication, 
2005). There is a clear difference in colour and roughness between the basalt rock 
fragments found in Adewro and in Kunale. As this is probably related to the mineralogy 
of the rock fragments, they are treated separately in what follows. Rock fragments of 
silicified limestone were also found, but in very small quantities.  
 
Figure 2.18 and 2.19 present an overview of stoniness in the soils of 12 landscape units. 
Generally speaking stoniness is very high, exceeding 15 vol% in most horizons, and 
exceeding even 25 - 30 vol% in a considerable number of horizons. The smaller size 
classes are more strongly represented than the bigger size classes, which generally gain 
importance with depth. Only in the grazing lands of May Ba’ati (MRA) and Adewro 
(ARA) the rock fragment content in the upper horizon is higher than the rock fragment 
content in the lower horizons, which indicates the preferential erosion of the fine earth 
fraction in these degraded lands. This phenomenon of increasing stoniness in the 
superficial soil layer of eroding land, leading to an erosion pavement is also described by 
e.g. Simanton et al. (1984), Nettleton et al. (1989) and Parsons et al. (1992).  
 
 
2.4.5 Bulk density 
 
2.4.5.1 Methodology 
 
For each horizon of the representative soils (Table 2.9) the following variables were 
determined: 
 

- total bulk density of the soil mixture as found in situ comprising both fine earth 
and rock fragments (ρtot) [g cm-3] 

- bulk density of the fine earth (ρfe) [g cm-3] 
- bulk density of the rock fragment fraction (ρrf) [g cm-3] 

 
They are connected through the following formula (Ravina and Magier, 1984): 
 

fetotv
i

irfivtot RR ρρρ )1( ,,, −+= ∑        (2.7) 

 
where 

ivR ,   volumetric rock fragment content for the rock fragment class rfi, calculated with 
 equations 2.5 and 2.6 [m3 m-3] 

irf ,ρ   bulk density of the rock fragment class rfi [g cm-3] 

totvR ,   volume percentage of the total rock fragment fraction, calculated with equations 
 2.5 and 2.6 [m3 m-3] 
 
Except for ρfe, all variables were measured directly as explained below, so that ρfe could 
be calculated with equation 2.7. 
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Figure 2.18: Volumetric rock fragment content (Rv) in the profile of different landscape units in May 
Ba’ati (refer to Figure 2.8a and Table 2.1). Letters attached to lower bars indicate the rock fragment 
type of the bar sections to the right (L:limestone; Sr: red sandstone) applying in a similar way to the 
other bars. Colours indicate rock fragment size (white: 2 – 20 mm; light grey: 20 – 60 mm; dark 
grey: > 60 mm)
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Figure 2.19: Volumetric rock fragment content (Rv) in the profile of different landscape units in 
Kunale and Adewro (refer to Figure 2.8b and 2.8c and Table 2.1). Letters attached to lower bars 
indicate the rock fragment type of the bar sections to the right (L:limestone; Sr: red sandstone; Sw: 
white schist; B: basalt) applying in a similar way to the other bars. Colours indicate rock fragment 
size (white: 2 – 20 mm; light grey: 20 – 60 mm; dark grey: > 60 mm) 
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− Total bulk density of the soil mixture (ρtot) 
 
In non-stony soils, bulk density is easily assessed by taking a sample of a known volume, 
usually with a kopecki ring. However, in stony soils the determination of bulk density is 
complicated. In the first place problems arise because taking ring samples is hampered by 
the presence of rock fragments. Secondly, it has to be taken into account that the result 
may vary with the volume of the sample and with the spatial variability of stoniness in 
the soil (Vincent and Chadwick, 1994). In this respect, it is important to take a large soil 
volume, so that a representative sample of all rock fragment classes is included.  
A frequently applied method in stony soils is the excavation method (Shipp and Matelski, 
1965, Blake and Hartge, 1990), by which a relatively large volume of soil is excavated. 
The volume of the sample is determined by filling the hole with a material of known bulk 
density, which is weighed afterwards. In this study, medium-textured (0.5 – 1mm) and 
homogenized river sand was used for measuring the volume of the sample hole. Its bulk 
density was ρsand= 1.77 ± 0.05 g cm-3. 
 
For each horizon of the representative soil types, two holes with an approximate volume 
of 200 x 100 x 100 mm = 2 106 mm3 were excavated and subsequently covered with a 
flexible plastic sheet and filled with sand (Figure 2.20). The volume of the sample was 
determined as: 
 

sand

sand
tot

M
V

ρ
=  [m3]         (2.8) 

 
where  

sandM   the mass of the sand (usually around 3.5 kg), determined in the field with a 
 battery-operated balance with a 1 g precision  
 

 
 
Figure 2.20: Filling the hole with sand 
 
The excavated soil was dried for 24h at 105°C and weighed in the laboratories of Mekelle 
University to determine the total dry mass of the sample (Mtot), so that the total bulk 
density of the soil mixture could be calculated as: 
 

tot

tot
tot V

M
=ρ  [g cm-3]         (2.9) 
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− Bulk density, particle density and porosity of rock fragment classes  
 
Bulk density and porosity of rock fragments were determined following norms 
established by the Belgian Institute for Standardization (1976a,b). The procedure consists 
of saturating a rock fragment with water under vacuum conditions and weighing it both 
when submerged in water (M2,rf,i) and in the air (M3,rf,i). When also the oven dry mass of 
a rock fragment (M1,rf,i) is known, its bulk density is determined as: 
 

irf

irf
irf V

M

,

,,1
, =ρ  [g cm-3]         (2.10) 

 
where  

irfV ,   the volume of the rock fragment, calculated based on the Archimedes principle of 
 submergence as: 
 

 
w

irfirf
irf

MM
V

ρ
,,2,,3

,

−
=  [m3]      (2.11) 

 where  
 wρ  the density of water [1 g cm-3] 
 
An additional variable that was determined with these data is particle density (Drf,i) of the 
rock fragment: 
 

poreirf

irf
irf VV

M
D

−
=

,

,,1
,  [g cm-3]        (2.12) 

where  
poreV   the volume of the pores, with irfirfpore MMV ,,1,,3 −=  [m3] 

 
Porosity of the rock fragment (Prf,i) was calculated as (Carter and Ball, 1990):  

irf

irf
irf D

P
.

.
, 1

ρ
−=  [m3 m-3]        (2.13) 

 
For the smallest size class of the schists no pure samples were available, because it was 
always mixed with red sandstone. Therefore, the smallest size class of the red sandstone 
and the schist is a mixed rock fragment class.  
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− Bulk density of the fine earth ρfe  
 
For each sampled horizon of the representative soils the bulk density of the fine earth was 
calculated by rearranging equation 2.7 into:  
 

totv

i
irfivtot

fe R

R

,

,,

1−

−
=

∑ ρρ
ρ [g cm-3]      (2.14) 

 
2.4.5.2 Results and discussion 
 

− Bulk density, particle density and porosity of rock fragment classes 
 
Table 2.11 gives an overview of bulk density, particle density and porosity of all rock 
fragment classes studied. Since analyses were conducted in Belgium, it was difficult to 
transport a large number of rock fragments of the largest size class, which explains the 
small number of replicates for this size class (Table 2.11). 
 
Table 2.11: Average dry bulk density (ρrf,i), particle density (Drf,i), and porosity (Prf,i) for different 
rock fragment classes with indication of standard deviation (stdev) and number of replicates (n)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  ρrf,i (g cm-3)  Drf,i (g cm-3)  Prf,i (m3 m-3) Rock fragment 
class (1) n  av stdev  av stdev  av stdev 
Sr1 & Sw1 6  2.32 0.18  2.71 0.28  0.14 0.03 
Sr2 2  2.29 0.08  2.67 0.05  0.15 0.01 
Sr3 1  2.32   2.70   0.14  
Sw2 1  1.60   2.50   0.36  
Sw3 1  1.47   2.35   0.37  
L1 12  2.00 0.35  2.59 0.16  0.22 0.14 
L2 2  2.43 0.27  2.68 0.05  0.10 0.08 
L3 2  2.45 0.02  2.61 0.02  0.06 0.01 
ad-B1 6  2.21 0.16  2.79 0.12  0.21 0.05 
ad-B2 1  2.72   2.98   0.09  
ad-B3 1  2.65   2.76   0.04  
kun-B1 5  2.37 0.18  2.86 0.07  0.17 0.06 
kun-B2 1  2.73   2.84   0.04  
kun-B3 1  2.59   2.67   0.03  
(1) in the code designating the rock fragment class, the letter indicates type (L: limestone, Sr: red sandstone; 
Sw: white schist; B: basalt) and the number indicates size (1: 2 – 20 mm; 2: 20 – 60 mm; 3: > 60 mm). For 
the basalt rock fragments, ad or kun preceding the letter B indicate the study site Adewro or Kunale resp. 
 
Generally, the bulk density results in table 2.11 are consistent with published values for 
basalt (e.g. Farmer, 1968), limestone (Poesen and Lavee, 1994) and sandstone (Hanson 
and Blevins, 1979, Childs and Flint, 1990, Poesen and Lavee, 1994). Basalt is 
characterized by the highest bulk density, followed by limestone and red sandstone, while 
the white schist clearly has the lowest bulk density. Ingelmo et al. (1994) published a 
relatively low bulk density value for schist/slate of 1.95 g cm-3, which is still higher than 
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the result in this study. Values for particle density are in the same range for all rock 
fragment classes, ranging from 2.35 to 2.98 g cm-3. Concerning porosity, schist presents 
the highest values of up to 37 %, followed by red sandstone and limestone with porosity 
values generally between 10 and 20 %. Basalt rock fragments have the lowest porosity. 
Ugolini et al. (1996) report porosity values ranging from 5 % for fresh sandstone up to 54 
% for highly altered sandstone. Flint and Childs (1984) report porosities ranging from 12 
% to 41 % for different lithologies. Generally speaking, the results for porosity in this 
study are in the commonly reported, very wide range.  
Differences in porosity and bulk density among the rock fragment classes can be 
explained by their weathering stage (Hanson and Blevins, 1979; Childs and Flint, 1990; 
Ugolini et al., 1996). As the white schist has the highest porosity and lowest bulk density 
(Table 2.11), an advanced weathering stage is suggested. Ugolini et al. (1996) and Childs 
and Flint (1990) revealed a negative relation between the size and the weathering stage of 
a rock fragment. This was also noticed in this study by the lower bulk density and higher 
porosity in the smallest size class of limestone and basalt (Table 2.11). Smaller rock 
fragments have gone through intense weathering processes, through which the primary 
minerals have dissolved with an increased porosity as a result.  
 

− Total bulk density of the soil and bulk density of the fine earth fraction 
 
Values for total bulk density (ρtot) and bulk density of the fine earth fraction (ρfe) are 
given in table 2.12 for each horizon of the representative soils.  
 
The total bulk density of the soil (ρtot) increases with rock fragment content on a mass 
basis (Rm,tot) (Figure 2.21,a), which is a logical consequence from the higher bulk density 
of rock fragments as compared to the fine earth fraction. The regression between ρtot and 
Rm,tot was hardly significant (p = 0.10, Figure 2.21,a), and much weaker than the relations 
proposed by e.g. Childs and Flint (1990) and Poesen and Lavee (1994). The relation 
between fine earth bulk density (ρfe) and Rm,tot (Figure 2.21,b) is similar to the one 
proposed by Poesen and Lavee (1994): when the rock fragment content exceeds a 
threshold, the fine earth bulk density decreases.  
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Figure 2.21: Total bulk density (ρtot) (a) and bulk density of the fine earth fraction (ρfe) (b) in function 
of the rock fragment content of the soil expressed on a mass basis (Rm) 
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This relation is discussed in detail by Torri et al. (1994) and some possible explanations 
can be put forward. The presence of rock fragments can generate extra (macro)porosity at 
the contact between them and the fine earth fraction (Torri et al., 1994; Poesen and 
Lavee, 1994). Moreover, with increasing stoniness, soil organic matter is concentrated in 
a decreasing mass of fine earth (Childs and Flint, 1990). This increase in organic matter 
content in the fine earth fraction favours a good soil structure with low bulk density 
(Poesen and Lavee, 1994).  
 
Table 2.12: Total soil bulk density (ρtot) and fine earth bulk density (ρfe), determined with the 
excavation method, for horizons of the representative soils. Average values and standard deviations 
are given for 2 replicates per horizon 

Study    ρtot (g cm-3)  ρfe (g cm-3) 
site Soil Horizon Depth (cm) av stdev  av stdev 
Adewro Ph-A1 h1 0-50 1.71 0.23  0.76 0.24 
  h2 50-90 1.57 0.10  1.23 0.08 
  h3 90-145 1.59 0.01  1.20 0.00 
  h4 145-200 2.06 0.05  1.23 0.15 
 Ph-A2 h1 0-70 1.52 0.15  1.09 0.06 
  h2 70-140 1.43 0.07  1.35 0.00 
 

 
h3 
 

140-270 
 

1.75 
 

0.03 
 

 1.02 
 

0.04 
 

Kunale Cm-K1 h1 0-60 1.55 0.19  1.52 0.00 
  h2 60-110 1.83 0.26  1.55 0.08 
  h3 110-160 1.66 0.03  1.63 0.08 
 Ph-K1 h1 0-45 1.11 0.01  1.09 0.00 
  h2 45-70 1.59 0.07  1.20 0.02 
 Ph-K2 h1 0-90 1.50 0.05  1.45 0.11 
 

 
h2 
 

90-145 
 

1.95 
 

0.55 
 

 1.36 
 

0.08 
 

May Cl-M1 h1 0-35 1.63 0.15  1.50 0.24 
Ba’ati  h2 35-130 1.74 0.09  1.72 0.05 
 Cl-M2 h1 0-70 1.74 0.06  1.49 0.08 
  h3 85-110 1.82 0.00  1.69 0.17 
 Ph-M1 h1 0-30 1.56 0.22  1.43 0.11 
  h2 30-70 1.55 0.03  1.49 0.00 
  h3 70-150 1.52 0.02  1.50 0.18 
 Ph-M2 h1 0-65 1.39 0.22  1.35 0.31 
  h2 65-95 1.70 0.08  1.70 0.04 
 Cl-M3 h1 0-10 1.86 0.14  1.46 0.00 
  h2 10-50 1.82 0.13  1.80 0.04 
  h3 50-95 1.63 0.05  1.61 0.00 
  h4 95-150 2.03 0.11  1.95 0.01 
 Cm-M1 h1 0-70 1.77 0.11  1.34 0.15 
  h2 70-125 1.67 0.00  1.66 0.00 
  h3 125-150 1.85 0.05  1.71 0.05 
 
The values in table 2.12 for the fine earth bulk density (ρfe) are remarkably high: in 
several cases ρfe turned out to be above 1.6 g cm-3. Indicative bulk density values for non-
stony soils range from about 1.1 to 1.3 g cm-3 for clayey textures and until 1.6 g cm-3 for 
sandy textures (Saxton and Rawls, 2004). As such the reliability of the data presented in 
table 2.12 can be questioned. Since the determination of the rock fragment content and 
the bulk density of the different rock fragment classes was very accurate, the most 
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probable explanation for the erroneous ρfe values lies in the difficult determination of the 
excavated volume. Apparently, although care was taken to avoid errors while filling the 
excavated hole with sand, the real volume of the sampled soil was often underestimated.  
Another attempt was made to correctly determine ρfe on the small ring samples taken for 
the soil water retention experiment (refer to paragraph 2.4.6). To obtain ρfe the same 
calculations were performed as outlined above, except that the volume of the ring was 
fixed. The values of ρfe reported in table 2.13 approach more closely the indicative values 
for non-stony soils as reported above. As they inspire more confidence, the values 
reported in table 2.13 were applied in all analyses in the remainder of this study.  
Using the total rock fragment content of the soil (refer to paragraph 2.4.4) and the bulk 
density of each rock fragment class (Table 2.11), the total bulk density of the soil was 
determined for each horizon of the representative soils with equation 2.7. 
 
Table 2.13: Fine earth bulk density (ρfe), determined on sample rings (diameter 47 mm and height 20 
mm), and total soil bulk density (ρtot) for horizons of the representative soils. Average values and 
standard deviations are given for 3 replicates per horizon for ρfe

Study   Depth ρfe (g cm-³)  ρtot (g cm-³) 
site Soil Horizon (cm) av stdev  av 
Adewro Ph-A1 h1 0-50 0.89 0.18  1.14 
  h2 50-90 0.93 0.06  1.37 
  h3 90-145 n.d. n.d.  n.d. 
  h4 145-200 n.d. n.d.  n.d. 
 Ph-A2 h1 0-70 0.82 0.08  1.29 
  h2 70-140 1.09 0.05  1.39 
 

 
h3 140-270 n.d. n.d.  n.d. 

Kunale Cm-K1 h1 0-60 1.06 0.13  1.11 
  h2 60-110 1.31 0.08  1.38 
  h3 110-160 1.50 0.12  1.63 
 Ph-K1 h1 0-45 1.01 0.05  1.24 
  h2 45-70 1.06 0.07  1.46 
 Ph-K2 h1 0-90 1.15 0.05  1.45 
 

 
h2 90-145 1.12 0.10  1.68 

May Cl-M1 h1 0-35 1.39 0.11  1.47 
Ba’ati  h2 35-130 1.50 0.04  1.50 
 Cl-M2 h1 0-70 1.17 0.05  1.52 
  h3 85-110 1.42 0.14  1.57 
 Ph-M1 h1 0-30 1.16 0.05  1.32 
  h2 30-70 1.21 0.04  1.36 
  h3 70-150 1.31 0.05  1.48 
 Ph-M2 h1 0-65 1.21 0.09  1.29 
  h2 65-95 1.37 0.04  1.41 
 Cl-M3 h1 0-10 1.24 0.18  1.49 
  h2 10-50 1.29 0.07  1.58 
  h3 50-95 1.26 0.07 1.60
  h4 95-150 1.38 0.09  1.64 
 Cm-M1 h1 0-70 1.15 0.03  1.40 
  h2 70-125 1.47 0.11  1.67 
  h3 125-150 1.36 0.06  1.60 

n.d.: in some horizons the rock fragment content was so high, that no ring samples could be taken and no 
data is available 
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2.4.6 Water retention and available water capacity 
 
2.4.6.1 Methodology 
 
Soil water retention of representative soils was determined following the procedures 
described by Van Reeuwijk (2002) whereby the soil water content of soil samples was 
determined after one week of stabilization at successive suction forces. Sand box and 
pressure plates were used for the low and high water tensions respectively. As rock 
fragments are known to contain appreciable water contents (Coile, 1953; Hanson and 
Blevins, 1979; Flint and Childs, 1984; Cousin et al., 2003) their water retention capacities 
were investigated as well. Based on the water retention of both the fine earth and the rock 
fragment fraction, the water retention and the available water capacity of the in situ soil 
mixture were determined.  
 

− Water retention of rock fragments 
 
The water retention characteristics were determined for each rock fragment class (refer to 
table 2.11 for the number of replicates). Also here, the smallest size class of red 
sandstone and schist were mixed. To ensure close contact between the rock fragments 
and the ceramic pressure plate, the latter was covered by a layer of 5 mm loam and 
kaolinite (Figure 2.22,a), following the methodology by Cousin et al. (2003). Rock 
fragments bigger than 2 mm were polished at one side to obtain a flat and smooth surface, 
which ensured a better contact than an irregular surface (Figure 2.22,b). For rock 
fragments smaller than 2 cm, this was practically impossible. After polishing, the grit 
blocking the pores at the surface was removed with a stiff brush. 
 

(a)  (b)  
Figure 2.22: Rock fragments embedded in a loam and kaoliniet layer on a pressure plate (a) and 
polished surface of a red sandstone (b) 
 
The water content of the rock fragments was determined at only three suction forces of  
-0.1kPa (pF 0), -49kPa (pF 2.7) and -1500kPa (pF 4.2), because water content was 
assumed to vary little with suction force. Water content at intermediate suctions was 
determined by linear interpolation.  
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− Water retention of fine earth  
 
The water retention of the fine earth fraction of each horizon of the representative soils 
was determined on three replicates of ring samples per horizon. To avoid sampling 
problems caused by the high rock fragment content and to minimize the rock fragment 
content in the sample, small ring samplers were used. The ring samplers are made out of 
PVC with a diameter of 47.22 ± 0.42 mm and a height of 19.84 ± 0.37 mm. The 
gravimetric soil water content of the ring samples was determined at subsequent suction 
forces (-0,1 kPa (pF 0), -1 kPa (pF 1.0), -3.3 kPa (pF 1.5), -10 kPa (pF 2.0), -33 kPa (pF 
2.5), -100 kPa (pF 3.0), -330 kPa (pF 3.5), -1000 kPa (pF 4.0), -1500kPa (pF 4.2)) as: 
 

dry

dryjwet
j M

MM
W

−
= ,

 [g g-1]        (2.15) 

 
where 
j  indicates pF 0, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.2 

jwetM ,   the mass of the wet sample at pF j [g] 

dryM   the mass of the sample after drying for 24 h at 105ºC [g] 
 
As most ring samples still contained a considerable amount of small rock fragments, it 
was decided to determine the rock fragment content by sieving over a 2 mm sieve and to 
calculate the gravimetric water content of the fine earth fraction in the ring sample 
according to the following formula proposed by Ravina and Magier (1984):  
 

totm

i
jirfimj

jfe R

WRW
W

,

,,,

, 1−

−
=

∑
[g g-1]       (2.16) 

 
where 
j  indicates pF 0, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.2 
i  indicates the rock fragment class L1, L2, L3, Sr1, Sr2, Sr3, Sw1, Sw2, Sw3, B1, 

B2, B3, whereby the letter indicates the type (L: limestone, Sr: red sandstone; Sw: 
white schist; B: basalt) and the number indicates the size (1: 2 – 20 mm; 2: 20 – 
60 mm; 3: >60 mm). 

imR ,   the gravimetric rock fragment content of rock fragment class i in the ring sample: 
 

 
tot

irf
im M

M
R ,

, =  [g g-1]        (2.17) 

  
where  

irfM ,   the mass of rock fragment class i in the ring sample [g] 

totM   the total mass of the sample [g] 
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jirfW ,,   the gravimetric water content of the rock fragment class i at pF j [g g-1] 

totmR ,   the total gravimetric rock fragment content in the ring sample [g g-1] 
 
To convert the gravimetric Wfe,j into the volumetric soil water content (θfe,j), the former 
was multiplied by the bulk density of the fine earth as given in table 2.13: 
 

fejfejfe W ρθ ,, =  [m3 m-3]        (2.18) 
 

− Water retention of the in situ soil mixture 
 
Based on the water retention characteristics of both the fine earth and the rock fragment 
fraction and applying the rock fragment content of the in situ soil mixture (refer to 
paragraph 2.4.4), the water retention of the soil mixture as found in situ was determined 
by applying again the formula proposed by Ravina and Magier (1984) to all pF values:  
 

∑+−=
i

jirfimjfetotmjtot WRWRW ,,,,,, )1(  [g g-1]      (2.19) 

 
where 
j  indicates pF 0, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.2 
i  indicates the rock fragment class 

totmR ,   the total gravimetric rock fragment content of the soil mixture [g g-1] 

jfeW ,   the gravimetric water content of the fine earth fraction at pF j [g g-1] 

imR ,   the gravimetric rock fragment content of the rock fragment class i in the soil 
mixture [g g-1] 

jirfW ,,   the gravimetric water content of the rock fragment class i at pF j [g g-1] 
 

− Available water capacity (AWC) 
 
The available water capacity of a soil, i.e. the water content that is available for plant 
growth is defined as: 
 

)( 2.45.2 θθ −=AWC [m3 m-3]       (2.20) 
 
where 

5.2θ  the volumetric water content at field capacity [m3 m-3] 

2.4θ  the volumetric water content at wilting point [m3 m-3] 
 
In a stony soil, the determination of the available water capacity is complicated because 
the fine earth and rock fragment fractions have different available water capacities. The 
following formula was used to account for this:  
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)1( ,,, totvfe
i

ivirftot RAWCRAWCAWC −+= ∑ [m3 m-3]    (2.21) 

 
where  

irfAWC ,   the available water capacity of rock fragment class i [m3 m-3] 

ivR ,   the volumetric rock fragment content of the rock fragment class i in the 
soil mixture [m3 m-3] 

feAWC   the available water capacity of the fine earth fraction [m3 m-3] 

totvR ,    the total volumetric rock fragment content of the soil mixture [m3 m-3] 
 
By analogy with Cousin et al. (2003) the available water capacity was calculated under 
different assumptions to investigate the role of the rock fragment fraction: 
 

1. The rock fragment fraction is ignored, so that the soil is considered to consist only 

of fine earth: 

fetot AWCAWC =  [m3 m-3]       (2.22) 

2. The volume of the rock fragment fraction is accounted for, but the rock fragments 

are considered to be inert, i.e. to contain no water: 

)1( ,),( totvfeinertrftot RAWCAWC −=  [m3 m-3]     (2.23) 

3. Both the volume and the water retention capacities of the rock fragment fraction 

are taken into account: 

)1( ,,,),( totvfe
i

ivirfactiverftot RAWCRAWCAWC −+= ∑  [m3 m-3]  (2.24) 

 
For each horizon of the representative soils, the AWCtot values for the above cases were 
calculated and compared. Differences were analyzed in function of the rock fragment 
types. Based on the outcome of this analysis, it was judged whether or not the volume 
occupied and water retention capacities of the rock fragment fraction need to be taken 
into account. 
 
2.4.6.2 Results and discussion 
 

− Water retention 
 
In figure 2.23, the water retention curves of the different rock fragment classes are 
represented. Differences in water retention are related to differences in weathering stage 
of the rock fragments, because the latter influences porosity (Ugolini et al., 1996). Except 
for red sandstone and schist, small rock fragments have clearly higher water retention 
than their bigger counterparts (Figure 2.23). All size classes of schist and sandstone are 
characterized by relative high water content at saturation. However, these rock fragment 
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types retain the water also under elevated suction pressures. Bigger limestone and basalt 
rock fragments have low porosity and retain little water over the whole range of suction 
pressures. The water content of the rock fragments at saturation closely corresponds to 
the porosity values proposed in table 2.11, which is also reported by Ugolini et al. (1996). 
However, as mentioned for schist and sandstone, high porosity does not guarantee high 
available water capacity, because pore size also plays a role, with micropores holding the 
water more strongly. As microporosity increases with the degree of alteration (Ugolini et 
al., 1996) this explains why the more altered rock fragment types such as sandstone and 
schist retain a lot of water at high suction pressure and are characterized by low available 
water capacity. The smallest size class of limestone has the highest available water 
capacity (about 10 vol %), followed by the small basalt rock fragments (4 to 6 vol %). 
Poesen and Lavee (1994) provide an overview of available water capacity of different 
rock fragment classes, varying from 0 % for basalt, to 5-8 mass % for limestone, and 4 – 
15 vol% and 3 – 10 vol% for sandstone and schist respectively. In comparison with these 
values, the determined available water capacity in this study is rather low for sandstone 
and schist and somewhat high for basalt.  
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Figure 2.23: Water retention curves of different rock fragment types (L: limestone, Sr: red 
sandstone; Sw: white schist; kunB, adB: basalt of Kunale and Adewro resp.) and size classes (full line 
with circles: 2 – 20 mm; dashed line with squares: 20 – 60 mm; dotted line with triangles: > 60 mm). 
 

In figure 2.24 the water retention curves of the fine earth fraction of each horizon of the 
representative soils are represented. Because of high stoniness it was impossible to take a 
ring sample in deeper horizons in some soils (e.g. h3 of Ph-M2, h3 in Ph-K2, h3 and h4 
in Ph-A1), so that for these cases no fine earth water retention could be determined.  
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Figure 2.24: Water retention curves of the fine earth fraction for each horizon of representative soils 
(refer to table 2.9) (h1: full line with circles; h2: dashed line with squares; h3: dotted line with 
triangles; h4: dash-dotted line with diamonds) 
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Soil water retention at low suction forces (pF < 2) is mainly determined by the structure, 
the porosity and the pore size distribution of the soil (Rawls et al., 1991). Upon soil 
desiccation, water is retained more by adsorption and less by capillary forces. That’s why 
soil variables contributing to the specific soil surface, such as texture, organic matter 
content and clay mineralogy, are more important for explaining retention characteristics 
at higher suction forces (pF>2) (Rawls et al., 1991). From figure 2.24 it seems that the 
upper horizons, which are relatively rich in organic matter, generally show higher water 
retention at low suction forces. The positive effect of organic matter on soil structure, 
bringing about lower bulk density, higher porosity and consequently higher water 
retention at low suctions is clearly illustrated in figure 2.25, where bulk density is applied 
as a proxy for soil structure. From figure 2.25 it is also clear that the effect of soil 
structure on water retention declines at higher suction forces. Our data also confirm the 
positive effect of clay content on water retention at higher suction forces (Rawls et al., 
1991) (Figure 2.26). From figure 2.26 it follows furthermore that as clay content rises, the 
difference between water content at field capacity (pF 2.5) and wilting point (pF 4.2) 
decreases, so that the available water capacity is higher for medium textured soils than for 
clayey soils. 
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Figure 2.25: Relation between the gravimetric water content of the fine earth fraction (Wfe) at low 
suction forces (pF 0: black circles, pF 1: white circles; pF 2: black triangles; pF 2.5: white triangles) 
and the fine earth bulk density (ρfe) 
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Figure 2.26: Relation between the gravimetric water content of the fine earth fraction (Wfe) at high 
suction forces (pF 2.5: black circles, pF 3.5: white circles; pF 4.2: black triangles) and the clay 
content 
 

− Available water capacity 
 
In figure 2.27 the available water capacity under different assumptions on the role of rock 
fragments is compared for the representative soils. It is assumed that the actual available 
water capacity of the in situ soil is approached best by taking the rock fragment fraction 
into account as an active fraction, able to retain a certain amount of water 
(AWCtot(rf,active)). In most cases, except where the rock fragment content is nihil, the 
AWCtot(rf,active) is overestimated by neglecting the rock fragment fraction (AWCfe) (Figure 
2.27). The largest errors are made in horizons with high rock fragment content, such as 
the upper horizons of Cl-M3, Cm-M1, the lower horizons of Ph-K1, Ph-K2 and the whole 
profile of Cl-M2 and the soils in Adewro. When taking into account the volume occupied 
by the rock fragments but assuming that they can not contain any water (AWCtot(rf,inert)) 
the actual AWC is underestimated (Figure 2.27). The error induced here depends not only 
on the rock fragment content but also on the water retention capacities of the rock 
fragment fraction, which was also reported by Childs and Flint (1990). That is why in 
Adewro, where soils contain a lot of little-porous basalt rock fragments, the 
underestimation of the actual AWC is less severe than in stony horizons in May Ba’ati 
(Figure 2.27), which contain mainly limestone rock fragments with higher water retention 
capacities. The gain in available water capacity that is realized when taking into account 
the rock fragments as an active fraction retaining water corresponds with the leftward 
lines in figure 2.27. 
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Figure 2.27: Available water capacity (AWC) in the rock fragment fraction (dashed line, white 
circles) and in the soil mixture of the representative soils (refer to Table 2.9) under different 
assumptions: (1) ignoring the rock fragment fraction, AWCfe (grey line, upward triangles), (2) taking 
the rock fragments into account as an inert fraction, AWCtot(rf,inert) (grey line, downward triangles), 
(3) taking the rock fragments into account as an active fraction, AWCtot(rf,active) (black line, black 
circles). Refer to table 2.14 for an assessment on the accuracy.  
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The errors induced by assuming either AWCfe or AWCtot(rf,inert) as the actual AWC, can be 
expressed relatively to the actual AWC and denominated ∆AWCfe-tot(rf,active) and 
∆AWCtot(rf,active)-tot(rf,inert) respectively. Figure 2.28,a and 2.28,b shows that these errors can 
amount to almost 60% and 35 % of the actual AWC in very stony soils. From figure 
2.28,b it is demonstrated that when neglecting the water retention capacities of the rock 
fragments, larger errors are induced with porous rock fragments. Based on figure 2.28a 
and 2.28b a threshold rock fragment content of 20 vol% is proposed. Above this 
threshold errors of at least 10% are expected and calculation of AWC should certainly 
take into account both the volume and the water retention of the rock fragments.  
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Figure 2.28: Relative errors to the actual AWC (a) by neglecting the rock fragment fraction ∆AWCfe-

tot(rf,active) and (b) by treating the rock fragments as an inert fraction ∆AWCtot(rf,active)-tot(rf,inert)

 
In a similar study in soil with limestone rock fragments, Cousin et al. (2003) found 
relative overestimations of 22 – 39 % and relative underestimation of 8 – 34 % of the 
actual AWC of their soils. Also Hanson and Blevins (1979) and Montagne et al. (1992) 
state that neglecting the water holding capacities of rock fragments leads to 
underestimations of the total available water capacity of a stony soil.  
In line with the conclusions of these and our studies and given the stony character of the 
soils in the study sites, it is judged safe to take into account not only the volume of the 
rock fragment fraction, but also its capacity to retain water in order to make correct 
simulations of water flow in the soil.  
In table 2.14 the water content at saturation, field capacity and wilting point and the 
available water capacity for each horizon of the representative soils are given, taking into 
account the rock fragment content and its water retention.  
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Table 2.14: Volumetric water content at saturation (θSAT), field capacity (θFC), and wilting point (θWP) 
and the available water capacity (AWC) for different horizons of the representative soils taking into 
account their respective rock fragment content and the water retention of the latter 

      θSAT     θFC      θWP      AWC 
Study site Soil  Horizon Depth(cm) av stdev av stdev av stdev av stdev 
Adewro Ph-A1 h1 0-50 0.61 0.05 0.23 0.02 0.08 0.01 0.15 0.02 
  h2 50-90 0.53 0.07 0.18 0.04 0.07 0.02 0.12 0.04 
 Ph-A2 h1 0-70 0.55 0.04 0.25 0.00 0.10 0.02 0.15 0.02 
  h2 70-140 0.51 0.06 0.28 0.02 0.14 0.02 0.13 0.03 
 
Kunale 

 
Cm-K1 h1 0-60 0.59 0.07 0.24 0.02 0.09 0.02 0.15 0.03 

  h2 60-110 0.57 0.02 0.26 0.01 0.06 0.02 0.20 0.02 
  h3 110-160 0.56 0.06 0.26 0.01 0.03 0.01 0.23 0.01 
 Ph-K1 h1 0-45 0.60 0.05 0.31 0.03 0.19 0.01 0.13 0.03 
  h2 45-70 0.49 0.03 0.30 0.02 0.19 0.04 0.11 0.04 
 Ph-K2 h1 0-90 0.49 0.03 0.22 0.00 0.11 0.01 0.11 0.01 

  
h2 
 

90-145 
 

0.40 0.04 
 

0.18 0.00 
 

0.09 
 

0.01 
 

0.09 
 

0.01 
 

May  Cl-M1 h1 0-35 0.60 0.08 0.24 0.01 0.10 0.02 0.14 0.02 
Ba’ati  h2 35-130 0.54 0.01 0.30 0.02 0.14 0.02 0.17 0.03 

Cl-M2 h1 0-70 0.47 0.04 0.23 0.03 0.11 0.01 0.13 0.03 
  h3 85-110 0.45 0.02 0.22 0.04 0.07 0.03 0.15 0.05 
 Ph-M1 h1 0-30 0.54 0.03 0.27 0.04 0.13 0.05 0.14 0.06 
  h2 30-70 0.47 0.01 0.33 0.01 0.18 0.02 0.15 0.02 
  h3 70-150 0.49 0.02 0.34 0.01 0.19 0.01 0.15 0.01 
 Ph-M2 h1 0-65 0.53 0.03 0.35 0.03 0.22 0.03 0.13 0.04 
  h2 65-95 0.57 0.02 0.42 0.01 0.28 0.01 0.15 0.01 
 Cl-M3 h1 0-10 0.46 0.10 0.35 0.03 0.11 0.01 0.24 0.03 
  h2 10-50 0.45 0.04 0.22 0.03 0.06 0.02 0.16 0.04 
  h3 50-95 0.45 0.03 0.20 0.03 0.08 0.01 0.13 0.03 
  h4 95-150 0.46 0.12 0.24 0.01 0.07 0.01 0.17 0.01 
 Cm-M1 h1 0-70 0.52 0.01 0.21 0.02 0.11 0.01 0.10 0.02 
  h2 70-125 0.42 0.03 0.23 0.02 0.09 0.02 0.14 0.03 
  h3 125-150 0.42 0.05 0.23 0.04 0.07 0.01 0.17 0.04 

 
2.4.7 Infiltration rate and saturated hydraulic conductivity 
 
The influence of rock fragments on saturated hydraulic conductivity is generally assumed 
to be negative (Brakensiek et al., 1986; Childs and Flint, 1990), because non-porous rock 
fragments decrease the available pore space for the water flow. Moreover, the turtuosity 
of the water flow is increased and air is encapsulated in macropores (Gras, 1972, Dunn 
and Mehuys, 1984, Ravina and Magier, 1984; Brakensiek and Rawls, 1994). On the other 
hand, rock fragments are also known to create extra macropores, which can enhance the 
percolation rate of the water flow especially in soils with high bulk density (Ravina and 
Magier, 1984). However, various authors (e.g. Ingelmo et al., 1994; van Wesemael et al., 
1996) indicate that the effect of macropores depends on the size and morphology of the 
rock fragments and on the volume changes at the contact between fine earth and rock 
fragments.  
 

 63



CHAPTER 2 – Study area 

2.4.7.1 Methodology 
 
Saturated hydraulic conductivity (Ksat) was measured in each horizon of the 
representative soils by two different approaches. In the first approach Ksat was determined 
with a Guelph constant head permeameter (Elrick and Reynolds, 1992). In the second 
approach the inversed auger hole method, also called Porchet method, was applied 
(Kessler and Oosterbaan, 1974). For the upper horizon, also the double ring infiltration 
test was performed (Jensen, 1982), which estimates Ksat as the steady state infiltration 
rate. Each method was performed three times in each horizon and averages were 
calculated.  
 
Based on the results for Ksat, the drainage characteristic τ was calculated with the formula 
(Raes et al., 2006a):  
 

35.00866.0 satK=τ          (2.25) 
 
where  
Ksat  the saturated hydraulic conductivity expressed in mm d-1. 
  
τ will be used as a soil input parameter for soil water balance modelling with BUDGET 
(refer to paragraph 4.5).  
 
Results from the different methods were compared and relations between the measured 
Ksat and the rock fragment content and other variables were investigated. Ksat values were 
compared also with indicative values obtained with the Soil Water Characteristics 
software (Saxton, 2005). This program applies pedotransfer functions to calculate 
saturated hydraulic conductivity based on information of texture, soil organic matter 
content and rock fragment content (Saxton and Rawls, 2004).  
 
2.4.7.2 Results and discussion 
 
Table 2.15 provides an overview of the results for hydraulic conductivity (Ksat) obtained 
with different methods. It turns out that the field methods yielded very divergent results 
(Figure 2.29). The infiltration test generally resulted in higher Ksat values, while the 
augerhole method resulted in lower Ksat values. Standard deviations were large for every 
method, with an average coefficient of variation above 0.50 for all methods. Results for 
the different field methods did not behave in a systematic manner, as no trends are 
observed from figure 2.29 and no meaningful relation between the methods could be 
derived. The only consistent pattern consisted of the upper horizons usually showing a 
higher Ksat than the underlying horizons both for the Guelph permeameter measurements 
and the inversed auger hole method (Table 2.15). No relation between Ksat and stoniness 
was be found for any of the field methods. The Ksat obtained with the Guelph 
permeameter showed a positive but weak relation with organic matter content, and the 
Ksat obtained with the inversed auger hole method showed a negative but weak relation 
with clay content. Other meaningful relations could not be found.  
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Generally, it should be admitted that none of the field methods really inspires confidence.  
Because of the high standard deviations for the three field methods, one would require a 
huge number of measurements to achieve a modest precision of 100 mm d-1. For the 
permeameter method, the inversed augerhole method and the infiltration method the 
required number of samples would amount to 415, 20 and 890 respectively. In practice, 
this is not feasible. For the inversed auger hole and the infiltration test, a relatively large 
soil volume is already considered, so that increasing the sample volume will probably not 
yield better results either. 
 
From figure 2.29 and table 2.15 it turns out that, except for the upper horizons in Adewro, 
the Ksat obtained with the Soil Water Characteristics software (Saxton, 2005) was 
somewhat similar to the Ksat obtained with the Guelph permeameter and the inversed 
auger hole method. Therefore, in order to obtain acceptable Ksat values to be used as 
model input parameters, an average was calculated, whereby the Ksat obtained with the 
infiltration test were ignored. To give more importance to the field methods, a weighted 
average was used whereby the weight for Ksat obtained with the Soil Water 
Characteristics software (Saxton, 2005) is half of the weight for the Ksat obtained with 
the field methods. This weighted average is given in table 2.15 as the BUDGET Ksat, 
from which the drainage characteristic τ was derived applying equation 3.25. The 
resulting infiltration classes are not extremely variable, being rapid only for some upper 
horizons and showing moderate percolation rates for all other horizons. Given this and 
the fact that, except for slowly draining soils (Ksat < 75 mm d-1), BUDGET simulation are 
not very sensitive for changes in Ksat (Raes et al., 2006a), the proposed Ksat values are 
assumed to be acceptable for the water balance modelling exercise. However, the values 
given in table 2.15 should be treated with care and not referred to as accurate estimates of 
the saturated hydraulic conductivity. 
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Figure 2.29: Ksat for each horizon of the representative soils obtained with different methods: using a 
Guelph permeameter (black dots); applying the inversed auger hole method (white dots); applying 
the double ring infiltration test (black triangles); applying the Soil Water Characteristics software 
(Saxton, 2005) (white triangles) 
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Table 2.15: Overview of saturated hydraulic conductivity (Ksat, mm d-1) obtained through different methods (average values and standard deviations 
are given for three replicates), the input parameters for soil water balance modelling with BUDGET, (Ksat and drainage characteristic τ) and the 
infiltration rate class based on the BUDGET Ksat

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

(1) Ksat is measured using a Guelph constant head permeameter 
(2) Ksat is measured using the inversed auger hole method 
(3) Ksat is estimated as the steady state infiltration rate using a double ring infiltration test  
(4) Ksat is estimated with the Soil Water Characteristics software (Saxton, 2005) based on texture, organic matter and rock fragment content  
(5) the infiltration rate classes proposed by FAO (2006) are applied
  

Permeameter(1)   Auger hole(2)   Infiltration(3) Saxton(4)   
BUDGET 
parameters
K

BUDGET 
parameters
K

Infiltration rate
 

Infiltration rate
 Study site Study site Soil Soil Horizon Horizon av av stdev stdev   av av stdevstdev avav 

Infiltration
stdevstdev     sat ττ class (5)

are given for three replicates), the input parameters for soil water balance modelling with BUDGET, (Ksat and drainage characteristic τ) and the 
infiltration rate class based on the BUDGET Ksat

(1) Ksat is measured using a Guelph constant head permeameter 
(2) Ksat is measured using the inversed auger hole method 
(3) Ksat is estimated as the steady state infiltration rate using a double ring infiltration test  
(4) Ksat is estimated with the Soil Water Characteristics software (Saxton, 2005) based on texture, organic matter and rock fragment content  
(5) the infiltration rate classes proposed by FAO (2006) are applied

Permeameter(1) Auger hole(2) (3) Saxton(4)

 sat class (5)

Adewro Ph-A1               h1 1612.8 1617.2 1137.6 258.8 2742.9 298.0 4128.0 1926 1.00 Rapid
  h2          
                
            

              
         

                 
               
             
              
            

               
             

                
             
               
           
                
                
         
             
            
                
                
           

979.2 693.0 593.3 290.7
 

  1353.6 900 0.94 Moderately rapid
Ph-A2
 

h1 388.8 211.8 331.2
 

82.1 5040.0
 

1440.0
 

3768.0 1042
 

0.99 Moderately rapid
h2 3225.6 2346.1 80.4 19.5 1658.4 606 0.82 Moderately rapid

 Kunale
 

Cm-K1 
 

h1 2908.8
 

4293.4
 

391.7 35.7 4868.6
 

2060.6
 

 1128.0
 

1546
 

1.00 Rapid
h2 172.8 86.4 611.7 300.6 172.8 348 0.67 Moderately slow
h3 233.3 60.5 2237.8

 
1771.7

 
244.8 237 0.59 Moderately slow

Ph-K1
 

h1 561.6 190.1 327.5 144.4
 

6212.6
 

1171.7
 

326.4 421 0.72 Moderately slow
h2 380.2 349.5 160.7 48.4 103.2 237 0.59 Moderately slow

Ph-K2 
 

h1 2076.5
 

2295.0
 

355.7 38.7 5400.0
 

1904.9
 

 314.4  342 0.67 Moderately slow
h2 262.1 163.6

 
299.5 361.9

 
204.0 265 0.61 Moderately slow

May Cl-M1
 

h1 319.7 69.1 415.9 17.5 1600.0
 

771.5
 

612.0
 

417 0.72 Moderately slow
Ba'ati
 

h2 400.3 378.0 427.7 33.7 62.4 344 0.67 Moderately slow
Cl-M2
 

h1 861.1 328.4 523.3 347.6 4080.0
 

1099.8
 

1200.0
 

794 0.90 Moderately rapid
h3 918.7 997.7 345.9 133.8 122.4 530 0.78 Moderately rapid

 Ph-M1
 

h1 2450.9
 

3639.2
 

771.3 334.2 3960.0
 

1080.0
 

 792.0 1447
 

1.00 Rapid
h2 106.6 42.6 893.4 395.8

 
768.0 554 0.79 Moderately rapid

h3 118.1 115.1 106.0 5.2 360.0 162 0.51 Moderately slow
 Ph-M2

 
h1 3427.2

 
2422.8

 
293.8

 
203.5

 
3720.0
 

549.9
 

1176.0 1724
 

1.00 Rapid
h2 173.1 142.3 42.9 13.1 1281.6

 
343 0.67 Moderately slow

 Cl-M3
 

h1 5212.8 2650.4
 

510.0 161.6 5616.0
 

4537.7
 

 936.0
 

 1792 1.00 Rapid
h2 1017.8 836.8 513.5 252.1

 
48.0 622 0.82 Moderately rapid

h3 1368.0 414.7 754.6 90.3 76.8 864 0.92 Moderately rapid
Cm-M1
 

 h1 1057.0
 

284.8 607.7 116.4
 

3840.0
 

1498.8
 

355.2
 

737 0.87 Moderately rapid
h2 895.1 829.6 402.9 77.6 50.4 529 0.78 Moderately rapid
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2.5 Vegetation 
 
2.5.1 Introduction 
 
Vegetation restoration in exclosures is believed to be the driving force behind land 
rehabilitation. In the following chapters (chapter 3 and 4) the influence of vegetation 
restoration on pedological processes, litter production, humus formation and various soil 
water balance components will be investigated. In all these chapters, reference will be 
made to vegetation characteristics, which are discussed here in more detail.  
 
It is the aim of this study (1) to assess species composition in the studied hillslope 
sections, (2) to come up with estimates of vegetative soil cover in different landscape 
units and hillslope sections throughout the seasons, (3) to assess vegetation height and 
other vegetation structure variables and (4) to determine the root distribution in the 
representative soil types. 
 
2.5.2 Methodology 
 

− Species composition 
 
Species identification of shrubs and trees was done with local experts (e.g. exclosure 
guards, priests) on the basis of the vernacular names. The latter were converted to 
scientific names with the help of herbaria (at Mekelle University and Addis Abeba 
University) and plant nomenclature follows the flora of Ethiopia and Eritrea (Edwards et 
al. (1995, 1997, 2000); Hedberg and Edwards (1989, 1995); Hedberg et al. (2003)). 
Species composition is assessed by a visual estimate of the abundance of each present 
species.  
 

− Vegetative soil cover in the landscape units 
 
Vegetative soil cover was estimated monthly (in the period May 2003 – April 2004) in 
each landscape unit, whereby the shrub and tree layer and the grass and herb layer were 
considered separately. A rectangular plot of (plan-projected) 10 m x 10 m was delineated 
in a representative part of each landscape unit. The line transect method (Jennings et al., 
1999) was applied in these plots and also in the runoff plots (refer to paragraph 4.2) by 
recording the fraction of a tape meter covered by the vertical projection of plant canopies 
or grassed vegetation patches. This fraction is further called the canopy soil cover. In the 
10 m x 10 m plots, the tape was laid out 5 times at 2.5 m distance perpendicular to the 
contour lines. In the runoff plots the tape was laid out 5 times at one metre distance 
parallel to the contour lines. With respect to the grass and herb layer, standing dead 
grasses were also included in the soil cover, as they still intercept rainfall and offer 
resistance to runoff. 
 
To take into account seasonal changes in canopy density and leaf condition, a visual 
estimate of the crown density was made for each individual shrub or tree. This means that 
leafless shrubs with dense branch system still have some soil cover, as their crown 

 67



CHAPTER 2 – Study area 

density can be estimated at for example 20 %. The crown density of deciduous species 
will strongly fluctuate over the year, while for evergreen species these fluctuations will 
be more subtle. The fractions of the tape overlapping with vegetation were multiplied by 
the respective crown densities to obtain the effective vegetative soil cover. When several 
crowns overlapped, their densities were added up to a maximum of 100 %. However, the 
maximal vegetative soil cover was determined by the canopy soil cover. Overlapping 
crowns only raised the crown density, not the canopy soil cover.  
To calculate the total vegetative soil cover of both vegetation layers together, their 
respective cover percentages were added up as long as they did not overlap. Where 
overlapping, the crown density was increased to a maximum of 100 %.  
In figure 2.30 the methodology for assessing vegetative soil cover is illustrated. In this 
example the canopy soil cover is 23 %. However, when the crown densities, varying from 
40 to 80 %, of the different shrubs are taken into account, the effective vegetative soil 
cover is considerably less, namely about 15%. The crown density of the overlapping 
section between the canopy of shrub B and C, is set to 100 % as their respective crown 
densities added up to 110 %. 

A

B

C

 
 

 
Area 
(m2) 

Crown 
density 

(%) 

Vegetative 
soil cover 

(%) 
shrub A   3 80 2.4 
shrub B (minus overlap) 12 70 8.4 
shrub C (minus overlap)   6 40 2.4 
overlap B-C   2   100 2.0 
total 23  15.2 
 
canopy soil cover 23 %   
vegetative soil cover  15 %   

Figure 2.30: Imaginary example clarifying the calculation of vegetative soil cover in a 10 x 10 meter 
plot 
 
Based on the monthly records, the evolution in vegetation cover was followed in the 
course of a year. When analyzing the effects of vegetation cover on runoff production, 
the prevailing vegetation cover in the period with rain, which is generally highest from 
June to September (Figure 2.10), is of interest. To obtain one value of vegetation cover 
per plot, a weighted average vegetation cover was calculated. This variable will be related 
to the total runoff coefficient (RCtot, refer to paragraph 4.2), but will be used also to 
describe the evolution in soil cover with vegetation restoration. The weighing factors 
attached to each monthly vegetation cover were based on the monthly rainfall expressed 
as a fraction of the annual rainfall. This procedure is based on the reasoning that the 
vegetation cover prevailing in a month with high rainfall is more important in reducing 
runoff than the vegetation cover in a month with negligible rainfall. Weighing factors 
were calculated based on the rainfall records for the period May 2003 to April 2004 
(Table 2.16). Weighted average vegetation cover was calculated for all landscape units 
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and for the shrub and tree layer, grass and herb layer and total vegetation cover 
separately. Averages for the hillslope sections and the land use types by which they are 
covered, were calculated based on the values determined for the landscape units. 
 
Table 2.16: Weighing factors associated with different months based on the rainfall records of the 
period May 2003 to April 2004 

Study site Dry (1) June July August September 
May Ba’ati 0.19 0.12 0.22 0.38 0.09 
Kunale 0.20 0.13 0.21 0.31 0.15 
Adewro 0.18 0.15 0.22 0.38 0.07 

(1): dry refers to the period October to May 
 

− Structure measurements 
 
Structure measurements of the vegetation were conducted in September 2005 in all runoff 
plots (refer to paragraph 4.2) and included the following variables for each shrub or tree 
with at least part of the crown or stem in the runoff plot: 
 

• number of stems, 
• stem diameter (for multi-stemmed shrubs and trees, the stem diameter of each 

stem was recorded. If more than 10 stems were present, the number of stems in 3 
to 5 diameter classes were counted), 

• total height, 
• coordinates of the crown projection (x1, x2, y1, y2). 

 
− Vegetation height 

 
Besides the height measurement during the structure measurements, vegetation height 
was also assessed in the 10 m x 10 m plot after the rainy season. Five transects were laid 
out perpendicular to the contour in the plot and along these transects the vegetation height 
was measured every metre with a stick meter. For tall trees the height was measured 
using a clinometer, applying the principles of trigonometry.  
 

− Root distribution in the soil 
 
The root distribution was assessed in the profiles of the representative soils (Table 2.9) 
following the profile wall method (Schroth, 2003). According to van Noordwijk et al. 
(2000) a grid was used consisting of three columns of squares of 100 mm width, set out 
over the total soil depth. In each square, the visible roots of each size class were counted, 
and averages were calculated per row of 100 mm. Size classes were delineated based on 
the root diameter as follows: very fine roots <0.5 mm; fine roots: 0.5 - 2 mm; medium 
roots: 2 - 5 mm; coarse roots: 5 - 10 mm; very coarse roots: >10 mm (FAO, 2006). Based 
on the average number of roots of all size classes and their respective diameters, the root 
area ratio (RAR, %) of consecutive depth intervals was calculated as the percentage of 
the vertical section area that is occupied by roots.  
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.5.3 Results 

− Species composition 
 

able 2.17 gives an overview of the species composition in all land use types in the three 

2
 

T
study sites. Species composition is clearly different among sites, but varies also according 
to land use type. These differences can be explained by the ecological preferences of the 
different species in relation to site conditions and water availability. Site differences in 
species composition are mainly related to lithological effects as climate is relatively 
similar in the three sites. An obvious example is provided by calciphile species, like 
Euclea racemosa, Acacia etbaica and Dodonea angustifolia, which are important species 
in the limestone area of May Ba’ati, but absent in Kunale and Adewro. Within the same 
site, species composition of exclosures evolves with time. In young exclosures, pioneer 
species and ruderals, such as Becium grandiflorum and Rumex nervosus are dominant, 
whereas in older exclosures, climax species (e.g. Carissa edulis, Dombeya torrida) gain 
importance.  
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Table 2.17: Species composition (asterisks indicate species abundance(1)) in the studied hillslope sections(2). 
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  May Ba’ati Kunale Adewro

Species Family XYRA FOXO  XMRA XY XO  RA XY EU

Acacia abyssinica Hochst. ex Benth.            Fabaceae * ** ***  *
Acacia etbaica Schweinf.          

            
           

           
          

           
            

            
           

            
            

           
            

   
            

          
           
            

           
            

            
   

           
          

            
            

            

            

Fabaceae **** *** ***    

Acacia saligna (Labill.) Wendl (§) Fabaceae  ** ***  

Acokanthera schimperi (A. DC.) Benth. Apocynaceae **   

Aloe macrocarpa Tod. Asphodelaceae * ** *   **** *** **   ** * **
Becium grandiflorum (Lam.) Pichi-Serm. Lamiaceae * ***   ***   

Buddleja polystachya Fresen. Loganiaceae  **  

Calpurnia aurea (Ait.) Benth. Fabaceae *   

Carissa edulis (Forssk) Vahl Apocynaceae * **   

dander (3) Asteraceae ** **  *   

Cayratia gracilis (Guill. & Perr.) Suess. Vitaceae * * *  

Colutea abyssinica  Kunth & Bouche Fabaceae  *  

Commelina spp (4) Commelinaceae * * *  

Dodonea angustifolia L.f. Sapindaceae ** **    

Dombeya torrida (J.F. Gmel.) P. Bamps Sterculiaceae       * ** ***  

Eucalyptus camaldulensis Dehn (§) Myrtaceae *  *   

Eucalyptus globulus Labill (§) Myrtaceae     ****
Euclea racemosa Murr. Ebenaceae **** ** *** **   

Ficus thonningii Blume Moraceae **   

Grewia ferruginea A. Rich. Tiliaceae  * *   

Jasminum abyssinicum Hochst. ex. DC. Oleaceae *    

Lantana viburnoides (Forsk.) Vahl Verbenaceae * *  * *   

Maytenus arbutifolia (Hochst. ex A. Rich.) R. Wilczek  Celastraceae   *   ** * **   

Olea europaea subsp. cuspidata (Wall. Ex. DC) Ciffieri Oleaceae *   

Opuntia ficus-indica (L.) Mill. Cactaceae   *** ** *   

Osyris quadripatita Salzm. ex Decaisne Santalaceae *  **   

Peristrophe paniculata (Forssk) Brummitt Acanthaceae * *  *   

Psydrax schimperiana (A. Rich.) Bridson Rubiaceae *   
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Table 2.17 continued     
    

       

  

  May Ba’ati Kunale Adewro

Species Family RA XY XO FO RA XY XM XO RA XY EU

Rhus glutinosa Hochst. ex A. Rich. Anacardiaceae           ** *  

Rhus natalensis Krauss            
           

            
            

          

Anacardiaceae *    

Rumex nervosus Vahl. Polygonaceae   **** ** * *  **** ***
Salvia schimperi Benth. Lamiaceae * *  *** *   

Senna singueana (Del.) Lock Fabaceae * *    

Vernonia spp. (5) Asteraceae *  * *** **  *

CHAPTER 2 – Study area 
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(1) ****: very abundant, ***: abundant, **: moderately abundant, *: less abundant. (no asterisk means the species is absent) 
(2) land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old exclosure; FO: church forest; EU: Eucalyptus plantation 
(3) dander is the local name for a series of thistles including Carthamus lanatus L., Carduus nyassanus R.E. Fries, Echinops hispidus Fresen. 
(4) Commelina spp. include C. imberbis Ehrenb. ex Hassk., C. benghalensis L., C. africana L., C. latifolia Hochst. ex A. Rich. 
(5) Vernonia spp. include V. bipontini Vatke and V. amygdalina Del. 
(§) planted species.
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− Vegetation cover 
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Shrub and tree cover clearly increases where areas are closed (Figure 2.31). With respect to 
grass and herb cover, the high soil cover in the grazing lands and young exclosures is pushed 
back to less than 20 % in the older exclosures (Figure 2.31). The suppressing effect of 
increasing shrub and tree cover on grass and herb vegetation is also illustrated in figure 2.32.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.31: Weighted average soil cover of the grass and herb layer (black bar), shrub and tree layer 
(light grey bar) and total vegetation cover (dark grey bar) with indication of standard deviation (except 
for land use types with only one landscape unit) for the land use types in the three study sites. (land use 
type coding: RA: grazing land; XY, XM and XO: young, middle-aged and old exclosure respectively; FO: 
church forest; EU: Eucalyptus plantation) 
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Figure 2.32: The ratio of weighted grass and herb cover over weighted shrub and tree cover 
(VEGgh,w/VEGst,w) in function of weighted shrub and tree cover (VEGst,w) with fitted regression line 

 
In table 2.18 the results of the line transect measurements for vegetation cover determination 
are presented for the 10 m x 10 m plots. The data presented are limited to the months June to 
September and an estimate for the minimal vegetation cover in the period February to May is 
also given. The results are also illustrated in figure 2.33 for some representative landscape 
units.  
 
Under influence of climatic conditions, the vegetation goes through an annual cycle, during 
which the cover increases substantially in the rainy season. Maximum vegetative soil cover is 
usually attained immediately after the rainy season for all vegetation layers. From November 
onwards, vegetation cover starts to decrease and reaches a minimum in the months February 
to May (Figure 2.33).  
 
Although most grasses wither quickly after the end of the rainy season, standing dead 
biomass is still present, which results in a slow decrease in herbaceous vegetation cover at 
the start of the dry season (Figure 2.33). The rains in the Belg rainy season accelerate 
decomposition of the remaining stubbles, so that a minimal herbaceous vegetation cover is 
reached from February to April. Increasing water availability from May onwards triggers the 
appearance and growth of new grasses and herbs.  



Table 2.18: Vegetative soil cover in the 10 m x 10 m plot for each landscape unit (refer to Figure 2.8 and Table 2.1) in different periods and the weighted 
average vegetation cover (w) for the shrub and tree layer (VEGst), the grass and herb layer (VEGgh) and the total vegetative soil cover (VEGtot) 
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 Shrub and tree  cover, 
VEGst (%) 

Grass and herb cover, 
VEGgh (%) 

Total vegetative soil cover, 
VEGtot (%) 

 Site 

Land-
scape  
unit dry                  jun jul aug sep w dry jun jul aug sep w dry jun jul aug sep w

May Ba’ati MXY1 17                  26 28 34 39 29 6 28 29 31 39 26 20 43 48 51 55 44
  MXY2 15                  20 20 25 29 22 2 20 22 29 33 22 15 35 35 44 47 36
  MXY3 39                  44 57 58 61 53 4 14 18 35 38 23 44 54 65 67 69 61
  MXO1 36                  49 55 58 60 52 1 17 14 14 14 12 38 54 58 65 66 57
  MXO2 31                  37 48 59 61 49 4 9 15 13 14 11 32 44 57 64 68 54
  MXO3 62                  66 68 74 86 71 9 35 37 47 61 37 62 70 75 86 89 77
  MXO4 51                  56 62 64 71 61 2 11 12 14 17 11 51 59 68 72 79 66
  MXO5 49                  57 58 67 75 61 9 21 22 27 32 22 50 60 64 76 83 67
  MXO6 43                  49 51 52 58 50 7 29 30 55 58 37 45 58 59 76 77 64
  MXO7 57                  61 64 76 83 69 5 17 21 18 15 16 58 66 71 79 85 72
  MXO8 41                  45 49 61 66 53 6 14 18 19 25 16 42 52 59 71 74 61
  MXO9 63                  74 86 89 89 81 1 2 4 4 6 3 63 75 87 90 90 82
                    MXO10 76 86 93 100 100 92 1 1 2 4 5 3 76 87 94 100 100 93
  MFO 90                  100 100 100 100 98 0 0 0 0 2 0 90 100 100 100 100 98
  MRA1 0                  0 0 1 2 1 2 21 27 24 26 20 2 21 27 24 27 20
  MRA2 9                  10 11 16 17 13 3 12 15 22 25 16 10 20 23 31 35 24
Kunale                    KXY1 18 20 35 38 40 31 15 65 89 92 95 73 29 69 85 90 89 74
  KXY2 10                  19 25 26 29 22 6 54 62 69 79 55 14 63 71 77 80 62
  KXY3 8                  9 10 12 17 11 16 51 62 63 74 54 22 57 64 66 75 57
  KXM1 29                  35 41 40 65 41 12 66 70 73 78 60 31 69 79 80 82 69
  KXM2 23                  27 39 44 51 38 4 50 52 58 60 45 24 59 65 76 76 61
  KXO1 83                  87 93 95 98 92 3 15 16 18 22 15 83 90 96 100 100 95
  KXO2 66                  71 89 90 92 83 7 15 24 29 36 23 66 78 93 98 98 88
  KRA 6                  13 15 17 19 14 5 51 59 60 69 49 7 52 60 61 70 50
Adewro                    AXY1 25 29 43 49 49 40 5 25 38 40 30 30 26 40 56 61 60 50
  AXY2 16                  28 31 32 37 29 6 17 27 28 29 22 17 33 41 53 53 41
  AEU1 33                  35 38 45 46 40 9 44 55 58 61 47 35 61 69 77 79 65
  AEU2 52                  58 62 65 66 61 8 12 29 48 53 32 52 62 68 79 80 69
  ARA 8                  8 10 14 15 11 7 51 57 59 59 48 9 52 58 60 60 49

Jun, jul, aug, sep: indicate the period of the year for which the vegetation cover is applicable. Dry indicates the minimal vegetation cover value, usually attained in the period from February to May. The 
weighted average vegetation cover (w) is calculated basing the weights of each month on the ratio of monthly rainfall depth to annual rainfall depth (Table 2.16). 
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Figure 2.33: Evolution of shrub and tree cover (VEGst) and grass and herb cover (VEGgh) in five 
landscape units, representative of different land use types present in the May Ba’ati study site 
(grazing land (MRA2), young exclosure (MXY2), old exclosure (MXO1, MXO9) and church forest 
(MFO)) 

 
Vegetation cover evolution in the shrub and tree layer reflects both the evolution in 
crown density and the degree of overlap of the individual crowns. Plots with many 
deciduous trees and shrubs show greater fluctuations in cover, while a dominance of 
evergreen species tempers fluctuations in vegetative soil cover. Dense plots show less 
fluctuation than plots with sparse vegetation because in dense plots the overlapping 
crowns keep the overall soil cover high throughout the year. This was demonstrated by a 
significant negative correlation between the degree of fluctuation (expressed as a 
percentage of the maximal cover) on the one hand and the maximal shrub and tree cover 
on the other hand (r = -0.80; n = 28; p < 0.001). 
 

− Vegetation structure  
 
Results of the structure measurements in the runoff plots are summarized in table 2.19. 
Measurements were carried out in small areas (10 m2), but in a large number of plots, so 
that results can give an indicative assessment of vegetation structure in the different land 
use types. Comparing the canopy projection area with and without overlap gives an 
indication on the degree of overlap between the individual shrub and tree crowns. When 
the difference is large, a high degree of overlap is expected.  
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Table 2.19: Vegetation structure characteristics of runoff plots in all landscape units (refer to Figure 
2.8 and Table 2.1) 

Study 
site 

Landscape 
unit 

CPAtot,1 
(%) 

CPAtot,2 
(%) 

D  
(cm) 

Dmin 
(cm) 

Dmax 
(cm) 

# stems 
 

CPAshrub 
(m2) 

May MRA1 1 1 0.6 (0.2) 0.2 1.2 5.4 (4.3) 0.1 (0.1) 
Ba'ati MRA2 13 13 1.7 (0.9) 1.0 2.9 6.0 (6.2) 0.8 (0.6) 
 MXY1 26 29 1.5 (2.2) 0.3 8.3 10.2 (9.6) 0.3 (0.4) 
 MXY2 28 32 0.8 (0.6) 0.2 2.5 10.8 (8.0) 0.4 (0.3) 
 MXY3 23 23 0.6 (0.3) 0.3 1.3 5.6 (5.4) 0.1 (0.2) 
 MXO1 58 85 1.1 (1.0) 0.2 5.4 5.2 (4.1) 0.6 (0.6) 
 MXO2 55 65 1.1 (0.8) 0.3 3.5 5.7 (4.3) 0.6 (0.5) 
 MXO3 82 234 2.8 (2.9) 0.2 9.3 3.8 (2.6) 5.9 (8.5) 
 MXO4 64 88 2.3 (2.5) 0.2 9.5 4.7 (5.3) 1.3 (2.2) 
 MXO5 98 181 1.8 (1.8) 0.2 7.8 4.9 (3.3) 2.2 (1.8) 
 MXO6 61 74 2.6 (2.3) 0.2 8.3 11.2 (14.3) 3.8 (3.2) 
 MXO7 83 171 1.8 (1.3) 0.3 5.5 4.9 (5.7) 1.1 (1.1) 
 MXO8 49 70 0.9 (0.7) 0.2 3.2 7.3 (5.5) 0.8 (0.9) 
 MXO9 83 122 1.6 (1.4) 0.2 7.6 5.5 (5.0) 1.0 (1.9) 
 MXO10 97 217 2.0 (1.3) 0.3 5.4 3.8 (5.0) 1.9 (2.6) 

 
MFO 
 

100 
 

307 
 

15.7 (9.8) 
 

1.6 
 

31.8 
 

2.8 (1.5) 
 

52.4 (49.3) 
 

Kunale KRA 2 2 1.0 (0.5) 0.5 1.6 12.0 (2.8) 0.2 (0.1) 
 KXY1 40 49 1.1 (0.9) 0.3 3.8 4.5 (3.9) 0.5 (0.5) 
 KXY2 37 47 1.0 (1.3) 0.2 7.6 9.7 (11.1) 0.3 (0.3) 
 KXY3 19 21 1.7 (2.5) 0.3 9.2 4.1 (3.6) 0.4 (0.6) 
 KXM1 48 60 1.5 (1.9) 0.4 9.5 5.4 (6.8) 0.6 (0.7) 
 KXM2 50 60 0.9 (0.5) 0.2 2.5 6.5 (5.4) 0.4 (0.4) 
 KXO1 77 151 2.0 (2.0) 0.2 5.9 5.9 (5.8) 3.5 (5.6) 

 
KXO2 
 

100 
 

100 
 

28.0 (1.8) 
 

26.7 
 

29.3 
 

2.0 (0.8) 
 

89.2 (23.1) 
 

Adewro ARA 15 16 0.7 (0.4) 0.3 1.6 17.4 (9.1) 0.2 (0.1) 
 AXY1 67 49 1.8 (2.0) 0.3 7.6 4.0 (3.7) 0.5 (0.5) 
 AXY2 30 29 1.7 (0.9) 0.2 4.5 4.8 (4.5) 1.2 (0.4) 
 AEU1 69 75 23.6 (13.1) 14.3 32.8 1.0 (0.0) 10.9 (6.4) 
 AEU2 58 58 10.3 (0.9) 9.6 11.0 1.0 (0.0) 6.0 (2.9) 

CPAtot,1: total canopy projection area of the shrubs and tree layer, with overlap left out, expressed as 
percentage of the total area; CPAtot,2: total canopy projection area of the shrub and tree layer, with overlap 
not left out, expressed as percentage of the total area (percentages above 100 are caused by overlapping 
canopies); D: average (standard deviation between brackets) stem diameter; Dmin: minimal stem diameter; 
Dmax: maximal stem diameter; # stems: average (standard deviation between brackets) number of stems per 
shrub or tree; CPAshrub: average (standard deviation between brackets) canopy projection area of individual 
shrubs and trees, expressed as m2. 
 

− Vegetation height 
 
The height of the shrub and tree layer is higher where areas are closed for a longer time 
(Table 2.20; Figure 2.34). When a degraded area is closed for grazing, the height of the 
grass and herb layer is increased more quickly than the shrub and tree layer (Figure 2.34). 
However, in old exclosures, the height of the grasses and herbs is suppressed (Figure 
2.34).  
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Table 2.20: Vegetation height of the grass and herb layer (GH) and the shrub and tree layer (ST) in 
all landscape units (refer to Figure 2.8 and Table 2.1). Averages (standard deviation between 
brackets) are indicated for all land use types in bold. 

Study site Landscape  Vegetation height (m) 
  unit GH ST 
 May Ba’ati MRA1 0.43 0.25 
  MRA2 0.07 0.57 

 Degraded grazing land 0.25 
(0.25) 

0.41 
(0.23) 

 MXY1 0.20 0.48 
  MXY2 0.88 0.64 
  MXY3 0.65 0.60 

 Young exclosure 0.58 
(0.35) 

0.57 
(0.08) 

  MXO1 0.86 1.30 
  MXO2 1.10 1.10 
  MXO3 0.53 1.51 
  MXO4 0.47 1.18 
  MXO5 0.40 1.54 
  MXO6 1.00 1.24 
  MXO7 1.05 1.41 
  MXO8 1.29 1.08 
  MXO9 0.59 1.58 
 MXO10 0.74 2.05 
 Old exclosure 0.80 

(0.30) 
1.40 
(0.29) 

 Church forest 0.38 7.40 
 
Kunale Degraded grazing land 0.50 0.29 
 KXY1 1.30 0.90 
  KXY2 0.93 0.77 
  KXY3 1.19 0.92 

 Young exclosure 1.14 
(0.19) 

0.86 
(0.08) 

  KXM1 1.52 1.42 
  KXM2 1.40 1.09 

 Middle-aged exclosure 1.46 
(0.08) 

1.26 
(0.23) 

  KXO1 0.88 1.53 
  KXO2 1.00 4.44 

 Old Exclosure 
 

0.94 
(0.08) 

2.99 
(2.06) 

 
Adewro Degraded grazing land 0.10 0.14 
 AXY1 0.52 0.72 
  AXY2 0.68 0.56 

 Young exclosure 0.60 
(0.11) 

0.64 
(0.11) 

  AEU1 0.48 9.49 
  AEU2 0.56 11.35 

 Eucalyptus plantation 0.52 
(0.06) 

10.4 
(1.31) 
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Figure 2.34: Vegetation height of shrub and tree layer (white dots) and grass and herb layer (black 
dots) in different land use types (RA: degraded grazing land; XY: young exclosure; XM: middle-aged 
exclosure; XO: old exclosure) (standard deviation is indicated as error bars) 
 

− Root distribution 
 
Very fine roots, which are responsible for water uptake for plant transpiration constitute 
on average 86 ± 4 % of the total number of roots. Roots are mainly concentrated in the 
upper soil layers (Table 2.21 and Figure 2.35) and show a similar distribution pattern in 
all soil types. In the upper 0.80 m of the soil profiles, on average 81 ± 12 % of all roots is 
concentrated. The root area ratio (RAR, %) varies from 0.10 – 0.60 % in the upper soil 
layers to percentages below 0.10 % from a depth of 0.50 m onwards in most soil profiles 
(Table 2.21). 
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Figure 2.35: Average root distribution over all soil types (standard deviation is indicated as error 
bars, n = 11) 



Table 2.21: Root distribution in the profiles of the representative soil types (refer to table 2.9), indicated by the percentage of the total number of roots 
in the profile (%) and by the root area ratio (RAR, %) 
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Depth
 

            
  

                    

Ph-A1
 

Ph-A2
 

Cm-K1
 

Ph-K1
 

Ph-K2
 

Cl-M1
 

Cl-M2
 

Ph-M1
 

Ph-M2
 

Cl-M3
 

Cm-M1
 (cm) % RAR

 
% RAR

 
% RAR % RAR % RAR % RAR % RAR % RAR % RAR % RAR % RAR

 
 

0-10 12 0.42 8 0.07 13 0.11 25 0.18 11 0.08 22 0.07 20 0.20 21 0.20 23 0.21 12 0.15 20 0.17
10-20                       

                       
                       
                     
                       
                       
                       
                       
                       

                      
                    

                       
                       
                       

                    

12 0.60 8 0.15 14 0.10 14 0.27 9 0.07 24 0.09 15 0.11 15 0.11 18 0.14 11 0.08 24 0.15
20-30 9 0.44 9 0.18 12 0.08 13 0.67 8 0.16 21 0.03 14 0.06 11 0.07 14 0.08 11 0.04 13 0.06
30-40 9 0.35 11 0.08 9 0.08 14 0.21 8 0.07 16 0.02 12 0.06 6 0.03 12 0.06 9 0.04 6 0.05
40-50 9 0.30 7 0.08 11 0.07 12 0.20 8 0.17 8 0.01 9 0.03 6 0.03 9 0.04 6 0.02 6 0.03
50-60 8 0.15 10 0.07 9 0.05 7 0.03 9 0.15 4 0.01 7 0.02 8 0.03 7 0.03 5 0.02 5 0.02
60-70 8 0.07 8 0.05 5 0.05 5 0.02 8 0.03 3 0.01 7 0.01 5 0.01 5 0.02 5 0.01 6 0.01
70-80 8 0.07 6 0.04 7 0.10 4 0.02 5 0.07 0 0.00 6 0.01 7 0.05 4 0.01 5 0.01 6 0.01
80-90 6 0.03 5 0.03 5 0.02 4 0.02 5 0.04 0 0.00 5 0.02 4 0.00 3 0.01 4 0.01 4 0.01
90-100 7 0.09 4 0.01 4 0.01 2 0.01 6 0.06 0 0.00 3 0.01 5 0.02 4 0.01 2 0.01 5 0.01
100-110 5 0.02 3 0.01 3 0.01 6 0.05 1 0.00 3 0.00 5 0.02 4 0.01 3 0.00
110-120 2 0.01 4 0.03 4 0.03 6 0.04 0 0.00 3 0.00 7 0.01 3 0.00
120-130 1 0.00 4 0.02 4 0.02 6 0.05 0 0.00 4 0.00 5 0.00
130-140 1 0.01 4 0.02 1 0.01 4 0.05 0 0.00 2 0.00 7 0.00
140-150 3

 
0.01 5 0.03 1 0.01

 
3 0.03 0 0.00 0 0.00 5 0.00

150-160 4 0.02
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2.5.4 Discussion 
 
In the degraded grazing lands grassy vegetation still develops in the rainy season, but 
shrubs and trees are scarce and small (Table 2.19 and 2.20).  
In the protected exclosure areas, the recovery of the vegetation starts with a rapid increase 
in number and cover of grasses and herbs, present in the soil seed bank (Mengistu et al. 
2005; Aerts et al., 2006d). Pioneer shrubs rapidly invade these young exclosures, mostly 
regenerating from resprouting, which is an important mechanism in dry forests (Murphy 
and Lugo, 1986; Aerts et al., 2006d). The early successional species quickly provide 
complete ground cover and make the conditions more favourable for the development of 
species succeeding them (Brown and Lugo, 1990). Where areas are closed for a longer 
time, vegetative soil cover, degree of canopy closure, vegetation height and shrub canopy 
area are higher (Table 2.19 and 2.20). Average stem diameter is small and multi-stemmed 
shrubs are common (Table 2.19), which is related to the importance of resprouting. Low 
average stem diameter is also reported by Mengistu et al. (2005) for exclosures in central 
and northern Ethiopia and attributed to the early succession stage of the exclosures. Rapid 
increases in biomass and soil cover with vegetation restoration is a common phenomenon 
in secondary forests (e.g. Toky and Ramakrishnan, 1983; Brown and Lugo, 1990; 
Lawrence and Foster, 2002). These authors also report the rapid decline of the grasses 
and herbs as they are suppressed by the shrub and tree canopy. The same processes of 
vegetation recovery were noticed in Ethiopia by Kebrom (2001) for exclosures in 
Southern Wello and by Asefa et al. (2003) in Eastern Tigray.  
In most landscape units several indigenous shrub species are mixed and with age the 
biodiversity of the shrub and tree layer increases. However, as the chance for in situ 
regeneration of some typical forest tree species is very small (Aerts et al., 2006d), it 
would be wrong to simply assume that the vegetation in exclosures will evolve to a stage 
similar to the church forests. Also Colón and Lugo (2006) state that the species 
composition of emerging forests will be different from what it was before forest 
conversion. 
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CHAPTER 3 
 
Effects of vegetation restoration on pedological processes 
 
 
In this chapter the effects of vegetation restoration in exclosures on soil development and 
pedological processes are investigated. A first focus is on sediment deposition and 
pedogenesis in exclosures. With vegetation restoration a rapid increase in litter 
production is expected. Litter production is the main pathway of nutrient return to the soil 
and determines organic matter dynamics. Humus forms reflect plant – soil interactions 
and are a means of studying ecosystem processes taking place upon forest restoration. 
Therefore, the studies presented in paragraph 3.2. (litter production) and 3.3. (humus 
forms) provide valuable information for the understanding of soil processes taking place 
with vegetation restoration. In a fourth paragraph, changes in soil fertility in exclosures 
will be assessed.  
 
 

3.1 Sediment deposition and pedogenesis in exclosures 1 
 

3.1.1 Introduction 
 
From field observations it became clear that under certain conditions exclosures can trap 
a considerable amount of sediment (Naudts et al., 2004). As such, exclosures could act as 
buffers reducing sediment transport in the landscape and contribute to the buildup of 
fertile soil in formerly degraded lands. 
 
The process of sediment deposition in vegetation strips has been studied extensively. 
Deposition is the result of a modification of the hydraulic characteristics of the water 
flow, such as a reduction in flow turbulence and velocity (Abu-Zreig, 2001). Through 
this, infiltration is promoted so that the sediment load is deposited due to a lowered 
transport capacity of the flow (Lacey, 2000). In places where all water infiltrates, all 
sediment is deposited. Abu-Zreig (2001) gives an overview of the efforts undertaken to 
experimentally characterize the performance of vegetative buffer strips with different 
dimensions and characteristics. The most important factors influencing the sediment 
trapping capacity of these buffers seem to be their length, inflow sediment type, slope 
gradient, soil type and surface roughness, which is related to vegetation type and cover. 
Studies on the effectiveness of forest buffers in reducing overland flow and its sediment 
concentration reveal that sediment trapping capacity depends on vegetation type, surface 
roughness, topographic variables like slope gradient, length and shape, soil characteristics 
                                                 
1 Based on: Descheemaeker, K., Nyssen, J., Rossi, J., Poesen, J., Mitiku Haile, Raes, D., Muys, B., 
Moeyersons, J., Deckers, J., 2006. Sediment deposition and pedogenesis in exclosures in the Tigray 
Highlands, Ethiopia. Geoderma 132, 291-314.  
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like water storage capacity and saturated hydraulic conductivity, and overland flow 
velocity (Croke et al., 1999; Lacey, 2000). 
In many soil erosion studies however, sediment trapping is neglected, so that erosion 
models often overestimate catchment sediment yields (Rey, 2003). The importance of 
redeposition in sediment yield studies is also endorsed by the strong decrease in sediment 
delivery ratios when zooming out from small to larger areas in the landscape (Bergkamp, 
1998; Braud et al., 2001). On a broader landscape scale, the transfer of water and 
sediment from disturbed to less disturbed land units is a very important aspect, but there 
is still scarcity of data on the nature of hillslope sediment storage and the rates of 
sediment transfer and delivery (Croke et al., 1999).  
According to Bruijnzeel (2004) there is scarcity of information on the effects of land 
rehabilitation on catchment sediment yield. In the literature on sediment deposition only 
few studies are available, presenting estimates of amounts of sediment deposited in field 
situations. Notwithstanding Bojö and Cassels (1995) noting that for the specific case of 
Ethiopia no empirical data are available on sediment deposition patterns in relation to 
geomorphic parameters, there are some indications. For a 116 ha catchment in Wello, 
Hurni (1985) shows that the rate of sediment redeposition (17 Mg ha-1 y-1) is more 
important than the rate of sediment export through the drainage system (7 Mg ha-1 y-1). In 
a vegetation-rich catchment in South-western Ethiopia, redeposition of eroded sediment 
occurs at a rate of 30 Mg ha-1 y-1, while sediment export rates through the river are only 
1.1 Mg ha-1 y-1 (Hurni, 1985). However, also here no details are provided on locations 
and conditions for sediment deposition. 
 
The overall objective of this study is to better understand sediment deposition processes 
and soil formation in exclosures. More specific objectives are: (1) to assess pedogenesis 
in exclosures, (2) to characterise different types of deposited sediment according to their 
spatial distribution, morphological and chemical characteristics, age and timescale of 
deposition, (3) to develop a field method for determining thickness of deposited 
sediment, (4) to define the role of vegetation cover, topography and sediment source area 
characteristics in the deposition of sediment and its spatial distribution and (5) to assess 
the sediment deposition rate within exclosures. 
 

3.1.2 Methodology 
 
The effect of the exclosure land use type on pedogenesis and sediment trapping was 
assessed by the chronosequence approach (refer to paragraph 2.2.): soils in typical 
exclosure areas were compared with soils in similar landscape situations but under other 
land use types. In the study sites Haragua, May Ba’ati and Adewro (Figure 2.4), hillslope 
sections with different land use were selected in similar landscape positions, to enable 
comparative analysis (Table 2.1). The land use types investigated were exclosures of 
different ages, degraded grazing lands, a Eucalyptus plantation and church forests. A 
brief description of all study sites and hillslope sections is given in table 3.1. 
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All hillslope sections are located on steep slopes with gradients of 35 to 70 % and widths 
of 100 to 150 m. Along their upper edge they are bordered by flatter (slope gradients 
generally up to 20 %), usually cropped land, where runoff and soil erosion take place. 
The upslope land is the sediment source area. It produces important volumes of sediment 
carried by runoff water to the study areas. This is illustrated in figure 3.1, representing the 
May Ba’ati site with the studied hillslope sections and their sediment source areas.  
 

 
Figure 3.1: Aerial overview of the May Ba’ati site with the studied hillslope sections: MFO (church 
forest), MXOa (old exclosure A), MXOb (old exclosure B) and MXY (young exclosure) and their 
respective sediment source areas (FO, A, B1, B2, C). 
 
3.1.2.1 Soil study 
 
Soil profiles were described in 15 representative profile pits in the different hillslope 
sections, using the Guidelines for Soil Description (FAO, 2006). Classification was 
carried out following the World Reference Base for Soil Resources (IUSS Working 
Group WRB, 2006). About 300 soil augerings, for which several variables (depth, 
texture, colour, consistence, presence of CaCO3, stoniness) were recorded, complemented 
the detailed profile study. 
A distinction was made between “reference soil horizon” and “sediment layer”. Sediment 
layers consist of soil material deposited on top of the original soil profile and conserved 
under the influence of vegetation. The reference soil horizon refers to the original soil 
profile. Based on profile and augering descriptions and chemical analyses, typical 
characteristics of both types of layers were determined for the three study sites. Depths of 
deposited sediment were then determined in the field by measuring thickness of soil 
material showing characteristics of sediment layers above a reference horizon.  
 



CHAPTER 3 – Pedological processes 

 86 

Table 3.1: Description of study sites and the selected hillslope sections with different land uses 
Site 

name 
Location    

  

Approximate
elevation 
(m a.s.l.) 

Lithology Hillslope
section 
code 

Land 
use 
type 

Hillslope 
section area 

(ha) 

Years 
of 

closure 

Slope 
gradient 

(%) 

Vegetation 
cover (%) 

Main shrub and tree species 

 
Haragua 

 
13° 40' 54'' N,  
39° 09' 29'' E 

 
2100 

 
Adigrat 

Sandstone 

 
HFO 

 
church forest 

 
1.3 55 

 
75 

 
Calpurnia aurea (Ait.) Benth. subsp. aurea 
Rhus natalensis Krauss 
Adathoda schimperana Nees (Wilson) 
Celtis africana Burm. f. 
 

          

        
  

HXY young
exclosure 

2.2 5 55 55 Dodonea angustifolia L.f. 
Euclea racemosa Murr. 
Lantana viburnoides (Forssk.) Vahl. 
Rhus natalensis Krauss 
 

HRA grazing land 1.5 50 25 Aloe macrocarpa Tod. 
 

May 
Ba’ati 

 
13° 38' 52'' N, 
39° 13' 15'' E 

 
2300 

 
Antalo 

Limestone 

 
MFO 

 
church forest 

 
1.8 35 

 
75 

 
Acokanthera schimperi (A. DC.) Benth. 
Euclea racemosa Murr. 
Carissa edulis (Forssk) Vahl 
Rhus glutinosa Hochst. ex A. Rich 
 

        

        

          

MXOa old exclosure
A 

 3.0 20 55 50 Acacia etbaica Schweinf. 
Dodonea angustifolia L.f. 
Carissa edulis (Forssk) Vahl 
Euclea racemosa Murr. 
 

MXOb old exclosure
B 

 6.7 20 45 50 Acacia etbaica Schweinf. 
Dodonea angustifolia L.f. 
Carissa edulis (Forssk) Vahl 
Euclea racemosa Murr. 
 

MXY young
exclosure 

1.5 3 60 25 Becium grandiflorum (Lam.) Pichi-Serm. 
Acacia etbaica Schweinf. 
Euclea racemosa Murr. 

 
Adewro 

 
13° 37' 27'' N,  
39° 09' 7'' E 

 
2700 

 
Tertiary 
Basalt 

 
AFO 

 
church forest 

 
3.3 

  
65 

 
60 

 
Calpurnia aurea (Ait.) Benth. sub. Aurea 
Euphorbia candelabrum Kotschy 
Olea europaea subsp. cuspidata (Wall. Ex. DC) Ciffieri 
 

        

          

         

AEU Eucalyptus
plantation 

 0.9 16 70 50 Eucalyptus globulus Labill. 
Aloe macrocarpa Tod. 
 

AXY young
exclosure 

1.1 4 70 35 Rumex nervosus Vahl. 
Aloe macrocarpa Tod. 
 

ARA grazing land 0.5 20 5 Aloe macrocarpa Tod. 
Rumex nervosus Vahl. 
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3.1.2.2 Transect study 
 
A transect study was conducted to record depths of deposited sediment and possibly 
influencing factors in all land use types. Three transects were laid out perpendicular to 
the contour in each hillslope section of the study sites. The following variables were 
recorded every 20 m along these transects, starting 10 m from the top edge: 
 

− Depth of deposited sediment (SED) 
 

At each location, 5 augerings at one metre distance from each other were made to 
determine the average sediment depth. Soil colour, texture, stoniness and indications on 
structure and consistence were recorded for each soil layer.  
 

− Slope gradient (SLO) 
 
At each location, slope gradient was measured using a clinometer. 
 

− Vegetation cover (VEG) 
 
Soil cover by trees, shrubs, herbs and grasses was recorded in the second half of the rainy 
season of the year 2002 for each segment of the transect (0-20 m, 20-40 m, 40-60 m, etc.) 
following the line transect method (Jennings et al., 1999). For this, a 50 m long tape was 
laid out from the top edge of the hillslope section to the bottom, and the fraction of the 
tape covered by plant canopies was recorded. The percentage of cover was then the 
fraction of the tape that overlapped with vegetation cover. Not only the ground level 
vegetation, but also the area below the canopy of trees and shrubs was included in this 
measurement. These places are usually covered with leaf litter and therefore contribute to 
sediment trapping. 
 
3.1.2.3 Delineation and description of the sediment source area 
 
The sediment source area for each studied hillslope section was mapped based on field 
surveys and topographical maps. Next, the susceptibility of the sediment source area to 
water erosion was characterized by field assessment of slope gradient, vegetation cover, 
soil erodibility, stoniness and presence of soil conservation structures. 
 
3.1.2.4 Soil analyses  
 
Soil samples were taken from all horizons of the soil pits, as well as from the topsoil in 
each of the studied hillslope sections at three distances (10, 50 and 100 m) from the top 
edge of the area. The topsoil samples were composite samples consisting of a mixture of 
5 soil samples taken at a depth of 0 – 0.10 m, 1 m apart from each other. 
After air-drying, all samples were passed through a 2-mm sieve for laboratory analyses. 
Texture was determined using the sieve-pipette method (Sheldrik and Wang, 1993); pH 
by using a pH-meter in 1:2.5 soil/water and soil/KCl solution ratio (Hendershot et al., 
1993); available P by first extracting P with sodium bicarbonate (Olson et al., 1954) and 
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then applying the blue molybdate method (Schoenau and Karamanos, 1993); cation 
exchange capacity (CEC) and exchangeable bases by atomic absorption/emission 
spectrometry after extraction with ammonium lactate (Anderson and Ingram, 1993); 
CaCO3 by reaction with HCl and titration with NaOH (Allison and Moodie, 1965). Total 
C and N content were determined by the dry combustion method (Tiessen and Moir, 
1993a) using a VARIO MAX total element analyzer (Elementar, Hanau, Germany). 
Organic C content was then calculated by subtracting the C content present in CaCO3 
from the total C content.  
 
3.1.2.5 Data analysis 
 
Correlation analysis and linear regression were performed to determine and characterize 
relations between thickness of deposited sediment and controlling factors. In some cases 
Weighted Least Squares (WLS) regression was used, to correct for unequal error 
variances. ANOVA analysis and post hoc tests (Tukey and Tamhane T2 for equal and 
unequal error variances respectively) were used to test significant differences between 
class means for different variables. All statistical analyses were performed using SPSS 
11.0 (SPSS, 2001). 
 
3.1.3 Results 
 
3.1.3.1 Pedogenesis 
 
A brief description of soil types and their properties is given, followed by an 
interpretation of pedogenetic processes and different sediment types in the three study 
sites.  
 

− May Ba’ati  
 
Calcisols, Calcaric Regosols and Cambisols (Calcaric) (IUSS Working Group WRB, 
2006) are the most common soil types encountered under degraded grazing land in May 
Ba’ati. Typical horizons show light brown colours, a low organic matter content (less 
than 1 % organic C), a very high CaCO3 content (up to more than 50 %) and can be 
designated as either old colluvium (with high rock fragment content) or in situ weathered 
parent material. In some places a darker horizon with higher organic matter content is 
still preserved on top of the soil and in these cases soils key out as Cambisols (Calcaric). 
In the young exclosure, which was only closed since 3 years, most soils are very similar 
to the ones under grazing land, although several augerings show a darker upper horizon, 
leading to the assumption that soils were less degraded in this location before it was 
closed. In the first metres from the top of the exclosure, shallow sediment deposits were 
found, which were probably deposited since the area was closed. The sediment can be 
distinguished from other soil material as it shows characteristics of the soil present in the 
upslope sediment source area (non-calcareous material in which basaltic stones and 
sandstones are present and absence of limestone fragments) and by its relatively low rock 
fragment content (maximum 15 %). The upslope sediment source area consists of flatter 
land on top of the limestone cliff, bordering the upper side of the hillslope section. Soils 
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in the sediment source area are mostly Cumulihaplic Regosols (IUSS Working Group 
WRB, 2006) formed in colluvium from sandstone and basaltic parent material. 
Besides the presence of Cambisols (Humic) (Thapto-Calcic) (IUSS Working Group 
WRB, 2006), which are distinguished by darker upper horizons, rich in organic matter (> 
2.5 % organic C), and deeper-lying light brown calcaric horizons similar to the ones in 
the degraded grazing land, the older exclosures are characterized by the presence of 
Phaeozems (IUSS Working Group WRB, 2006) (Table 3.2), which are formed in 
allochthonous soil material. Phaeozems are dark soils rich in organic matter, occurring 
where enough precipitation ensures some percolation in most years, and where the soil 
can dry out in some periods (IUSS Working Group WRB, 2006). The classification as 
Phaeozems is justified by the presence of a mollic horizon, a base saturation of at least 50 
%, and the absence of secondary carbonates and no other diagnostic horizons than cambic 
horizons. Phaeozems in the old exclosures of May Ba’ati were mostly found in the upper 
sections (0-30 m from the top edge) of the slopes or in flatter positions, located up to 60 
m from the top edge. They consist of a deep soil profile (up to 1.5 m) of dark, deposited 
material originating from the upslope source area, which is evidenced by (1) the presence 
of sandstones and basalt stones, and (2) the sharp transition to a deeper soil layer showing 
similarities with the soil layers found in the degraded situations (high CaCO3 content, 
light brown colours). In the deposited sediment layers, a mollic horizon is formed near 
the surface under influence of vegetation. In the subsoil, a cambic horizon with a blocky 
structure is present. Between 0.60 and 0.80 m depth a CaCO3-pseudomycelium (IUSS 
Working Group WRB, 2006) is present on the ped faces. 
 
Since it is highly unlikely that all this allochthonous material accumulated since closure 
20 years ago, it must be concluded that the deeper, more strongly structured horizons, 
consist of older, conserved sediment. As similar, very deep (up to 2 m) Phaeozems were 
found under the protected church forest vegetation, it is assumed that the Phaeozems 
located on the hillslopes in the study area started being formed when deforestation and 
agriculture in the upslope source areas led to erosion and thus sediment production that 
could be trapped by the vegetation belts bordering the fields at their lower side. When 
exactly this process of sediment production, transport and deposition started is not 
known, but taking into account the considerable depths of the Phaeozems, it must be at 
least several centuries. Nyssen et al. (2004) mention estimates of 2000 to 2450 years BP 
for the time when deforestation started in Ethiopia. Also according to Darbyshire et al. 
(2003) the first important expansion of agriculture and the concomitant deforestation is 
dated back to ± 2500 BP. Darbyshire et al. (2003) further state that erosion started to 
aggravate about 300 years ago, together with strong increases in the human population 
and the agricultural activity. Deposition on the vegetated slopes carried on until land 
pressure became so high that also here the forest vegetation was totally removed and land 
degradation was initiated. During the degradation phase, the vegetation belts, except for 
the church forests, were destroyed and the Phaeozems started to erode. However, at the 
time of closing, the dark cambic horizons were not fully eroded in hillslope sections like 
MXOa and MXOb, as they are still present deeper in the profile. Since closing, new 
sediment has been deposited on these conserved, older layers, and a mollic horizon with a 
crumby structure was formed near the surface.  
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Table 3.2: Soil profile description of representative Phaeozems for the three study sites 

 Haragua May Ba’ati Adewro 
A 0-20 cm; brownish black colour (7.5 

YR 2/2); sandy clay texture; many 
sandstone rock fragments; soft, 
friable, sticky and plastic consistence; 
moderate, coarse and granular 
structure; many fine and medium 
pores; 3.3 % organic carbon; 100 % 
base saturation; diffuse, wavy 
transition to B1 
 

0-30 cm; dark brown colour (7.5 YR 3/3); 
clay texture; common limestone and 
sandstone rock fragments; slightly hard, 
very friable, sticky and very plastic 
consistence; moderate, coarse and crumby 
structure; many very fine pores; 4.4 % 
organic carbon; 98 % base saturation; 
gradual, smooth transition to B1 
 

0-50 cm; Brownish black colour 
(10YR2/2); sandy loam texture; 
common basalt rock fragments; loose, 
very friable, non sticky and non plastic 
consistence; moderate, medium and 
granular structure; many very fine 
pores; 2.5 % organic carbon; 100 % 
base saturation; diffuse, wavy transition 
to B1 

B1 20-55 cm; dark brown colour (7.5 YR 
3/3); sandy clay texture; abundant 
sandstone rock fragments; slightly 
hard, friable, slightly sticky and 
slightly plastic consistence; moderate, 
coarse and subangular blocky 
structure; many fine and medium 
pores; 1.0 % organic carbon; 100 % 
base saturation; diffuse, wavy 
transition to B2 
 

30-70 cm; brownish black colour (7.5 YR 
3/2); clay texture; common limestone and 
sandstone rock fragments; hard, friable, 
sticky and very plastic consistence; 
moderate, medium and subangular blocky 
structure; common very fine pores; 1.6 % 
organic carbon; 99 % base saturation; 
gradual, smooth transition to B2 
 

50-90 cm; Very dark brown colour 
(7.5YR2/3); loamy sand texture; many 
basalt rock fragments; loose, very 
friable, non sticky and non plastic 
consistence; moderate, medium and 
granular structure; many fine pores; 0.6 
% organic carbon; 100 % base 
saturation; clear, wavy transition to B2 

B2 55-120 cm; brownish black colour 
(7.5 YR 3/2); sandy clay texture; 
abundant sandstone rock fragments; 
slightly hard, friable, very sticky and 
plastic consistence; moderate, very 
coarse and subangular blocky 
structure; many fine and medium 
pores; 0.6 % organic carbon; 92 % 
base saturation 
 

70-150 cm; brownish black colour (10 
YR 3/2); clay texture; few limestone and 
sandstone rock fragments; hard, friable, 
sticky and plastic consistence; moderate, 
medium and subangular blocky structure; 
common very fine pores; 1.1 % organic 
carbon; 100 % base saturation 

90-145 cm; Very dark brown colour 
(7.5YR2/3); loamy sand texture; 
abundant basalt rock fragments; hard, 
friable, slightly sticky and slightly 
plastic consistence; moderate, coarse 
rock structure; few fine pores; 0 % 
organic carbon; 100 % base saturation 

 
It is thus clear that sediment deposition has taken place during two periods, as illustrated 
in figure 3.2. The first sediment deposition phase, in which the deeper Phaeozem layers 
were formed, is designated as “old” and “medium-term”, as it lasted for several centuries. 
The second deposition phase started recently, at the time of closing and it is still a short-
term process as the oldest exclosures found in the study area are only 20 years old. 
Accordingly, it is referred to as “recent, short-term”. 
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Figure 3.2: Sketch to illustrate evolution of land use, sediment deposition and pedogenesis on steep 
slope sections now under exclosure. Text in italic explains processes occurring on the hillslope 
 

− Haragua  
 
In the degraded grazing land in Haragua, most common soil types are Regosols (IUSS 
Working Group WRB, 2006), comprising loamy sand layers of brown colour and low 
organic matter content (0.5 % organic C) and lacking any profile development. 
Under the protected vegetation of the church forest, Phaeozems (Endoskeletic) (IUSS 
Working Group WRB, 2006) (Table 3.2) were found with a mollic horizon on top and a 
cambic horizon in the deeper soil layers. Colours of the soil material range from 
brownish black to black. 
The soil horizon succession in the exclosure presents a dark brown horizon on top of a 
brownish black or black horizon. The fact that a lighter coloured horizon overlies a 
darker horizon leads to a reconstruction of soil development similar to the one in May 
Ba’ati: Phaeozems developed under forest vegetation in trapped sediment originating 
from upslope source areas. In the degradation phase, the soils of the steep slope, which is 
now under exclosure, have been eroded, but not completely. Since closure, new sediment 
is being trapped again by the regenerating vegetation, but as the vegetation is not yet as 
rich as before (or as compared to the church forest vegetation), soil organic matter 
content is not that high (1.3 % compared to 1.6 % organic C in the Phaeozem under the 
forest vegetation), which is also demonstrated by a lighter colour. Most common soils in 
the exclosure key out as Cambisols (Thapo-Humic) (IUSS Working Group WRB, 2006), 
reflecting the fact that conserved, older sediment layers are buried by recently deposited 
sediment.  
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− Adewro  
 
In Adewro the distinction between recent, short-term sediment deposited since closure, 
and older, conserved sediment could not be established. In all studied hillslope sections 
Phaeozems (IUSS Working Group WRB, 2006) are the most common soils (Table 3.2), 
even in the grazing land, where degradation apparently has not yet led to complete 
erosion of the mollic horizon at the surface.  
Texture analyses revealed that the sand/silt ratio of soil material in the grazing land and 
its source area is up to four times smaller than that in the other areas and their respective 
source areas (0.5 compared to values around 2). Since texture is so different, it was not 
found feasible to use horizon characteristics of the grazing land to retrieve reference soil 
horizons in the exclosures. However, taking into account the stone pavement at the soil 
surface in the grazing land, there is no doubt that no sediment originating from the source 
area was recently deposited here. Moreover, in view of the fact that the sand fraction 
increased markedly compared to the source area (from 27 to 36 %) at the expense of the 
silt fraction (from 53 to 42 %), it can be concluded that soil erosion is taking place here, 
removing first finer and leaving behind more sandy soil material. 
To determine the depth of the sediment layer in the other hillslope sections, the same 
logic as found for May Ba’ati and Haragua was continued in Adewro. No differences in 
parent material exist between sediment source areas and the hillslope sections (all are on 
basaltic material), so that evidence of deposition under vegetation influence consisted of 
(a) upper horizons rich in organic matter (> 3 % organic C), with (b) low rock fragment 
content, leading to (c) a clear boundary with the underlying, weathered basaltic parent 
material. 
 

− The concept of reference soil horizons and different types of deposited sediment 
layers 

 
Based on the detailed soil analysis in the three study sites, the concept of reference soil 
horizons and deposited sediment layers was further developed. In our case, reference soil 
horizons are part of generally truncated, in situ developed soils, comprising soil material 
with low organic carbon content. They were found in all land use types in each study site. 
In degraded situations, the reference soil horizon was found near or at the soil surface. On 
the other hand, in exclosures or in areas, which were not strongly degraded, the same 
reference soil horizons were found below deposited sediment layers. As such, reference 
soil horizons served as a reference face: all soil material found on top of the upper 
reference soil horizon and showing (1) evidence of transportation through the 
allochthonous nature of the material and (2) characteristics such as dark colours and high 
organic matter content, was considered as material deposited and conserved under 
influence of vegetation and called deposited sediment. 
While studying the characteristics of deposited sediment layers and reference soil 
horizons, a need for further differentiation was felt (Table 3.3). A reference soil horizon 
can be either in situ weathered parent material or old colluvium. The latter contains a 
high content of unweathered rock fragments and is thought to be deposited through mass 
transport (Nyssen et al., 2002a), before deposition of the old sediment. Sediment layers 
were subdivided in “recent, short-term sediment”, deposited since exclosure 
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establishment, and “old, medium-term sediment”. In May Ba’ati, the latter was further 
refined by the specifications “conserved” and “remobilized”. During the degradation 
phase the remobilized sediment was redeposited further downslope, resulting in a more 
stony and calcareous nature (see also Figure 3.2).  
 
Table 3.3: General characteristics and locations of different sediment types in exclosures of the three 
study sites 

Study site Sediment type Characteristics Location 
Haragua recent, short-term 

 
dark brown colour top of profiles  

 old, medium-term black colour deeper in profiles  
 
May  
Ba’ati 

 
recent, short-term 

 
not calcareous,  
low rock fragment content (< 15 %),
crumby structure, soft consistence 
 

 
first 50-60 m from top of area,  
upper soil layer of Phaeozems 

 old, medium-term, 
preserved  

low rock fragment content (< 15 %), 
strong structure, hard consistence, 
calcareous, presence of 
pseudomycelium  
 

first 50-60 m from top of area, 
especially in flatter positions,  
deeper in profile of Phaeozems 

 old, medium-term, 
remobilized 

calcareous,  
high rock fragment content (> 15 %)

from 50-60 m from the top 
downwards, top of profiles 

 
Adewro 

 
no differentiation 

  

 
In table 3.4 characteristics of reference soil horizons and deposited sediment layers are 
given for the three study sites. Organic carbon content, total nitrogen content and 
available phosphorus were the principal variables allowing to distinguish between 
reference soil horizons and deposited sediment layers for all study sites, while stoniness, 
bulk density, texture and CaCO3 content served this purpose only in some sites. Sediment 
is generally more fertile than the reference soil horizons (Table 3.4). Apparently, the soil 
material coming from the upslope fields contains still considerably more nutrients and 
organic carbon than the degraded soils on the steep slopes.  
Based on the data summarized in table 3.4, variables which can be easily used in the field 
were determined for the three study sites. In May Ba’ati, colour, the presence of CaCO3 
and rock fragment content were the most clearly distinguishing variables. In Haragua, 
indications on colour and texture led to correct designations, while in Adewro, 
knowledge on rock fragment content and texture did so. Using also the indications given 
in table 3.3, a further refinement between types of deposited sediment layers was carried 
out in the field.  
 
As two clearly different sediment deposition phases were distinguished, it was decided to 
split up the analysis of the data collected through the transect study in an analysis of 
recent, short-term sediment deposits on the one hand and total deposited sediment on the 
other hand. The latter stands for the total thickness of recent, short-term and old, 
medium-term deposited sediment layers taken together and as such, it reflects the total 
thickness of fertile soil present in exclosure areas. In the remainder of this paragraph, the 
terms recent, short-term and old, medium-term are simply referred to as recent and old. 



Study 
site 

Type of soil layer Colour (1) Rock 
fragment 
content (2)

Bulk 
density  
(g cm-3) 

Orga-
nic C 
(%) 

Ntot 
(%) 

CaCO3
(%) 

Pav 
(ppm) 

Base sa-
turation 

(%) 

CEC 
(cmol/ 
kg soil) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Sand/ 
silt 

(sand+
silt) 
/clay 

 
S 
     

 
recent,  

short-term  
(n = 7) 

 
7.5 YR 3/3 

 
few-many 

 
1.47 

(0.15) 

 
1.3 

(0.9) 

 
0.1 

(0.1) 

 
1.1 

(1.0) 

 
1.2 

(1.3) 

 
94.8 
(4.6) 

 
18.2 
(8.5) 

 
78.4 
(1.3) 

 
8.6 

(0.4) 

 
13.0 
(1.5) 

 
9.1 

(0.5) 

 
6.7 

(0.9) 

S old,  
medium-term 

(n = 10) 

7.5 YR 3/2 –  
7.5 YR 2/1 

few-many  1.40
(0.11) 

1.6 
(1.0) 

0.1 
(0.1) 

1.6 
(1.1) 

8.5 
(8.0) 

96.1 
(5.0) 

17.5 
(9.2) 

66.2 
(7.8) 

15.9 
(3.7) 

17.9 
(4.1) 

4.4 
(1.5) 

4.8 
(1.3) 

 
Haragua 

R reference 
(n = 5) 

7.5 YR 4/4 few-many 1.56 
(0.13) 

0.5 
(0.1) 

0.1 
(0.01) 

0.2 
(0.1) 

0.9 
(0.7) 

70.2 
(3.3) 

7.7 
(2.3) 

86.1 
(3.3) 

5.6 
(1.8) 

8.3 
(1.6) 

16.3 
(5.7) 

11.3 
(2.3) 

 
S 

 
recent,  

short-term 
(n = 12) 

 
10 YR 3/3 –  
10 YR 2/1 

 
very few-
common 

 
1.01 

(0.14) 

 
4.2 

(2.4) 

 
0.3 

(0.2) 

 
2.4 

(1.3) 

 
6.3 

(10.6) 

 
98.9 
(3.1) 

 
42.9 

(15.9) 

 
19.6 
(7.9) 

 
43.6 

(17.5) 

 
37.1 

(18.6) 

 
0.5 

(0.3) 

 
2.8 

(2.6) 

S old, medium-
term, conserved 

(n = 6) 

10 YR 3/3 –  
10 YR 2/1 

very few-
common 

1.35 
(0.05) 

1.5 
(0.1) 

0.6 
(0.8) 

14.9 
(12.2) 

5.4 
(3.2) 

99.4 
(1.0) 

50.4 
(8.1) 

17.3 
(5.0) 

22.7 
(5.0) 

60.0 
(0.0) 

0.8 
(0.4) 

0.7 
(0.0) 

S old, medium-
term, remobi-
lised (n = 10) 

10 YR 3/3 –  
7.5 YR 3/3 

many - 
abundant 

1.16 
(0.117) 

2.5 
(0.7) 

0.2 
(0.1) 

41.6 
(20.4) 

2.6 
(0.6) 

100.0 
(0) 

30.9 
(3.5) 

24.0 
(7.2) 

28.3 
(4.5) 

47.6 
(9.3) 

0.9 
(0.3) 

1.2 
(0.4) 

R old colluvium 
(n = 7) 

10 YR 6/4 –  
7.5 YR 6/8 

common-
abundant 

1.40 
(0.15) 

0.72 
(0.4) 

0.1 
(0.01) 

49.8 
(23.9) 

1.7 
(3.6) 

100.0 
(0) 

31.7 
(44.2) 

43.2 
(17.2) 

31.6 
(13.1) 

25.3 
(10.5) 

2.0 
(1.9) 

3.5 
(1.7) 

 
May 
Ba’ati 

R in situ parent 
material  
(n = 6) 

10 YR 5/8 –  
10 YR 6/6 –  
10 YR 8/1 

very few-
common 

1.59 
(0.19) 

0.2 
(0.3) 

0.03 
(0.02) 

59.0 
(37.8) 

3.0 
(3.3) 

98.0 
(4.0) 

10.6 
(5.3) 

31.0 
(17.1) 

37.3 
(16.3) 

32.0 
(7.9) 

1.0 
(0.8) 

2.3 
(0.7) 

 
S   

 
sediment 
(n = 12) 

 
10 YR 2/2 –  
7.5 YR 3/3 

 

 
few-common 

 
1.10 

(0.24) 

 
3.4 

(1.2) 

 
0.3 

(0.1) 

 
2.5 

(0.4) 

 
6.7 

(9.1) 

 
100.0 

(0) 

 
30.2 
(2.8) 

 
52.1 
(8.5) 

 
1.5 

(5.5) 

 
16.4 
(3.9) 

 
1.7 

(0.6) 

 
5.5 

(1.8) 

 
Adewro 

R reference  
(n = 9) 

10 YR 3/4 – 
7.5 YR 3/3 

abundant  1.50
(0.18) 

0.2 
(0.3) 

0.05 
(0.04) 

7.6 
(3.8) 

0.0 
(0.01) 

100.0 
(0) 

34.0 
(9.0) 

76.2 
(1.9) 

17.8 
(2.4) 

6.0 
(0.6) 

4.4 
(0.7) 

15.8 
(1.8) 

Table 3.4: Characteristics of reference soil horizons and sediment layers. Average values with standard deviations between brackets. In the second 
column, S and R indicate deposited sediment layers and reference soil layers respectively. 
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(1): Munsell Soil Colours 
(2): very few: < 2 %; few: 2-5 %; common: 5-15 %; many: 15-40 %; abundant: 40-80 % 
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3.1.3.2 Total sediment deposits 
 
Relations between total sediment thickness and explanatory variables, such as slope 
gradient, current vegetation cover and distance from the top edge of the hillslope section, 
were analyzed for all study sites by correlation (Table 3.5) and linear regression analysis 
(Table 3.6 and Figure 3.3). One can criticize using current vegetation cover to represent 
the medium-term vegetation cover that is believed to have influenced total sediment 
thickness. However, within an exclosure it can be assumed that places, which nowadays 
have low vegetation cover were most probably bearing less vegetation during the 
degradation phase also. The same reasoning holds for zones which currently have high 
vegetation cover. These zones are found on more favourable locations, which are either 
characterized by less steep slopes, or located near the top edge of the cliff, where the 
infiltration of extra water (runon) results in decreased water stress. Also during the forest 
and the degradation phase, these zones were more densely vegetated. As such it does 
seem reasonable to take current vegetation cover as a substitute for vegetation cover over 
the studied medium-term period. 
 

Table 3.5: Correlation coefficients (Spearman’s rho) for total sediment depth (SEDtot, cm) and other 
recorded variables (distance from top edge of the hillslope section (DIS, m); slope gradient (SLO, %); 
total vegetation cover (VEGtot, %)) for the three study sites 

Study site  DIS SLO VEGtot
SLO -0.500**
VEGtot -0.090 -0.067

Haragua 
(n = 56) 

SEDtot -0.124 -0.008 0.659**
   

SLO 0.313**
VEGtot -0.016 -0.447**

May Ba’ati 
(n = 92) 

SEDtot -0.110 -0.447** 0.429**
   

SLO -0.053
VEGtot 0.587** 0.132

Adewro 
(n = 77) 

SEDtot 0.317** 0.149 0.726**

**: Correlation is significant at the .01 level (2-tailed) 
*: Correlation is significant at the .05 level (2-tailed) 
 
Total sediment depth in Haragua was significantly correlated with total vegetation cover 
only (Table 3.5), which is further explained by a significant regression, using the 
quadratic term of total vegetation cover as explanatory variable (Table 3.6 and Figure 
3.3). Neither slope gradient nor distance was correlated with total sediment depth. It is 
expected that more sediment is deposited (1) close to the sediment source area near the 
top edge of the hillslope section and (2) where the slope gradient is relatively low. 
Therefore it should not surprise that for the exclosure and the church forest in Haragua, 
total sediment depths were found to be relatively higher near the top edge (despite the 
steep slope) and at the bottom (thanks to the gentle slope). 
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Table 3.6: Best fitting regression functions relating total sediment depth (SEDtot, cm) with slope 
gradient (SLO, %) and or total vegetation cover (VEGtot, %) for the three study sites (all given 
regression functions are significant at p = 0.000) 

Study site Regression function R2

Haragua(n = 56) SEDtot = -19.34 + 1.604 VEGtot – 0.00762 VEGtot
 2 (*) 0.65 

 
May Ba’ati (n = 92) 

 
SEDtot = 126.171 – 23.275ln(SLO) 

 
0.27 

 SEDtot = 7.712 + 0.594VEGtot 0.24 
 SEDtot = 89.373 + 0.567VEGtot – 21.826ln(SLO) (*) 0.67 
 
Adewro (n = 77) 

 
SEDtot = 2.653 + 0.426 VEGtot (*) 

 
0.60 

(*): Weighted Least Squares regression was used to correct for unequal error variances 
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Figure 3.3: Best fitting regression functions relating total sediment depth (SEDtot) with slope gradient 
(SLO) or vegetation cover (VEGtot) for the three study sites. 
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ANOVA analysis and post hoc testing for comparison of mean values of total sediment 
thickness were conducted to establish slope gradient and vegetation cover classes with 
significantly different total sediment thicknesses. This analysis revealed two clear groups 
of total vegetation cover in Haragua (Table 3.7). The first group (classes with vegetation 
cover below 40 %) was found in the grazing land, which has an average vegetation cover 
of 25 % (Table 3.1). Classes with vegetation cover of more than 40 %, forming the 
second group, were encountered in the exclosure (average total vegetation cover of 50 %, 
see Table 3.1) and in the forest (average total vegetation cover of 75 %, see Table 3.1), 
where total sediment thicknesses are more than 3 times higher (Table 3.7).  
 
Table 3.7: Mean values of total sediment depth (in cm) for vegetation cover classes and slope gradient 
classes for the three study sites and results of ANOVA analysis and post hoc tests to compare means 

 Classes Haragua (n = 56) May Ba’ati (n = 92) Adewro (n = 77) 
Vegetation cover 0 – 20 % 4.3 a 15.2 a 5.5 a 
 21 – 40 % 16.6 a 29.0 ab 17.2 b 
 41 – 60 % 58.2 b 36.2 ab 23.4 bc 
 61 – 80 % 57.3 b 44.4 b  32.3 c 
 81 – 100 % 56.8 b 66.8 c 33.2 c 
 F-value (sign.) 12.415 (0.000) 7.695 (0.000) 18.040 (0.000) 
     
Slope gradient 0 – 30 % 23.8 a 60.4 a 13.9 a 
 31 – 65 % 40.8 a 34.5 b 24.2 a 
 66 – 100 % 35.5 a 26.5 b 24.4 a 
 F-value (sign.) 0.868 (0.426) 13.508 (0.000) 3.750 (0.028) 

Vegetation cover and slope gradient classes within the same site have significantly different sediment 
depths if they have no letters in common (based on Tamhane’s T2 test for unequal variances for May Ba’ati 
and on the Tukey test for Adewro and Haragua) 
 
In May Ba’ati, total sediment depth was significantly correlated with slope gradient 
(negative correlation) and with total vegetation cover (positive correlation). Distance 
from top was negatively, but not significantly correlated with total sediment depth (Table 
3.5). The results of the linear regression analysis confirmed these findings, bringing 
forward (the natural logarithm of) slope gradient and total vegetation cover as best 
explanatory variables both in single as in multiple regression (Table 3.6 and Figure 3.3).  
After ANOVA analysis and post hoc testing, a difference in total sediment depth between 
the first slope gradient class and the other classes was demonstrated for May Ba’ati 
(Table 3.7), meaning that in areas with slope gradient less than 30 % almost the double 
amount of sediment is trapped and conserved compared to areas where slope gradients 
are higher. Concerning total vegetation cover, it is striking that there is still a significant 
difference in sediment depth under a vegetation cover of 60 to 80 % compared to a cover 
of 80 tot 100 % (Table 3.7).  
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In Adewro, total sediment depth was significantly and positively correlated with total 
vegetation cover and distance from the top of the hillslope sections (Table 3.5). The 
correlation between the latter variable and sediment depth is probably due to a strong 
positive correlation between total vegetation cover and distance. When considering only 
the Eucalyptus forest, it was noted that total sediment depth was not significantly 
correlated with any other variable. A negative correlation was found between soil cover 
by Eucalyptus trees and total sediment depth (Table 3.8). An explanation for this 
different behaviour can be that Eucalyptus trees suppress the understorey vegetation 
(illustrated by the significantly negative correlation between these 2 variables, Table 3.8), 
which plays a role in trapping sediment (positive correlation between sediment depth and 
understorey vegetation). Our findings concerning this phenomenon are confirmed by 
Fiedler and Gebeyehu (1988) who state that Eucalyptus forests in Ethiopia in areas with 
rainfall less than 750 mm have a weakly developed understorey and forest floor which 
may enhance runoff and erosion and thus counteract sediment trapping processes.  
The relation between total vegetation cover and total sediment depth in Adewro is further 
illustrated through linear regression (Table 3.6 and Figure 3.3) and the results of the 
ANOVA analysis (Table 3.7).  
 
Table 3.8: Correlation coefficients (Spearman’s rho) between slope gradient (SLO, %); total 
vegetation cover (VEGtot,%) understorey vegetation cover (VEGunder, %); Eucalyptus tree cover 
(VEGeuc, %); total sediment depth (SEDtot, cm); distance from top edge of the hillslope section (DIS, 
m) for the Eucalyptus forest in Adewro (n = 19) 
 
 DIS SLO VEGtot VEGunder VEGeuc

SLO 0.048     
VEGtot -0.371 0.283    
VEGunder 0.114 0.357 0.792**   
VEGeuc -0.253 -0.246 -0.489* -0.830**  
SEDtot 0.303 0.239 0.258 0.421 -0.413 

**: Correlation is significant at the .01 level (2-tailed) 
*: Correlation is significant at the .05 level (2-tailed) 
 
Slope gradient and total vegetation cover measured along transects explain the spatial 
distribution of total sediment thicknesses within a hillslope section. The average depth of 
total sediment in a hillslope section as a whole is believed to be influenced first of all by 
the ratio between sediment source area and trapping area and secondly by the land use of 
the hillslope section, variables which do not vary along the studied transects. 
Notwithstanding the fact that the current land use of a hillslope section is not 
representative for the land use during the entire period of sediment deposition, it 
influences how much of the deposited sediment could be preserved. As such, a logical 
scoring from 1 to 4 was attributed to each land use type according to its degree of 
degradation over time, so that land use type could be treated as a quantitative variable in 
the analysis. Land use type as well as the ratio of sediment source area to trapping area 
were positively correlated to average total sediment depth, although only the former 
significantly (n = 11; p = 0.027). When both variables were combined, a highly 
significant multiple regression function was obtained for the three study sites taken 
together:  
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T
SLUavSEDtot 4.164.154.26, ++−=      (n = 11; R2 = 0.88; p = 0.000)  (3.1) 

 
Where    
SEDtot,av  average total sediment depth for the whole hillslope section (cm); 
LU   land use type scoring: 1: degraded grazing land, 2: young exclosure, 3: old 
  exclosure, 4: church forest; 

T
S    ratio of sediment source area to sediment trapping area. 

 
3.1.3.3 Recent sediment deposits 
 
Since no distinction between recent and old sediment could be made in Adewro, recent 
sediment thickness was only measured in May Ba’ati and Haragua. 
The different pattern of deposition in these two study sites is immediately striking from 
figure 3.4. In Haragua, recent sediment depth shows a regular distribution over the whole 
hillslope with an average of about 7 cm, while in May Ba’ati, recent sediment depth 
decreases rapidly with distance from the top to reach a value of zero at a distance of 40 or 
60 m for the young and old exclosures respectively. In the young three-year-old exclosure 
of May Ba’ati (MXY), on average 5 cm of recent sediment was found just below the top 
edge of the area, while in the old exclosures of 20 years, recent sediment depths ranged 
from 1.6 cm at 40 m distance up to 17 cm at 5 m distance from the top edge. 
 
From figure 3.4 it can be assumed that in May Ba’ati strong correlations exist between 
recent sediment depth, slope gradient and vegetation cover, while in Haragua none of 
these are likely, as was confirmed by correlation analysis (Table 3.9). Regression 
functions relating recent sediment depth with slope gradient, distance and vegetation 
cover were significant only in May Ba’ati (Table 3.10 and Figure 3.5). Multiple 
regression with a combination of explanatory variables could not increase the R2 of the 
simple regression with distance. 
 
Table 3.9: Correlation coefficients (Spearman’s rho) between recent, short-term sediment depth and 
slope gradient (SLO, %); total vegetation cover (VEGtot, %); recent, short-term sediment depth 
(SEDrec, cm); distance from top edge of the hillslope section (DIS, m) the exclosures of Haragua and 
May Ba’ati 
 
Study site  DIS SLO VEGtot

SLO -0.637**   
VEGtot -0.146 0.218  

Haragua 
(n = 18) 

SEDrec 0.278 -0.085 0.098 
   

SLO 0.545**   
VEGtot -0.213 -0.495**  

May Ba’ati 
(n = 42) 

SEDrec -0.784** -0.588** 0.391* 

*: Correlation is significant at the .05 level (2-tailed) 
**: Correlation is significant at the .01 level (2-tailed) 
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May Ba'ati - young exclosure, MXY
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Figure 3.4: Recent, short-term sediment depth (bars) as a function of distance from the top edge of 
the hillslope section, with indication of vegetation cover (dashed lines) and slope gradient (full lines)  
 
 
Table 3.10: Best fitting regression functions relating recent, short-term sediment depth (SEDrec, cm) 
with slope gradient (SLO, %)), distance from the top of the hillslope section (DIS, m) and vegetation 
cover (VEGtot, %) for May Ba’ati (all given regression functions are significant at p = 0.000, except 
the third and the last one, where p = 0.008 and p = 0.026 respectively) 

Hillslope section Regression function R2

MXOa (n = 14) SEDrec = 17.096 – 4.239ln(DIS)  0.85 
MXOb (n = 16) SEDrec = 28.154 – 6.843ln(DIS) 0.80 
MXY (n = 12) SEDrec = 7.571 – 1.966ln(DIS) (*) 0.40 
   

SEDrec = 18.268 – 4.462ln(DIS) (*) 0.67 All exclosures 
(n = 42) SEDrec = 28.512 – 6.476ln(SLO) (*) 0.48 
 SEDrec = -0.467 + 0.110(VEGtot) (*) 0.16 

(*) Weighted Least Squares regression was used to correct for unequal error variances 
(MXOa, MXOb, MXY,: old exclosures A and B and young exclosure in May Ba’ati) 
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Figure 3.5: Best fitting regression functions relating recent, short-term sediment depth (SEDrec) with 
distance from the top edge of the hillslope section (DIS), slope gradient (SLO) and total vegetation 
cover (VEGtot) for all exclosures in May Ba’ati. 
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The coefficient of determination (R2) was higher when each exclosure was considered 
separately (Table 3.10). This is not surprising since the variation in recent sediment depth 
caused by the fact that different exclosure ages are taken together is lost. For the young 
exclosure however, variation in recent sediment depth is still relatively high (reflected by 
a lower R2), because in this area vegetation cover is less continuous, which induces a 
higher spatial variability in deposited sediment depth. 
 
Using averages of the recorded values for recent sediment depth and a mean bulk density 
value of 1.47 Mg m-3 for Haragua and 1.01 Mg m-3 for May Ba’ati as determined for 
recent sediment in these areas (Table 3.4), the mass of deposited sediment per hectare 
since closure was calculated. Dividing these results by the respective years of closure to 
obtain an estimate of the annual short-term sediment deposition rate resulted in values of 
25 to 93 Mg ha-1 y-1 for May Ba’ati and 123 Mg ha-1 y-1 for Haragua (Table 3.11). For the 
exclosures in May Ba’ati average values for annual short-term sediment deposition rates 
ranged from 0.52 to 1.77 cm y-1 for locations near the top edge of the hillslope sections 
and decreased rapidly to zero with distance (Table 3.11). This trend was not observed in 
the exclosure in Haragua, where the deposition rate fluctuated between 0.9 and 1.8 cm y-

1. The weighted average for the strip in which sediment deposition occurs, amounted to 
almost 1.4 cm y-1 in Haragua, whereas the weighted average for the May Ba’ati 
exclosures did not exceed 0.8 cm y-1 (Table 3.11). 
 
Table 3.11: Recent, short-term sediment deposition for Haragua and May Ba’ati  

 HXY MXOa MXOb MXY 
 SEDrec (Mg ha-1) (years of closure) 
 616 (5) 512 (20) 928 (20) 279 (3) 
  
 SEDrec (Mg ha-1 y-1) 
 123.2 25.6 46.4 93.0 
  
DIS SEDrec (cm y-1) 
5 0.90 0.52 0.84 1.77 
20 1.13 0.19 0.43 0.53 
40 1.82 0.08 0.13 0 
60 1.45 0 0 0 
80 1.48 0 0 0 
100 1.59 0 0 0 
120 1.24 0 0 0 
weighted average(*) 1.37 0.26 0.46 0.77 

SEDrec: recent, short-term sediment; DIS: distance from top edge of the hillslope section (m) 
HXY: exclosure in Haragua; MXOa, MXOb, MXY: old exclosures A and B and young exclosure in May Ba’ati 
(*): weighted average for the strip where sediment deposition occurs 
 
Differences in recent sediment deposition rate between different exclosures can be caused 
by several factors, such as the area and the condition of the sediment source area. Also 
the state of the exclosure itself (vegetation cover, slope gradient) plays a role. In contrast 
to total sediment however, recent sediment deposition rate is inversely related to land use 
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type, as in the young exclosures deposition rates are much higher. Furthermore, taking 
into account the pattern of deposition in May Ba’ati, it was concluded that all sediment 
that enters into the exclosure is deposited in the first metres, regardless of the exclosure’s 
condition. In Haragua on the contrary, recent sediment depths do not tend to zero with 
increasing distance from the top edge, so that the assumption of complete deposition does 
not hold and trapping efficiencies are lower than 100 % here. The explanation for 
different sediment deposition rates must therefore be sought in the ratio of sediment 
source to trapping area and the erodibility of the sediment source area rather than in the 
condition of the exclosure itself.  
 
Assuming complete sediment deposition within the exclosures, erosion rates for the 
sediment source area were calculated (Table 3.12). Since 100 % sediment trapping cannot 
be assumed in Haragua, erosion rates there can even be higher than the value indicated in 
table 3.12. The different recent sediment deposition rates (25.6 Mg ha-1 y-1 versus 46.4 
Mg ha-1 y-1) in otherwise similar hillslope sections like MXOa and MXOb can be 
explained by their different ratio of erosion area to trapping area (2.7 versus 4.6; Table 
3.12). The area ratios of MXY and MXOb are very similar, but their deposition rates are 
not, which is reflected in different erosion rates for the source areas (18.6 Mg ha-1 y-1 
compared to 10.0 Mg ha-1 y-1). The findings concerning erosion rates in May Ba’ati 
correspond well with our field observations: the area just on top of MXY is steeper than 
the areas on top of MXOa and MXOb (20 % compared to less than 10 %) and moreover, 
there are no soil conservation measures taken in the area just on the top of MXY, while 
on top of MXOa and MXOb, closely spaced stone bunds are present. Erosion rates in the 
sediment source area for the exclosure in Haragua are two to four times higher than in 
May Ba’ati, which can be explained by the fact that along its’ total length, this area 
contains a very steep and bare cliff of highly erodible Adigrat sandstone, without any soil 
conservation measures. At the sandstone rock surface a large amount of loose sand is 
observed, which is transported into the exclosure during rainstorms. Apart from the high 
erosion rates of about 40 Mg ha-1 y-1 for the sandstone cliff in Haragua, the obtained 
erosion rates for May Ba’ati correspond well with previously measured erosion rates 
ranging from 9.9 Mg ha-1 y-1 (Nyssen, 2001) to 18.13 Mg ha-1 y-1 (Desta et al., 2005) for 
cropland with soil conservation structures in the same study region. Also specific 
sediment yield rates for catchments (from 1 up to 24 km2) in Tigray are of the same order 
of magnitude, ranging from 2 to 18 Mg ha-1 y-1 (Nigussie et al., 2006).  
 
Table 3.12: Sediment deposition areas, sediment source areas and their assumed erosion rate for 
exclosures of Haragua and May Ba’ati 

Study site Hillslope section(1) Sediment 
trapping 
area (ha) 

Sediment 
source 
area (ha) 

Ratio 
source/trapping 
area 

Short-term 
deposition rate  
(Mg ha-1 y-1) 

Erosion rate  
(Mg ha-1 y-1) 

Haragua HXY  8.5 26.3 3.1 123.2 39.8 
 
May  

 
MXOa 

  
1.6 

 
4.3 

 
2.7 

 
25.6 

 
9.5 

Ba’ati part 1  6.9    
 part 2  5.6    
 

MXOb 

total 2.7 12.5 4.6 46.4 10.0 
 MXY  0.5 2.5 5.0 93.0 18.6 
(1): HXY: exclosure in Haragua; MXOa, MXOb, MXY: old exclosures A and B and young exclosure in May Ba’ati 
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3.1.4 Discussion 
 
3.1.4.1 Pedogenesis 
 
According to IUSS Working Group WRB (2006) Phaeozems are typical soils of the 
wetter part of the steppe regions and their regional distribution does not include the 
highlands of Ethiopia. However, the study area does fit into the description of a typical 
Phaeozem environment: cool tropical highland climate, humid enough for water 
percolation through the soil in most years and presence of long dry periods. According to 
WRB (IUSS Working Group WRB, 2006) the genesis of Phaeozems is typically 
associated with a precipitation surplus, which results in leaching of most of the CaCO3 
from the upper metre of the soil profile. As the Phaeozems found in the study sites are 
typically associated to deposited sediments and forest vegetation, their formation is 
somewhat atypical to this WRB description. Hence, our findings are a valuable 
contribution to the World Reference Base for Soil Resources. Vegetation plays a double 
role in the buildup of the Phaeozems in the study sites, as shrubs and grasses trap the 
incoming sediment but also add organic carbon content to the original soil material. The 
obtained sediment deposition rates can be used to estimate the time which was needed to 
build up the deep Phaeozems encountered in the study sites. Assuming a depth of 150 cm 
and a deposition rate of 0.5 cm y-1 (see Table 3.11) it is concluded that sediment trapping 
started about 300 years ago. This estimate corresponds markedly well with the timing 
proposed by Darbyshire et al. (2003) of the increasing human population density and 
agricultural activity leading to a strong forest decline and increased erosion rates during 
the last three centuries.  
 
3.1.4.2 Total sediment deposits 
 
Results of statistical analyses indicate that in all sites, the spatial distribution of total 
sediment is significantly related to current vegetation cover, while in only one site, slope 
gradient is an explaining variable as well. Current vegetation cover can only provide an 
indication of vegetation cover over the medium-term. However, the recurrent correlation 
of current vegetation cover with total sediment depth, which was demonstrated for all 
study sites, proves that it is a valid substitute. In contrast to recent sediment depth, no 
relation with distance was found for total sediment depth. A possible explanation is that 
soil material deposited under former forest vegetation was remobilized after deforestation 
and redeposited further downslope, so that the initial relation with distance became 
blurred. The strong regression function (Eq 3.1) predicting sediment depth of a hillslope 
section shows that the land use and the ratio of sediment source area to trapping area are 
important factors. Local vegetation cover and slope gradient are key determinants of total 
sediment distribution within a hillslope section. 
 
3.1.4.3 Recent sediment trapping in exclosures 
 
By studying recent sediment deposits, which is the sediment deposited under the current 
land use, i.e. regenerating vegetation, a better understanding of the process of sediment 
trapping in exclosure areas was obtained. For the study site May Ba’ati, results indicate a 
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significant relation between recent sediment thickness and both slope gradient (negative 
correlation) and vegetation cover (positive correlation). Many studies on water erosion 
processes revealed significant relations between slope gradient (positive) and vegetation 
cover (negative) on the one hand and sediment yields on the other hand (Sorriso-Valvo et 
al., 1995; Gutierrez and Hernandez, 1996; Solé-Benet et al., 1997; Woo et al., 1997; 
Cerdà, 1998; Puigdefabregas et al., 1999; Braud et al., 2001; Erskine et al., 2002). As 
expected, these relations for water erosion are just the opposite of the relations we found 
for sediment trapping. For May Ba’ati, our findings further demonstrate a strong and 
exponentially decreasing relation between thickness of recently deposited sediment and 
distance from the upper edge of the exclosure. Van Dijk et al. (1996) found the same type 
of relation between sediment concentration and filter length and also Abu-Zreig (2001) 
concluded from a review on factors affecting sediment trapping in vegetative filter strips 
that filter length is the most significant factor. In Haragua however, this typical pattern of 
exponentially decreasing recent sediment depth with distance from the source area was 
not found. This can be explained by the fact that very high slope gradients of almost 70 % 
are found just below the top edge of the exclosure. This could have caused more 
downslope deposition as was also reported by Jin and Römkens (2001). Differences 
between study sites in sediment deposition patterns could not be clearly explained by 
differences in lithology, except for the Adigrat sandstone in Haragua, which, through its 
high erodibility, can explain the very high sediment deposition rates in the exclosure.  
 
In the literature on sediment deposition, a few studies (e.g. Beuselinck et al., 2000; 
Wallbrink et al., 2002) are found on actual amounts, locations and conditions of sediment 
deposited in field situations. A problem complicating the comparison between this and 
their study is the difference in characteristics of source areas and vegetation strips. 
Wallbrink et al. (2002) found an average deposition rate of 17 Mg ha-1 y-1 in filter strips 
bordering forest logging areas. Beuselinck et al. (2000) recorded deposition rates of 4 and 
15 Mg ha-1 after 1 big rainfall event for 2 different catchments in the Belgian Loam Belt. 
Vegetation-controlled deposition in the latter study mainly occurred in small strips of 
vegetation in between fields. The values measured for yearly sediment deposition in this 
study (25.6 to 123.2 Mg ha-1, Table 3.11) are clearly higher. This can be explained by the 
fact that the results of Beuselinck et al. (2000) refer to deposition in a total catchment 
area, and result from 1 rainfall event only. An explanation for the discrepancy with the 
values of Wallbrink et al. (2002) can be found in the fact that in the latter study already a 
significant amount of eroded sediment from log landings and snig tracks is probably 
deposited in the general harvest areas (Croke et al., 1999) before it reaches the filters. 
Böjo and Cassels (1995) give an overview of sediment delivery ratios at catchment scale 
ranging form 1 to 30 %, found by various authors for different areas in Ethiopia. 
Consequently, 70 up to 99 % of the eroded sediment is deposited before reaching the 
catchment outlet. The high sediment trapping capacity of exclosure areas, which was 
demonstrated in this study, can at least partly explain this phenomenon.  
 
As exclosures usually form vegetation bands on steep slopes bordering cropland or 
grazing land, where natural vegetation cover is less, the analogy with the banded 
vegetation phenomenon described by Valentin et al. (1999) is noted. Exclosures, as well 
as banded vegetation phenomena, are source-sink systems of soil and water. Similar to 
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the so-called interbands, there is also a lot of runoff and soil erosion in the cropland and 
degraded grazing lands of our study sites, since vegetative protection against rain impact 
is very low. In both systems the vegetation bands act as sinks, showing increased 
infiltration and sediment deposition.  
 
As the high sediment trapping capacity of exclosures is proved, it is worth considering 
them as an effective technique to reduce the sediment input to water reservoirs, which are 
threatened by rapid siltation (Nigussie et al., 2006). This could be done by establishing 
exclosures on selected areas bordering the reservoir. As concluded from the study on 
recent sediment, depths of deposited sediment exponentially decrease with distance from 
the top edge of exclosures. Therefore, where slope gradients are not too steep just below 
the top edge (less than 50 %), an exclosure width of 50 – 60 m should be sufficient to trap 
nearly all of the incoming sediment.  
 
3.1.5 Conclusions 
 
In the Tigray highlands, Phaeozems are developing under influence of vegetation and 
sediment deposition. Their formation started probably about 300 years ago. 
In exclosures located downslope from sediment source areas, two main types of 
deposited sediment are found. They are designated as recent, short-term (< 20 years) 
sediment deposits and old, medium-term (20 – 300 years) sediment deposits. Both types 
are characterized by specific chemical and morphological properties, and typical 
landscape positions. The detailed description of these characteristics makes it possible to 
distinguish the sediment layers from reference soil layers. By soil augering the depth of 
the deposited sediment layers can be easily determined in the field. 
Total sediment depth in banded exclosure strips is mainly vegetation-controlled. Besides 
land use type, the ratio between sediment source area and trapping area helps to explain 
the average depth of total deposited sediment.  
Recent sediment trapping in exclosures is related to distance from the top edge, slope 
gradient and vegetation cover, but also to the sediment source area and its erodibility. 
Even on steep slopes (35 – 50 %), very high short-term (< 20 years) sediment deposition 
rates were observed in exclosures located below large sediment source areas. 
Because of their high sediment trapping capacity, exclosures established in at least 50 m 
wide strips across the slope are a very efficient soil and water conservation measure. As 
incoming sediments are relatively fertile, sediment deposition accelerates fertile soil 
buildup in the exclosures. At catchment scale, rightly located exclosures can prevent 
important sediment loads from leaving the catchment or silting up water reservoirs.  
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3.2 Litter production1 

3.2.1 Introduction 
 
Plant litter production is the major part of net primary production (Swift et al., 1979). 
Through the process of decomposition and mineralization, available nutrients for plant 
uptake are returned, so that litter inputs are rightly considered as an important source of 
nutrients in terrestrial ecosystems (Vitousek, 1984; Lavelle et al., 1993; Martínez-Yrízar 
et al., 1999; Xuluc-Tolosa et al., 2003; Lawrence, 2005). In dry tropical forest ecosystems 
in particular, the role of litter nutrients is believed to be critical in forest recovery (Campo 
et al., 2001). However, litter production and nutrient return are generally not well 
documented for tropical semiarid forests (Martínez-Yrízar, 1995; Menaut et al., 1995; 
Jaramillo and Sanford, 1995). More specifically, no information is available on the 
litterfall patterns and litter nutrient content of shrub and tree species and vegetation types 
typical for restoring forests in exclosures of the Ethiopian highlands.  
 
The general aim of this study is therefore to gain understanding on litter production and 
nutrient returns through litterfall in regenerating vegetation in tropical semiarid highland 
environment.  
Specific objectives are (1) to determine annual litter production in exclosures of different 
types and ages, (2) to characterize temporal variation in litter production in these 
restoring forest areas, (3) to study litter production and litterfall seasonality of major 
shrub and tree species of the northern Ethiopian highlands, (4) to ascertain litter nutrient 
content of common shrub and tree species and (5) to determine litter quality, litter 
nutrient input and nutrient use efficiency in the restoring forest areas.  
 

3.2.2 Methodology 
 
3.2.2.1 Study sites 
 
The humus characterization study was performed in a selection of hillslope sections in the 
study areas May Ba’ati and Kunale comprising different land use types: degraded grazing 
land, exclosures of different ages and church forest (Figure 2.4).  
 
3.2.2.2 Litter production in exclosures 
 
In each landscape unit (refer to Figure 2.8 and Table 2.1) a representative area of 10 m by 
10 m was delineated and equipped with 10 randomly placed litter traps. Besides that, in 
each hillslope section, 10 traps were placed at regular distances along a transect, which 
ran perpendicular to the contour, intersecting the different landscape units. This extra 
                                                 
1 Based on: Descheemaeker, K., Muys, B., Nyssen, J., Poesen, J., Raes, D., Mitiku Haile, Deckers, J., 2006. 
Litter production and organic matter accumulation in exclosures of the Tigray highlands, Ethiopia. Forest 
ecology and Management 233, 21-35.  
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sampling along transects served to better grasp site variability. No transect was laid out in 
the grazing lands since they only served as a reference. Over the two study sites a total of 
290 traps were placed in July 2003 and emptied monthly until June 2005. Locally 
available metal cans (0.16 m diameter and 0.10 m height) with perforated bottoms to 
evacuate rainwater were used as litter traps. The advantages of small traps are discussed 
by Búrquez et al. (1999). Economies in terms of time and money allowed for increasing 
the number of sample units, which is especially valuable when studying heterogeneous 
environments. The fact that the traps were inconspicuous and cheap reduced the risk of 
vandalism or theft. Theft of the traps could nevertheless not be excluded, especially in the 
grazing lands. Missing traps were replaced at every monthly sampling event and missing 
records were substituted by the average of the previous month, the next month and the 
same month in the other year of study at the same location. 4 % of the total monthly 
samples had to be treated in that way. If a large branch fell in the can it was broken off to 
remain with a length not exceeding the can diameter. The harvested litter was separated 
from animal debris and faeces and sorted according to species and litter component 
(leaves, woody debris, reproductive parts). After drying at 65 °C until constant weight all 
samples were weighed to 0.1 mg.  
 
3.2.2.3 Litter production on a species basis 

 
Through sorting of the collected litter on a species basis, the species contribution to 
annual litter production was first determined per landscape unit and ultimately per 
hillslope section and land use type. Already after the first year of observation, data 
analysis revealed which shrub and tree species were most contributing to annual litter 
production in the different sites and exclosures. Based on this result the two dominating 
tree or shrub species for each land use type were selected. This resulted in a selection of 9 
species, for which litter production was studied for one year in a separate observational 
study. This was done to obtain a more detailed understanding of their litter production 
seasonality and the contribution of different litter components. For each selected species, 
five live individuals were chosen in the land use type where the species was dominant, 
spread over different landscape units. The criteria for their selection were the good state 
of the canopy, the absence of indications of limited growth or plant damage and no 
intermixing with the canopy of other species. Per individual, three litter traps were placed 
midway between the stem and the edge of the canopy. The traps were emptied monthly 
between September 2004 and August 2005 and samples were treated as described above. 
The average litter production per species was calculated, providing an indication on the 
litter production that could be attained under a hypothetical homogenous and closed 
canopy of the selected species in the land use types where they are dominant.  
 
3.2.2.4 Data analysis 
 
Mean monthly litter production per landscape unit was estimated by averaging the 
harvested masses in the 10 litter traps. Annual litter production was obtained by 
averaging the annual totals of the collected masses in the traps. The minimum number of 
litter traps per landscape unit that was needed for a representative sample was determined 
by plotting the running mean of the annual litter production against an increasing number 
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of traps. The minimum amount of traps per landscape unit necessary to limit the 
oscillation of the mean to 10% of the final value varied from three for the church forest to 
seven to nine for the exclosures and nine for the grazing land, so that the used 
experimental layout seemed sufficient to yield a reliable estimate of litter production. 
After a log-transformation of the data to obtain a normal distribution, ANOVA was used 
to test for the effect of site and land use type on total annual litter production. Multiple 
pairwise comparisons among the land use types were done with Tukey’s test. 
Contributions of different species to annual litter production of landscape units were 
determined based on the collected litter separated per species. Upscaling to the hillslope 
sections and the land use type was done based on the area contributions of the landscape 
units to the hillslope section to which they belong. Correlation and regression analysis 
were applied to investigate relations between variables. Statistical analyses were 
performed using SPSS software (SPSS, 2001).  
 
3.2.2.5 Litter nutrient content  
 
Litter nutrient content and specific leaf mass (SLM) were determined for a broad range of 
shrub and tree species (Table 3.14) on fresh leaf litter samples collected from the ground. 
SLM gives an indication on sturdiness of leaves and is positively related to lignin and 
negatively to nitrogen content (Medina et al., 1990) so that it is related to litter quality. To 
assess SLM, the leaves were cut into squares of 0.25, 1 or 4 cm2 according to the leaf 
size. After drying until constant weight, the mass per unit surface area was determined. 
For the determination of nutrient content the leaf litter samples were grinded after oven-
drying and then subjected to the following analyses. Total N was determined by the 
Kjeldahl method (McGill and Figueiredo, 1993). Organic matter content was estimated 
by loss on ignition (LOI) (Van Reeuwijk, 2002), after which the organic C content was 
calculated as LOI/2. Analyses for P, Na, Ca, Mg and K were conducted after incineration 
of the samples at 450ºC for 12 hours. P was extracted using aqua regia (HCl+HNO3), 
after which the P content was analyzed colorimetrically using the molybdate blue method 
(Schoenau and Karamanos, 1993). Extraction of the cations was done using 0.2 M HCl. 
After filtration, the Na, Ca, Mg and K contents were determined by atomic 
absorption/emission spectrometry (Anderson and Ingram, 1993). CaCO3 was determined 
through a reaction with HCl and titration with NaOH (Allison and Moodie, 1965). 
 
To estimate the average leaf litter quality of a landscape unit or a hillslope section as a 
whole, a weighted average was calculated by taking into account the contributions of the 
species to the total annual litter production of that area. Annual leaf litter nutrient input 
per land use type was calculated by multiplying the average nutrient content of the litter 
by the annual leaf litter production.  
The nutrient use efficiency (NUE) in the sense of Vitousek (1982) was determined for 
different nutrients and all studied land use types as the ratio of litter dry mass input to 
nutrient element input (Vitousek, 1982; Lisanework and Michelsen, 1994; Read and 
Lawrence, 2003). 
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3.2.3 Results 
 
3.2.3.1 Annual litter production in land use types 
 
Although except for the rainy season, wind speed is relatively high (Figure 2.14), 
important effects of wind on litter dispersal were not observed as the species of the 
collected litter per can corresponded with the surrounding vegetation. Total annual litter 
production in the different land use types in May Ba’ati varies from 30 ± 15 g m-2 in the 
grazing land to 425 ± 64 g m-2 in the church forest (Table 3.13). ANOVA indicated a 
significant effect of land use type, but no effect of site. Multiple comparisons with 
Tukey’s test revealed that all land use types in May Ba’ati have significantly different 
total litter production (Table 3.13), increasing with regeneration stage and reaching a 
maximum in the church forest. The same applies for the land use types in Kunale, 
although litter production in the young exclosure was not found significantly different 
from the grazing land and the middle-aged exclosure (Table 3.13). Since age of exclosure 
goes hand in hand with age of vegetation, phase of succession and recovery of soil 
fertility (refer to paragraph 3.4), it is not surprising that in both study sites litter 
production strongly increases when a degraded grazing land is closed and the natural 
vegetation is allowed to restore (Figure 3.6). An exponential regression function 
describes the dependence of annual litter production on vegetation cover (Figure 3.7). A 
paired samples t-test on the annual litter production of landscape units revealed that litter 
production in the first year was significantly higher than in the second year (n=21; 
p=0.001). Because of less rainfall, litter production in the second year amounted to only 
87% of the first year’s production. 

Figure 3.6: Average annual litter production for different land use types expressed relative to the 
average value obtained for the grazing lands. Standard deviations are indicated with error bars. 
(land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old 
exclosure; FO: church forest) 
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Table 3.13: Litter production (g m-2) for litter components in different land use types in the two study sites for the period July ’03 – June ’04 (y1) and 
July ’04 – June ’05 (y2), average annual litter production (av) and percentage contribution of component to total annual litterfall (%).  
 
Study 

 
Land use 

 
 Leaves 

 
 Woody litter 

  
 

 
Reproductive organs 

   
 

 
Total 

 
 

site type (1) (2) y1 y2 av % y1 y2 av % y1 y2 av % y1 y2 av (3)  
RA                av 14.5 28.4 21.4 68.3 7.8 4.7 6.2 19.9 5.5 1.9 3.7 11.8 27.8 34.9 31.3 a 
  (n=20)

 
                  

                
                  

                
                  

                
                

               
                  

             
                  

                
                  

                
                  

CV
 

0.66 0.92 0.65 1.07 0.88 0.75 0.88 1.31 0.74 0.49 0.76 0.48
XY av 71.8 89.8 80.8 76.8 12.8 14.0 13.4 12.7 11.4 10.7 11.1 10.5 96.0 114.5 105.2 b
  (n=40)

 
CV

 
0.21 0.27 0.17 0.53 0.52 0.37 0.68 0.60 0.46 0.22 0.25 0.17

XO av 158.4 162.4 160.4 76.0 39.2 22.4 30.8 14.6 19.8 20.0 19.9 9.4 217.3 204.8 211.0 c
  (n=100)

 
CV

 
0.10 0.12 0.08 0.34 0.34 0.25 0.54 0.40 0.33 0.11 0.12 0.08

FO av 406.2 327.1 366.7 86.4 51.1 14.2 32.7 7.7 40.8 9.4 25.1 5.9 498.1 350.8 424.4 d

May 
Ba’ati 

  (n=30) CV  
 

0.20 0.20 0.14 0.76 1.25 0.65 0.68 0.80 0.57 0.21 0.20 0.15

RA av 31.0 18.0 24.5 82.5 6.9 0.1 3.5 11.7 1.4 2.1 1.7 5.9 39.2 20.2 29.7 a 
  (n=10)

 
CV 0.72 0.89 0.56 1.08 2.65 1.00 1.04 1.49 0.99 0.67 0.81 0.51

XY av 96.8 71.5 84.1 83.9 8.5 4.6 6.5 6.5 11.8 7.3 9.6 9.5 117.0 83.4 100.2 ab 
  (n=30)

 
CV

 
0.26 0.28 0.19 0.56 0.88 0.48 0.50 0.54 0.38 0.23 0.25 0.17

XM av 136.1 123.2 129.7 81.1 24.2 15.1 19.7 12.3 15.2 6.1 10.6 6.6 175.5 144.4 160.0 b
  (n=30)

 
CV

 
0.21 0.25 0.16 0.89 1.26 0.73 0.53 0.96 0.47 0.22 0.25 0.17

XO av 274.7 187.8 231.3 73.2 73.2 31.5 52.4 16.6 45.5 19.2 32.4 10.2 393.4 238.6 316.0 c

Kunale 

  (n=30) CV 0.20 0.32 0.18 0.86 0.41 0.61 0.36 0.74 0.33 0.22 0.26 0.17
(1) land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old exclosure; FO: church forest 
(2) av: average; CV: coefficient of variation 
(3) average values of total annual litter production are significantly different according to a post hoc Tukey test at the 0.05 level if they have no letters in common 
(tested separately for both study sites). 
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Figure 3.7: Annual litter production versus total vegetation cover for all landscape units with plotted 
regression line 
 
In all land use types leaf litter comprises 70 - 85 % of total litterfall (Table 3.13). 
Reproductive parts do not produce much more than 10 % of the total in each of the land 
use types, while the contribution of woody litter ranges between 6 and 20 % (Table 3.13). 
 
Coefficients of variation (CV) of mean annual litter production were rather high, which 
illustrates the high variability in vegetation density which is typical for the studied areas. 
However, CVs varied greatly according to litter component and land use type. For woody 
and reproductive litter the CV was highest, varying between 0.25 and 1, while for total 
litter production and leaf litter, the highest CV did not exceed 0.65. Grazing lands in both 
study sites yielded the highest CVs, whereas CVs of total annual litter production in 
exclosures and the church forest were below 0.20.  
 
3.2.3.2 Temporal variation of litterfall per land use type 
 
Litter production in the regenerating forest areas and church forest is characterized by a 
unimodal temporal pattern (Figure 3.8 and 3.9). In the grazing lands high coefficients of 
variation indicate high spatial variability. For the exclosures of Kunale, leaf litter 
production starts rising in September, comes to a peak in December and January and 
declines afterwards to minimal amounts in the rainy season (Figure 3.8). Reproductive 
litter production in Kunale is mostly highest from October to February, while for woody 
litter there is no clear temporal trend discernable. Leaf litter production in both the young 
and the old exclosure in May Ba’ati peaks after the rainy season until February. Just as in 
Kunale, the rainy season is characterized by low litterfall. The church forest of May 
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Ba’ati deviates from the general trend of high leaf litter production after the summer 
rains, as the highest production was recorded from January to April. In the old exclosure 
of May Ba’ati several small peaks in reproductive litter production are recorded. For the 
young exclosure however, peaks in reproductive litter are clearly in September and 
December, while for the church forest only in the first year of the experiment, a peak was 
recorded from November to February (Figure 3.9).  
 
 
3.2.3.3 Contributions of shrub and tree species to total annual litterfall 
 
In the two years of study litter belonging to 98 species was captured in the traps. Sorting 
of the collected litter according to species allowed to determine species contribution to 
total annual litterfall in the different land use types (Table 3.14). Most of the collected 
species have a negligible contribution to total litter production. Species contributing 
considerably to litter production are clearly different between the two study sites (Table 
3.14). Dombeya torrida, Acacia abyssinica, Salvia schimperi and planted Acacia saligna 
are important litter producers in the exclosures of Kunale, while calciphile species such 
as Euclea racemosa, Dodonea angustifolia and A. etbaica dominate litterfall in the May 
Ba’ati exclosures (Table 3.14). These differences can be explained by the ecological 
preferences of the different species in relation to site conditions such as soil nutrient 
contents and moisture availability. Species composition of the church forest differs 
considerably, as illustrated through the high contribution to total litter production by 
climax species like Acokanthera schimperi, Rhus glutinosa, Carissa edulis and Ficus 
thonningii (Table 3.14). Vegetation composition of exclosures evolves with time, which 
is illustrated by the varying species contributions to litter production in exclosures of 
different ages. The most obvious example is given by grasses, showing their biggest 
share of total litter production in the young exclosures of both study sites. As vegetation 
is restoring, grasses are suppressed by a rise in shrub abundance (Figure 2.32), which 
results in lower grass contributions to total litterfall in older exclosures. The church forest 
illustrates the ultimate result of this evolution, as grass litter production is almost nil there 
(Table 3.14). Also Rumex nervosus, a typical pioneer species exemplifies the trend of 
evolving species composition with time. This species is responsible for one quarter of the 
total litter production in the grazing land of Kunale. In the young exclosure, the 
contribution is already reduced to 10 %, while in the older exclosures of Kunale the shrub 
is oppressed by others and its contribution is driven back to a puny two and three percent 
(Table 3.14). The opposite evolution is illustrated by a climax species such as C. edulis, 
which is absent in the grazing land and young exclosure of May Ba’ati, but appearing in 
the old exclosure with a contribution of 4 % of total litter production. In the church forest 
its share amounts to 12 % (Table 3.14). 
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Figure 3.8: Monthly rainfall and temporal variation of monthly litter production (g m-2 ± 1 standard 
error) in Kunale for the period July ’03 to June ‘05 (total litter: -●-; leaf litter: -○-; woody litter: -▼-
; reproductive litter: - -)  ∇
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Figure 3.9: Monthly rainfall and temporal variation of monthly litter production (g m-2 ± 1 standard 
error) in May Ba’ati for the period July ’03 to June ‘05 (total litter: -●-; leaf litter: -○-; woody litter: 
-▼-; reproductive litter: -∇ -)  
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Table 3.14: Species contribution (%) to total litter production in different land use types in May 
Ba’ati and Kunale. Species analyzed for leaf litter characteristics are indicated with * 
 

Species Family  May Ba’ati (1)  Kunale(1)

   RA XY XO FO  RA XY XM XO 

Acacia abyssinica Hochst. ex Benth. Fabaceae * 0.0 0.0 0.1 0.9  0.0 0.7 9.1 16.3 
Acacia etbaica Schweinf. Fabaceae * 28.8 17.2 16.1 0.0  0.0 0.0 0.0 0.0 
Acacia saligna (Labill.) Wendl (§) Fabaceae * 0.0 0.0 0.7 0.0  0.0 0.0 14.0 23.0 
Acokanthera schimperi (A. DC.) Benth. Apocynaceae * 0.0 0.0 0.0 26.8  0.0 0.0 0.0 0.0 
Aloe macrocarpa Tod. Asphodelaceae * 1.6 0.5 0.2 0.2  30.8 0.9 1.1 0.7 
Becium grandiflorum (Lam.) Pichi-Serm. Lamiaceae * 4.4 30.7 0.0 0.0  0.3 18.0 0.0 0.0 
Buddleja polystachya Fresen. Loganiaceae  0.0 0.0 0.0 0.3  0.0 0.0 0.0 6.9 
Calpurnia aurea (Ait.) Benth. Fabaceae  0.0 0.0 0.3 1.1  0.0 0.0 0.0 0.0 
Carissa edulis (Forssk) Vahl Apocynaceae * 0.0 0.0 4.0 12.5  0.0 0.0 0.0 0.0 
Dander (2) Asteraceae  8.8 7.7 0.0 0.0  0.2 3.9 0.0 0.0 
Cayratia gracilis (Guill. & Perr.) Suess. Vitaceae  0.0 0.0 0.6 1.1  0.0 0.0 1.9 3.3 
Colutea abyssinica  Kunth & Bouche Fabaceae  0.0 0.0 0.0 0.0  0.0 0.0 0.1 1.3 
Commelina spp (3) Commelinaceae  0.0 0.0 0.0 2.7  0.0 2.1 0.0 2.0 
Dodonea angustifolia L.f. Sapindaceae * 0.0 12.3 14.6 0.0  0.0 0.0 0.0 0.9 
Dombeya torrida (J.F. Gmel.) P. Bamps Sterculiaceae * 0.0 0.0 0.8 0.7  0.0 1.2 14.2 22.9 
Eucalyptus camaldulensis Dehn (§) Myrtaceae * 0.8 0.0 3.9 0.0  0.0 5.0 0.0 0.0 
Euclea racemosa Murr. Ebenaceae * 36.7 9.5 29.4 7.2  0.0 0.0 0.0 0.0 
Ficus thonningii Blume Moraceae * 0.0 0.0 0.0 10.8  0.0 0.0 0.0 0.0 
Grasses (4) Poaceae * 6.9 10.0 4.2 0.0  13.6 20.0 10.2 2.5 
Grewia ferruginea A. Rich. Tiliaceae * 0.0 0.0 0.1 0.7  0.0 0.0 1.7 2.1 
Jasminum abyssinicum Hochst. ex. DC. Oleaceae  0.0 0.0 4.8 0.0  0.0 0.0 0.0 0.0 
Lantana viburnoides (Forsk.) Vahl Verbenaceae  0.0 1.1 1.7 0.0  0.0 1.7 3.9 0.7 
Maytenus arbutifolia (Hochst. ex A. Rich.) R. Wilczek  Celastraceae * 0.0 0.0 2.0 0.5  12.7 1.6 10.0 0.1 
Olea europaea subsp. cuspidata (Wall. Ex. DC) Ciffieri Oleaceae * 0.0 0.0 0.0 3.2  0.0 0.0 0.0 0.0 
Osyris quadripatita Salzm. ex Decaisne Santalaceae  0.0 0.0 1.0 0.0  0.0 6.3 0.5 0.1 
Peristrophe paniculata (Forssk) Brummitt Acanthaceae  4.4 1.8 0.3 0.0  3.2 0.1 0.2 0.4 
Psydrax schimperiana (A. Rich.) Bridson Rubiaceae  0.0 0.0 0.0 4.8  0.0 0.0 0.0 0.0 
Rhus glutinosa Hochst. ex A. Rich. Anacardiaceae * 0.0 0.0 0.6 18.3  0.0 0.0 0.0 1.3 
Rhus natalensis Krauss Anacardiaceae  0.0 0.0 1.3 0.0  0.0 0.0 0.0 0.0 
Rumex nervosus Vahl. Polygonaceae * 0.0 0.2 0.0 0.0  26.7 10.9 3.6 1.8 
Salvia schimperi Benth. Lamiaceae * 0.0 4.5 1.8 0.0  0.0 20.9 5.8 0.1 
Senna singueana (Del.) Lock Fabaceae  0.8 1.4 2.7 0.0  0.0 0.0 0.0 0.0 
Vernonia spp. (5) Asteraceae * 0.0 0.5 4.7 0.0  0.0 1.2 17.7 7.1 
Unknown species   0.2 1.2 1.3 0.8  0.7 2.1 3.0 3.3 
Varia (6)   6.7 1.4 3.4 8.3  11.8 3.4 2.9 3.0 

(1) land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old 
exclosure; FO: church forest 
(2) Dander is the local name for a series of thistles including Carthamus lanatus L., Carduus nyassanus R.E. 
Fries, Echinops hispidus Fresen. 
(3) Commelina spp. include C. imberbis Ehrenb. ex Hassk., C. benghalensis L., C. africana L., C. latifolia 
Hochst. ex A. Rich. 
(4) Grasses include Chloris gayana Kunth., Cymbopogon caesius (Nees) Stapf., Cynodon dactylon (L.) 
Pers., Pennisetum petiolare (Hochst.) Chiov., Themeda triandra Forssk. 
(5) Vernonia spp. include V. bipontini Vatke and V. amygdalina Del. 
(6) Varia is a collection of less important species contributing each less than 1 % in every land use type 
(§) planted species. 
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3.2.3.4 Litterfall for selected species 
 
Of the nine selected species for further investigation of their litter production, four are 
dominant in May Ba’ati, another four are dominant in Kunale and one (Becium 
grandiflorum) is important in both sites. Highest total annual litter production was 
recorded under the canopy of A. etbaica, closely followed by E. racemosa and D. torrida 
(Table 3.15). Lowest annual production was recorded for B. grandiflorum, and 
intermediate productions for the five other species. Absolute values for woody litter 
production are clearly highest for the native Acacia species, while reproductive litter is 
abundant under the canopies of all three Acacia species (Table 3.15). 
 
Table 3.15: Annual litter production for selected species (g m-2) (average values (av) with coefficient 
of variation (CV)), split up per litter component  

Species Leaves  Woody  Reproductive  Total 
 av(1) CV  av(1) CV  av(1) CV  av(1)   CV  
Acacia abyssinica    47.0a 0.49  141.9a 0.52  46.0ab 2.01  235.0ab 0.51  
Acacia etbaica 172.4ab 0.32  118.9ab 0.28  51.7a 0.90  343.0a 0.15  
Acacia saligna 126.1a 0.45      4.6cd 0.87  77.4a 0.93  208.1ab 0.50  
Becium grandiflorum    86.5a 0.73      4.4cd 0.51  13.3ab 1.17  104.3b 0.74  
Carissa edulis  161.4ab 0.41    19.7cd 1.35    0.2b 2.24  181.3ab 0.45  
Dodonea angustifolia 144.0ab 0.19      5.0cd 1.39    3.3ab 0.55  152.2ab 0.20  
Dombeya torrida 297.0b 0.17      5.2cd 1.71    1.1b 1.67  303.3a 0.17  
Euclea racemosa 300.3b 0.51    20.5bc 0.41    0.2b 1.61  321.0a 0.48  
Salvia schimperi 163.5ab 0.69      1.9d 1.42    3.7ab 1.87  169.1ab 0.66  

(1) average values are significantly different according to a post hoc Tukey test at the 0.05 level if they have 
no letters in common 
 
Figure 3.10 presents the pattern of litter production for the nine selected species in a 
period of one year. The evergreen shrubs E. racemosa and C. edulis, found in the 
exclosures of May Ba’ati show a similar litter production pattern. They have a continuous 
turnover of leaves, but a marked increase of leaf-fall before the first rains (Figure 3.10), 
when leaf renewal starts. Their woody litter production is more or less constant over the 
year with some occasional increases and the contribution of reproductive litter to total 
annual litter mass is negligible (Figure 3.10). A. etbaica is a semi-evergreen shrub, and is 
characterized by a marked pulse of leaf and woody litter production in March, clearly 
contrasting to lower production in other months (Figure 3.10). Flowers are produced at 
the start of the dry season from October to December and fruiting takes place form 
February to June (Figure 3.10). D. angustifolia renews its leaves near the start of the 
rainy season and leaf litter production quickly rises from August to a peak in October and 
November. Fruits are shed in March and April (Figure 3.10). The deciduous shrubs B. 
grandiflorum and S. schimperi, which are common in both Kunale and May Ba’ati are 
characterized by a rise in leaf litter production from the end of the rainy season to a peak 
in November. For S. schimperi, high leaf litter production extends until March (Figure 
3.10). After this peak, these shrubs stay more or less bare until the first rains when their 
canopy is renewed. S. schimperi shows a small peak in reproductive litter production in 
November, while B. grandiflorum produces fruits and flowers more vigorously from 
September to November (Figure 3.10). The introduced tree A. saligna and the indigenous 
A. abyssinica, both important species in the Kunale exclosures, show a similar pattern in 

 117



CHAPTER 3 – Pedological processes 

 118 

reproductive litter production, with flowering starting in November, followed by a peak 
in fruit production in January-February (Figure 3.10). Leaf litter production of the 
evergreen A. saligna starts increasing after the rains have stopped until January and is 
lowest in the wet months of July and August (Figure 3.10). Woody litter production is 
very low the whole year around, which cannot be said for A. abyssinica, which has the 
highest contribution of woody components to total litter of all studied species (Figure 
3.10). A. abyssinica is semi-evergreen, with new leaves appearing starting from the first 
rains. The tree sheds its leaves from November onwards, peaking in March (Figure 3.10), 
just as the other indigenous A. etbaica in May Ba’ati. 
 
All studied species except the Acacia species, have leaf litter contributions to total litter 
production of at least 85 % and varying contributions of woody and reproductive litter 
(Figure 3.10). The introduced species A. saligna has the highest contribution of 
reproductive litter, while the indigenous A. etbaica and A. abyssinica have markedly 
higher woody litter shares (Figure 3.10). 
 
3.2.3.5 Litter nutrient content 
 
The nutrient concentration and specific leaf mass of fresh litter for the major species in 
the study sites is presented in table 3.16. The succulent A. macrocarpa is characterized by 
nutrient concentrations strongly deviating from the concentrations reported for all other 
species. The carbon content of fresh litter is similar for all species and lies around 40 %. 
Other nutrient concentrations vary widely between species. Remarkably higher P 
contents are recorded for R. glutinosa, S. schimperi and Vernonia spp., of which the latter 
two are also characterized by rather high N contents. Concentrations of the cations K, Mg 
and Ca are also variable among the studied species, with higher Ca concentrations in 
calciphile species such as A. etbaica, C. edulis and E. racemosa, growing on calcareous 
soils. C/nutrient ratios, providing insights into immobilization and mineralization of 
nutrients, range between 22 – 70, 600 – 3500 and 11 – 340 for C/N, C/P and C/K 
respectively. Also N/P, ranging from 15 to 96 with an outlying value of 212 for D. 
torrida, can give an indication on decomposition rates of fresh litter. Specific leaf mass 
varies from 41 to 263 g m-2. 
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Figure 3.10: Temporal variation of monthly litter production (g m-2 ± 1 standard error) for selected species for the period September ’04 to August ‘05 
and relative contribution (%) of each litter component to total annual litter production (total litter: -●-; leaf litter: -○- and light grey bar colour; woody 
litter: -▼- and black bar colour; reproductive litter: -∇ - and dark grey bar colour)  
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(1) Grasses include Chloris gayana Kunth., Cymbopogon caesius (Nees) Stapf., Cynodon dactylon (L.) Pers., Pennisetum petiolare (Hochst.) Chiov., Themeda 
triandra Forssk. 
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Table 3.16: Fresh leaf litter nutrient concentrations and specific leaf mass (SLM) of major species in the study sites 
 

 C (%) N (%) P (%) K (%) Mg (%) Ca (%)     
           

Na (%) C/N C/P C/K N/P SLM (g m-2)
 Acacia abyssinica 43.0 1.33 0.035 0.17 0.25 7.88 0.009 32.3 1227 252.4 38.0 82.3

Acacia etbaica 37.9            
            
            
           
           
            
            
            
            
            
            
            
            
            
            
            
            
            
            

1.47 0.016 0.14 0.22 15.67 0.009 25.9 2366 279.5 91.9 117.0
Acacia saligna 41.0 1.25 0.013 0.19 0.50 5.47 0.020 33.0 3198 215.8 96.2 262.9
Acokanthera schimperi  44.0 0.92 0.020 0.30 0.22 6.69 0.011 47.9 2158 145.1 46.0 237.1
Aloe macrocarpa 41.1 0.58 0.001 0.13 0.84 11.06 0.088 70.9 36872

 
324.8 580.0 /

Becium grandiflorum 43.1 0.85 0.020 1.35 0.36 7.06 0.012 51.0 2153 32.0 42.5 170.1
Carissa edulis 43.6 0.84 0.024 0.64 0.34 10.58 0.012 51.9 1840 68.1 35.0 157.2
Dodonea angustifolia 41.3 1.28 0.019 0.12 0.21 5.69 0.007 32.3 2124 340.4 67.4 121.6
Dombeya torrida 42.6 1.27 0.006 1.62 1.04 3.76 0.018 33.5 7220 26.3 211.7 79.4
Eucalyptus camaldulensis 44.8 0.82 0.036 0.21 0.28 6.62 0.034 54.8 1237 218.5 22.8 233.9
Euclea racemosa 44.5 0.84 0.013 0.15 0.28 7.59 0.007 52.9 3473 301.5 64.6 183.7
Ficus thonningii  42.0 1.04 0.030 0.59 0.40 6.89 0.013 40.3 1381 71.1 34.7 220.0
Grasses (1) 44.2 0.59 0.034 0.13 0.09 1.14 0.008 74.6 1282 353.1 17.4 41.1
Grewia ferruginea  44.1 1.15 0.019 1.30 0.56 5.41 0.021 38.4 2289 33.9 60.5 55.5
Maytenus arbutifolia 41.2 0.94 0.029 0.20 0.34 12.15 0.011 43.9 1433 204.7 32.4 145.5
Olea europaea subsp cuspidata 46.0 0.63 0.022 0.70 0.25 4.12 0.013 72.6 2080 66.1 28.6 218.6
Rhus glutinosa 44.7 0.73 0.048 0.40 0.44 5.33 0.013 61.0 927 112.7 15.2 127.9
Rumex nervosus 43.5 1.1 0.015 1.01 0.63 4.46 0.011 39.5 2900 96.7 73.3 165.3
Salvia schimperi 43.4 1.75 0.070 1.23 0.36 3.01 0.011 24.8 622 35.2 25.0 175.1
Vernonia spp (2) 40.6 1.84 0.050 3.62 1.14 3.34 0.010 22.0 811 11.2 36.8 67.3

(2) Vernonia spp. include V. bipontini Vatke and V. amygdalina Del. 
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As litter quality is an important factor explaining decomposition (Vanlauwe et al., 2005), 
the average litter nutrient concentration per land use type might help to explain 
differences in prevailing humus form types and organic matter accumulation (see further, 
paragraph 3.3.). With vegetation restoration species composition changes, which 
probably causes a shift in the average nutrient concentration of the litter produced in the 
studied hillslope sections. Table 3.17 presents the average litter quality for the different 
land use types studied in Kunale and May Ba’ati. From table 3.17 it is clear that in the 
two study sites, most nutrient concentrations of the fresh leaf litter are lower in the 
degraded grazing lands as compared to the exclosure areas. The restoring forest areas in 
May Ba’ati and Kunale show opposite trends with respect to nitrogen content of the leaf 
litter. In Kunale, N content increases where areas are closed, while in May Ba’ati, lower 
N concentrations were recorded in the old exclosure and the church forest as compared to 
the young exclosure. These trends coincide logically with opposite trends in C/N ratio 
and specific leaf mass of the litter. As the latter variable is related to lignin and N content 
(Medina et al., 1990) this could be expected. For P and C/P ratio, a trend of decreasing P 
content in older exclosures is noticed in both study sites. In the church forest of May 
Ba’ati, leaf litter with higher P and lower C/P ratio is produced. 
 
Table 3.17: Nutrient content and specific leaf mass (SLM) of fresh leaf litter produced in different 
land use types in three study sites 

Land use type (1)
C 

(%) 
N 

(%) 
P 

(%) 
K 

(%) 
Mg 
(%) 

Ca 
(%) 

Na 
(%) C/N C/P C/K N/P 

SLM 
(g m-2) 

May  RA 43.6 0.87 0.02 0.16 0.24 7.44 0.01 49.9 2561 273.7 51.2 151.3 
ba'ati XY 42.9 1.20 0.03 0.72 0.36 6.00 0.01 36.1 1548 81.0 42.1 141.5 
 XO 42.4 1.04 0.02 0.60 0.26 6.97 0.01 41.6 1810 95.6 44.4 138.4 
 FO 44.2 0.84 0.03 0.42 0.33 6.92 0.01 52.8 1596 106.6 30.4 180.8 
              
Kunale RA 43.1 0.94 0.02 0.32 0.10 3.28 0.00 45.9 1874 135.9 40.8 130.8 
 XY 43.6 1.08 0.04 0.81 0.26 3.46 0.01 40.4 1147 54.3 28.3 136.0 
 XM 42.1 1.30 0.03 1.36 0.64 4.67 0.01 32.6 1412 32.7 43.3 117.7 
 XO 42.1 1.30 0.02 1.20 0.73 4.61 0.02 32.5 2445 36.8 74.0 127.7 

(1): land use type coding: RA: degraded grazing land; XY: young exclosure; XM: middle-aged exclosure; 
XO: old exclosure; FO: church forest 
 
Vitousek (1982) defines an efficient within-stand nutrient economy as one in which a 
relatively large amount of organic matter is produced per unit of nutrient taken up. Table 
3.18 reports the nutrient use efficiency (NUE) as the ratio of litter dry mass input to 
nutrient element input for each land use type and nutrient studied.  
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Table 3.18: Nutrient use efficiency for each land use type and different nutrients 

Land use type (1) C N P K Mg Ca Na 
May  RA 2.3 114 5867 628 420 13 12615 
Ba’ati XY 2.4 99 4268 224 384 15 10854 
 XO 2.4 93 4862 336 331 13 11247 
 FO 2.3 121 3393 240 299 15 8422 
         
Kunale RA 2.3 106 4348 315 954 30 22246 
 XY 2.3 93 3162 114 329 32 9070 
 XM 2.4 77 3335 76 158 24 8248 
 XO 2.4 77 5719 86 138 22 6563 

(1): land use type coding: RA: degraded grazing land; XY: young exclosure; XM: middle-aged exclosure; 
XO: old exclosure; FO: church forest 
 
3.2.4 Discussion 
 
Because of high inter-annual variation in litter production and strong variability in 
contributions of the different litterfall fractions, Proctor (1983) stresses the importance of 
extending litter production measurements beyond a single year. The validity of this 
concern is also obvious from this study, as it was demonstrated that total annual litter 
production was significantly higher in the first year as compared to the second year. In 
this case, the explanation for this trend is higher rainfall in the first as compared to the 
second year. During the main rainy season (June to September) of 2003, rainfall in 
Kunale and May Ba’ati amounted to 499 and 437 mm respectively, while in the same 
months of 2004 only 390 mm fell in both sites. The difference in total rainfall between 
both years was smaller in May Ba’ati, which could be the reason for the smaller 
differences in total litter production that were recorded here as compared to Kunale 
(Table 3.13). For a dry forest in Puerto Rico, Cintrón and Lugo (1990) detected a direct 
response of litterfall to annual variations in rainfall and also Songwe et al. (1995) stresses 
that the annual rainfall can cause strong interannual variation in litter production. 
 
Martínez-Yrízar (1995) gives an overview of litter production in dry tropical forests. For 
environments with annual rainfall depths similar to our study region, annual leaf litter 
production varies from 250 to 480 g m-2, while total annual litter production amounts to 
290 to 690 g m-2. Only the old exclosure in Kunale and the church forest in May Ba’ati 
have a litter production rate within this range (Table 3.13). The relatively low production 
can be explained by the fact that the land use types under study were degraded areas 
before they became protected as exclosures. Within a time span of 10 – 20 years soil 
fertility increased (refer to paragraph 3.4), but is still relatively low given the degraded 
status with depleted soils from which the exclosures originated. The low production rates 
indicate that the younger exclosures of both sites, and also the old exclosure of May 
Ba’ati are still in an early successional stage, with a vegetation density and soil fertility 
status not yet at the same level of a mature dry forest. The importance of soil fertility for 
litterfall rates in ecosystems within the same climate range is also recognized by Facelli 
and Picket (1991). In this respect, the exponential relation between litter production and 
vegetation cover (Figure 3.7) and the persistent rise in litter production with age of 
closure (Figure 3.6) merit some extra attention. Other authors do not report litter 
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production to persistently rise with forest age. In their study on tropical secondary forests, 
Brown and Lugo (1990) state that leaf litter production reaches a steady state after 12 to 
15 years of recovery. Lawrence (2005) report that litter production increases 
logarithmically with forest age in dry tropical forests in Mexico. Three factors can be 
called upon to explain the particular situation in the study sites in Tigray. First, annual 
rainfall amounts to 2000 – 4200 mm in the study of Brown and Lugo (1990) and to 890 – 
1420 mm in the study of Lawrence (2005), which means that precipitation is much lower 
in our study area. This could imply a slower recovery of the vegetation in our sites, where 
after 20 years vegetation restoration still goes hand in hand with increases both in 
horizontal canopy closure and in vegetation height, leading to a more than linear rise in 
leaf area index and thus annual leaf litter production. Besides this, an altered species 
composition is also known to explain the higher litter production in older successional 
stages (Facelli and Pickett, 1991; Sundarapandian and Swamy, 1999). It should not 
surprise that smaller pioneer species such as e.g. B. grandiflorum and S. schimperi, are 
characterized by clearly lower litterfall rates than larger shrubs and trees such as D. 
torrida and the Acacia species (Table 3.15) which are typical for the older exclosures. 
Thirdly, also the effect of soil fertility seems to be important to explain the rise in litter 
production. With exclosure development a degraded area is restoring, implying also an 
improvement in soil fertility (see further, paragraph 3.4), which favours biomass 
production and thus litter production as well.  
 
The contribution of different litter components to total litter production varies according 
to species composition. However, for dry tropical forests leaf litter contributes typically 
around 70% of the total (Martínez-Yrízar, 1995). Lisanework and Michelsen (1994) 
report leaf litter contributions between 57 and 77 % of total litter production in forests in 
the Ethiopian highlands. In this respect, the share of leaf litter in exclosures and church 
forest in the Tigray highlands is somewhat high, as it ranges from 68 to 86 % of the total 
(Table 3.13). Notwithstanding the possible underestimation of woody litter production 
due to trap size, our results are conform to what Martínez-Yrízar (1995) reports for 
tropical dry forests: woody litter is second in importance followed by reproductive litter. 
 
Considerable seasonality in litterfall was demonstrated for all restoring forest areas under 
study (Figure 3.8 and 3.9). Total and leaf litterfall are characterized by low rates in the 
wet season and high rates in the dry season. This seasonality is common to all dry forests 
because of pronounced seasonal changes in rainfall (Martínez-Yrízar, 1995; Xuluc-
Tolosa et al., 2003). Also other authors (e.g. Lisanework and Michelsen, 1994; Martínez-
Yrízar et al., 1999; Sundarapandian and Swamy, 1999) report strong seasonal trends 
related to rainfall and moisture stress. Leaf abscission takes place as a result of water 
stress (Swift and Anderson, 1989) and because of the inability of the plant to supply 
water to leaves and to prevent dessication and damage to plant structures (Holbrook et al., 
1995). In an environment characterized by a clear-cut dry season with severe water stress 
conditions, drought-deciduous species are expected to occur (Borchert, 1994). Evergreen 
species are more drought tolerant and higher investments in long-lived leathery leaves are 
paid back by the ability of the plant to respond to coincidental opportunities, like 
favourable moisture conditions. In this respect it is logical that in the church forest of 
May Ba’ati the peak in litterfall is not observed immediately following the rainy season 
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like in the other areas, but from January to April (Figure 3.9). The more favourable 
moisture condition in this place due to the forest microclimate and the presence of a well 
certainly plays a role. This explanation is in line with Borchert (1994) stating that site 
dependent differences in soil water availability are principal environmental causes of 
variation in tree phenology. Besides that, there is also a difference in life form of the 
dominant species. The exclosures are dominated by shrubs and small trees, while in the 
church forest, mature trees are present, whose roots reach deeper lying water resources. 
Moreover, the climax species constituting the church forest vegetation typically have 
sclerophyllous leaves with thick cuticula, which are better adapted to withstand water 
stress (Turner, 1994). These advantages concerning water supply and conservation are a 
probable explanation for the delay in leaf-fall recorded in the church forest. The natural 
forest in the central highlands of Ethiopia, described by Lisanework and Michelsen 
(1994) shows a peak in litter production in spring and lowest production in the wet 
summer months, which is comparable to the pattern displayed by the church forest of 
May Ba’ati.  
Patterns in reproductive litter production depend largely on flowering and fruiting of the 
dominant species (Martínez-Yrízar et al., 1999). In the old exclosure of May Ba’ati, this 
is illustrated by the presence of several small peaks (Figure 3.9), for which different 
species are responsible. Also the fact that in the old exclosure of Kunale fruit shedding 
takes place until March, while in the young exclosure this already ends in January (Figure 
3.8) is related to the presence and absence of certain species. In this case A. saligna, 
absent in the young and co-dominant in the old exclosure, is responsible. 
In a similar way the detailed study of nine species (Figure 3.10), which are dominant in 
the studied areas, serves to better understand the temporal and spatial patterns of litter 
production in the different sites. Four of the studied species (B. grandiflorum, S. 
schimperi, D. angustifolia and D. torrida) are drought-deciduous and show a peak in leaf 
litter production after the rainy season (Figure 3.10). This trend in leaf litter production 
was also recorded by Martínez-Yrízar et al. (1999) for drought-deciduous species in 
Sonoran desert communities in Mexico and also Borchert (1994) demonstrated that 
drought sensitive species shed their leaves abruptly during the dry season. Real evergreen 
shrubs like C. edulis and E. racemosa have a more continuous leaf turnover pattern with 
a peak of leaf-fall later on in spring (Figure 3.10), before the main rainy season, which is 
also true for the evergreen shrubs studied by Martínez-Yrízar et al. (1999). Hernandez et 
al. (1992) describe the seasonal pattern of leaf litter production of the evergreen Quercus 
rotundifolia, and state that shedding of leaves coincides with the appearance of new 
leaves, which applies to C. edulis and E. racemosa as well. The abundance of the 
evergreen E. racemosa in the May Ba’ati exclosures can be explained by the high 
drought tolerance of this species, which was demonstrated through the analysis of the 
plant water status (paragraph 4.4). Whether this is achieved through a deep rooting 
system, morphological characteristics of the leaves or physiological adaptations is not 
sure. On the other hand, the three Acacia species that were studied show a distinct 
temporal litterfall pattern (Figure 3.10) with a pronounced peak in leaf litter production in 
January for A. saligna and in March for A. etbaica and A. abyssinica. The fact that the 
indigenous Acacia species shed their leaves later on in the dry season may be attributed 
to their well-developed dehydration tolerance capacity (Kindeya et al., 2005), which is 
typical for evergreen species as compared to drought-deciduous species.  
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As leaf litter constitutes about three quarters of the total litterfall, information about leaf 
litter nutrient contents gives a good approximation of total litter nutrient contents. Leaf 
litter nutrient concentrations vary between species, but generally lie within the commonly 
reported range for fresh litter in similar environments (e.g. van Wesemael, 1993; 
Lisanework and Michelsen, 1994; Jaramillo and Sanford, 1995; Aerts, 1997; Read and 
Lawrence, 2003; Xuluc-Tolosa et al., 2003). However, P content in the litter we studied 
seems to be very low, as a considerable number of the investigated species have a litter P 
content below 0.02 % (Table 3.16), which is the lower limit in most reported ranges. On 
the contrary, the Ca concentration in leaf litter is remarkably high. For most of the 
investigated species, it surpasses the higher limit (4%) of the range reported in literature 
for litter (Table 3.16). For living biomass, shoot Ca ranges between 0.1 and 5 % 
(Marschner, 1995). Notwithstanding the fact that calciphile species might have relatively 
high Ca concentrations, the values in table 3.16 suggest contamination of the litter 
samples with Ca deposits. The latter hypothesis is not unlikely in the highly calcareous 
environment of the study sites. 
C/N ratios for studied species range between 22 and 70 (Table 3.16). With the critical 
value for rapid mineralization between 20 and 30 (Heal et al., 1997), rapid decomposition 
is expected only for the leaf litter of A. etbaica, S. schimperi and Vernonia spp.. For the 
other species with C/N ratios above 30, N immobilization and decomposition retardation 
is awaited (Wittich, 1961). Generally, the studied species are characterized by high C/P 
values, ranging between 600 and 3500 (Table 3.16). These values clearly exceed the 
critical C/P values mentioned in the literature of 200 (Stevenson, 1986), 250 (Wild, 1989) 
and 550 (Van Wesemael, 1993). Also the calculated N/P ratios (15 – 96, with an outlying 
value of 212 for D. torrida, Table 3.16) are rather high in comparison to tropical forests 
elsewhere (Vitousek, 1984) and clearly exceed the value of 10, which is reported to be 
ideal for decomposers by Vogt et al. (1986). For the studied land use types C/nutrient and 
N/P ratios (Table 3.17) are above the critical values reported above, indicating generally 
slow decomposition in the studied areas.  
From the indications on low fresh litter P concentrations, it seems that P is a limiting 
element in the studied ecosystems. This might stem from P limitation in the soil substrate 
(Vitousek, 1984) or from water limitation (Jaramillo and Sanford, 1995; Read and 
Lawrence, 2003) and results in slow decomposition. P limitation in the study sites is not 
surprising as it is widely believed that many dry tropical forests are limited by P (Read 
and Lawrence, 2003) because of adsorption to clay and binding to the soil as calcium 
phosphate (Vitousek 1984; Lugo and Murphy 1986; Campo et al., 2001). Especially for 
the carbonate-rich soils in May Ba’ati (and some soils in Kunale) this is a probable 
explanation.  
Generally, leaves of deciduous species tend to have higher N and P concentrations than 
leaves of evergreen species (Jaramillo and Sanford, 1995). Although not statistically 
significant, this is confirmed by a trend in our data with average P concentration of 0.026 
± 0.011 % and 0.031 ± 0.020 % and average N concentration of 0.89 ± 0.18 % and 1.36 ± 
0.30 % for evergreen and deciduous species respectively. Lower nutrient concentrations 
in evergreen species coincide with higher specific leaf mass (199 ± 47 g m-2 against 104 
± 44 g m-2) indicating that evergreen species often bear more though and leathery leaves 
and tend to be more sclerophyllous. This morphological adaptation is reported to serve a 
protective function (Turner, 1994), which is related to water stress tolerance in this case.  
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Except for P, the grass litter shows markedly low nutrient concentrations and high 
C/nutrient ratios, which would suggest slow decomposition rates and high organic matter 
accumulation. In reality however, grassy areas are characterized by low organic matter 
accumulation. This contradiction can be explained by the fact that the collected grass 
litter was probably not fresh anymore and the easily degradable substances were already 
removed, leaving behind a litter composed of less degradable substances (such as lignins) 
with an increased C/N value. Contrary to what is suggested by the nutrient content of the 
litter, measured specific leaf mass of grasses is low, which is in accordance with the 
characteristically low litter accumulation.  
With respect to the average leaf litter nutrient concentration of the studied land use types, 
degraded grazing lands are characterized by leaf litter of low quality. This is explained by 
the low fertility of the degraded soils in the grazing lands, as it is widely recognized in 
the literature that leaf litter quality is positively related to the soil nutrient status 
(Vitousek and Sanford, 1986; Medina et al., 1990). As exclosures get older, varying 
trends in leaf litter nutrient content are noticed for the different study sites and chemical 
elements (Table 3.17). One explanation is increased soil fertility (see paragraph 3.4) 
leading to better litter quality. On the other hand, also changing species composition 
influences the average nutrient content of the litter produced in successional forest stages 
(Toky and Ramakrishnan, 1983; Lawrence and Foster, 2002; Xuluc-Tolosa et al., 2003). 
Young exclosures contain many pioneer species with high litter nutrient content, such as 
Vernonia spp., B. grandiflorum, S. schimperi (Table 3.14 and 3.16). In older exclosures 
other shrubs and trees gain importance, which are often characterized by evergreen and 
sclerophyllous leaves, containing less nutrients. Examples of these species are E. 
racemosa, C. edulis and A. schimperi. The statement of Vitousek (1984) that early 
successional stages are characterized by higher litter nutrient concentrations does not 
apply to all elements and both sites we analyzed (Table 3.17). This contradiction is 
attributed to the fact that young exclosures are often very poor in soil nutrients, as the 
rehabilitation process started only recently.  
 
Nutrient use efficiencies (NUE) (table 3.18) are in fact the reciprocal of nutrient 
concentrations (Table 3.17), so that differences between land use types in NUE come 
down to differences in concentrations. However, table 3.18 does contribute some extra 
information as it allows to compare the NUEs in the studied ecosystems with values 
reported elsewhere and to identify possibly limiting factors for biomass production and 
decomposition. Vitousek (1984) analyzed litterfall and litter nutrient data of 62 tropical 
forests. Relative to these ecosystems, our study sites show low N circulation, ranging 
from 3 to 40 kg ha-1 per year, which is similar to the values reported for dry savannas. 
Low levels of N circulation can be attributed to water limitation for primary production 
(Bernhard-Reversat, 1982). Compared to the dry savannas however, the N use efficiency 
is somewhat higher with values between 80 and 120. Concerning P, the exclosures under 
study show very low circulation (0.05 - 0.7 kg ha-1 per year), which is less than the lowest 
value reported by Vitousek (1984). Only in the church forest in May Ba’ati, P circulation 
above 1 kg ha-1 per year is recorded (1.5 kg ha-1 per year). P use efficiencies (2750 – 
6000) are in the higher range of the values reported by Vitousek (1984). Both low 
circulation and high nutrient use efficiency for P indicate strong P limitation, which is 
probably caused by P binding in the soil. For a Juniperus procera and a natural forest in 
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the Ethiopian highlands, Lisanework and Michelsen (1994) report N use efficiencies of 
108 and 86 respectively, which are in the range of values we obtained. For plantations of 
exotics (Eucalyptus globulus and Cupressus lusitanica) N use efficiencies were markedly 
higher (275 and 221 respectively, Lisanwork and Michelsen, 1994). Also for P use, the 
plantations seemed to be more efficient than the natural forest in their study. The high 
values for NUE of P we found are comparable to the values for the plantations (3318 – 
5026, Lisanework and Michelsen, 1994). For the same forests and plantations, Michelsen 
et al. (1993) report low available P values (0.0003 – 0.0017 %) in the upper 40 cm of the 
soil, comparable to soil available P contents we found (0.0011 – 0.0019 %; see table 3.29 
and 3.30). This supports the hypothesis that efficient P cycles and low P circulation in our 
sites are probably caused by low P availability in the soil. In their study on litter nutrient 
dynamics in dry tropical forests of the Yucatan, Read and Lawrence (2003) report a NUE 
for N of 70 – 130, which is very similar to our results. The NUE for P in forests they 
studied is more variable, ranging from 900 to 4000, with higher NUEs for the drier sites, 
corresponding more or less to the NUE for P in our sites. Based on their results, Read and 
Lawrence (2003) suggest a rainfall threshold around 1200 mm per year, below which P 
limitation is continuous. In this respect, the markedly low P concentrations and high NUE 
for P in our study sites could be partly explained by the relatively low annual rainfall. 
Conform to what Jaramillo and Sanford (1995) report for three dry tropical forests, P use 
efficiency in our sites is highest among all NUEs, which suggests that P plays an 
important role in the studied ecosystems. 
 
3.2.5 Conclusions 
 
Annual litter production in exclosures in the Tigray highlands is relatively low (100 – 320 
g m-2 y-1) compared to productions reached in dry tropical forests reported elsewhere 
(290 – 690 g m-2 y-1). This low productivity is mainly explained by the fact that these 
restoring forest areas originated in very degraded areas with low soil fertility and are still 
in an early successional stage. Litter production significantly rises after exclosure 
establishment and this increase continues with further vegetation restoration. The 
persistent rise in litter production with age of the exclosure is attributed firstly to a 
relatively slow recovery due to low annual rainfall. Secondly, also changing species 
composition and improving soil fertility induce higher litter production rates with 
exclosure development. Litterfall in the studied areas is characterized by strong 
seasonality, which is typical for forests in dry climates and attributed to rainfall patterns 
and species composition.  
Three litter production patterns were revealed for a set of nine dominant species. 
Drought-deciduous species shed their leaves immediately after the rainy season, while 
evergreen species have a continuous turnover with a peak before the rainy season. Acacia 
species on the other hand have a pronounced peak of leaf-fall in the middle of the dry 
season. These phenological types can be related to species-specific drought stress 
adaptation and tolerance and site-specific moisture availability.  
Nutrient content of fresh leaf litter varies substantially among species and land use types, 
but the high C/nutrient ratios suggest relatively slow decomposition. Low P 
concentrations and markedly high P use efficiency indicate that P is a limiting factor in 
the studied ecosystems. 
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3.3 Humus forms and humus formation in exclosures1 
 
3.3.1 Introduction 
 
Under influence of the restoring vegetation, humus forms, defined by Green et al. (1993) 
as the group of organic and organic-enriched mineral horizons at the soil surface, are 
developing in exclosures as a result of litter input and decomposition processes (Klinka et 
al., 1981). Nutrient cycling and soil formation are governed by these processes (Swift and 
Anderson, 1989; Aerts, 1997) and the resulting humus forms can be considered as a 
reflection of plant – soil interactions (Kindel and Garay, 2002). As such, humus forms are 
indicators of organic matter quality, soil biological activity, and nutrient supply (Broll et 
al., 2006). Humus formation is influenced by various factors such as climate 
(Meentemeyer, 1978; Aerts, 1997; Ponge et al., 1998; Read and Lawrence, 2003), 
topography (Gallardo, 1995; Ettema and Wardle, 2002), parent material (Ponge and 
Ferdy, 1997; Kindel and Garay, 2002), forest age and forest density (Gallardo, 1995), 
chemical composition of the litter (Swift et al., 1979; Anderson and Swift, 1983; Muys et 
al., 1992; Aerts, 1997; Berg, 2000; Kindel and Garay, 2002; Loranger et al., 2003), soil 
chemical and physical characteristics (Muys et al., 1992; Kindel and Garay, 2002) and 
soil organisms (Muys et al., 1992; Aerts, 1997; Peltier et al., 2001; Loranger et al., 2003). 
Therefore, the prevailing humus forms and their macromorphological manifestations, 
which are assumed to be indicative for chemical and functional properties (Babel, 1975; 
Green et al., 1993), can reveal important ecosystem functions. Humus layers are formed 
during the development of certain kinds of vegetation, but will in turn influence the 
subsequent course of forest dynamics (Ponge et al., 1998). Also for the case of 
exclosures, prevailing humus forms provide valuable information about how forest 
restoration and soil formation is proceeding. 
 
The first humus form descriptions are accredited to Müller (1878, 1887). Since this study, 
revisions, new names and new systems have appeared at various time intervals. 
Noteworthy for the European humus classification systems is the one by Kubiëna (1953) 
who described many humus forms over a range of ecosystems and derived criteria based 
on morphological characteristics. Later on, the studies of Duchaufour (1956) and Babel 
(1971, 1975) provided more insights into chemical and micromorphological aspects. The 
system of Delecour (1980) claimed to be applicable to most humus forms of Western 
Europe. More recent systems for classifying European humus forms were developed 
country-wise, like the French proposal (Brêthes et al., 1995, 1998), the systems in Austria 
(Nestroy et al., 2000), Italy (Zanella et al., 2001), the Netherlands (Delft 2004) and 
Germany (Ad-hoc-AG Boden, 2005). Currently, efforts are being undertaken to come up 
with a unified European classification system of terrestrial humus forms (Jabiol et al., 
2004). Simultaneously, modifications of the FAO topsoil classification (FAO, 1998) are 
proposed (Broll et al., 2006), incorporating characteristics of humus forms in order to 
yield a universal classification system of topsoils in the future.  
                                                 
1 Based on: Descheemaeker, K., Muys, B., Nyssen, J., Sauwens, W., Mitiku Haile, Poesen, J., Raes, D., 
Deckers, J. Humus forms of exclosures in the highlands of Tigray, Northern Ethiopia. Submitted to 
Geoderma  
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Wilde (1954, 1971) argued for the need of another classification system applicable to the 
North American situation. Canadian researchers developed a detailed taxonomic system 
(Klinka et al., 1981; Green et al., 1993), which has since then been used in a variety of 
forest ecosystems. 
From the above, it is clear that the definition and classification of humus forms and its 
constituting horizons originated in the temperate regions. However, in various studies 
these systems have been applied to (sub)tropical and (semi-)arid regions and in particular 
the systems of Brêthes et al. (1995) and Green et al. (1993) are frequently used in an 
international context (Jabiol et al., 2004). Loranger et al. (2003) found two humus form 
types in secondary semi-evergreen tropical forests in Guadeloupe, which were assigned 
to humus form types proposed and described by Brêthes et al. (1995). To nominate 
humus forms typical for the Atlantic Forest in Brazil, Kindel and Garay (2002) used the 
French system with some modifications to account for features of tropical forest soils. 
For humus forms in Mediterranean-type forests in Tuscany, van Wesemael and Veer 
(1992) used the classification system of Klinka et al. (1981). Sevink et al (1998) applied 
the system of Green et al. (1993) to describe and classify humus forms present in 
Mediterranean mountain areas. Sadaka and Ponge (2003) classified the humus profile in 
holm oak forests in Morocco as a Dysmull, according to Brêthes et al. (1995) and also for 
humus forms in Mediterranean scrublands with Aleppo Pine, the French system was 
adopted (Peltier et al., 2001). Duivenvoorden and Lips (1995) however, encountered 
great difficulties to fit the humus form types they distinguished in the Colombian 
Amazonia into temperate humus form classifications like the ones by Wilde (1971) and 
Green et al. (1993). 
Because litter production, decomposition and soil and humus forming processes may 
differ markedly between tropical and temperate ecosystems, the application of the 
existing humus form classifications in the tropics is hazardous (Duivenvoorden and Lips, 
1995). More specifically, it remains uncertain whether the temperate humus classification 
systems and the ecosystem processes they are based upon are also valid for the early 
successional stages of dry tropical forests, which are found in the exclosures of Tigray.  
 
The general objective of this study is therefore to identify humus forms in exclosures of 
the Tigray highlands and to gain understanding of the key ecosystem processes leading to 
their formation. More specific objectives are (1) to describe the present humus forms and 
propose a typology based on morphological characteristics, (2) to evaluate two existing 
humus classification systems (the ones of Green et al., 1993 and Brêthes et al., 1995) on 
their ability to classify the humus form types present, (3) to compare prevailing humus 
forms, organic matter accumulation and nutrient stocks between different forest 
restoration stages and (4) to reveal the role of physical environment, soil, vegetation and 
litter quality on humus formation in the studied tropical semiarid highland vegetation. 
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3.3.2 Methodology 
 
3.3.2.1 Study sites  
 
The humus characterization study was performed in a selection of hillslope sections in the 
study areas May Ba’ati and Kunale comprising different land use types: degraded grazing 
lands, exclosures of different ages and church forest (Figure 2.4).  
 
3.3.2.2 Sampling strategy 
 
Within the demarcated landscape units (refer to Figure 2.8 and Table 2.1), variability in 
humus forms was still expected because of the presence of different species, vegetation 
patches and litter soil cover. To account for this variability, transects were laid out every 
25 meter perpendicular to the contour in the hillslope sections. A section of a transect 
characterized by an internally homogeneous combination of shrub and tree species and 
litter soil cover was called a microsite. Similar microsites were grouped and the 
importance of each microsite group within the landscape unit was calculated based on its 
area coverage. For each microsite group that covered at least 2 % of the landscape unit 
area, one microsite was randomly selected and subsequently described and sampled in the 
field. In total, 135 microsites were described and sampled. 
 
3.3.2.3 Morphological description of humus forms 
 
In each selected microsite, a trench of one meter length was dug until a depth that reached 
at least below the Ah horizon. Ectorganic horizons and Ah horizon were described, 
thereby averaging their variability along the trench.  
Ectorganic layers, containing plant remains in successive decay stages, are generally 
defined by an organic carbon content of more than 17% (Green et al., 1993). The 
following ectorganic layers were distinguished based on the nomenclature used by 
Brêthes et al. (1995), for which the main layers do not differ markedly from the system 
by Green et al. (1993): 
 

− OLn: fresh plant remains, not yet or poorly transformed. 
− OLv: plant remains, poorly fragmented, discoloured, compressed, comprising less 

than 10 % dark, humified, fine organic matter.  
 Where appropriate, the OLv layer is further split up into: 

• OLv1: plant species can still be identified; 
• OLv2: very small pieces of leaves and branches, of which the species 

cannot be identified any longer. 
− OF: plant remains, fragmented, but still recognizable, mixed with aggregates of 

fine organic matter, which constitute between 10 and 70% of the total. 
− OH: strongly fragmented plant remains, mixed with more than 70% fine organic 

matter, predominantly consisting of animal faecal pellets and a few mineral 
grains. 
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The Ah horizon is a hemi-organic or organo-mineral horizon (Brêthes et al., 1995), which 
is generally included in humus form descriptions. It contains less than 17% organic C by 
weight and has a darker colour than the underlying horizons (Green et al., 1993).  
Various authors describe a transitional horizon between the ectorganic layers and the Ah 
horizon. Green et al. (1993) mention the Ah,i, which is an intermixed layer with 17 – 35 % 
organic C. Delecour (1980) describes the transitional OA horizon and Kindel and Garay 
(2002) apply the interface horizon Ai as a transitional horizon typical for tropical forests 
soils. In the studied exclosures two types of transitional horizons were observed and 
defined: 
 

− Hemifibric horizon (OAh-plant): mixed layer of fragmented plant remains, of 
which the species cannot be identified any longer, fine organic matter (less than 
10%) and mineral soil particles 

− Hemiterric horizon (OAh-mineral): mixed layer of fine organic matter consisting 
of animal faecal pellets and mineral soil particles.  

 
In the first column of table 3.19 a list of all morphological variables used to describe the 
humus form is provided. 
 
Table 3.19: Overview of humus form descriptors 

Morphological variables (code) 

Fresh litter 
(chemical) 
variables (1)

Ah chemical 
variables (1)

Landscape unit 
environmental variables 
(code) 

Litter soil cover (cover) 
Thickness OLn (d-oln) 
Continuity OLn (cont-oln) 
Thickness OLv1 (d-olv1) 
Thickness OLv2 (d-olv2) 
Thickness total OLv (d-olvtot) 
Continuity OLv (cont-olv) 
Presence of OF (OF) 
Thickness OF (d-OF) 
Presence of OH (OH) 
Presence of Hemiterric horizon 

(OAh-min) 
Presence of Hemifibric horizon 

(OAh-plant) 
Thickness Ah (d-Ah) 
Presence of fungal mycelia (fungi) 
Presence of deposited sediment 

(sed) 
Presence of crumby structure in Ah 

(crumb) 
Standing crop of litter (stcrop) 
Percentage woody material (wood) 
Presence of root mat (root) 

Mg (10-6 g/g) 
Na (10-6 g/g) 
Ca (10-6 g/g) 
K (10-6 g/g) 
org C (mass%) 
CaCO3 (%) 
Total P (%) 
Total N (%) 
C/N 
C/K 
C/P 
SLM (g m-2) 

exch Mg  
(10-6 g/g soil) 

exch Na  
(10-6 g/g soil) 

exch Ca  
(10-6 g/g soil) 

exch K  
(10-6 g/g soil) 

org C (mass %) 
CaCO3 (%) 
av P (%) 
Total N (%) 
C/N 
C/K 
C/P 
pH-H20 
pH-KCl 

Age (age) 
Vegetation cover (veg) 
Slope gradient (grad) 
Slope aspect (asp) 
Clay content (clay) 
Silt content (silt) 
Sand (sand) 
Bulk density (bd) 
Available water capacity 

(awc) 
Dry season soil water 

content (dry)  
Transition season soil 

water content (tran) 
Wet season soil water 

content (wet) 
Litter production (prod) 
Litter decomposition 

(deco) 

(1): org: organic, exch: exchangeable, av: available, SLM: specific leaf mass 
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3.3.2.4 Humus form typology 
 
The typology of humus forms found in the study sites was based on macromorphological 
characteristics of the ectorganic layers and the Ah horizon in a big number of sampling 
sites. A Principal Component Analysis (PCA), using Canoco for Windows (Ter Braak 
and Smilauer, 1998), was conducted on the dataset made up of 19 morphological 
variables (column 1, table 3.19) recorded for 135 microsites. PCA reduces the 
dimensionality of a dataset and identifies underlying components, explaining most of the 
variability in the data. Subsequent clustering of all microsites based on their scores on the 
PCA axes enabled to identify objectively distinguished groups of humus forms, further 
called humus form types. The clustering was carried out with the method of Ward using 
an Euclidean distance measure. 
 
3.3.2.5 Standing crop of litter and decomposition  
 
A metal frame of 0.25 m x 0.25 m was used to sample ectorganic layers in each studied 
microsite. Every layer enclosed by the frame was collected separately and sorted 
according to litter components (leaf litter, woody debris, and reproductive litter). After 
drying until constant weight at 65°C, each component was weighed. Total weight of all 
ectorganic layers, further called standing crop of litter (in g m-2) and percentage of woody 
litter were determined for every sampled microsite. The standing crop of litter averaged 
over all microsites containing a certain humus form type, gave an indication on the 
organic matter accumulation that can be expected in the humus form type considered. 
Based on the relative importance of the microsites in each landscape unit, the standing 
crop of litter for the latter was also calculated. Further upscaling to standing crop of litter 
for the land use types was done based on the area contributions of landscape units to their 
respective hillslope sections.  
As a result of seasonal differences in litter production and decomposition the standing 
crop of litter varies substantially throughout the year. Given that the sampling was 
performed in September 2004, before the biggest peak in litter production and after a 
period of high decomposer activity in the rainy season, the minimum standing crop of 
litter was recorded.  
 
Taking into account the annual litter production derived from litter trap data (paragraph 
3.2), the average decomposition for each landscape unit was calculated using the 
coefficient of Jenny (K) (Jenny et al., 1949):  

)( LA
AK
+

=           (3.2) 

where    
 
A annual litter production (g m-2) 
L  standing crop of litter (g m-2) 
 
Also for the Jenny coefficients, upscaling to the land use types was done based on the 
area contributions of landscape units to their respective hillslope sections.  
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3.3.2.6 Nutrient content of ectorganic layers and Ah 
 
The methods for the determination of fresh litter nutrient content are explained in 
paragraph 3.2. For the OLv layer the same approach was followed: the litter enclosed by 
the 0.25 m x 0.25 m frame was collected from the ground, separated from mineral 
particles and sorted according to species. Litter from the same species and collected over 
all microsites was pooled. After grinding the pooled species litter, chemical analyses 
were conducted. The nutrient content of the OLn and OLv layers in each microsite was 
calculated based on the species contribution to the total standing crop of litter in the OLn 
and OLv layers and on the species-specific nutrient content. OF and OH layers were only 
found in a limited number (8 and 2 respectively) of microsites. Each OF and OH layer 
encountered was sampled within the 0.25 m x 0.25 m frame, grinded and analyzed in the 
laboratory. The Ah horizon was sampled in all 135 microsites. However, chemical 
analyses were performed only on a subset of these samples. This subset was determined 
after typifying the humus forms, so that for each humus form type at least 40 % of the 
microsites was covered, resulting in the analysis 62 Ah samples (31 samples for each 
study site).  
For the identified humus form types, the average nutrient content of each humus layer 
was determined based on the nutrient contents of all microsites containing a humus form 
of this type.  
 
Chemical analyses to determine the nutrient content of the OLv layer were identical to 
the ones described for the fresh litter (paragraph 3.2). To ascertain the organic C content 
of the OF, OH, transitional horizons and Ah horizons the loss on ignition (LOI) method 
(Van Reeuwijk, 2002) was combined with the dry combustion method (Tiessen and Moir, 
1993a) using a VARIO MAX total element analyzer (Elementar, Hanau, Germany). In 
the latter method carbon contained in CaCO3 was subtracted from the total carbon content 
obtained. For a subset of samples organic C was determined using both methods and a 
regression function relating the results was developed. Using this regression function it 
was possible to correct the LOI values obtained for all samples so that errors related to 
the clay content of the soil particles were taken into account. For the other elements, 
concentrations in the ectorganic layers and transitional horizons were determined using 
the same methods as for the fresh litter (see paragraph 3.2).  
Soil analyses on the samples of the Ah horizon comprised soil acidity, determined using a 
pH-meter in 1:2.5 soil/water and soil/KCl solution ratio (Hendershot et al., 1993), CaCO3 
content, determined through a reaction with HCl and titration with NaOH (Allison and 
Moodie, 1965) and total N, by the Kjeldahl method (McGill and Figueiredo, 1993). 
Available P was determined by first extracting P with sodium bicarbonate (Olson et al., 
1954). During extraction, activated charcoal was added to eliminate the interference from 
organic matter (Tiessen and Moir, 1993b). After filtration, ammonium molybdate and 
ascorbic acid as a reducing agent were added. The blue phospho-molybdate complex was 
measured by a spectrophotometer reading out absorbance values (Schoenau and 
Karamanos, 1993). After extraction with ammonium lactate, concentrations of 
exchangeable cations (Mg, Na, Ca, K) were determined by atomic absorption/emission 
spectrometry (Anderson and Ingram, 1993). 
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3.3.2.7 Nutrient stocks in humus layers 
 
Nutrient stocks, defined as the mass of nutrients per m2 contained in the ectorganic and 
transitional OAh layers, were determined per layer and per humus form type by 
multiplying the nutrient content by the average standing crop of litter. Nutrient stocks 
were also estimated for all landscape units based on the nutrient stocks of the microsites 
and their relative importance in the landscape unit. An assessment of the nutrient stocks 
present in the humus layers of the different land use types was done based on the area 
contributions of landscape units to their respective hillslope sections. 
 
3.3.2.8 Humus form classification  
 
Each humus form described in a microsite was accommodated in one of the humus types 
defined by Green et al. (1993) and Brêthes et al. (1995) respectively. This was done by 
following the keys for classification proposed by both systems. After that, the similarity 
between the existing classification systems and our typology based on morphological 
descriptions and cluster analysis was checked. 
 
3.3.2.9 Identification of humus formation actors 
 
Humus formation in the study sites is believed to be influenced by litter quality, soil 
nutrient content and environmental aspects, which may vary according to the landscape 
unit. For each landscape unit several environmental variables (column 4, Table 3.19) 
were recorded, including topographic, soil and vegetation related variables. Also the litter 
production and the decomposition coefficient (Jenny K) estimated per landscape unit 
were included as well as indications on soil water conditions in the dry, wet and transition 
season.  
To investigate the relations between humus formation and all explanatory variables 
recorded (fresh litter chemistry, Ah chemistry and environmental variables, columns 2-4, 
Table 3.19) the correlations of the latter with the 4 axes of the morphological PCA were 
calculated. As the chemical variables referring to fresh litter and Ah are numerous and 
partly intercorrelated the information in each of these variable groups was condensed by 
replacing them with the first four principal axes of two respective sub-PCAs. These sub-
PCAs were conducted on the chemical datasets for the fresh litter and the Ah 
respectively.  
Microsites with dominant grass vegetation were discarded from this analysis considering 
the concern over the fresh litter chemical quality of grasses, raised earlier (paragraph 3.2). 
It is believed that incorrect chemical data for grasses might bias the analysis to identify 
humus formation actors. Nonetheless, it is clear that in our study sites, grasses give rise to 
shallow humus profiles and very limited organic matter accumulation. In this analysis the 
focus is therefore on shrub and tree species only. 
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3.3.3 Results 
 
3.3.3.1 Humus form typology 
 
The ordination resulting from the PCA conducted on the data matrix composed of 135 
sampled microsites and 19 morphological variables (further called morphological PCA) 
is shown in figure 3.11. The first 4 axes explain together 56 % of the variation in the data. 
Table 3.20 gives an overview of the correlations and their significance between the 4 axes 
and the variables. Clustering based on the sample scores on the four axes for each humus 
form resulted in the separation of 6 groups of humus forms, further called humus form 
types, each located at a distinct position in the plane of the first two axes and/or the third 
and the fourth axis (Figure 3.11). The first axis of the PCA is clearly a humus 
accumulation axis as variables such as standing crop of litter, litter soil cover, continuity 
of both OLn and OLv and thickness of all ectorganic horizons are highly correlated with 
it (Table 3.20). The second axis opposes thickness of OF and presence of OF and OH on 
its positive side against the presence of a Hemifibric horizon on its negative side (Table 
3.20). Axis 3 is formed by thickness and continuity of the OLn layer as well as soil-
related variables such as thickness of Ah, presence of incoming sediment and a crumby 
structure in the Ah (Table 3.20). The 4th axis separates the presence of a Hemiterric 
horizon and fungal mycelia (+) from the presence of a Hemifibric horizon (-) (Table 
3.20).  
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Figure 3.11: Ordination of humus forms in the plain of Axis 1 and 2 (left) and Axis 3 and 4 (right) of 
the PCA on the morphological data. (humus form type 1: white circles; humus form type 2: grey 
squares; humus form type 3: white diamonds; humus form type 4: grey circles; humus form type 5: 
black circles; humus form type 6: black diamonds) 
 
Figure 3.12 and 3.13 give a schematic overview of typical humus form profiles for the 6 
humus form types and an identification key based on diagnostic properties applicable to 
the humus forms found in our study sites. The first separation is formed by humus forms 
with a discontinuous OLn layer (type 1 and 2). In a second step, humus form type 6 
separates from the other humus form types with a continuous OLn layer, as only in this 
group, an OF layer is present. Within this type, humus forms both with and without OH 
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layer are represented. The humus form type 3 is characterized by a continuous OLn layer, 
and an often discontinuous, thin OLv layer. In this humus form type a rather tick and 
crumby Ah layer, and inflow of sediment is common. Continuous OLn and OLv layers 
are typical for both type 4 and 5, but type 4 is distinguished from type 5 by the presence 
of a Hemiterric horizon. Within type 5, humus forms both with and without Hemifibric 
horizon are classified.  
 

Table 3.20: Percentage of the variability explained by the four axes of the PCA on the morphological 
data and correlations with morphological variables  

 Axis 1 Axis 2 Axis 3 Axis 4 
Percentage of the variability explained 0.29 0.11 0.09 0.07 
 
Morphological variables (a) Correlation between variables and axes 
cover +0.78** - 0.17* - 0.09 +0.03 
d-oln +0.55** - 0.07 - 0.47** +0.08 
cont-oln  +0.67** - 0.02 - 0.49** +0.11 
d-olv1 +0.70** - 0.34** +0.09 - 0.20* 
d-olv2    +0.64** - 0.25** +0.24** - 0.09 
d-olvtot  +0.83** - 0.39** +0.17* - 0.19* 
cont-olv   +0.71** - 0.31** +0.28** - 0.02 
OF         +0.61** +0.64** +0.09 +0.01 
d-OF       +0.61** +0.58** +0.12 +0.04 
OH         +0.45** +0.59** +0.20* - 0.14 
OAh-min    +0.42** - 0.02 +0.08 +0.63** 
OAh-plant    +0.18** - 0.43** +0.07 - 0.40** 
d-Ah +0.20* +0.00 - 0.61** +0.07 
fungi     +0.52** - 0.08 +0.03 +0.51** 
sed        +0.09 - 0.10 - 0.46** - 0.08 
crumb     +0.15 +0.17* - 0.47** - 0.53** 
stcrop +0.73** +0.40** +0.08 - 0.20* 
wood - 0.13 +0.40** +0.07 - 0.19* 
root +0.02 - 0.14 +0.37** - 0.16 

(a) : cover: litter soil cover; d-oln: thickness OLn; cont-oln: continuity OLn; d-olv1: thickness OLv1; d-olv2: 
thickness OLv2; d-olvtot: thickness total OLv; cont-olv: continuity OLv; OF: presence of OF; d-OF: 
thickness OF; OH: presence of OH; OAh-min: presence of Hemiterric horizon; OAh-plant: presence of 
Hemifibric horizon; d-Ah: thickness Ah; fungi: presence of fungal mycelia; sed: presence of deposited 
sediment; crumb: presence of crumby structure in Ah; stcrop: standing crop of litter; wood: percentage 
woody material; root: presence of root mat  
**: significant at the 0.01 level (2-tailed) 
*: significant at the 0.05 level (2-tailed) 
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Figure 3.12: Typical humus form types (with indication of the ectorganic layers and their thickness in cm) of exclosures in the Tigray highlands and 
identification key with diagnostic properties 
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Figure 3.13: Exemplary humus profiles of 6 humus form types identified in exclosures in the Tigray highlands, and identification key with diagnostic 
properties 
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3.3.3.2 Morphological and chemical characteristics of humus form types in exclosures 
 
For each humus form type identified through clustering on the PCA results, average 
morphological characteristics were calculated (Table 3.21). Concerning litter cover and 
standing crop of litter, the results in table 3.21 indicate an upward trend from type 1 to 
type 6. This coincides with increasing thicknesses of the OLn and OLv layers, and an 
increasing incidence of continuous layers. Other remarkable morphological features are 
the presence of fungal mycelia in humus form type 4 and the fact that woody plant 
material constitutes half of the organic matter accumulated in the ectorganic layers of 
humus form type 6.  
 
As already inferred from table 3.21, standing crop of litter accumulates progressively 
from type 1 to type 6. This is further clarified in figure 3.14, differentiating the organic 
matter and organic C stock between the subsequent ectorganic layers and transitional 
horizons. Standing crop of litter and organic carbon stock increase in each ectorganic 
layer from type 1 to 6, although increases in the OLn layer are less pronounced than in 
the OLv layer, as the former is a rather thin layer in each humus form type. The 
transitional OAh layers are characterized by high masses, but as they are mixed with 
mineral particles this can not by fully attributed to organic material. Due to the presence 
of OF and OH layers, the average organic matter stock is much higher in type 6 as 
compared to the other humus form types. The average organic matter stock in the OH 
layer is rather limited as it is only present in 2 out of the 8 humus forms constituting 
humus form type 6. 
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Figure 3.14: Average mass and organic C stock of ectorganic layers and transitional horizons of the 6 
humus form types  
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Table 3.21: Average values for morphological variables(a) for the 6 humus forms  
 
Humus 
form 
type(b)

cover 
 

(%) 

d-
oln 

(cm) 

cont 
oln 

 

d-
olv1 
(cm) 

d-
olv2 
(cm) 

d-
olvtot 
(cm) 

cont 
olv 

OF      d-
OF 

(cm) 

OH OAh-
min 

OAh-
plant 

d-
Ah 

(cm) 

fungi sed crumb stcrop
 

(g m-2)

wood 
 

(%) 

root 

1 32.1 0.5                0.1 0.5 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 3.4 0.0 0.0 0.0 182.4 34.1 0.0
2                   

                   
                   
                   
                   

38.3 0.7 0.1 0.7 0.0 0.7 0.1 0.0 0.0 0.0 0.0 0.1 5.7 0.0 0.2 0.7 305.6 37.2 0.1
3 51.2 1.6 0.9 0.8 0.0 0.8 0.1 0.0 0.0 0.0 0.0 0.0 11.8 0.0 0.7 0.9 614.4 33.5 0.0
4 85.5 1.3 0.7 1.2 0.3 1.5 0.4 0.1 0.2 0.0 0.9 0.0 7.0 0.6 0.1 0.8 998.4 22.7 0.0
5 81.2 1.1 0.6 2.1 0.9 3.0 0.8 0.0 0.0 0.0 0.1 0.6 5.1 0.2 0.2 0.9 1208.0 18.7 1.0
6 91.4 1.5 1.0 1.8 0.7 2.5 0.4 1.0 2.6 0.3 0.3 0.0 6.1 0.3 0.1 0.9 3961.6 51.3 0.0

(a) : cover: litter soil cover; d-oln: thickness OLn; cont-oln: continuity OLn; d-olv1: thickness OLv1; d-olv2: thickness OLv2; d-olvtot: thickness total OLv; cont-
olv: continuity OLv; OF: presence of OF; d-OF: thickness OF; OH: presence of OH; OAh-min: presence of Hemiterric horizon; OAh-plant: presence of 
Hemifibric horizon; d-Ah: thickness Ah; fungi: presence of fungal mycelia; sed: presence of deposited sediment; crumb: presence of crumby structure in Ah; 
stcrop: standing crop of litter; wood: percentage woody material; root: presence of root mat 
(b): refer to figure 3.11 to locate each humus group in the plane of the axes of the PCA on the morphological data 
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Chemical characteristics of the humus form types are summarized in figure 3.15, which 
presents the nutrient content and carbon/nutrient ratios in each ectorganic layer, the 
transitional horizons OAh-min and OAh-plant and the Ah. Nutrient contents in the humus 
layers vary between humus types, but also between humus layers. The latter variation 
gives an indication on nutrient immobilization or release upon decomposition, because 
subsequent ectorganic layers represent subsequent stages of decomposition. Most nutrient 
concentrations, except for the rapidly leached K, show an upward trend from the upper 
OLn layer with fresh litter to the deeper litter layers with further decomposed material. 
The nutrient content in the OAh layers does not follow this trend, because these layers are 
intermixed with mineral particles, containing less nutrients. Also the OF and OH layer of 
humus form type 6 may be contaminated with mineral particles although they seem to 
behave more or less according to the trends with clearly increasing N content. For P 
content however, a strong decline is noticed in the OF and OH layer as compared to the 
layers above. The C/N ratio clearly decreases from the upper to the lower humus layers, 
which is also noticeable for the C/P ratio although restricted to the OLn and OLv layer. In 
the OF and OH layers, the C/P ratio increases again. For C/K, trends are more variable, 
but mainly determined by the rapid leaching of K.  
 
Based on the nutrient content and the mass per m2 of each humus layer, nutrient stocks 
were derived for each humus form type (Figure 3.16). From type 1 to type 6 nutrient 
stocks are clearly increasing, which is clearly related to similarly increasing organic 
matter stocks (Figure 3.14). Nutrient stocks in the OLn layer contribute less in each 
humus form type, due to the limited extent of this thin fresh litter layer. OLv layers 
contain more important nutrient stocks, increasing from type 1 to type 6. Although mixed 
with mineral particles, also the OAh layers comprise considerable nutrient stocks. Their 
markedly high contribution to the Ca stocks can be explained by the calcareous nature of 
many soils under study. The OF and OH layer in humus form type 6 are important 
organic matter and nutrient reserves as well. Only for P their contribution is limited 
(Figure 3.16).  
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Figure 3.15: Average nutrient concentrations and C/nutrient ratios of humus layers and Ah for 6 
humus form types present in restoring forest areas. Standard errors are indicated with error bars. 
(white circles: OLn; black squares: OLv; upwards grey triangle: OAh-min; downwards grey 
triangle: OAh-plant; grey diamonds: OF; grey hexagon: OH; cross hair: Ah) 
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Figure 3.15 continued 
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Figure 3.16: Average nutrient stocks (g m-2) in ectorganic layers and OAh horizons of 6 humus form 
types present in restoring forest areas 
 
3.3.3.3 Classification of humus forms 
 
In table 3.22 the discrepancy between two existing classification systems developed for 
temperate ecosystems and our typology based on morphological descriptions and cluster 
analysis are clearly demonstrated. Concerning the Canadian system (Green et al., 1993), 
it is clear that nearly all humus forms encountered in our study site key out as 
Vermimulls, no matter to which type (nrs 1-6) they belong. That is because, in order to 
key out as something else than a Mull humus, the Ah needs to be smaller than 2 cm, or if 
not, the thickness of OF and OH horizon together should exceed the thickness of the Ah. 
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This is the case for only three humus forms, of which one classifies as a Mullmoder. The 
other two contain more than 35 % woody material in the ectorganic layers and classify as 
Lignomoders. All of these Moder type humus forms are located in the church forest of 
May Ba’ati. In humus form type 1 and 2 a considerable number of humus forms can not 
be classified using the system of Green et al. (1993). These 23 humus forms all lack an 
Ah horizon of at least 2 cm, but in the meantime they also lack OF and OH layers, which 
is contradictory in the Canadian system. The inability to classify an even larger number 
(52) of humus forms in the French system (Brêthes et al., 1995) stems from the same 
problem. In this case most humus forms belonging to type 1 and one quarter of the humus 
forms of type 2 can not be classified, because they show an Ah horizon without crumby 
structure. Translated to the system of Brêthes et al. (1995) this means that they lack a 
biomacrostructured A horizon, implying a Moder or Mor type humus form. However, to 
classify as Moder or Mor, at least an OF layer must be present and this is not the case for 
the humus form type 1 and 2. Hence again a contradiction. However, the existence of 
these humus forms is easily explained by the fact that they are commonly found in young 
exclosures and in degraded grazing lands. In these situations, soils are degraded or did 
not have much time yet to rehabilitate. Soil organic matter has not been built up that 
much to trigger aggregate formation and soil structure amelioration. When considering 
the ectorganic layers, these are very thin, which would suggest a humus form of the Mull 
type. However, the degraded vegetation in the grazing lands and the young age of the 
exclosures go hand in hand with relatively low litter inputs (Table 3.13). The latter is 
probably responsible for the thin humus layers rather than the activity of earthworms, 
which are usually associated with Mull humus forms. Apart from these problematic 
humus forms, it turns out that for types 2 to 6 there is a rather consistent correspondence 
between our typology and the system of Brêthes et al. (1995). Humus forms of type 2 
mainly belong to the Eumulls, characterized by a well-structured Ah horizon underlying a 
thin, possibly discontinuous, OLn layer. Type 3 largely corresponds to Mesomull, made 
up of a continuous OLn layer and a thin, possibly discontinuous OLv layer overlying a 
well-structured Ah horizon. In type 4, humus forms key out either as Mesomull or as 
Oligomull, in which case the OLv layer is continuous and the presence of a 
(discontinuous) OF layer is possible. In type 5 the Oligomull gains importance, while in 
type 6 the main humus form is the Dysmull with a continuous OF layer. In type 6 humus 
forms with an OH horizon key out as Eumoder and Amphimull. The former is a humus 
form which lacks a well-structured Ah horizon, while the latter is a special “twin-type” 
humus form (Jabiol et al., 2004) in which both a well-structured Ah and a OH horizon are 
present. In this case, the humification in the Ah horizon reflects the main humus form 
(i.e. Mull), while turnover in the ectorganic layers is hampered by unfavourable climatic 
and/or stand or species composition conditions and tends towards accumulation (Jabiol et 
al., 2004).  
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Table 3.22: Number of humus forms belonging to the humus form types proposed in this study and 
to a humus form typified by Green et al. (1993) and Brêthes et al. (1995) respectively 

  Humus form type 
  1 2 3 4 5 6 
Green et al. (1993) Impossible 16 7     
 Vermimull 25 37 16 10 17 4 
 Lignomoder      2 
 Mullmoder 

      
1 

 
Brêthes et al. (1995) Impossible 38 11  2 1  
 Eumull  26 2  2  
 Mesomull 3 4 13 4 2  
 Oligomull  3 1 4 12 2 
 Dysmull      3 
 Eumoder      1 
 Amphimull      1 
 
3.3.3.4 Humus forms, standing crop of litter, nutrient stocks and decomposition in 

restoring forest areas 
 
Table 3.23 gives an overview of the prevailing humus form types in the different land use 
types studied. In the grazing lands and young exclosures of both sites, only humus forms 
of type 1 and 2 were encountered. In the middle-aged exclosure of Kunale, these two 
types are still dominant, but humus forms of type 3 and 5 were found in some places. 
Although type 1 and 2 are still important in the old exclosures, type 4 and 5 are also 
typical for the denser strata of the old exclosure in May Ba’ati. In the old exclosure of 
Kunale, additional humus forms belong to type 5. The church forest of May Ba’ati is the 
only study area where no humus forms of type 1 were found at all, and the humus forms 
mainly belong to type 3 and 6. 
 
Table 3.23: Occurrence of humus form types in all land use types in May Ba’ati and Kunale 

Land use type (1)
Humus form type occurrence (%) 

      1             2            3            4             5            6 
May Ba’ati RA 98.2 1.8     
 XY 93.9 6.1     
 XO 31.8 27.3 6.6 21.4 13.0  
 FO 

 
  46.0  5.0 49.0 

Kunale RA 97.4 2.6     
 XY 42.5 50.1   7.2  
 XM 54.8 37.6 2.7  4.8  
 XO 26.0 38.6 3.0  32.5  

(1) land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old 
exclosure; FO: church forest
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From the calculation of average standing crop of litter per land use type it is concluded 
that the organic matter stock increases where areas are closed for longer time (Table 
3.24) and varies in May Ba’ati from around 104 ± 10 g m-2 in the young exclosure to 
1310 ± 95 g m-2 in the church forest. In Kunale total standing crop ranges from 122 ± 37 
g m-2 to 429 ± 109 g m-2 in the exclosures. In the grazing lands of both sites, nearly no 
litter accumulation takes place, as standing crops do not exceed 20 ± 8 g m-2 (Table 3.24). 
Contributions of different litter components to total standing crop vary considerably 
between the studied sites. Leaf litter contribution is highest in the degraded grazing lands. 
In the exclosures leaf litter contribution ranges from 52 to 85 %, with the May Ba’ati 
exclosures having higher leaf litter contributions than those of Kunale. The old exclosure 
of Kunale is an exception with respect to the relatively high share of reproductive litter, 
amounting to 7 %, which is attributed to the abundance of pod-producing species like A. 
abyssinica and A. saligna. Together with the middle-aged exclosures of Kunale, the 
church forest has the highest share of woody litter.  
 
Table 3.24: Standing crop of litter for litter components in the different land use types in May Ba’ati 
and Kunale and percentage contribution of component to total standing crop of litter  

 Leaves  Woody  Reproductive  Total 
Land use type (1) g m-2 %  g m-2 %  g m-2 %  g m-2

RA 17.6 86.7  2.1 10.3 0.6 3  20.3 
XY 83 80.1  19.6 18.9 1.1 1  103.7 
XO 497.5 85.2  81.3 13.9 5.4 0.9  584.3 

May 
Ba’ati 

FO 
 

701.9 53.6  608.5 46.4 0 0  1310.4 

RA 13.8 93.8  0.7 4.6 0.2 1.6  14.7 
XY 85.1 69.6  35 28.6 2.2 1.8  122.3 
XM 99 52.4  87.8 46.5 2 1.1  188.9 

Kunale 

XO 261.4 61.0  138.4 32.3 28.8 6.7  428.6 
(1) land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old 
exclosure; FO: church forest

 

Together with increasing standing crops of litter, also nutrient stocks contained in the 
ectorganic layers and the transitional OAh layers are considerably higher where areas are 
closed for longer time periods (Table 3.25). Of all land use types under study, the church 
forest of May Ba’ati is characterized by the highest nutrient stocks. Old exclosures in 
both sites show comparable nutrient stocks. Lower nutrient stocks in the younger 
exclosures are logically related to the lower organic matter stocks (Table 3.24) and the 
dominance of humus form types 1 and 2 (Table 3.23), characterized by lower nutrient 
stocks (Figure 3.16). The high Ca stock in May Ba’ati is related to the limestone 
lithology in this site.  
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Table 3.25: Nutrient stocks (g m-2) for different elements in all land use types in May Ba’ati and 
Kunale 

Land use type(1) O.C. N P K Mg Ca Na 
May RA 8.23 0.16 0.006 0.03 0.12 2.78 0.004 
Ba'ati XY 48.37 1.37 0.03 0.19 0.64 14.33 0.03 
 XO 309.93 10.46 0.12 1.57 3.62 92.51 0.29 
 FO 910.67 33.86 0.50 5.41 8.01 173.31 1.04 
         
Kunale RA 9.65 0.23 0.007 0.09 0.12 0.63 0.003 
 XY 51.33 1.29 0.04 0.39 0.58 8.27 0.02 
 XM 82.00 2.27 0.07 0.90 1.10 10.21 0.03 
 XO 253.38 10.43 0.13 4.24 4.08 48.80 0.29 

(1) land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old 
exclosure; FO: church forest

 
An assessment of decomposition rates in the various land use types was done by means 
of the Jenny coefficient (K) (Table 3.26). Higher K values mean higher decomposition 
rates and lower litter accumulation. A value of K higher than 0.5 means that the standing 
crop of litter is less than the annual litter production, which is the case in the grazing 
lands of both Kunale and May Ba’ati (Table 3.26). In May Ba’ati K coefficients for total 
litter decrease with the rehabilitation status of the land. There was no such trend in 
Kunale, where coefficients of Jenny for total litter lie around 0.45 – 0.50 for all 
exclosures (Table 3.26). Furthermore, K coefficients in forest restoration areas in Kunale 
are generally higher than in May Ba’ati. The calculation of K coefficients of woody litter 
can be biased because woody litterfall may be underestimated, due to the size limitation 
of the litter traps, while larger woody fragments were collected in the samples for 
determination of standing crop of litter (Anderson and Swift, 1983). This may be the 
reason for the very low decomposition rate of woody litter in the church forest of May 
Ba’ati (Table 3.26).  
 
Table 3.26: Jenny coefficients for litter components in all land use types in May Ba’ati and Kunale 

Land use type (1) Leaves Woody Reproductive Total 
May  RA 0.50 0.79 0.91 0.60 
Ba’ati XY 0.46 0.44 0.90 0.48 
  XO 0.25 0.31 0.76 0.27 
  FO 0.36 

 
0.07 

 
1.00 

 
0.27 

 
Kunale RA 0.64 0.40 0.83 0.64 
  XY 0.51 0.17 0.84 0.47 
  XM 0.59 0.20 0.88 0.49 
  XO 0.51 0.30 0.61 0.46 

(1) land use type coding: RA: grazing land; XY: young exclosure; XM: middle-aged exclosure; XO: old 
exclosure; FO: church forest 
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3.3.3.5 Humus formation actors 
 
Sub-PCAs conducted on the chemical datasets for the fresh litter and the Ah respectively, 
resulted in the identification of two times four principal axes. Together they explain 
respectively 85 % and 74 % of the variation in the data. Table 3.27 gives an overview of 
the correlations between axes and chemical variables. 
 
Table 3.27: Percentage of the variability explained by the four axes of each sub-PCA and correlation 
coefficients with nutrient content of fresh litter and Ah  

  Fresh litter chemistry (n=105) Ah chemistry (n=62) 
  axis 1 axis 2 axis 3 axis 4 axis 1 axis 2 axis 3 axis 4 
Percentage of the  
variability explained 38 22 14 11 32 18 13 11 

Chemical variables Correlation coefficients between variables and axes 
Mg +0.81** - 0.11 +0.52** -0.09  - 0.07 - 0.54** - 0.27 - 0.59** 
Na - 0.01 - 0.32** +0.34** +0.75**  +0.19 +0.21 - 0.62** - 0.46** 
Ca - 0.30** +0.65** +0.04 +0.23*  - 0.86** +0.38** +0.05 - 0.16 
K +0.88** - 0.30** +0.13 - 0.13  - 0.38** +0.75** - 0.11 - 0.35** 
C  - 0.65** - 0.66** +0.19* - 0.04  - 0.77** +0.48** +0.19 - 0.29* 
CaCO3 +0.24* +0.81** - 0.24* +0.27*  +0.81** +0.42** +0.02 - 0.19 
P +0.47** - 0.60** - 0.57** +0.19  - 0.03 - 0.64** +0.16 - 0.42** 
N  +0.93** +0.20* - 0.12 +0.11  - 0.61** +0.26 +0.56** - 0.41** 
C/N - 0.82** - 0.41** - 0.02 - 0.21*  - 0.70** +0.33* - 0.38** +0.11 
C/P - 0.19 +0.41** +0.81** - 0.22*  - 0.13 +0.32* +0.12 +0.45** 
C/K - 0.67** +0.39** - 0.38** - 0.21*  - 0.42** - 0.35* +0.53** - 0.07 
SLM (a) - 0.58** - 0.05 - 0.13 +0.64**      
pH (H2O)      +0.74** +0.05 +0.08 - 0.06 
pH (KCl)           +0.66** +0.28 +0.60** - 0.16 

**: significant at the 0.01 level (2-tailed) 
*: significant at the 0.05 level (2-tailed) 
(a) SLM: specific leaf mass 
 
In table 3.28, correlation coefficients between the 4 morphological PCA axes, the axes of 
the sub-PCA’s and a number of environmental variables are given. A summary of humus 
formation actors along the 4 morphological PCA axes is presented in figure 3.17 and 
discussed further on. 
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Table 3.28: Correlation coefficients between the 4 axes of the morphological PCA (M-1,2,3,4) and the 
4 axes of the sub-PCAs (F-1,2,3,4 for the fresh litter chemistry; A-1,2,3,4 for the Ah chemistry) and 
environmental variables (a)

variable   M-1   M-2   M-3   M-4 
F-1 - 0.21* +0.10 +0.11 - 0.11 
F-2 +0.02 - 0.14 - 0.01 +0.13 
F-3 +0.33** - 0.20* - 0.12 - 0.30** 
F-4 +0.21** +0.04 +0.10 +0.03 
A-1 - 0.37** - 0.37** +0.09 +0.14 
A-2 +0.43** +0.29* - 0.08 +0.40** 
A-3 +0.01 - 0.13 +0.34* - 0.18 
A-4 +0.02 +0.03 - 0.27 - 0.23 
grad - 0.52** +0.04 +0.24* +0.07 
asp - 0.32** +0.15 +0.27** - 0.36** 
age +0.48** +0.00 - 0.21* - 0.23* 
clay +0.42** +0.09 - 0.38** +0.09 
silt +0.05 - 0.16 - 0.02 +0.39** 
sand - 0.41** - 0.05 +0.33** - 0.16 
awc +0.03 +0.29** - 0.15 - 0.22* 
bd +0.04 +0.07 - 0.04 - 0.17 
veg +0.28** +0.12 - 0.14 - 0.24* 
dry - 0.36** +0.02 +0.24* - 0.15 
tran +0.00 +0.03 +0.13 - 0.17 
wet +0.11 +0.36** - 0.20* - 0.15 
prod +0.43** +0.02 - 0.22* - 0.23* 
deco - 0.25* +0.02 +0.04 - 0.27** 

(a): grad: slope gradient; asp: slope aspect; age: age of closure; clay: clay content of Ah; silt: silt content of 
Ah; sand: sand content of Ah; awc: available water capacity; bd: bulk density; veg: vegetation cover; dry: 
dry season soil water content; tran: transition season soil water content; wet: wet season soil water content; 
prod: litter production; deco: litter decomposition 
**: significant at the 0.01 level (2-tailed) 
*: significant at the 0.05 level (2-tailed) 
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3.3.4 Discussion 
 
3.3.4.1 Humus form typology and classification  
 
A clustering exercise, carried out with the results of an ordination on morphological data 
recorded for humus forms described in 135 microsites, yielded 6 objectively 
distinguished humus form types. The fact that macromorphological characteristics of 
humus forms are believed to be a reflection of chemical and functional properties (Babel, 
1975; Green et al., 1993; Brêthes et al., 1995) justifies the decision to focus on 
morphological variables only to come to a typology. A similar clustering approach was 
also adopted by Muys and Lust (1992) and Duivenvoorden and Lips (1995) to objectively 
classify described humus forms. The ordination resulted in the identification of 
morphological variables that strongly correlate with the four axes. It appeared that 
besides litter cover and organic matter accumulation, presence and thickness of 
ectorganic layers (OLv, OF, OH), Ah and transitional horizons are important descriptors 
of humus forms (Table 3.20). Therefore, it is logical that diagnostic characteristics, used 
to classify each humus form in the study area within one of the 6 humus form types 
(Figure 3.12), are closely related to these macromorphological manifestations. In this 
respect, the proposed key to humus form types (Figure 3.12) strongly resembles other 
classification systems using the presence or absence of diagnostic horizons to classify as 
a Mull, Moder or Mor humus (Jabiol et al., 2004). Transitional Hemiterric (OAh-min) 
and Hemifibric (OAh-plant) horizons play an important role to distinguish humus form 
type 4 and 5 respectively. Although transitional horizons are mentioned by various 
authors (e.g. Delecour, 1980; Green et al., 1993; Kindel and Garay, 2002) we are not 
aware of any study using them as a diagnostic horizon. With respect to the origin of 
transitional horizons, Peltier et al. (2001) state that in the Mediterranean region soil 
mesofauna is active slightly deeper in the humus profile than in humid climates. Sadaka 
and Ponge (2003) have two possible explanations for this deeper action: one is the 
seasonal dessication of the litter layer, which makes it inaccessible to drought-intolerant 
enchytraeids (Abrahamsen, 1972). The other is the slightly deeper location of root-hairs 
(also a drought-avoiding strategy), which implies that because of quick root turnover, the 
nutrient pool for soil fauna is located deeper as well (Gunn and Cherett, 1993). As the 
seasonally dry climate of Tigray shows similarities with the Mediterranean (at least with 
regard to seasonal drought), the slightly deeper location of the activity zone of soil fauna 
might be a reasonable explanation for the mixing of organic matter with mineral material, 
which gives rise to a transitional horizon. Two morphologically different transitional 
horizons were identified under exclosures. They are distinguished from each other based 
on the type of material mixed with mineral particles: i.e. plant remains (Hemifibric 
horizon) versus faecal pellets (Hemiterric horizon). 
 
From the attempt to classify the identified humus types in the French (Brêthes et al., 
1995) and the Canadian (Green et al., 1993) classification systems, it is clear that there is 
no unequivocal relation between the present typology and the systems developed for the 
temperate regions (Table 3.22). In their classification system, Green et al. (1993) use the 
thickness of the ectorganic layers and Ah horizon and the presence of some diagnostic 
OF and OH layers as main criteria. Brêthes et al. (1995) on the other hand, attribute great 
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importance to the structure of the Ah horizon. However, contradictory traits in the same 
humus profile are problematic in both systems. This was clearly illustrated through the 
inability to classify very shallow humus profiles on top of eroded or not yet rehabilitated 
Ah horizons, showing no evidence of structure amelioration. From these considerations, 
it is proposed to add a new humus type, called Protomull, to the existing classification 
systems. This humus type is typical for degraded areas or sites with very recent 
vegetation restoration and is situated in a transitional, rapidly changing construction 
phase. Ectorganic layers show characteristics of Mull humus forms, whereas a well-
structured Ah horizon is absent. The presence of these so-called “contradictory” traits 
reminds of the “twin” or “amphi” humus forms (Jabiol et al., 2004) incorporated in the 
French system by Brêthes et al. (1995). The Amphimull humus form considered in this 
system is characterized by the presence of “contradictory” traits, being an OH horizon 
and a biomacrostructured Ah horizon on top of each other. In Italy these Amphimull 
humus forms were recognized by Zanella et al. (2001) in several prealpine beech forests, 
indicating dominant zoogenic turnover and periodical drought conditions. Jabiol et al. 
(2004) state that in Amphimulls, the humification in the Ah horizon reflects the main 
humus form (i.e. Mull), while organic matter decomposition in the ectorganic layers is 
hampered by unfavourable climatic and/or stand species composition conditions, leading 
to accumulation in these layers. Humus type 6, characterized by considerable organic 
matter accumulation on top of a mostly thick and well-structured Ah horizon shows a lot 
of affinity with this “amphi” concept. As the church forest of May Ba’ati, where humus 
form type 6 is frequently found, serves as a model for mature forest ecosystems in the 
highlands of Tigray, it is not inconceivable that humus forms in exclosures are in a 
transitional stage towards this “amphi” situation. The numerous meso- and macrofauna 
groups (many arthropoda, but also earthworms) found in the study areas are responsible 
for decomposition and mixing of organic matter with mineral particles with a well-
structured Ah horizon as a result. However, due to severe drought conditions their 
activity is slowed down considerably during the long dry period. Besides this, also the 
relatively low litter quality in the studied ecosystems (refer to paragraph 3.2), adds to the 
slow overall decomposition and organic matter accumulation in thick ectorganic layers.  
 
Based on the previous considerations, the following nomenclature for the identified 
humus types is proposed: 
 

− Type 1: Protomull 
− Type 2: Eumull 
− Type 3: Mesomull 
− Type 4: Hemiterric Oligomull 
− Type 5: Hemifibric Oligomull 
− Type 6: Amphimull 

 
Except for Type 1, the proposed nomenclature is mainly based on the French system and 
the efforts towards a unified European classification system (Brêthes et al., 1995; Jabiol 
et al., 2004), because these showed some affinity to the typology presented in this study 
(Figure 3.12). Type 4 and 5 are both denominated as Oligomull, but according to the type 
of transitional horizon that is present, a qualifier (Hemiterric or Hemifibric) is added. The 
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humus forms of type 1 are denominated as Protomulls, which reflects the early stage of 
development (IUSS Working Group WRB, 2006) towards a Mull humus, in which they 
are found. 
 
3.3.4.2 Nutrient content of ectorganic layers 
 
Changes in chemical composition of decomposing litter can be assessed by comparing 
the nutrient content of successive ectorganic layers, as they represent the successive 
stages of decomposition from fresh litter in the OLn layer to more decomposed litter in 
the OLv, OF and OH layer. The observed trends (Figure 3.15) are conform to what is 
reported in the literature. In the early stages, water-soluble elements, such as K, are 
rapidly leached (van Wesemael, 1993, Berg, 2000) with a decrease in the K content as a 
result. Also in Ethiopian plantations and natural forest, Lisanework and Michelsen (1994) 
attribute quickly decreasing K contents to the fact that K is not associated with the 
structural material of litter so that mineralization is not needed for its release. In contrast 
to K, other cation concentrations (like Ca and Mg) slightly increase from the OLn to the 
OLv layer. This is explained by the lower mobility of these bivalent elements and by the 
importance of Ca and Mg as structural components of cell walls in leaves (Marschner, 
1995), which results in a slower release. Concentrations of other nutrients such as N and 
P increase in the first stages of decomposition, as was noted by many authors (e.g. van 
Wesemael, 1993; Garay et al., 1995; Berg, 2000; Xuluc-Tolosa et al., 2003).  
In all 6 humus form types, the C/N ratio of the fresh litter lies above the commonly 
reported critical value of 20 to 30 (Heal et al., 1997), resulting in N immobilization. 
Immobilization occurs in substrates, which are deficient in the nutrients needed by 
decomposers for their metabolic processes (Palm and Sanchez, 1990). Upon 
immobilization, the N concentration increases due to N accumulation in microbial tissue 
with a concomitant decrease in the C/N ratio. In the OF and OH layers of humus form 
type 6 the C/N ratio has reached a value below the critical value, implicating that 
mineralization and release of N could start from here.  
C/P ratios of the upper humus layers in our study are comparable, although somewhat 
higher, to the range of 925 – 2298 reported by van Wesemael (1993) for the upper humus 
layers in Mediterranean ecosystems and to the value of 1268 mentioned by Aerts (1997) 
for fresh litter in the Mediterranean region. These values lie significantly higher than the 
critical C/P values for mineralization ranging between 200 and 550 (Stevenson, 1986; 
Van Wesemael, 1993; Stevenson and Cole, 1999), which suggests P immobilization. 
According to Duivenvoorden and Lips (1995) mineralization of P in such high C/P 
conditions is dubious and should be expected to occur only in the mineral soil. These 
statements are confirmed by the slight decrease in C/P ratio noticed in the OLv layer in 
all humus types. However, in the OF and OH layers of humus form type 6 a strong 
decrease in P content is noticeable, indicating P uptake. This is explained by the 
concentration of fine roots in these deeper humus layers. Fine roots are known to secrete 
substances enhancing the growth of microorganisms, which are able to release P. As 
such, P depletion zones are created in the rhizosphere (Attiwil and Adams, 1993; 
Stevenson and Cole, 1999). Another explanation is found in the presence of mycorrhizal 
associations, which are a universal phenomenon in forest soils. Although not specifically 
proved in this study, mycorrhizae are believed to actively regulate nutrient availability for 
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plant growth, especially in nutrient-limited situations (Swift et al., 1979; Attiwil and 
Adams, 1993). Especially in conditions of P limitation, which is the case in the study 
sites, the demand for P is met by rapid P cycling in the organic residues through the 
mineralization of organic P (Attiwil and Adams, 1993; Stevenson and Cole, 1999; Mc 
Groddy et al., 2004). This phenomenon was also noted by Fioretto et al. (2003) for 
Mediterranean forests. The hypothesis of P release and uptake by plants is supported by 
the lower P use efficiency reported for the church forest of May Ba’ati (the only land use 
type where OF and OH layers are found), as compared to the other land use types in May 
Ba’ati (Table 3.18). The church forest of May Ba’ati is the most mature ecosystem in this 
study. Nutrient cycling is enhanced here by the better microclimate and the fact that a lot 
of plant roots are present in the humus layers.  
 
 
3.3.4.3 Standing crop of litter and nutrient stocks 
 
Standing crop of litter was determined in September, before the period of maximal litter 
production and just after the rainy season, when decomposition rates are maximal. As 
such, the records are minimum values and should not be interpreted as average values 
over the year. Standing crops of litter for the old exclosures of both study sites and the 
church forest (Table 3.24) are within ranges reported in the literature for dry tropical 
forests in similar rainfall regimes (320 – 1230 g m-2, by Martínez-Yrízar (1995) and 318 
– 1430 g m-2, by Jaramillo and Sanford (1995)). In the younger exclosures however, 
standing crops of litter are considerably lower.  
Increasing standing crop of litter with forest age is described by Lawrence and Foster 
(2002) for successional stages of dry forest after shifting cultivation in Southern Mexico. 
For plantations and secondary forests in a subtropical wet climate, Lugo (1992) reported 
that litter accumulation increases with forest age. The positive relation between forest age 
and organic matter accumulation is also described by Brown and Lugo (1990). From the 
strong relation between standing crop of litter and litter production (Figure 3.18), it is 
inferred that the driving force behind organic matter accumulation in exclosures in Tigray 
is increased litter production, taking place upon vegetation restoration (Figure 3.6 and 
3.7). The high importance of litter input for explaining litter accumulation (Figure 3.18) 
in restoring forest areas in Tigray, points to an overall slow decomposition. In an 
ecosystem with fast decomposition on the contrary all litter would decompose quickly, 
not allowing litter accumulation, no matter how high the input. 
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Figure 3.18: Standing crop of litter versus annual litter production for all landscape units with 
plotted regression line 
 
For N, P and K, nutrient stocks in the old exclosures and church forest are within the 
range for dry forests reported by Jaramillo and Sanford (1995), whereas considerably less 
nutrients per m2 were found in the young exclosures (Table 3.25). For Mg, the old 
exclosures and church forest contain nutrient stocks which are higher than what is 
reported by Jaramillo and Sanford (1995), whereas for Ca, higher nutrient stocks are only 
found in the old exclosure and church forest of May Ba’ati.  
For all nutrients it is clear that in areas where vegetation restoration is taking place, 
increased litter production and organic matter accumulation leads to increased nutrient 
reserves contained in the humus layers. 
 
 
3.3.4.4 Decomposition  
 
The Jenny coefficients (K) calculated for the different land use types (Table 3.26) 
represent mean decomposition rates integrated over time and do not take into account 
seasonal differences. Besides that, no long-term litter input estimates are available, so that 
a steady state is not sure and K values should be treated cautiously. In contrast to 
decomposition studies using litter bags, the effect of litter input can not be separated from 
the real decomposition rate when using Jenny coefficients, which involves the main 
weakness of the latter technique. 
Martínez-Yrízar (1995) gives an overview of turnover rates for dry tropical forests, which 
can be converted into Jenny coefficients and compared to our data. Jenny values vary 
from 0.25 to 0.53 for forests in rainfall regimes comparable to the one in Tigray, so that 
decomposition rates in the studied exclosures and church forest lie within this range 
(Table 3.26). Decomposition rates in dry tropical forests are markedly lower than in more 
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humid tropical ecosystems. Swift et al. (1979) give an overview of decomposition rates in 
different biomes. Jenny coefficients range from 0.86 in tropical forest, 0.76 in savannah 
ecosystems, 0.44 in temperate deciduous forests and 0.17 in boreal forests. Low 
decomposition rates in dry forests are attributed to pronounced drought conditions in at 
least one dry season, inhibiting the activities of the decomposer community (Swift et al., 
1979; Swift and Anderson, 1989). The relation between slow organic matter decay rates 
and dry climate is also quoted by e.g. Sevink et al. (1998), Ponge et al. (1998), Read and 
Lawrence (2003), Xuluc-Tolosa et al. (2003). Besides the severe drought conditions in 
the dry season, the slow decomposition revealed in this study is explained also by the 
relatively high litter C/N ratios, being above 30 in all land use types (Table 3.17). Leaf 
litter with C/N ratio lower than 30 is known to decompose easily and yield a Mull humus 
type, whereas C/N ratios above 30 already result in N immobilization (Heal et al., 1997) 
and decomposition retardation (Wittich, 1961). As organic matter accumulation can be 
seen as a nutrient conservation strategy in unfertile soils (Jordan, 1985), the relatively low 
soil fertility in the studied exclosures is considered as a third factor triggering organic 
matter accumulation. Especially the previously mentioned soil P limitation is critical in 
this respect.  
The varying decomposition rates for the different litter components (Table 3.26) are 
amply recognized in the literature and ascribed to the resource quality of the components 
(Swift et al., 1979; Melillo et al., 1982; Anderson and Swift, 1983).  
To investigate the role of litter quality, Jenny coefficients were related to average leaf 
litter nutrient concentrations on the level of the landscape units. Positive correlations 
were found for nutrient concentrations of elements such as Mg, K, N and P. On the other 
hand, specific leaf mass (itself negative related to litter quality (Medina et al., 1990)) was 
negatively correlated to Jenny K. Except for P concentration, these correlations were all 
significant at the 0.10 level. Litter quality is also the explanation for the higher Jenny 
coefficients for leaf litter in Kunale as compared to May Ba’ati, because generally 
speaking, C/nutrient ratios are lower in Kunale than in May Ba’ati (Table 3.17). The 
effect of nutrient content on decomposition is widely accepted in the literature (e.g. Swift 
et al., 1979; Anderson and Swift, 1983; Aerts, 1997; Heal et al., 1997; Berg, 2000; 
Xuluc-Tolosa et al., 2003; Vanlauwe et al., 2005) and thus corroborated by the results for 
restoring dry forests in the highlands of Tigray.  
 
3.3.4.5 Humus formation in restoring forest areas 
 
Humus formation and its driving forces can be best discussed in conjunction with the 
summarizing figure 3.17. In this figure the 6 humus form types identified in our study 
sites are located in two planes formed by the 4 principal axes of the morphological PCA. 
Variables strongly correlated to these axes are also indicated and grouped per category, 
being litter quality, soil characteristics and environmental variables. As such, humus 
formation actors can be easily identified and linked to certain humus form characteristics. 
A similar analysis was performed by Strandberg et al. (2005) who combined multivariate 
statistical techniques to reveal the effect of management type on species composition, soil 
properties, humus type and understorey vegetation in Danish Oak forests. Also Muys et 
al. (1992) condensed the high number of chemical variables in sub-PCA’s related to soil, 
ectorganic layers, fresh leaf and herbal litter. The first axes of these sub-PCA’s were then 
used in a global PCA to obtain a holistic analysis of ecosystem functioning. 
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The first axis of the morphological PCA, which was previously called a humus 
accumulation axis, is positively correlated with specific leaf mass, C content, C/N, C/P 
and C/K values of the fresh litter. Fresh litter nutrient content (N, P, K, Mg) is negatively 
correlated with it (Figure 3.17). This implies that nutrient-rich litter decays more quickly, 
giving rise to humus form types 1, 2 and 3, located on the negative side of axis 1. On the 
other hand, low availability of nutrients and high C/nutrient ratios result in slow 
decomposition rates and organic matter accumulation. This is reflected in humus form 
types 4, 5 and 6, which are characterized by thick ectorganic layers and are located on the 
positive side of the first axis. These effects of litter chemistry on decomposition rates 
have also been demonstrated by various researchers in a range of climates and 
ecosystems (Swift et al., 1979; Muys et al., 1992; Van Wesemael and Veer, 1992; Aerts, 
1997; Kindel and Garay, 2002; Vanlauwe et al., 2005). As specific leaf mass represents a 
measure of sclerophylly, which is positively related to lignin and negatively to nitrogen 
content (Medina et al., 1990), its positive correlation with the litter accumulation axis is 
not surprising. Concerning soil nutrient content, soils in locations with high litter 
accumulation contain more organic matter (Muys et al., 1992), so that the positive 
correlation between the humus accumulation axis and soil C content and C/N value is 
obvious. Higher nutrient availability in the Ah horizon favours organic matter breakdown 
and decomposition through the enhanced activity of soil fauna and micro-organisms 
(Kindel and Garay, 2002). Duivenvoorden and Lips (1995) noted increased standing crop 
of litter on nutrient poor soils. Organic matter accumulation is generally conceived as a 
nutrient conservation strategy of the vegetation in soils with low nutrient content (Jordan, 
1985). Location of soil nutrients such as Mg and P on the negative side of the humus 
accumulation axis is thus in accordance with these theories. On the other hand, higher pH 
on the negative side of the first axis is explained by a site-specific issue. Calcareous soils, 
with higher pH are more common in the younger exclosures, where shallow humus 
profiles are common, while under influence of regenerating vegetation deposition of non-
calcareous sediment is taking place (Descheemaeker et al., 2006c; paragraph 3.1). 
Concerning the environmental variables, the positive correlation between humus 
accumulation and age of the exclosure, vegetation cover, standing crop of litter and 
annual litter production (Figure 3.17) seems self-evident. Moreover, it is clear that all 
these variables are intercorrelated. As demonstrated in table 3.23, humus form types 4, 5 
and 6, located at the positive side of the humus accumulation axis are more common in 
older exclosures and the church forest. Where areas are closed for a longer time, 
vegetation cover increases (Figure 2.31) with increases in litter production (Figure 3.7) 
and standing crop of litter (Figure 3.18) as a result (Descheemaeker et al., 2006a). The 
factor age does not exert its influence through increased vegetation cover and litter 
production only. With age, also the species composition is altered (Table 2.17 and Table 
3.14), with changing litter nutrient quality and decomposition rates as a result. Early 
successional forest stages are characterized by pioneer species with high litter nutrient 
content and high decomposition rates, such as Vernonia spp., B. grandiflorum and S. 
schimperi (Table 3.14 and 3.16) in the young exclosures we studied. More mature forest 
areas are richer in evergreen species with commonly sclerophyllous leaves, which 
decompose more slowly, such as E. racemosa, C. edulis, F. thonningii and A. schimperi 
(Table 3.14 and 3.16) in the old exclosures and church forest. Toky and Ramakrishnan 
(1983), Lawrence and Foster (2002) and Xuluc-Tolosa et al. (2003) also report that 
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decomposition slows down with forest age, due to lower litter quality in older forests. On 
the other hand, other factors working in opposite directions are also related to increased 
forest age. Improved soil fertility (refer to paragraph 3.4) and a better microclimate upon 
canopy closure would benefit decomposition and counteract organic matter accumulation, 
which was also reported by Xulux-Tolosa et al. (2003). However, given the positive 
correlation of age with the humus accumulation axis, the latter factors seem to be 
outweighed by the effect of increased litter input. In their review on tropical secondary 
forests, Brown and Lugo (1990) conclude that later stages of ecosystem development are 
characterized by the accumulation of dead organic matter and litter, in contrast to the 
early stages where high nutrient uptake from rapidly decomposing litter is noticed. Also 
Swift et al. (1979) noted organic matter accumulation upon vegetation succession and 
attributed this to increased biomass and litterfall while decomposition stays more or less 
equal. All this goes to show that the positive relation found between age and litter 
accumulation is a well-known phenomenon.  
Environmental factors negatively correlated with axis 1 and thus negatively influencing 
litter accumulation are slope gradient, decomposition rate and soil water in the dry season 
(Figure 3.17). Slope gradient reflects the effect of local topography as on higher slope 
gradients there is less litter accumulation (Gallardo, 1995), which leads to the 
development of shallower humus profiles. Seasonal soil dessication slows down 
decomposition as the activity of decomposer organisms is halted (Swift et al, 1979; Swift 
and Anderson, 1989; Sevink et al., 1998; Ponge et al., 1998; Read and Lawrence, 2003). 
Therefore, it can be understood that where soil water in the dry season is higher, 
decomposition is not impeded that much and the development of deep humus profiles is 
less likely. Just as for soil pH, correlations with soil texture and slope aspect are site-
related and not particularly explanatory for humus formation in the studied sites.  
 
The correlations with the second morphological axis (Figure 3.17) are less clarifying in 
terms of humus formation. This is because contrasting humus form types, namely types 1 
and 2 on the one hand and type 6 on the other hand are both located at the positive side of 
this second axis. However, in the same way as for the first axis, the location of humus 
form type 6 on the positive side of axis 2 serves as an explanation for the correlations 
with Ah chemistry variables. Environmental factors such as high soil water content in the 
wet season and high available water capacity go hand in hand with characteristics typical 
for the church forest of May Ba’ati, where humus form type 6 is found.  
 
The three humus form types with less organic matter accumulation (type 1, 2, 3) are 
differentiated along axis 3 (Figure 3.17) with decreasing thicknesses of OLn and Ah 
layers, and decreasing incidence of incoming sediment and crumby Ah structure in the 
positive direction of the axis. This axis is not correlated with any of the fresh litter 
nutrient variables, which is not surprising as the litter giving rise to such shallow humus 
profiles is expected to be rich in nutrients and to be characterized by low specific leaf 
mass. Litter accumulation in the OLn layer of humus form types 1 to 3 is inversely 
related to N content of the soil, which is in accordance with the earlier statements about 
the effect of soil fertility on increased litter decomposition. Just as Axis 1, Axis 3 
represents a litter accumulation axis, so that it is not surprising that the same 
environmental variables are correlated with it.  
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Humus form types originating from relatively easily degradable litter, which leads to the 
presence of fine organic matter in a transitional Hemiterric horizon are located on the 
positive side of axis 4 (Figure 3.17). On the other hand, humus forms containing a 
Hemifibric transitional horizon, in which the plant residues are still not fully 
decomposed, form the negative side of axis 4. One explanatory factor for this separation 
seems to be the P content of the fresh litter, which enhances its palatability. Axis 4 is 
positively correlated with the presence of fungal mycelia (Table 3.20), which could 
account for the occurrence of fine organic matter in humus form type 4, as some fungi are 
known as lignin-degraders (Berg, 2000). On the other hand, the presence of non-degraded 
plant remains in the Hemifibric transitional horizon can be explained by the higher input 
of fresh litter. Humus form type 5 is mainly found in older exclosures, with higher 
vegetation cover, as is demonstrated through the correlation with environmental variables 
such as age, vegetation cover and litter production.  
 
3.3.5 Conclusions 
 
Based on morphological descriptions, six humus forms types are identified in exclosures 
of the Tigray highlands. It seemed impossible to unequivocally classify these humus form 
types in two existing classification systems (Green et al., 1993; Brêthes et al., 1995). 
Especially humus forms in a transitional, rapidly changing construction phase, typical for 
degraded areas and young exclosures, are problematic as they show contradictory traits 
such as a shallow ectorganic layer and the absence of a well-structured Ah horizon. 
Special characteristics partly attributed to the seasonally dry climate are the presence of 
(two types of) transitional horizons, and the presence of OF and OH layers on top of a 
well structured Ah horizon. 
 
Before discussing the effects of vegetation restoration on humus formation, it is necessary 
to highlight important external conditions influencing ecosystem processes taking place. 
First of all, the dry climate is an important environmental variable limiting faunal and 
microbial activity and slowing down decomposition of litter inputs. Secondly, exclosures 
are established in formerly degraded areas with low soil fertility. Although soil fertility 
improves upon vegetation restoration, even after 20 years, soil nutrient levels are 
relatively low compared to mature forest ecosystems (refer to paragraph 3.4). Relatively 
low leaf litter nutrient quality, especially for P, and high incidence of sclerophylly, are 
related both to the dry conditions and the low soil nutrient contents (the P limitation 
should be highlighted here) and result for their part also in low decomposition rates.  
Synthesizing the results, processes of litter accumulation, decomposition and humus 
formation in restoring forest areas can be sketched as follows. When a degraded area is 
closed for rehabilitation, vegetation cover and total leaf area increase, resulting in 
strongly rising litter production. Annual dry periods impede fast decomposition with 
organic matter accumulation and thicker humus profiles in older areas as a result. 
Another evolution slowing down decomposition is the altering vegetation composition 
with more low-quality litter species in older forest areas. Apparently, changing species 
composition and increased litter input exert a stronger influence on decomposition than 
the improved soil fertility and the better microclimate, brought about by canopy closure.  

 160 



CHAPTER 3 – Pedological processes 

 
Consequences of humus formation processes in vegetation restoration areas are plentiful 
and strongly interwoven. Humus layers contain considerable nutrient stocks, which are 
mineralized upon decomposition so that they can be used for plant growth. As such 
humus layers serve as food for the decomposer community. Because of decreased 
evaporation through a mulch effect, humus layers also entail an enhanced soil 
microclimate, which is favourable for the decomposers as well. These soil organisms are 
responsible for the incorporation of organic matter in the soil, triggering aggregate 
formation and soil fertility improvements. Aggregate formation leads to structure 
amelioration, meaning e.g. increased available water capacity and infiltration rate. 
Besides this effect on soil quality and stability, humus layers also have a protective 
function for the soil underneath: as they intercept raindrops, runoff and erosion are 
pushed back.  
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3.4 Effects of vegetation restoration on soil fertility 
 
3.4.1 Introduction 
 
For semiarid areas, many studies on the effect of land use changes on soil properties can 
be found (e.g. Jaiyeoba, 1995; McIntosh et al., 1997; Kosmas et al., 2000; Wang et al., 
2001; Carvaca et al., 2002). These studies conclude that when various land use practices 
are compared with forested sites, the latter have preferable chemical and physical 
properties. Generalizing their results, this mainly applies to soil organic matter content, 
total nitrogen content and bulk density.  
 
As the beneficial effects of vegetation restoration on soil fertility are widely accepted in 
the literature, it is not our aim to investigate this again in detail for the particular case of 
exclosures in Tigray. However, since topsoil nutrient data are available from a transect 
study (refer to paragraph 3.1) and from the humus characterization study (refer to 
paragraph 3.3), it is worthwhile to test whether the hypothesis of improving topsoil 
fertility is also valid for restoring forest areas in the Tigray highlands. It needs to be 
recognized that based on this study, no conclusions can be drawn on the effects of 
vegetation restoration on deeper soil layers, whereas these often contain information that 
can be crucial for assessing soil fertility more thoroughly (Merckx, 2002). 
 
3.4.2 Methodology 
 
To investigate the effect of restoring vegetation on soil fertility, the nutrient content of the 
topsoil in different land use types was compared. Hillslope sections, located in 
comparable landscape position but under different land use types (degraded grazing 
lands, exclosures of different ages and church forest) were the sampling units for this 
chronosequence study. The comparison was carried out in the different study sites, so that 
the effect on soil fertility was assessed within the different lithologies. Chronosequence 
studies are commonly used to investigate the effects of land use changes on soil 
properties (Adejuwon and Ekanade, 1988; Jaiyeoba, 1995; Abubakar, 1996, 1997; 
Hajabbasi et al., 1997; Lumbanraja et al., 1998; Paniagua et al., 1999; Liu et al., 2002; 
Woldeamlak and Stroosnijder, 2003). 
 
3.4.2.1 Sampling 
 
Nutrient concentrations for the topsoil were obtained from two different sampling 
campaigns. The first one was carried out in September 2002 and consisted of a concise 
transect study (refer to paragraph 3.1). In each hillslope section under study in Adewro, 
Kunale and Haragua, a transect was laid out perpendicular to the contour. At three 
distances (10, 50 and 100 metres) from the top edge of the area, five soil samples were 
taken from the topsoil (first 0.10 m). The sampling locations were one metre apart from 
each other and a composite sample was obtained by thoroughly mixing. Average nutrient 
content for each land use type was calculated based on the composite samples taken at 
each distance from the top.  
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The second sampling campaign was carried out within the framework of the humus 
characterization study (refer to paragraph 3.3). Samples of the Ah horizon underlying the 
ectorganic horizons were taken in a random selection of microsites, but taking into 
account that for each humus form type a minimum of 40 % of the microsites was 
sampled. This resulted in a total of 62 Ah samples (31 samples in each study site), but 
with an uneven spread over the land use types.  
 
3.4.2.2 Soil chemical analyses  
 
After removing rock fragments and plant remains such as fine roots from the soil 
samples, the fine earth fraction was analyzed for chemical characteristics in the 
laboratory. The samples taken in the transect study were analyzed for total N content, 
available P content and organic carbon. Apart from these, the Ah samples were also 
analyzed for exchangeable cations (Mg, Na, Ca, K).  
Available P was determined on all soil samples by first extracting the P with sodium 
bicarbonate (Olson et al., 1954) and then applying the blue molybdate method (Schoenau 
and Karamanos, 1993). For the topsoil samples taken in the transect study, total N and 
total C were determined by the dry combustion method (Tiessen and Moir, 1993a) using 
a VARIO MAX total element analyzer (Elementar, Hanau, Germany). Organic C content 
was obtained by subtracting the C content comprised in CaCO3 from the total C content. 
CaCO3 content was determined by reaction with HCl and titration with NaOH (Allison 
and Moodie, 1965). For economic reasons, the Ah samples were too numerous to analyze 
all of them in the total element analyzer for C and N. Therefore, total N content of these 
samples was determined using the Kjeldahl method (McGill and Figueiredo, 1993). For 8 
Ah samples both methods were compared and the results (Figure 3.19) lead to the 
assumption that the results of both methods can be compared unconditionally. An 
alternative method to determine the organic C content of the Ah samples was developed. 
For eight Ah samples the organic C content determined as described above was compared 
with the results from the loss on ignition method (LOI) (Van Reeuwijk, 2002). Using the 
relation between the results of both methods (Figure 3.20) the organic C content for all 
Ah samples could then be determined based on the cheap and simple LOI measurements. 
Concentrations of exchangeable cations (Mg, Na, Ca, K) were determined by atomic 
absorption/emission spectrometry after extraction with ammonium lactate (Anderson and 
Ingram, 1993). 
 
3.4.2.3 Data analysis 
 
In the transect study, nutrient concentrations were calculated as the simple average of the 
nutrient concentrations obtained for all samples taken in a certain land use type. For the 
Ah samples, nutrient concentrations were estimated first at the level of the landscape unit, 
based on the relative importance of the sampled microsites in the landscape unit. The 
average soil nutrient content of a land use type was obtained as a weighted average based 
on the area contributions of landscape units to their respective hillslope sections. 
 
ANOVA was performed to investigate the effect of the factor land use type on nutrient 
content (N, P, organic C) of the soil and multiple comparisons were performed with the 
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post hoc Tukey test in case of equal error variances. For non-equal error variances, the 
Tamhane T2 test was used.  
 

Ncombustion (%)

0.0 0.5 1.0 1.5

N
kj

el
da

hl
 (%

)

0.0

0.5

1.0

1.5
8,0001.0

998.0
007.1025.0

2

=<
=

+=

np
R

xy

 
Figure 3.19: Total N content obtained with the dry combustion method (Ncombustion) versus using the 
Kjeldahl method (Nkjeldahl) with regression function indicated 
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Figure 3.20: Organic carbon content (Organic C) versus loss on ignition (LOI) with regression 
function indicated 
 
3.4.3 Results 
 
Total N, available P and organic C content in the topsoil and the Ah horizon are 
represented in table 3.29 and 3.30 respectively. For the Ah horizon, also the K, Mg, Ca 
and Na concentrations are given in table 3.30. The nutrient content of the studied 
hillslope sections varies not only with land use type and study site but also depending on 
the used sampling strategy. It seems that for the topsoil in May Ba’ati, N, P and organic C 
content obtained from the humus characterization study was higher than the nutrient 
content obtained from the transect study. A possible explanation for this discrepancy is 
related to the thickness of the Ah, which is considerable less than 0.10 m in most humus 
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form types (Table 3.21). The weighted average thickness of the Ah ranges from 0.003 
and 0.006 m in the grazing lands to 0.063 and 0.074 m in the old exclosures of Kunale 
and May Ba’ati respectively. The thickest Ah horizons were found in the church forest of 
May Ba’ati, but also here 0.085 m is not surpassed. In the transect study, sampling in the 
upper 0.10 m of the soil resulted in mixed samples of Ah and the underlying horizon, 
which contains less nutrients. Therefore, when sampling is confined to the Ah horizon, it 
is logical that nutrient concentrations are higher and that differences between the different 
land use types are less pronounced. The underlying reason is that the Ah contains a mix 
of mineral particles and organic matter, which is rich in organic C, N and P. As the 
difference between the two methods is greatest for P (compare values in table 3.29 and 
3.30), it seems that available P is mainly present in organic material and not in mineral 
particles.  
 
Nevertheless, general trends in C, N, and P concentrations in successive forest restoration 
stages were similar for the two sampling strategies. Lowest nutrient content was found in 
the topsoil of the grazing lands, representing the most degraded situation in each study 
site. Usually, already after a limited time of vegetation restoration, soil fertility is 
improving as in the young exclosures, N, and C content are higher than in the grazing 
lands. This trend of increasing soil fertility with vegetation restoration is carried forward 
where areas are closed for longer time. For most sites and elements differences in soil 
nutrient content become significant only when comparing grazing land or exclosures to 
the church forest (Table 3.29 and 3.30). For exchangeable cation concentrations in the Ah 
horizon, meaningful increases are only found for K, which is an important plant nutrient. 
Significant differences in Ca concentration in May Ba’ati are mainly due to the 
deposition of non-calcareous sediments in the older exclosures and the church forest 
(paragraph 3.1). 
 
Table 3.29: Average (and standard deviation between brackets) total nitrogen (N), available 
phosphorus (Pav) and organic carbon content in the topsoil (0 - 0.10 m) of different land use types (1) 
in three study sites obtained from a transect study. Land use types are significantly different 
concerning their nutrient content if they have no letters in common. 

Land use type(1) n     N (%)     Pav (mg/kg)  Organic C (%) 
Adewro RA 2 0.26 (0.09) a 1.83 (0.25) a 2.53 (0.96) a 
 XY 3 0.31 (0.04) a 4.66 (2.97) a 3.12 (0.43) a 
 EU 3 0.29 (0.09) a 2.11 (0.65) a 3.04 (1.09) a 

 
FO 
 

4 
 

0.45 
 
(0.11) 
 

a 
 

11.05 (12.98) 
 

a 
 

4.42 (1.20) 
 

a 
 

Haragua RA 3 0.05 (0.01) a 0.59 (0.31) a 0.46 (0.08) a 
 XY 3 0.06 (0.02) a 0.98 (0.28) a 0.78 (0.22) a 

 
FO 
 

3 
 

0.18 
 
(0.06) 
 

b 
 

9.57 (1.69) 
 

b 
 

2.20 (0.42) 
 

b 
 

May  RA 2 0.09 (0.03) ab 1.31 (0.21) a 0.84 (0.81) a 
Ba'ati XY 3 0.08 (0.06) a 2.95 (0.91) a 1.06 (0.28) a 
 XO 9 0.22 (0.06) b 2.91 (1.53) a 2.60 (1.19) a 
 FO 3 0.35 (0.06) c 10.14 (3.09) b 4.85 (1.34) b 

(1) land use type coding: RA: degraded grazing land, XY: young exclosure, XO: old exclosure, EU: 
Eucalyptus plantation, FO: church forest 
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Table 3.30: Average (and standard deviation between brackets) nutrient concentrations in the Ah horizon in different land use types (1) in two study 
sites obtained from a humus characterization study. Land use types are significantly different concerning their Ah nutrient content if they have no 
letters in common. 

 (1) land use type coding: RA: degraded grazing land, XY: young exclosure, XM: middle-aged exclosure, XO: old exclosure, FO: church forest 
 

 

Land use type (1)

 
n N (%)

 
Pav (mg/kg) 

  
Organic C (%) 

  
K (mg/kg) 

 
Mg (mg/kg) 

 
Ca (%) 

 
Na (mg/kg) 

 May RA 3 0.30 (0.09) a 10.9 (7.8) a 1.04 (0.55) a 243 (5) a 1055 (96) a 13.10 (0.70) a 72.2 (12.3) a 
Ba'ati

 
               

               
                  
      

                
                  

                 

XY 4 0.42 (0.16) a 13.0 (13.3) a 1.81 (2.79) a 281 (141) a 978 (167) a 12.83 (1.80) a 60.9 (14.9) a
XO 17

 
0.41 (0.18) a 11.4 (10.0) a 4.03 (2.63) a 596 (282) b 969 (407) a 7.19 (4.00) b 67.8 (28.2) a

 FO
 

7 0.52 (0.19) 
 

b 17.2
 

(9.6)
 

a 7.11
 

(3.45)
 

b 704
 

(340)
 

b
 

911
 

(291)
 

a
 

2.03
 

(0.50) 
 

c
 

65.2
 

(14.9)
 

a
 

Kunale 
 

RA 2 0.20 (0.05) a 16.8 (9.7) a 2.63 (0.42) a 266 (53) a 1745 (86) a 0.50 (0.20) a 82.6 (15.7) a 
XY 9 0.27 (0.09) a 18.6 (16.9) a 2.81 (0.82) a 334 (69) a 1380 (310) a 2.38 (4.10) a 73.6 (15.4) a
XM

 
8 0.31 (0.09) a 21.5 (16.4) a 3.27 (0.72) a 337 (90) a 1543 (492) a 1.38 (2.20) a 75.0 (18.5) a

 XO 12 0.43 (0.20) b 22.0 (9.1) a 4.10 (1.39) b 407 (323) a 1535 (273) a 1.10 (1.40) a 63.8 (28.4) a
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By expressing the nutrient content in each land use type relative to the nutrient content of 
the grazing lands, the improvements in soil fertility are visualized (Figures 3.21 and 
3.22). The grazing land, as most degraded situation, is conceived as the reference land 
use type, because it represents the starting point of the rehabilitation process. As such, the 
relative nutrient content (the soil nutrient content of a certain land use type expressed 
relative to reference land use type) can be considered as an improvement index. From 
figure 3.21 and 3.22 it is clear that soil fertility increases with vegetation restoration in 
exclosures. On average, organic C, available P and total N content in the topsoil (0 – 0.10 
m) of old exclosures of about 20 years increased to a level twice as high compared to the 
grazing lands. In the Ah horizon, available P concentration increased to only 1.2 times 
the concentration in the grazing land, while for N and K the concentration doubled. 
Organic C content in the Ah horizons increased almost threefold during 20 years of 
vegetation restoration. However, soil fertility in old exclosures is still far from what is 
recorded under church forest vegetation (Figure 3.21 and 3.22), indicating that soil 
fertility could further improve when vegetation restoration is continued.  
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Figure 3.21: Average nutrient content in the topsoil (0 – 0.10 m) of different land use types (RA: 
degraded grazing land, XY: young exclosure, XO: old exclosure and Eucalyptus forest, FO: church 
forest) expressed relative to the nutrient content of the grazing land with standard deviation 
indicated as error bars (for n, refer to table 3.29) 

 
3.4.4 Discussion 
 
First of all it needs to be stressed that sound conclusions concerning the effects of 
vegetation restoration on soil fertility in exclosures are hazardous, because of the limited 
dataset on soil nutrient content collected. However, general trends of improving soil 
fertility where areas are closed, are clearly noticed and in agreement with findings in the 
literature.  
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Figure 3.22: Average nutrient content in the Ah horizon of different land use types (RA: degraded 
grazing land, XY: young exclosure, XM: middle-aged exclosure, XO: old exclosure, FO: church 
forest) expressed relative to the nutrient content of the grazing land with standard deviation 
indicated as error bars (for n, refer to table 3.30)  
 
From the disparity between the nutrient concentrations obtained from the two sampling 
strategies (Table 3.29 versus Table 3.30) it follows that when investigating topsoil 
fertility, it is imperative to report the soil layer or soil depth from where the samples were 
taken. This will contribute to reliable comparisons between different studies. 
 
The fact that soil fertility in the old exclosures has not yet reached the level of the mature 
forest ecosystem represented in the church forest is not surprising, as other studies (e.g. 
Burke et al., 1995) have shown that, after suspending of grazing , about 50 years are 
needed in dry areas for topsoil nutrient and organic matter recovery to become evident. 
Also Kosmas et al. (2000) noted a significant soil improvement only after a period of 40–
45 years after land abandonment. Brown and Lugo (1990) concluded for dry tropical 
secondary forests that 40 to 50 years are required to restore soil organic matter levels 
comparable to nearby mature forests. This was corroborated by Colón and Lugo (2006) 
who found that after deforestation, a growth period of 45 years was needed before a 
significantly advanced recovery was noted.  
 
Many studies comment on the detrimental effects of deforestation on soil quality (e.g. 
Veldkamp, 1994; Lal, 1996; Hajabbasi et al., 1997; Lumbanraja et al., 1998; McDonald 
et al., 2002). Also for the case of Ethiopia, Woldeamlak and Stroosnijder (2003) and 
Mulugeta et al. (2005a,b) conclude that with the removal of forest vegetation, soil quality 
attributes decline. Although for some cations and available P, results do not always point 
in the same direction, it is generally concluded that organic matter (and thus organic C) 
and total N content decrease after deforestation. As such, our results of improving soil 
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fertility for the reverse land use change (i.e. forest restoration) are not surprising. For 
reforestation efforts in the highlands of Ethiopia, Mulugeta et al. (2005c) also found 
increasing concentration of C and N in the upper soil layers.  
Information about the effects of vegetation restoration can be found in studies on tropical 
secondary forests, which are formed as a consequence of human impact. In their review 
on these ecosystems, Brown and Lugo (1990) give an overview of soil nutrient 
concentrations in forests of different ages. Total N and P content clearly increase, 
whereas concentrations of exchangeable cations (K, Mg, Ca) evolve in both directions. In 
any case, as they rapidly accumulate soil organic matter, which is considered to contain 
the main capital of N, P and S of tropical forests (Sanchez et al., 2003), secondary forests 
are nutrient sinks (Brown and Lugo, 1990) where soil fertility is rapidly improving after 
human disturbance is banned. In the semiarid environment of the Mediterranean region, 
studies have been conducted to investigate the effects of land abandonment (e.g. Kosmas 
et al., 2000; Pardini et al., 2003). Similar to the case of exclosures, which could be 
considered as some kind of land abandonment as well, physical and chemical soil 
properties are improving. With respect to the effects of grazing exclosures, McIntosh et 
al. (1997) conclude that in dry climates, topsoil concentrations of C, N, P and 
exchangeable cations increase together with vegetative soil cover over a 15-year period 
of exclosure. 
From this overview it is inferred that our findings on the improving soil fertility in 
exclosures are in line with the generally held conviction about the beneficial effect of 
vegetation restoration.  
 
With sediment deposition caused by infiltration of runon water, important amounts of 
nutrients are deposited in the exclosures, which accelerates soil fertility buildup. Taking 
into account the average nutrient content of recently deposited sediment (Table 3.4) and 
the average amount of sediment deposited per hectare and per year (Table 3.11), 2.1 ± 1.2 
Mg ha-1 organic C is yearly deposited in the strips where sediment is trapped. With 
sediment deposition, also 0.15 ± 0.09 Mg N and 0.3 10-3 ± 0.2 10-3 Mg available P is 
added annually per hectare. With respect to sediment deposition it needs to be taken into 
account that nutrients are usually added only in the upper strip of the exclosure 
(paragraph 3.1). 
Sediment is not only brought into the exclosure with runon, but also by aeolian dust 
deposition on the vegetation canopy. As this can amount to 10 – 100 g of dust m-2 y-1 
(Goossens, 2006) and as it is assumed that this fine dust might contain a considerable 
amount of nutrients, this could contribute also to the recovery of soil fertility.  
 
Litter production is an important pathway of nutrient return to the soil (Vitousek, 1984; 
Lavelle et al., 1993; Martínez-Yrízar et al., 1999; Xuluc-Tolosa et al., 2003; Lawrence, 
2005). The input of litter nutrients is an important driver of soil chemistry and has a 
direct impact on the recovery of soil fertility (Read and Lawrence, 2003). To quantify the 
nutrient fluxes, the yearly nutrient input brought about by litterfall is calculated per land 
use type and presented in table 3.31. Together with increasing litter production (Table 
3.13), nutrient input increases where areas are closed for a longer time (Table 3.31). In 
contrast to sediment deposition caused by infiltration of runon water, the nutrient input 
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through litterfall is not restricted to the upper strip of the exclosure, so that generally, 
litter production is more important for soil fertility improvement.  
 

Table 3.31: Yearly nutrient input by leaf litterfall in different land use types in two study sites 

Land use type (1)
C 

(Mg ha-1)
N (10-2 

Mg ha-1)
P (10-3

Mg ha-1)
K (10-2

Mg ha-1)
Mg (10-2

Mg ha-1)
Ca 

(Mg ha-1) 
Na(10-3 

Mg ha-1)
May RA 0.09 0.19 0.04 0.03 0.05 0.02 0.02 
Ba’ati XY 0.35 0.97 0.24 0.58 0.29 0.05 0.08 
 XO 0.68 1.67 0.32 0.96 0.42 0.11 0.16 
 FO 1.62 3.08 1.10 1.54 1.21 0.25 0.37 
         
Kunale RA 0.11 0.23 0.05 0.08 0.02 0.02 0.00 
 XY 0.37 0.91 0.34 0.68 0.22 0.05 0.08 
 XM 0.55 1.69 0.39 1.76 0.83 0.11 0.13 
 XO 0.97 3.01 0.46 2.78 1.69 0.25 0.46 

(1): land use type coding: RA: degraded grazing land; XY: young exclosure; XM: middle-aged exclosure; 
XO: old exclosure; FO: church forest 
 
Comparing nutrient pools in the Ah horizon (Table 3.32) with litter nutrient input (Table 
3.31) can give an indication about nutrient cycling rates (Lisanework and Michelsen, 
1994). It is clear that the nutrient pool in the Ah horizon is much larger than what is 
returned annually through litterfall. However, whereas for N, K and Mg the difference 
amounts to a factor of 50 or even 100, the P pool in the Ah horizon is not more than 20 – 
30 times bigger than what is cycled through annual litter input. This indicates relatively 
rapid cycling of P compared to the other elements. From the high P use efficiency (Table 
3.18) it was already concluded that available P in the soil is probably strongly limited. 
Apparently, P is mainly cycled within the ectorganic layers and not added to the soil 
pool. The decreasing P content in OF and OH layers (Figure 3.15) might also indicate the 
uptake of P by vegetation before it reaches the Ah layer. This phenomenon of P cycling 
within the aboveground biomass in conditions of P limitation is described by various 
authors (e.g. Attiwil and Adams 1993; Stevenson and Cole, 1999; Fioretto et al., 2003; 
Mc Groddy et al., 2004) (refer also to paragraph 3.3).  
 
Table 3.32: Nutrient pools in the Ah horizon in different land use types in two study sites, with the 
average thickness of the Ah (d-Ah)  

Land use type (1)
d-Ah 
(mm) 

C 
(Mg ha-1)

N (10-2

Mg ha-1)
P (10-3

Mg ha-1)
K (10-2

Mg ha-1)
Mg (10-2

Mg ha-1)
Ca 

(Mg ha-1) 
Na(10-3

Mg ha-1)
May RA 6 0.87 25.2 0.9 2.0 8.9 11.0 6.1 
Ba’ati XY 17 3.85 89.3 2.8 6.0 20.8 27.3 12.9 

 XO 74 34.30 348.9 9.7 50.7 82.4 61.2 57.7 
 FO 83 53.11 388.4 12.9 52.6 68.0 15.1 48.7 
          

Kunale RA 3 0.87 6.6 0.60 0.9 5.8 0.2 2.7 
 XY 44 13.60 130.7 9.00 16.2 66.8 11.5 35.6 
 XM 48 15.70 148.8 10.3 16.2 74.1 6.6 36.0 
 XO 63 23.25 243.8 12.5 23.1 87.0 6.2 36.2 

(1): land use type coding: RA: degraded grazing land; XY: young exclosure; XM: middle-aged exclosure; 
XO: old exclosure; FO: church forest 
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3.4.5 Conclusions 
 
Vegetation restoration in exclosures results in improved soil fertility. This is witnessed by 
higher concentrations of organic carbon, total nitrogen, available phosphorus and 
exchangeable K in the upper soil layer of older exclosures. Important processes triggering 
the recovery of soil fertility are deposition of fertile sediments, mainly by water and 
possibly by dust, on the one hand and nutrient input through litterfall on the other hand. 
As demonstrated earlier, vegetation restoration is the driving force behind both processes. 
On the one hand, vegetation restoration leads to increased infiltration of water because of 
water flow retardation and improved soil structure. Where runoff water with suspended 
sediments coming from upslope eroding areas infiltrates, sediments and also the nutrients 
contained in them are deposited. On the other hand, litter production and litter nutrient 
input increase with vegetation restoration. Litter accumulating on the soil surface is 
decomposed, nutrients are mineralized and organic matter is incorporated in the soil. 
Besides soil structure amelioration leading to increased water infiltration and water 
holding capacity, this results in soil fertility improvements. The positive feedback 
mechanisms between soil quality and biomass production enhance the recovery of soil 
fertility when a degraded area is closed for grazing.  
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CHAPTER 4 
 
Effects of vegetation restoration on soil water balance 
components 
 
 
A soil water balance can be conceived as:  
 

SDPETRCRRP FN ∆+++=++        (4.1) 
 
where water input on the left equals water output on the right of the equation and 
 
P   rainfall [mm] 

NR   runon [mm], defined as extra lateral water input generated as runoff in the 
 surrounding areas 
CR   capillary rise [mm] 

FR   runoff [mm] 
ET   evapotranspiration [mm] 
DP  deep percolation [mm] 

S∆   change in soil water storage [mm] 
 
In this chapter all water balance components of equation 4.1 are assessed (except for 
precipitation (paragraph 2.3.1) and capillary rise, which is assumed to be negligible) and 
the effect of vegetation restoration is examined.  
 
 
4.1 Soil water content 
 
4.1.1 Introduction 
 
Soil water influences plant growth, physical and chemical soil parameters and soil 
biological activity (Hillel, 1982). Measurements of soil water content are necessary to 
determine the soil water budget at field level (Mastrorilli, 1998) and gain understanding 
in how the soil water availability varies in the course of a year. The measurements 
provide the necessary data for calibration and validation of a soil water balance model, 
which can be used to simulate water fluxes such as deep drainage and evapotranspiration.  
 
Soil water content can be expressed as gravimetric soil water content (W) and volumetric 
soil water content (θ) (Hillel, 1982) as follows:  
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tot

w
M

MW =  [g g-1]          (4.2) 

 
where 

wM  mass of the water contained in the soil unit [g] 

totM  mass of the dry soil unit [g] 
 

tot

w
V

V=θ  [m3 m-3]         (4.3) 

 
where  

wV  volume of the water contained in the soil unit [m3] 

totV  total volume of the soil unit [m3] 
 
Both variables are connected though the bulk density of the soil ( totρ ) and the density of 
water ( 1=wρ  g cm-3):  
 

w

totW
ρ
ρθ =           (4.4) 

 
Different techniques for the determination of the soil water content exist. Reviews of 
techniques are given by Gardner (1965), Stafford (1988) and Topp and Ferré (2002). 
A simple distinction is made between direct and indirect measurement methods (Gardner, 
1965). In the direct method, the soil water is extracted from a soil sample and then 
measured, while with the indirect method a soil parameter is measured, which depends on 
the soil water conditions. From another point of view these methods can also be 
denominated as destructive versus non-destructive measurements.  
 
4.1.1.1 Gravimetric determination of soil water content 
 
The gravimetric technique is a direct and destructive measurement technique, by which 
samples are taken from the soil to determine their water content. It is considered to be the 
most accurate method for soil water determination, so that it is used as a reference, 
against which indirect methods are tested. As opposed to its’ accuracy, the method is 
destructive and requires much more time and labour.  
The gravimetric method is complicated by the presence of rock fragments for the 
following reasons (Reinhart, 1961):  
 

− rock fragments hamper the sampling, 
− the share of rock fragments and their water retention need to be accounted for, 
− the heterogeneous distribution of rock fragments in the soil cannot be grasped by 

soil augering, and complicates the conversion of gravimetric water content to 
volumetric water content and the extrapolation of the results to a wider 
surrounding. 
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In general, soil water content values of stony soils can be misleading with respect to e.g. 
plant growth. Because of the low water retention by rock fragments, the soil water 
content of mixed samples will always be less than the water content of fine earth 
(Gardner, 1965). However, the presence of rock fragments does not necessarily imply a 
decreased water availability for plants. More water will be concentrated in the fine earth 
fraction, and water is hold in the interstitial pores between the rock fragments. As rock 
fragments slow down the rate of water percolation through the soil volume, the water is 
also available for uptake for a longer time period.  
It is always important to specify which fraction of the soil mixture is concerned when 
reporting a soil water content.  
 
4.1.1.2 Time Domain Reflectometry 
 
Besides somewhat hazardous techniques like the neutron scattering method (Gardner and 
Kirkham, 1951) and the gamma ray attenuation method (Reginato and van Bavel, 1964), 
another non-destructive method using Time Domain Reflectometry (TDR) was developed 
by Davis and Chudobiak (1975). TDR determines the dielectric constant of the soil by 
measuring the propagation time of an electromagnetic wave through a probe which is 
inserted into the soil (Noborio, 2001). Empirical (Topp et al., 1980) or theoretical (e.g. 
Roth et al., 1990) relationships between the dielectric constant and the volumetric soil 
water content allow to determine the latter. The reasoning behind this procedure is the 
fact that the dielectric constant of water is much larger (about 80) than of other soil 
constituents (not higher than 15) (Curtis and Defandorf, 1929, cited in Noborio, 2001; 
Parkhomenko, 1967). The relation proposed by Topp et al. (1980) between the volumetric 
soil water content (θ) and the apparent dielectric constant κ is successfully applied in 
many TDR applications and situations (Noborio, 2001): 
 

362422 103.4105.51092.2104.5 κκκθ −−−− ×+×−×+×−=     (4.5) 
 
Topp et al. (1980) found that the relation was not very sensitive to temperature (10 – 
36°C), soil texture (clay to sandy loam), soil bulk density (1.14 – 1.44 g cm-3, for non-
swelling soils) and soluble salt content. Nonetheless, it cannot be denied that some soil 
parameters exert a specific influence on the dielectric constant of the soil, by which 
equation 4.5 could erroneously predict the soil water content. Therefore it is important to 
calibrate TDR measurements against gravimetric reference values in the field. Many 
authors discuss the effects of the following soil parameters on the θ-κ relation: texture 
(Dasberg and Hopmans, 1992; Ponizovsky et al., 1999), bulk density (Jacobsen and 
Schjønning, 1993), organic material (Roth et al., 1992), electrical conductivity (Nadler et 
al., 1999), the presence of (hydr)oxide minerals (Robinson et al., 1994), temperature 
(Persson and Berndtsson, 1998), actual soil water content (Evett, 1999), soil layer 
heterogeneity (Topp et al., 1982; Nadler et al., 1999). The effect of rock fragments on the 
θ-κ relation merits special attention. Rock fragments have a higher dielectric constant (4 – 
16 according to Curtis and Defandorf (1929) and Parkhomenko (1967)) as compared to 
fine earth (2 – 5 according to Pepin et al., 1995). Therefore, it is expected that a high rock 
fragment content would negatively influence TDR accuracy. For sandy soils and a rock 
fragment content between 0 and 50 %, Drungil et al (1989) found no difference between 
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soil water content values measured by the TDR and gravimetric reference values. Also 
for Canadian forest soils with up to 40 vol% rock fragments, Spittlehouse (2000) did not 
report any problems except for installation. However, Jacobsen and Schjønning (1993) 
warn that the presence of rock fragments may cause local variation in the dielectric 
constant of the soil and thus may influence the θ-κ relation. Based on TDR measurements 
of Hokett et al. (1992) and Sakaki et al. (1998) in big rocks, it is concluded that Topp et 
al.’s (1980) relation may overestimate θ in non-porous material. As a consequence, also 
in soils with many non-porous rock fragments, an overestimation of θ can be expected, so 
that a rock type-specific TDR calibration is recommended for stony soils.  
 
In view of the high stoniness of the soils in the study sites, special attention to the effects 
of rock fragments on TDR accuracy and reliability is imperative. Noborio (2001) states 
that the effect of rock fragments on waveforms in soils has not been fully investigated. 
Besides this, also in view of the scarcity of TDR technique tests in arid and semiarid 
environments (Mastrorilli et al., 1998), a thorough investigation of TDR performance in 
the study sites would be valuable. 
 
It is the objective of this study (1) to test the performance of the TDR technique for the 
determination of soil water content in the study sites, (2) to gain understanding in soil 
water evolution over the year in the study sites and (3) to obtain a reliable set of soil 
water content values over time and this for at least two rainy seasons to be able to 
calibrate and validate a soil water balance model. 
 
4.1.2 Methodology 
 
4.1.2.1 Measurement campaigns 
 
In order to obtain a reliable set of soil water content values, measurements were made 
over two rainy seasons. 
 
• Summer 2003:  

− installation of TDR access tubes  
• Summer – end 2003:  

− first TDR measurements (failure of TDR equipment and reparation) 
• 2004:  

− TDR measurements: weekly from February to October. (Measurements ended due 
to breakdown of TDR equipment.) 

− gravimetric measurements: monthly starting from March  
biweekly from July to September (rainy season) 

− TDR reliability tests (August – October) 
• 2005:  

− TDR measurements: weekly from January to November 
− gravimetric measurements: monthly starting from January 

10-daily from May to November  
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4.1.2.2 Sample locations 
 
TDR measurements were conducted in many places: 2 locations in each landscape unit 
and 4 to 7 locations in transects perpendicular to the contour in the young and old 
exclosures of May Ba’ati and Kunale. 
Gravimetric soil water measurements had to be restricted to the following landscape units 
(refer to Figure 2.8 and Table 2.1):  

− In May Ba’ati: MFO, MXY1, MXO2, MXO3, MXO4, MXO6, MXO8, MXO9, 
MXO10, MRA1 

− In Kunale: KXY1, KXY2, KXY3, KXM1, KXM2, KXO1, KXO2, KRA 
− In Adewro: AXY1, AXY2, AEU1, AEU2, ARA 

 
4.1.2.3 TDR measurements 
 
Zegelin et al. (1989) and Noborio (2001) give comprehensive overviews of different 
probe types, their specifications in terms of morphology, used materials, limitations and 
possible applications. In this study the Tube Probe T3 was used in conjunction with the 
TRIME-FM3® apparatus (Figure 4.1), developed by IMKO (2001) and discussed in 
detail by Laurent et al. (2001).  
 

(a) Photo IMKO, 20Photo IMKO, 2001 01 

Figure 4.1: The tube probe 
TRIME-FM3® apparatus (b)  
 
Since air gaps around pro
dielectric constant (Annan,
access tube and the surro
present the worst situation
of breaking the tubes and

 

 
    (b) 
with indication of the magnetic field around the probe (a) and the 

bes can cause serious deviations in the determination of the 
 1977), it is very important to ensure close contact between the 
unding soil. Laurent et al. (2001) comment that rocky soils 
 for the installation of TDR access tubes. There is a great risk 
 locking at a given depth with the impossibility to go any 
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deeper. Problems of this sort have been reported by Spittlehouse (2000) for Canadian 
forest soils and by Frueh and Hopmans (1997) in gravely soils.  
To solve this problem a cylindrical guiding hole with a slightly bigger diameter than the 
access tube was dug. This was done by using a soil auger and a metal tube which was 
drilled into the soil by hammering. Then a mud paste was prepared using the in situ 
available soil. The mud was poured in the hole and the plastic access tube was lowered 
whereby the mud paste appeared at the soil surface. As such, close contact between the 
tube and the surrounding soil was ensured. However, through this process the soil 
structure (e.g. pore distribution, aggregate structure, bulk density) in the near vicinity of 
the tube was altered. Although it concerns only a few millimetres, this has to be taken 
into account when the TDR performance is evaluated.  
 
In each landscape unit, 2 access tubes were installed in order to have 2 replications. In 
each transect location, only one tube was installed in order reduce measurement time and 
cost. Tubes were inserted as deep as possible into the soil, which resulted in a depth 
varying from 0.80 to 1.40 m. 
 
To take a measurement, the TDR probe was gradually lowered in the access tube with 
steps of 0.20 m. This procedure was repeated three times in different directions, by 
rotating the probe 120° after each cycle in order to cover the whole soil volume around 
the tube.  
 
4.1.2.4 Gravimetric measurements 
 
In each of the locations, three samples per soil depth were taken with an “Edelman” soil 
auger. The same depth increments of 0.20 m were applied. The high stoniness usually 
impeded sampling deeper than 0.80 m. Samples of about 200 – 400 g were weighed 
immediately after sampling with a simple battery-operated balance with an accuracy of 1 
g. Drying was conducted in the ovens of the Mekelle University laboratory at 105 °C 
during 24 h. After cooling down, the samples were weighed again to determine the dry 
mass.  
The gravimetric soil water content was calculated as follows: 
 

dry

drywet

M
MM

W
−

=  [g g-1]        (4.6) 

where  
wetM  the soil mass immediately after sampling [g] 

dryM  the soil mass after drying for 24h at 105°C [g] 
 
For each sampling location and for each depth, stoniness was determined through wet 
sieving on a 2 mm mesh size, based on five replications. Mass and volume percentage 
was determined for each rock fragment type and three size classes (2 – 20 mm; 20 – 60 
mm; > 60 mm). 
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As outlined above the presence and heterogeneous distribution of rock fragments in the 
soil complicate the correct interpretation of the soil water content. When a soil sample is 
collected by auger, the stoniness of the sample (Rv,tot,sample) tends to underestimate the real 
stoniness of the soil (Rv,tot,mixture) and the share of the bigger rock fragments in particular. 
This is because a soil auger is not designed to take up a lot of and big rock fragments 
(Figure 4.2).  
 
To calculate the soil water content of the in situ soil mixture (θtot,mixture) starting from the 
soil water content of the sample (θtot,sample), the following procedure was applied. The 
water retention characteristics determined in paragraph 3.4.6 allowed to determine the 
soil water potential (pF) starting form θtot,sample. Given the matric potential, the soil water 
content of the rock fragments (θrf) was obtained from the water retention characteristics 
for rock fragments (Figure 2.23). The water content of the fine earth fraction was derived 
as: 
 

sampletotv

rfsampletotvsampletot
fe R

R

,,

,,,

1−
−

=
θθ

θ         (4.7) 

 
Given θfe the soil matric potential and corresponding θrf were determined again and θfe 
was recalculated with equation 4.7. The whole procedure was repeated three times as a 
refinement of the calculation. 
 
The water content of the in situ soil mixture was calculated as: 
 

rfmixturetotvmixturetotvfemixturetot RR θθθ ,,,,, )1( +−=       (4.8) 
 
It is the θtot,mixture that is reported in the section on the soil water content evolution and in 
the water balance study. θtot,mixture was also used to test the TDR reliability (see further).  
 

 
 
Figure 4.2: Schematic overview of a stony soil mixture with indication of 2 rock fragment types, 
different rock fragment sizes and sampled volume (shaded area) 
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The total water content contained in the soil, expressed as an equivalent water depth in 
mm, is given by: 
 

2.0)(1000 ,,∑=
i

imixturetotS θ         (4.9) 

where  
imixturetot ,,θ  soil water content of consecutive soil layers of 0.20 m of the soil mixture 

  as found in situ [m3 m-3] 
 
4.1.2.5 TDR reliability test 
 
To check TDR reliability, the soil water content measured by TDR was compared with 
gravimetrically determined soil water content. This was done in 12 landscape units 
(AEU1, ARA, KXY2, KXY3, KXM1, KXO2, MXY1, MXO5, MXO6, MXO8, MXO9, 
MRA1; refer to Figure 2.8 and Table 2.1) both in the rainy (August 2004) and the dry 
(October 2004) season to account for the effects of soil wetness on TDR measurements. 
In order to consider the maximum influence sphere of the TDR equipment (a radius of 
0.15 m from the probe), a relatively large cylindrical volume around the access tube was 
sampled for gravimetrical soil water determination. Sampling a large volume had the 
additional advantage of yielding a representative sample of the rock fragments around the 
access tube. Just after the TDR measurement, the soil around the access tube was dug out 
in successive depth intervals of 0.10 m. Three soil volumes, located at increasing distance 
from the tube (IN: 0 – 0.05 m, MID: 0.05 – 0.10 m, OUT: 0.10 – 0.15 m) were sampled 
separately. The soil sampling pattern is depicted in figure 4.3.  
 

 
 
Figure 4.3: Schematic overview of sampled soil volumes around a TDR access tube for TDR 
reliability testing 
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Immediately after digging out, the sampled soil volumes were divided in subsamples of 
convenient size and mass (500 – 1000g). These were weighed on the spot on a portable, 
battery-operated balance with an accuracy of 1g. Water losses due to evaporation were 
minimized through shading by means of a plastic sheet stretched over the sampling 
location. All samples were dried at 105 °C for 24h and weighed in the laboratories at 
Mekelle University. Due to the large volumes sampled, it was expected that drying for 
24h could be insufficient to remove all the soil water. Therefore, for each sampled 
horizon three samples were dried for 24h, weighed, dried again for 24h and weighed 
again. Based on the mass difference a correction factor was calculated, which turned out 
to be rather insignificant and of the same order of magnitude for all soil types (average 
correction factor = 0.98; standard deviation = 0.02; n = 17). After the correction for the 
drying time the gravimetric soil water content of each sample was calculated with 
equation 4.6. Stoniness of each soil volume and the share of the different rock fragment 
types and sizes were determined upon sieving with a 2 mm mesh size.  
 
Before the TDR values could be compared with the gravimetrically obtained soil water 
content values, the latter needed to be converted to soil water content values on a volume 
basis with equation 4.4. To this end, the bulk density of each soil volume was calculated 
with equation 2.7 and using the fine earth bulk density as given in table 2.13 and the rock 
fragment bulk density as given in table 2.11. 
 
The relation between the soil water content determined gravimetrically and by TDR was 
studied, with special emphasis on: 
 

− Volumetric soil water content (θ) 
− Rock fragment content (Rv) and porosity of the rock fragments  
− Soil texture 
− Organic matter content 

 
4.1.3 Results and discussion 
 
4.1.3.1 TDR reliability test 
 

− Effect of distance from the access tube 
 
The results indicate that the relation between soil water content determined by TDR and 
by gravimetric sampling is very similar for the three sampled soil volumes (IN, MID, 
OUT) (Figure 4.4, Table 4.1). The lower coefficient of determination for the outer ring 
indicates a slightly worse agreement. Nevertheless, it was decided to treat the soil water 
content of the three soil volumes equally.  
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Table 4.1: Regression functions relating the gravimetrically determined soil water content (GRAV) 
with the soil water content determined by TDR, with indication of the coefficient of determination 
(R2), the level of significance (p) and the number of observations (n)  

Soil volume Regression function R2 p n 
IN 45.287.0 += TDRGRAV  0.57 0.000 145 
MID 87.182.0 += TDRGRAV  0.55 0.000 145 
OUT 97.372.0 += TDRGRAV  0.49 0.000 145 
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Figure 4.4: Scatterplot of the gravimetrically determined soil water content (GRAV) versus the soil 
water content determined by TDR (TDR) for the three sampled soil volumes (IN: black circles, MID: 
white squares, OUT: grey triangles) with indication of the bisector (dotted line) and the respective 
regression lines (IN: solid black, MID: dashed, OUT: solid grey) 
 

− Effect of soil water content 
 
To investigate the effect of soil water content on the reliability of the TDR readings, the 
readings were compared with gravimetrically determined soil water content from samples 
containing few rock fragments (the limit for Rv,tot is set at 7 %). Samples containing more 
rock fragments were excluded because of the likely effect of rock fragments on the 
reliability of the TDR measurements, which is studied later. The results show that when 
the soil water content drops below 20 vol%, the TDR reading overestimates the soil water 
content up to a factor 2 (Figure 4.5). In wet soils (θ > 40 vol%), the TDR readings tend to 
underestimate the soil water content, although reliable conclusions can not be made from 
only three observations. For a volumetric soil water content between 20 and 40 %, the 
ratio TDR/GRAV lies around 1, although the scatter is quite large (± 25%). It needs to be 
remarked that because of the limit Rv,tot < 7 %, only measurements made in KXY2, 
MXY1, MXO5, MXO6, MRA1 are included in this analysis. Soils in the other landscape 
units were too stony. 
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Figure 4.5: Scatterplot of the ratio of TDR reading to gravimetrically determined soil water content 
(TDR/GRAV) versus the reference soil water content (GRAV) for soils with Rv,tot < 7%, with 
indication of the 1.0 ratio line  
 
The bad performance of the TDR technique in dry soils has its repercussions on the 
remainder of the analysis. The influences of other soil variables on the TDR accuracy can 
be studied only for samples with θ > 20 vol%. 
 

− Effect of stoniness 
 
From figure 4.6 it cannot be concluded that increasing stoniness results in decreasing 
TDR accuracy. For the soils with a dominance of basalt-type rock fragments, the TDR 
showed very poor performance in the Eucalyptus forest of Adewro (AEU1), whereas 
measurements in the degraded grazing land (ARA) were somewhat better (Figure 4.6,a). 
In Kunale (Figure 4.6,b), where soils contain a mixture of the three rock fragment types, 
the TDR/GRAV ratios form a cloud around 1. For the landscape unit in the middle-aged 
exclosure (KXM1), the ratio is clearly higher, indicating the unreliability of the TDR 
readings in this location. When comparing the different graphs of figure 4.6 it seems that 
the TDR technique performed best in May Ba’ati (Figure 4.6,c,d), where soils contain a 
mixture of mainly limestone and some sandstone rock fragments. Overall, the volumetric 
rock fragment content does not influence the TDR unreliability. 
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Figure 4.6a,b,c,d: Scatterplots of the ratio of TDR reading to gravimetrically determined soil water 
content (TDR/GRAV) versus the volumetric rock fragment content (Rv,tot) with indication of the 1.0 
ratio line for samples with θ > 20 vol%. Scatterplots are organized according to the prevailing rock 
fragment types present in the soil profiles (B: basalt, L: limestone, S: sandstone). Landscape units 
(refer to Figure 2.8 and Table 2.1) are indicated with different symbols. 
 
An explanation for the reliability of TDR readings in different soils can be found in the 
different porosity of the rock fragments. In the soils of Adewro (Figure 4.6,a), the highest 
share of basalt rock fragments bigger than 2 cm characterized by limited porosity was 
found in the Eucalyptus forest (AEU1) (Figure 2.19 and Table 2.11). In soils of the 
degraded grazing land (ARA) the share of the small rock fragments (< 2 cm) is more 
important. Since big, unweathered rock fragments have smaller porosity than small 
weathered rock fragments, the total porosity of the rock fragment fraction in the two 
landscape units will be different as well. The same reasoning holds for Kunale (Figure 
4.6,b). Especially in the soil of the middle-aged exclosure (KXM1) with lowest TDR 
performance, the share of less porous basalt rock fragments is high in comparison with 
the share of more porous limestone and sandstone rock fragments (Figure 2.19 and Table 
2.11). In the soils of May Ba’ati (Figure 4.6,c,d), where soils mainly contain porous 
limestones (Figure 2.18 and table 2.11), TDR reliability is highest.  
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− Effect of texture and organic matter 
 
In figure 4.7 the gravimetrically obtained soil water content (GRAV) above 20 vol% is 
plotted against the TDR readings for different soil textural classes. Results indicate that in 
soils with a clay content below 25 % TDR performance is very poor (Figure 4.7,a). 
However, also for clay rich soils the measurements conducted with TDR do not give a 
correct estimation of soil water content (Figure 4.7,c). The fact that smectites are 
important here can be an explanation. This type of 2:1 clays with variable basal spacings 
highly influences soil water retention and gives rise to swelling and shrinking of the soil 
upon wetting and drying, with the formation of cracks as a result. Although this 
phenomenon of cracking was not pronounced in the stony soils on the hillslopes, it might 
be that even small soil cracks around the access tube result in poor TDR performance. In 
clay loam texture TDR reliability is relatively good (Figure 4.7,b). However, Figure 4.8 
illustrates that correcting TDR readings by considering clay content of the soil is not 
feasible. The same applies to organic matter content as no trend in TDR performance 
could be related to differences in organic matter content (Figure 4.9).  
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Figure 4.7: Scatterplots of gravimetrically determined soil water content (GRAV) versus soil water 
content determined by TDR (TDR) for samples with θ > 20 vol% for different soil textural classes 
(loamy sand, sandy loam, and silt loam (a), clay loam (b) and clay (c)) with indication of the bisector  
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Figure 4.8: Scatterplot of the ratio of TDR reading to gravimetrically determined soil water content 
(TDR/GRAV) versus the clay content of the soil for samples with θ > 20 vol%, with indication of the 
1.0 ratio line  
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Figure 4.9: Scatterplot of the ratio of TDR reading to gravimetrically determined soil water content 
(TDR/GRAV) versus the organic matter content of the soil for samples with θ > 20 vol% with 
indication of the 1.0 ratio line  
 

− Discussion on TDR reliability test 
 
Except for the adverse effect of low soil water content and low porosity of rock 
fragments, no other factors could be indicated that influence TDR accuracy in one 
distinguished way. Some authors mention poor TDR accuracy at low soil water contents. 
Zegelin et al. (1989) and Evett (1999) propose a critical soil water threshold of 
respectively 5 and 10 vol% below which discrepancies in the TDR measurements can be 
expected. The critical soil water threshold of 20 vol%, which was found in this study, is 
remarkably high in comparison to these studies. Moreover, other studies (e.g. Mastrorilli 
et al., 1998) carried out in (semi)arid regions, where low soil water contents are no 
exception, do not even mention a critical soil water threshold.  
Due to the higher dielectric constant of rock fragments as compared to fine earth, it was 
expected that a high rock fragment content would negatively influence TDR accuracy, 
which could however not be demonstrated (Figure 4.6). On the other hand, porosity of the 
rock fragments concerned was found to play a role. When a soil contains a lot of rock 
fragments with low porosity, (such as basalt rock fragments bigger than 6 cm) the TDR 
strongly overestimates the soil water content. This effect of porosity is explained by the 
dielectric constant of the different rock fragment types, because porosity is inversely 
related to the dielectric constant of a material. Parkhomenko (1967) and Curtis and 
Defandorf (1929) propose dielectric constants of basalt between 10 and 15, whereas for 
limestone and sandstone dielectric constants are lower and range between 8 – 12 and 4 – 
11 respectively. Apparently, when the dielectric constant of a rock fragment does not 
exceed a threshold, the rock fragment behaves more or less like fine earth, and the TDR 
readings are not affected.  
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The results indicate that the accuracy of the TDR readings used in this study is 
disenchanting and unacceptable. Even for a soil water content above 20 vol%, the ratio of 
the TDR reading to the reference soil water content varies between 0.5 and 2 (Figures 
4.6, 4.8, 4.9). This means that a TDR reading can either underestimate or overestimate 
the soil water content by a factor 2 in a seemingly arbitrary way. As no clear effect of soil 
variables could be found, only two reasons can be indicated for the poor performance of 
the TDR technique in this study: (1) a poor contact between the probe access tube and 
surrounding soil and/or (2) the altered soil structure around the tube. Using mud to ensure 
good contact between the access tube and the surrounding soil resulted in an alteration of 
the soil structure in the near surroundings of the access tube. A perfect contact between 
access tube and soil could neither be guaranteed for 100 % in this way. Both problems are 
related to the high rock fragment content of the soils. 
 
Despite the statement of Mastrorilli et al. (1998) that TDR is able to correctly estimate 
soil water in semiarid climates and the assertion made by Ladekarl (1998) that TDR is a 
fast and reliable technique in forest research, it needs to be concluded from this study that 
TDR measurements are not always reliable. In the stony soils of the study sites, TDR 
reliability is unacceptably low, especially in drier conditions, so that TDR readings could 
not be used for water balance model validation or calibration. More generally, this pleads 
for a thorough check of TDR readings prior to each study intending to use the technique, 
without taking for granted its widely accepted performance.  
 
4.1.3.2 Soil water evolution over the year 
 
Due to the unreliability of the TDR readings, only gravimetrically determined soil water 
content was considered to reconstruct soil water availability in the course of the years 
2004 - 2005. Because of the time-consuming nature of this technique, only a selection of 
landscape units was sampled, as indicated in the methodology section.  
In figure 4.10 the soil water content in the upper 0.80 m of the soil is plotted against time 
for a selection of representative landscape units. For 2005, some data points have been 
deleted to improve graph clearness. Soil water content of the in situ soil mixture of fine 
earth and rock fragments (equation 4.8) is plotted in each graph. Overall trends are the 
same in all land use types and study sites. Soil water starts to rise from the end of June – 
beginning of July when the main wet season starts. A peak in soil water content is 
attained by the end of August followed by a quick decline in the first months of the dry 
season. Minimal soil water content is generally reached by the months of November – 
December and lasts until the first rains in the Belg season. Figure 4.10 illustrates that the 
increase in soil water content during the Belg season depends on the magnitude of the 
rains in that season. In 2005 a small peak was realized in May, which was not the case in 
2004, when precipitation was clearly less. Differences in soil water content between 
landscape units are attributed to various factors. Soil water retention characteristics 
determine the volume of water a soil can hold at various matric potentials. Differences in 
field capacity explain why in the rainy season the coarsely textured soils in Adewro 
(Figure 4.10,c) contain less water than the clayey soils in Kunale (Figure 4.10,b) or May 
Ba’ati (Figure 4.10,a). Differences in the dry season are attributed to the water a soil can 
hold at wilting point. Another important factor is the net water input to a landscape unit, 
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which varies according to its’ runoff generation (refer to paragraph 4.2) and the runon 
(refer to paragraph 4.3) it receives. This can be clearly exemplified by the difference 
between the church forest (MFO) and the other landscape units in May Ba’ati (Figure 
4.10,a). The former receives much more extra water as it is located in a well area, 
allowing the soil water to rise to around 500 mm in the rainy season. A third parameter 
influencing the soil water evolution is vegetation cover as it affects evapotranspiration 
(refer to paragraph 4.4).  
From the standard deviations indicated as error bars in figure 4.10 it seems that there is a 
large variation in soil water content within each landscape unit. Average coefficients of 
variation were 10% in May Ba’ati, 11% in Kunale and 13% in Adewro. For semiarid 
shrubland in the Mediterranean region, Archer et al. (2002) found similarly high 
coefficients of variation. They attributed this high variability to the patchiness of the 
vegetation in which areas with shrubs alternate with grassy patches and bare soil. In the 
near vicinity of shrub stems the wettest soils can be expected, because shrubs concentrate 
water in this zone through stemflow. Under the shrub canopy, one can find the driest 
soils, because interception of raindrops decreases the amount of rain reaching the soil 
surface and because this area is under influence of shrub roots, extracting water for 
transpiration. In the grassy areas between shrubs, soil water content is higher than under 
the canopies, as more water infiltrates and transpiration is less. Under bare soil, lower soil 
water contents can be expected, because runoff is higher. The soil water content that is 
determined through augering therefore highly depends on the exact sampling location. 
Another explanation for the large standard deviations might be that soils with high rock 
fragment content are characterized by large variation over short distances (Childs and 
Flint, 1990). Taking three replicates is meant to average out these effects of sampling 
location.  
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Figure 4.10: Soil water content in the upper 0.80 m of the soil for different landscape units in May 
Ba’ati (a), Kunale (b) and Adewro (c) (refer to Figure 2.8 and Table 2.1) with indication of 10-day 
rainfall depth (grey bars). Note the different scales of the graphs. 
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Another way of representing soil water content data is to reconstruct soil water profiles. 
As such the rise and decline in soil water content in the different soil layers can be 
followed. An illustration of soil water profiles in 4 landscape units in May Ba’ati is given 
in figure 4.11. 
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Figure 4.11: Soil water profiles at 9 different moments in 4 landscape units (refer to Figure 2.8 and 
Table 2.1) in May Ba’ati 
 
4.1.4 Conclusions 
 
TDR readings are not reliable in the study area, which is most probably caused by the 
problematic installation of the access tubes in the stony soils.  
Therefore, for model calibration and validation only gravimetrically determined soil 
water content is used. The 2005 soil water dataset is used for model calibration, as this is 
the most detailed dataset comprising 10-daily readings from May to October. The 2004 
soil water dataset with monthly readings from March 2004 and biweekly readings from 
July to September is used as the model validation dataset.  
From the results of the gravimetrical soil water content determination it is concluded that 
all landscape units go through a similar soil water content evolution, which is mainly 
controlled by rainfall patterns. Differences between landscape units are attributed to soil 
and vegetation cover characteristics and the presence or absence of extra water input.  
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4.2 Runoff1 
 
4.2.1 Introduction 
 
Runoff production is an important process in land degradation, causing soil erosion and 
influencing the soil water balance and hydrology of a catchment. Many authors have 
discussed the runoff behaviour of different land use types and the effects of land use 
change on runoff production (e.g. Calder et al., 1995; Kosmas et al., 1997; Narain et al., 
1998; Cammeraat and Imeson, 1999; Castro et al., 1999; Vacca et al., 2000; Bellot et al., 
2001; Kang et al., 2001; Mc Donald et al., 2002; Dagnachew et al., 2003; Pardini et al., 
2003; Dunjó et al., 2003, 2004). When aforestation/reforestation or vegetation restoration 
is concerned, it is commonly concluded that runoff rates and peak flows are reduced (e.g. 
Mapa, 1995; Zhou et al., 2002; Huang and Zhang, 2004; Zhang et al. 2004), but also base 
flows may decrease as a result of increased evapotranspiration (Bruijnzeel, 2004). In a 
review on rainfall-runoff modelling in arid and semiarid regions, Pilgrim et al. (1988) 
claim that there is a serious lack of data on runoff production in these regions. They stress 
the importance of an increased knowledge on the impact of vegetation, land management 
and grazing practices on runoff production to support decision making in land use 
planning. Since this review, a significant number of studies have been conducted on 
runoff processes in relation to vegetation and other variables in semiarid regions, but the 
majority of them focus on the Mediterranean environment (e.g. Yair and Lavee, 1985; 
Sala and Calvo, 1990; Sorriso-Valvo et al., 1995; Nicolau et al., 1996; Castillo et al., 
1997; Kosmas et al., 1997; Solé-Benet et al., 1997; Cerdà, 1997a,b, 1998; Bochet et al., 
1998; López-Bermúdez et al., 1998; Martinez-Mena et al., 1998; Puigdefábregas et al., 
1999; Lasanta et al., 2000; Vacca et al., 2000; Archer et al., 2002; Desir, 2002; Yair and 
Kossovsky, 2002; Calvo-Cases et al., 2003; Pardini et al., 2003; Dunjó et al., 2003, 
2004). As Pilgrim et al. (1988) point out, there is a great diversity in hydrological 
characteristics within (semi)arid regions, so that it would be unrealistic to assume the 
findings of these studies to be unconditionally applicable to Tigray. Not only the 
difference in rainy season (winter versus summer) but also the difference in elevation of 
both regions call for specific research in the Tigray Highlands.  
Mapa (1995), Descroix et al. (2001) and Archer et al. (2002) argue that relatively more 
studies refer to runoff characteristics in arable land than to natural vegetation and 
rangeland areas. Studies on runoff processes in rangelands have been conducted mainly 
in North America (e.g. Wilcox and Wood, 1988, 1989). In East Africa however, where 
the high population density of people and livestock in the highlands indicate the 
importance of rangelands, such studies are rather scarce. Gutierrez and Hernandez (1996) 
further indicate that there is great uncertainty on the vegetation cover needed to push 
back runoff from semiarid rangelands. 
Nyssen et al. (2004) provide an overview of runoff studies conducted in Ethiopia and 
Eritrea over various scales of space and time. For a watershed in the northwestern 
highlands, Woldeamlak and Sterk (2005) found a decreasing evolution in stream flow, 

                                                 
1 Based on: Descheemaeker, K., Nyssen, J., Poesen, J., Raes, D., Mitiku Haile, Muys, B., Deckers, J., 2006 
Runoff processes on slopes with restored vegetation: a case study from the semiarid Tigray highlands, 
Ethiopia. Journal of Hydrology, in press 
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which was attributed to changes in land cover, land use, degradation of the watershed and 
a higher dry-season water consumption by an increasing population. Also Dagnachew et 
al. (2003) investigated the effect of land use changes on the hydrological response of a 
catchment in South Central Ethiopia. Mwendera and Mohamed (1997), Mwendera et al. 
(1997) and Taddese et al. (2002a, b) investigated in Ethiopia the impact of grazing on 
vegetation attributes, soil physical and hydrological processes. Their findings indicate 
that with increasing grazing pressure, vegetation cover decreases and soil compaction 
increases, leading to lower infiltration rates and higher runoff. Within the framework of 
the Soil Conservation Research Programme (SCRP, 2000) in Ethiopia, up to 12 years 
long data series were collected on runoff measured at different plot scales. These studies 
mainly focused on cultivated areas to ascertain the runoff behaviour of different 
cultivation practices, soil types, climates and to evaluate the effects of various soil and 
water conservation practices in farmers’ fields. 
For the case of the northern Ethiopian highlands in particular, no runoff studies focusing 
on natural vegetation in rangelands have been conducted. Despite the importance of 
exclosures as a soil and water conservation strategy, the effects on runoff of naturally 
regenerating vegetation colonizing degraded hillslopes remain uninvestigated. 
 
The overall objective of this study is therefore to better understand runoff production in 
exclosures in order to contribute to improved land management practices for soil and 
water conservation in the Tigray highlands. More specific objectives are (1) to quantify 
the impact of exclosure establishment on runoff production from steep hillslopes and (2) 
to identify influencing variables and their importance in controlling runoff processes. 
 
4.2.2 Methodology 
 
4.2.2.1 Study area 
 
The runoff study was conducted in the study sites May Ba’ati, Adewro and Kunale 
(Figure 2.4). Within each study site, several hillslope sections covered by different land 
use types were compared: grazing land, exclosure of different ages, Eucalyptus plantation 
and church forest (Figure 4.12). As the grazing lands represent the situation of worst 
degradation in each study site, they were used as a control to compare with the restoring 
forest areas. The landscape units (Table 2.1, Figure 2.8) served as the experimental units 
of this runoff study. 
 



CHAPTER 4 – Hydrological processes 

193

 
Figure 4.12: Topography of the three study sites with indication of the selected hillslope sections and the location of the runoff plots.
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4.2.2.2 Instrumentation and data collection 
 
In each landscape unit, a runoff plot of 5 m x 2 m was constructed (of which 15 in May 
Ba’ati, 8 in Kunale and 5 in Adewro) (Figure 4.12). Runoff plots were given the same 
code as the landscape unit where they are located (Table 2.1, Figure 2.8). Runoff plots 
from different study sites and land use types are presented in figure 4.13. Stones were 
used to construct 15 cm high cemented walls around the plot (Figure 4.14). No 
considerable effect of these walls on runoff production was observed. The area enclosed 
by the cemented walls was carefully measured and the plan projected area calculated. A 
metal container was dug into the soil to collect all the runoff water from the plot (Figure 
4.14). For each container a volume-depth relation was established and local secondary 
school students were trained to empty daily the container after measuring the depth of the 
collected runoff water. Daily runoff depths and runoff coefficients (ratio of runoff depth 
to rainfall depth) were calculated. Quality control and precision checks of the daily 
rainfall and runoff data recorded by the local students guaranteed that measurement errors 
were very small.  

 
Figure 4.13: Runoff plots (5 m x 2 m) in different land use types: young (MXY1) and old (MXO3) 
exclosure in May Ba’ati and grazing land (ARA) and Eucalyptus plantation (AEU1) in Adewro 
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Cemented wall  
 
 
 
 
 
 
 
 Water collection container 
 
 
 
 
 
 
 
Figure 4.14: Illustration of a runoff plot (5 m x 2 m) in the degraded grazing land of the May Ba’ati 
study site (plot code MRA1) 
 
Daily rain and runoff depths were recorded for each plot over two rainy seasons from 
May 2003 until September 2004. In Adewro, the tipping bucket rain gauge failed to 
record properly from August 2004 onwards, so that intensities could not be calculated for 
this period in Adewro. Runoff depths were not available for one plot in the young 
exclosure of Kunale during August 2004 due to breakdown of the runoff box lid. In 
Adewro runoff data for June 2004 were lost for three plots. Runoff collected in landscape 
unit MXO10 was discarded as it was clear that runoff from upslope areas entered the 
runoff plot. 
 
For each runoff plot, possible explanatory variables for runoff generation were recorded:  

− Slope gradient 
− Percentage vegetative soil cover, split into tree and shrub cover (VEGst) and grass 

and herb cover (VEGgh) and the combined total soil cover (VEGtot). To come up 
with one value of vegetation cover per plot, a weighted average vegetation cover 
was calculated for each category (VEGst,w, VEGgh,w, VEGtot,w). Methods followed 
to record these variables are explained in paragraph 2.5.2. 

− Percentage litter cover, visually determined once in the rainy season 
− Topsoil (upper 15 cm) variables: 

• Texture (for the methodology, refer to paragraph 2.4.3) 
• Saturated hydraulic conductivity (Ksat) (for the methodology, refer to 

paragraph 2.4.7) 
• Soil organic matter content (SOM), calculated based on soil organic 

carbon content. Total C was determined by the dry combustion method 
(Tiessen and Moir, 1993) using a VARIO MAX total element analyzer 
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(Elementar, Hanau, Germany). Organic C content was then calculated by 
subtracting the C content present in CaCO3 from the total C content.  

• Dry soil bulk density (ρtot) and bulk density of the fine earth fraction (ρfe) 
(for the methodology, refer to paragraph 2.4.5.1) 

• Soil water retention characteristics and available water capacity (AWC) 
(for the methodology, refer to paragraph 2.4.6.1) 

• Rock fragment content (Rm,tot) (for the methodology, refer to paragraph 
2.4.4.1) 

− Surface stoniness (Rc), determined through measuring the length of all rock 
fragments along 5 line transects of 1 m  

− Gravimetrically determined soil water content (for the methodology, refer to 
paragraph 4.1.2.4) 

 
4.2.2.3 Data analysis 
 
To obtain a detailed understanding of influencing factors and their role in runoff 
processes, explanatory variables were split into those related to the plot on the one hand 
and event variables, related to rainfall and soil water content on the other hand. Relations 
between runoff depth, runoff coefficient and explanatory variables were investigated 
through correlation and regression analysis. The non-parametric Kruskal-Wallis test was 
used to test whether runoff coefficients for the land use types are significantly different. 
Stepwise regression was used to identify the set of variables that most effectively predicts 
the total runoff coefficient. All statistical analyses were performed with SPSS 11.0 
(SPSS, 2001). 
 
4.2.3 Results and discussion 
 
4.2.3.1 Plot characteristics 
 
Environmental, soil and vegetation characteristics for all 28 experimental plots are 
summarized in table 4.2 and 4.3.  
 
4.2.3.2 Surface runoff 
 
Field observations reveal that runoff is mainly Hortonian. Runoff response to rainfall is 
quick and no indications of saturated runoff were noted. 
Table 4.4 gives an overview of monthly rainfall depth, runoff depths and runoff 
coefficients for all plots. Runoff volumes and coefficients vary considerably between 
plots, but also among sites and recorded periods. However, from the data presented in 
table 4.4, it can already be deduced that degraded areas and young exclosures generally 
produce more runoff than older exclosures. It further seems not unlikely that an effect of 
rainfall and soil water condition is present, as the monthly runoff coefficients differ 
considerably between periods. The large difference between plots is also evident from 
figure 4.15, illustrating that cumulative runoff depths over two rainy seasons vary from 
less than 2 mm in the church forest of May Ba’ati to almost 400 mm in a plot in the 
degraded grazing land in the same study site. The cumulative runoff curves mainly rise in 
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the period between July and September, as rainfall events occurring in the dry period 
generally do not produce substantial runoff. The latter is also deduced from the results in 
table 4.4, indicating that the monthly runoff coefficients are smaller in the dry period as 
compared to the other months. On the one hand this can be explained by the fact that 
storms in the dry period are on average shorter, less intense and producing less rainfall as 
compared to storms in the rainy season (Table 2.5). On the other hand, dry soils have 
higher infiltration capacity than wet soils in the rainy season.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15: Cumulative rainfall depth and runoff depth for five plots, representative of different 
land use types present in the May Ba’ati study site (grazing land (MRA2), young exclosure (MXY2), 
old exclosure (MXO1, MXO9) and church forest (MFO)). Cumulative runoff is presented in separate 
graphs because of scale differences. 
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Table 4.2: Characteristics of runoff plots. All soil variables refer to the topsoil (0 – 0.15 m). 
 
Site 

Plot  
Code (1)

 
Land use type 

 
Soil type (WRB) 

Slope 
(%) 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

Rc
(%) 

Rm
(%) 

Ksat 
(m d-1) 

SOM 
(%) 

ρtot
(g cm-3) 

ρfe
(g cm-3) 

AWC 
(%) 

May Ba’ati MXY1 Young exclosure Thaptocalci-Humic Calcisol 65           37 25 39 62 11 0.62 2.3 1.28 1.24 16
 MXY2 Young exclosure Hypercalcic Calcisol 85           

           
           
           
           
           
           
           
           
           
           

            
            
            

              

25 27 48 44 15 0.42 1.1 1.43 1.39 14
 MXY3 Young exclosure Thaptocalci-Humic Calcisol 35 48 40 12 38 30 0.62 1.3 1.36 1.24 16
 MXO1 Old exclosure Thaptocalci-Humic Calcisol 55 41 33 26 30 22 1.79 3.5 1.33 1.24 16
 MXO2 Old exclosure Petri-Skeletic Calcisol 40 44 45 11 31 38 0.79 6.4 1.34 1.17 13
 MXO3 Old exclosure Humi-Endocalcaric Phaeozem 30 52 32 16 11 1 1.72 6.1 1.21 1.21 13
 MXO4 Old exclosure Humi-Calcaric Cambisol 50 43 31 26 33 24 0.74 3.8 1.05 1.15 10
 MXO5 Old exclosure Humi-Endocalcaric Phaeozem 40 62 21 17 22 18 1.45 3.3 1.23 1.16 14
 MXO6 Old exclosure Humi-Endocalcaric Phaeozem 15 52 32 16 14 5 1.72 5.0 1.22 1.21 13
 MXO7 Old exclosure Humi-Calcaric Cambisol 50 43 31 26 21 13 0.74 5.1 0.99 1.15 10
 MXO8 Old exclosure Thaptocalci-Humic Calcisol 110 41 33 26 46 29 1.79 3.9 1.36 1.24 16
 MXO9 Old exclosure Humi-Calcaric Cambisol 70 43 31 26 27 36 0.74 4.4 1.12 1.15 10

MFO Church forest Humi-Endocalcaric Phaeozem 35 62 21 17 3 15 1.72 8.3 1.22 1.21 13
MRA1 Grazing land Hypercalcic Calcisol 20 30 32 38 44 17 0.42 1.3 1.44 1.39 14
MRA2 Grazing land Hypercalcic Calcisol 40 30 32 38 42 15 0.42 1.2 1.43 1.39 14

Kunale KXY1 Young exclosure Humi-Episkeletic Phaeozem 55 41 21 38 20 19 0.42 2.4 1.10 1.01 13
 KXY2 Young exclosure Thaptocalci-Humic Cambisol 70           
              
             

           
            
             

           
             

35 22 43 24 10 1.55 3.7 1.11 1.06 15
KXY3 Young exclosure Humi-Episkeletic Phaeozem 70 43 23 34 28 16 0.42 2.0 1.13 1.01 13
KXM1 Middle-aged exclosure Humi-Episkeletic Phaeozem 55 41 21 38 8 19 0.42 2.4 1.10 1.01 13

 KXM2 Middle-aged exclosure 
 

Thaptocalci-Humic Cambisol 75 35 22 43 31 31 1.55 3.7 1.21 1.06 15
KXO1 Old exclosure Thaptocalci-Humic Phaeozem 45 37 21 42 7 18 0.34 2.5 1.23 1.15 11
KXO2 Old exclosure Thaptocalci-Humic Phaeozem 50 37 21 42 17 26 0.36 2.5 1.26 1.15 11

 KRA Grazing land Verti-Humic Cambisol 50 43 23 34 33 16 0.42 1.7 1.13 1.01 13
Adewro AXY1 Young exclosure Humi-Skeletic Phaeozem 70 13 29 57 23 26 1.93 5.4 1.02 0.89 15
 AXY2 Young exclosure             
             
             
             

           

Humi-Skeletic Phaeozem 80 13 29 57 46 27 1.93 5.4 1.02 0.89 15
AEU1 Eucalyptus plantation Humi-Skeletic Phaeozem 40 16 28 56 33 45 1.93 5.3 1.14 0.89 15
AEU2 Eucalyptus plantation

  
 Humi-Skeletic Phaeozem 70 15 28 56 12 32 1.93 5.3 1.05 0.89 15

ARA Grazing land Pachi-Skeletic Phaeozem 45 21 57 22 36 48 1.04 4.8 1.10 0.82 15
Mean value (standard deviation) over all plots n.a. 54(21) 37(13) 29(8) 34(14) 28(14) 28(14) 1.07(0.63) 3.7(1.9) 1.20(0.13) 1.10(0.16) 14(2)
Minimum value n.a. 15 13 21 11 3 1 0.34 1.1   

           
0.99 0.82 10

Maximum value n.a. 110 62 45 57 62 48 1.93 8.3 1.44 1.39 16
(1): the plot code refers to the landscape unit (refer to Table 
2.1 and Figure 2.8) 
WRB: World Reference Base for Soil Resources (IUSS 
Working Group WRB, 2006) 

Rc: cover of soil surface by rock fragments (%) 
Rm: rock fragment content of topsoil by mass (%) 
Ksat: saturated hydraulic conductivity (m d-1) 
SOM: soil organic matter content (%) 

ρtot: soil bulk density (g cm-3) 
ρfe: bulk density of the fine earth fraction (g cm-3) 
AWC: available water capacity (%) 
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Table 4.3: Vegetation cover attributes of the runoff plots. Data collected from May 2003 tot April 2004. 
Shrub and tree cover, 

VEGst (%) 
Grass and herb cover, 

VEGgh (%) 
Total vegetative soil cover, 

VEGtot (%) 
 

VEGtot,w  
 

Litter  

Site 
Plot  
code (1) dry     Jun  Jul Aug Sep dry Jun  Jul Aug Sep dry Jun Jul Aug Sep (%) cover (%)  

May Ba’ati MXY1 25                30 30 29 46 5 34 34 33 49 27 50 51 50 57 49 11 
  MXY2 18                 22 22 29 29 3 27 26 29 36 21 42 44 46 55 44 30
  MXY3 43                 49 62 62 66 3 12 15 37 32 43 52 62 74 70 65 35
  MXO1 42                 45 53 64 68 2 18 15 12 14 42 48 56 64 68 58 41
  MXO2 38                 39 60 59 66 3 10 17 15 15 38 41 61 59 66 56 58
  MXO3 60                 65 65 73 84 12 40 40 48 65 64 77 77 86 100 82 68
  MXO4 45                 49 58 60 69 3 15 15 14 22 45 54 60 60 70 59 42
  MXO5 62                 67 62 69 86 3 11 12 12 21 62 67 62 69 86 68 72
  MXO6 39                 39 45 45 55 7 35 35 60 63 44 59 63 76 84 69 51
  MXO7 58                 64 63 78 82 2 15 20 12 12 58 64 65 80 82 73 64
  MXO8 38                 39 45 59 65 5 12 14 15 22 38 46 50 59 67 54 17
  MXO9 68                 72 88 94 95 1 2 5 4 6 68 72 88 95 95 88 55
  MFO 90                 100 100 100 100 0 0 0 1 2 90 100 100 100 100 99 87
  MRA1 0                 0 0 1 0 2 22 29 23 26 2 22 29 23 26 23 5
  MRA2 12                 20 21 19 20 3 12 15 22 25 14 28 31 37 38 33 3
Kunale                   KXY1 27 23 39 42 43 13 70 92 90 95 37 75 92 90 95 86 26
  KXY2 10                 11 23 21 26 9 60 65 68 76 15 63 70 68 76 67 20
  KXY3 8                 9 12 12 25 15 55 59 62 79 19 55 59 62 79 61 15
  KXM1 20                 25 38 46 55 14 70 74 77 87 31 71 81 87 87 80 34
  KXM2 20                 20 39 45 48 5 55 62 60 73 25 60 74 77 86 73 33
  KXO1 80                 80 95 95 97 5 25 25 25 26 80 80 95 95 97 92 79
  KXO2 65                 67 86 90 95 8 12 19 20 26 65 67 86 90 95 85 62
  KRA 7                 14 15 15 18 5 52 65 70 77 12 52 65 70 77 64 2
Adewro                   AXY1 25 26 41 45 47 5 30 48 45 35 24 45 50 55 52 50 20
  AXY2 14                 25 35 39 40 5 15 36 33 35 18 40 58 58 60 53 19
  AEU1 10                 10 12 15 16 9 32 63 64 69 19 41 63 63 69 58 15
  AEU2 50                 55 65 60 65 9 10 28 47 53 53 55 70 78 84 72 36
  ARA 8                 9 10 8 5 10 55 60 62 60 17 55 60 62 60 58 5
Mean value over all plots 
(standard deviation)  

35 
(24) 

38 
(25) 

46 
(27) 

49 
(28) 

54 
(29) 

6 
(4) 

29 
(21) 

35 
(24) 

38 
(25) 

43 
(27) 

38 
(22) 

56 
(17) 

65 
(17) 

69 
(18) 

74 
(19) 

65 
(17) 

36 
(25) 

Minimum value 0 0 0 1 0    0 0 0 1 2 2 22 29 23 26 23 2
Maximum value                  90 100 100 100 100 15 70 92 90 95 90 100 100 100 100 99 87
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(1): the plot code refers to the landscape unit (refer to Table 2.1 and Figure 2.8) 
Jun, Jul, Aug, Sep: indicate the period of the year for which the vegetation cover is applicable. Dry indicates the minimal vegetation cover value, usually attained in the period from February to May. 
The weighted average vegetation cover (w) is calculated basing the weights of each month on the ratio of monthly rainfall depth to annual rainfall depth (Table 2.16). 
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Table 4.4: Monthly runoff depth (RF, mm) and runoff coefficient (RCm, %) for all runoff plots during different periods of the year. For each site and 
period rainfall depth (mm) is also indicated. (n.a.: no data available) 
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         Site Plot code(1) Jun-03 Jun-04 Jul-03 Jul-04 Aug-03 Aug-04 Sep-03 Sep-04 Oct03-May04 
May Ba'ati Rain (mm) 50 68.7 93.6 117.8 150.2 215.3 63.5 26.8 64.5 
  R RCF m RF RCm RF RCm RF RCm RF RCm RF RCm RF RCm RF RCm RF RC 

MXY1                   6.5 13.0 6.0 8.7 34.7 37.1 15.5 13.1 24.9 16.6 56.0 26.0 8.3 13.0 1.5 5.5 0.5 0.7

MXY2                   

                   

                   

                   

                   

                   

                   

                   

                   

                   

                   

                   

                   

                   
            

13.2 26.4 11.7 17.1 32.2 34.4 38.1 32.3 32.1 21.4 50.5 23.4 12.7 20.0 1.5 5.7 1.7 2.6

MXY3 6.8 13.6 14.6 21.3 27.6 29.5 34.4 29.2 26.5 17.7 56.1 26.1 17.6 27.7 1.8 6.7 3.6 5.6

MXO1 4.8 9.5 3.5 5.1 8.4 9.0 10.2 8.6 6.6 4.4 12.7 5.9 2.9 4.6 0.5 1.7 2.1 3.3

MXO2 4.8 9.7 2.2 3.2 5.5 5.9 8.4 7.1 11.3 7.5 9.5 4.4 2.9 4.6 0.4 1.4 1.8 2.7

MXO3 0.0 0.0 0.0 0.1 0.4 0.4 0.9 0.7 1.8 1.2 0.6 0.3 4.2 6.6 0.0 0.0 0.0 0.0

MXO4 0.8 1.6 4.2 6.1 1.2 1.3 5.7 4.9 2.3 1.5 8.4 3.9 1.7 2.6 1.1 4.0 1.0 1.5

MXO5 0.0 0.0 0.5 0.7 0.0 0.0 1.6 1.3 0.8 0.6 1.7 0.8 1.0 1.6 0.5 2.1 0.0 0.0

MXO6 0.8 1.6 0.1 0.2 5.2 0.6 0.6 0.5 0.9 0.6 1.1 0.5 0.5 0.8 0.0 0.0 0.4 0.6

MXO7 0.1 0.3 0.1 0.2 2.0 2.1 2.1 1.8 0.1 0.1 0.9 0.4 0.5 0.8 0.0 0.0 0.0 0.0

MXO8 1.5 2.9 2.0 2.9 0.5 0.5 4.4 3.7 3.8 2.5 12.9 6.0 2.1 3.3 1.5 5.7 0.6 0.9

MXO9 0.2 0.3 0.2 0.3 1.2 1.2 2.3 2.0 0.9 0.6 0.9 0.4 0.3 0.5 0.2 0.6 0.2 0.3

MFO 0.0 0.1 0.0 0.0 0.1 0.1 0.4 0.4 0.1 0.1 0.6 0.3 0.1 0.2 0.0 0.0 0.1 0.1

MRA1 26.3 52.6 40.1 58.3 47.0 50.2 80.1 68.0 81.0 53.9 122.2 56.8 40.7 64.1 11.9 44.3 23.3 36.2

 

MRA2 21.5 42.9 27.9 40.6 32.1 34.3 66.3 56.3 61.9 41.2 110.5 51.3 27.2 42.9 5.9 21.8 12.6 19.5
Kunale Rain (mm) 41.0 71.7 110.4 77.0 108.6 170.9 86.3 44.3 37.0
 

                   

 R RCF m RF RCm RF RCm RF RCm RF RCm RF RCm RF RCm RF RCm RF RC 

KXY1 0.7 1.7 0.8 1.0 2.7 2.5 0.7 0.9 2.6 2.4 1.3 0.8 10.9 12.7 0.4 0.8 0.0 0.0

KXY2                   

                   

                   

                   

                   

                   

                   
            

0.8 1.8 0.2 0.3 8.3 7.5 0.3 0.4 7.5 6.9 n.a. n. a. 16.5 19.1 0.0 0.0 0.0 0.0

KXY3 0.3 0.7 0.2 0.3 4.4 4.0 1.4 1.8 35.0 32.3 12.3 7.2 40.8 47.2 0.4 0.9 0.0 0.0

KXM1 0.2 0.6 0.0 0.0 0.4 0.4 0.1 0.1 1.2 1.1 0.6 0.3 3.8 4.4 0.1 0.1 0.0 0.0

KXM2 0.0 0.1 0.2 0.2 0.6 0.5 0.2 0.3 1.0 1.0 0.5 0.3 2.0 2.3 0.3 0.6 0.0 0.0

KXO1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

KXO2 0.0 0.0 0.0 0.0 1.4 1.3 0.2 0.2 0.0 0.0 0.0 0.0 2.2 2.5 0.0 0.0 0.0 0.0

 

KRA 1.3 3.2 2.0 2.8 7.3 6.6 2.1 2.7 34.4 31.7 27.6 16.2 26.1 30.2 2.2 4.9 0.0 0.0
Adewro Rain (mm) 83.1 77.3 133.5 102.4 152.4 288.4 72.8 13.1 50.6
 

                

 R RCF m RF RCm RF RCm RF RCm RF RCm RF RCm RF RCm RF RCm RF RC 

AXY1 2.2 2.6 n.a. n. a. 4.2 3.2 3.7 3.7 6.4 4.2 16.1 5.6 3.0 4.1 0 0.0 1.6 3.2

AXY2                

                   

                   

                   

0.2 0.2 n.a. n. a. 9.5 7.2 5.4 5.3 9.2 6.0 48.5 16.8 3.8 5.3 0 0.0 1.7 3.3

AEU1 25.5 30.7 10.0 13.0 25.0 18.7 5.7 5.5 6.5 4.3 31.8 11.0 2.7 3.7 0 0.0 2.9 5.8

AEU2 7.9 9.5 2.5 3.3 6.6 4.9 2.5 2.5 4.7 3.1 17.5 6.1 0.0 0.0 0 0.0 0.3 0.5

 

ARA 24.9 29.9 n.a. n. a. 17.8 13.4 30.8 30.1 32.2 21.1 135.9 47.1 29.6 40.7 0 0.0 4.3 8.5
(1): the plot code refers to the landscape unit (refer to Table 2.1 and Figure 2.8) 
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Rainfall thresholds for runoff generation were determined for each plot making use of 
graphs plotting daily runoff depth against daily rainfall depth (Figure 4.16). The rainfall 
threshold is the rainfall depth for which the probability to have no runoff becomes very 
small. The slope of the rainfall-runoff curve beyond the threshold value was determined 
through least squares curve fitting. This slope indicates to what degree runoff depth 
increases with increasing rainfall depth once the rainfall threshold is exceeded. The 
higher the rainfall threshold and the lower the slope of the curve, the higher the 
absorption capacity of the ecosystem. The way both parameters were determined is 
illustrated in figure 4.16 for 2 plots of the May Ba’ati study site. Table 4.5 gives an 
overview of the rainfall threshold and the slope of the rainfall-runoff curve for each plot. 
The smallest rainfall threshold values were found in the grazing lands of the May Ba’ati 
study site, where a rainfall event of about 3 mm causes runoff in most cases. The largest 
threshold values on the other hand indicate that in some places in the old exclosure of 
May Ba’ati a storm event producing more than 20 mm of rain is needed for runoff to 
occur. The slope of the rainfall-runoff curve also widely varies: young exclosures and 
degraded grazing lands yield slope values, which generally lie between 0.1 and 0.8, while 
values for older exclosures are smaller than 0.1. The soil water content did not have any 
influence on the rainfall threshold.  
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Figure 4.16: Illustration of the determination of the rainfall threshold (arrow) and the slope of the 
rainfall–runoff curve for two plots (MXO1, old exclosure and MRA2, grazing land) in the May Ba’ati 
study site 
 
Rainfall threshold values for (semi)arid regions found in the literature typically lie in the 
same range, varying from 3 to 16 mm of rain (Cordery et al., 1983, cited in Pilgrim et al., 
1988; Romero-Díaz et al., 1988; Karnieli and Ben Asher 1993; Martínez-Mena et al., 
1998; Desir, 2002). As compared to humid areas rainfall threshold values for (semi)arid 
areas are low, caused by rapid time to ponding (Pilgrim et al., 1988). This illustrates the 
lower interception capacity of semiarid canopies and the lower infiltration capacity of 
soils in drier environments. The latter is related to the common presence of a soil crust 
and sparser vegetation cover, leading to lower organic matter content and badly 
structured soils. 
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Table 4.5: Rainfall threshold (T, mm) and slope of the rainfall-runoff curve (slopePRF, mm 
runoff/mm rainfall) for each runoff plot in the three study sites (n.a.: not applicable as for this plot, 
no runoff event was recorded) with indication of the coefficient of determination (R2) of the 
regression function(1) with parameters T and slopePRF, significance level (p) and number of 
observations (n) 

Site Plot code(2) T slopePRF R2 p n 
May Ba’ati MXY1 5 0.388 0.71 0.000 182 
 MXY2 6 0.571 0.82 0.000 182 
 MXY3 4 0.439 0.83 0.000 182 
 MXO1 7 0.116 0.61 0.000 182 
 MXO2 9 0.132 0.65 0.000 182 
 MXO3 27 0.077 0.12 0.000 182 
 MXO4 7 0.062 0.55 0.000 182 
 MXO5 12 0.019 0.39 0.000 182 
 MXO6 9 0.011 0.26 0.000 182 
 MXO7 16 0.024 0.17 0.000 182 
 MXO8 9 0.096 0.72 0.000 182 
 MXO9 15 0.022 0.20 0.000 182 
 MRA1 3 0.808 0.93 0.000 182 
 MRA2 3 0.691 0.90 0.000 182 
 MFO 16 0.006 0.43 0.000 182 
Kunale KXY1 8 0.13 0.36 0.000 176 
 KXY2 8 0.28 0.61 0.000 147 
 KXY3 6 0.43 0.38 0.000 176 
 KXM1 9 0.044 0.40 0.000 176 
 KXM2 10 0.033 0.52 0.000 176 
 KXO1 n.a. n.a.    
 KXO2 17 0.17 0.55 0.000 176 
 KRA 4 0.29 0.43 0.000 176 
Adewro AXY1 7 0.063 0.67 0.000 162 
 AXY2 7 0.17 0.37 0.000 162 
 AEU1 7 0.24 0.58 0.000 181 
 AEU2 8 0.096 0.62 0.000 181 
 ARA 7 0.52 0.60 0.000 162 

(1): RF = 0 if P ≤ T ; RF = slopePRF(P – T) if P > T  
(with RF: runoff; P: rainfall; T: rainfall threshold and slopePRF: slope of the rainfall-runoff curve) 

(2): the plot code refers to the landscape unit (refer to Table 2.1 and Figure 2.8) 
 
4.2.3.3 Effect of exclosure on runoff 
 
For each site separately, differences in runoff generation between land use types were 
tested for their significance. For this, all plots located in the same land use were grouped 
and only rainfall events that caused runoff in at least one plot were considered. The non-
parametric Kruskal-Wallis test revealed that for the sites Kunale and May Ba’ati, all land 
use types have significantly different runoff coefficients (Table 4.6). In Adewro however, 
the grazing land has significantly higher runoff coefficients than the young exclosure and 
the Eucalyptus plantation, but the latter two do not differ among each other.  
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Table 4.6: Average daily runoff coefficients (%) for different land use types in the 3 study sites 

    May Ba’ati              Kunale            Adewro 
Land use type av n(1) av n(1) av n(1)

Degraded rangeland 34.8 a 195 11.8 a 91 11.4 a 162 
Young exclosure 13.4 b 294 4.7 b 254 2.5 b 324 
Middle-aged exclosure   0.6 c 182   
Old exclosure 1.7 c 882 0.1 d 182   
Eucalyptus plantation     3.2 b 367 
Church forest 0.1 d 98     
(1): Different values for n result from different numbers of plots in the land use types and from gaps in data 
series. Only rainfall events causing runoff in at least one plot of the study site were considered. 
Within one site, land use types with no letters in common have significantly different runoff coefficients at 
the 0.05 level (based on the Kruskal-Wallis test).  
 
The results in table 4.6 show that in all sites, closing a degraded area for grazing leads to 
a significant decrease in runoff generation and this decrease continues as closure extends 
over time. The Eucalyptus plantation however is an exception to this, as despite its age of 
about 20 years, its runoff coefficient is even slightly higher than the one in the young 
exclosure, closed for only 5 years. In the literature different explanations are given for the 
higher runoff coefficients of Eucalyptus forests compared to certain other land use types. 
Zhou et al. (2002) attribute the higher runoff coefficient under Eucalyptus trees to a lower 
litter cover and less understorey vegetation compared to mixed forests. On the other hand, 
Sorriso-Valvo et al. (1995) blame high litter cover of the broad Eucalyptus leaves for 
causing immediate runoff by effectively shedding water as runoff and, more indirectly, 
for suppressing grass vegetation, thereby inhibiting an increased infiltration rate. Kosmas 
et al. (1997) and Vacca et al. (2000) also relate runoff and erosion under Eucalyptus 
forest to prevailing bare soil conditions due to a decreased understorey vegetation. For 
the same Eucalyptus plantation in Adewro Descheemaeker et al. (2006c) found a limited 
understorey vegetation, which was inversely correlated with Eucalyptus tree canopy 
cover. This corroborates the findings of Fiedler and Gebeyehu (1988) that Eucalyptus 
forests in Ethiopia in areas with rainfall less than 750 mm have a weakly developed 
understorey and forest floor which may enhance runoff and erosion. The inverse relation 
between undergrowth and Eucalyptus canopy cover is widely discussed in literature 
(Poore and Fries, 1985) and often attributed to competition for water (mainly in drier 
areas) and allelopathic effects of Eucalyptus litter and roots. Also in this study, the 4 plots 
in Adewro representing the Eucalyptus plantation on the one hand and the young 
exclosure on the other hand, do not present such differences in vegetation and litter cover 
(Table 4.3) than would be expected from their difference in establishment age (almost 20 
years versus 5 years). Besides vegetative soil cover, also the interception capacity of the 
vegetation can explain differences in runoff and another explanation might be that the 
Eucalyptus plantation in Adewro is more accessible for occasional intrusions of livestock, 
causing soil trampling and soil structure loss with increased runoff as a consequence.  
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Comparing our results with findings elsewhere is not straightforward as the conditions 
influencing runoff generation (vegetation, soil, precipitation regime, etc.) often vary 
between the different studies. Experimental plot dimensions are also important 
determinants, as runoff volume is strongly influenced by scale effects (Bergkamp, 1998). 
However, when considering studies in semiarid regions where runoff collection has been 
conducted in medium-sized plots, some comparison is possible.  
 
In an experimental site near Addis Ababa, Mwendera et al. (1997) found runoff 
coefficients for 13 mm rainfall events, which ranged from 36 to 60 % and 39 to 72 % for 
medium and heavy grazing intensities respectively. The measurements were conducted in 
10 m x 10 m plots on slopes ranging from 2 to 7 %. When only considering storm events 
yielding rainfall between 10 and 20 mm, average runoff coefficients of 54 % in May 
Ba’ati, 17 % in Kunale and 32 % in Adewro were found for the respective grazing lands. 
Our runoff plots have a much higher slope gradient (20 up to 50 %, Table 4.2) and soil 
types (see Table 4.2) are clearly different from the Vertisols at Debre Zeit (Mwendera et 
al. 1997). In their overview of hydrological data obtained on limestone in Mediterranean 
environments, Calvo-Cases et al. (2003) cite the study of Diamantopoulos et al. (1996) 
who measured a runoff coefficient of 80 % in a 2 m x 10 m runoff plot in grazed 
shrubland for a rainfall event of 30 mm. Considering the 2 plots located in grazing land in 
limestone area in May Ba’ati, 6 storm events of between 25 and 35 mm rain caused high 
runoff depths resulting in an average runoff coefficient of 77 %. In contrast with these 
strongly similar results, Lavee et al. (1998) found a very low runoff coefficient of 0.7 % 
for grazing land in a region in Israel with an average annual rainfall depth of 620 mm. 
These measurements were done on 3 m x 21 m plots. 
 
Considering runoff measurements in medium-sized, bounded runoff plots in non-grazed 
shrublands, runoff coefficients are generally found to be lower than 5 % (Bergkamp, 
1998; López-Bermúdez et al., 1998; Romero-Díaz et al., 1999; Puigdefábregas et al., 
1999). Except for the young exclosure in May Ba’ati these findings from the 
Mediterranean region are in accordance with our results from various exclosure sites in 
Tigray (Table 4.6).  
 
For Eucalyptus forests in the Mediterranean region Kosmas et al. (1997) found runoff 
coefficients ranging between 0.6 and 8.2 %, based on medium-sized runoff plot 
measurements. The runoff coefficient of 3.2 % we found for the Eucalyptus plantation in 
Adewro lies within this range and is furthermore highly similar to the coefficient of 3% 
that was found by Sorriso-Valvo et al. (1995) for Eucalyptus forest with high understorey 
grass cover in Italy.  
 
4.2.3.4 Variables influencing runoff 
 

− Event variables 
 
Correlations between event variables and runoff depth were determined for all rainfall 
events and for each plot separately (Table 4.7). In all plots, rainfall depth and intensity 
were more or less equally and significantly correlated to runoff depth and Spearman’s 
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rank correlation coefficients generally ranged between 0.6 and 0.8 (Table 4.7). Both 
storm duration and soil water content were significantly correlated to runoff depth as 
well, but in all cases less pronounced than rainfall depth and intensity. This finding 
indicates that runoff is produced through infiltration-excess or Hortonian runoff 
generation mechanisms.  
 
Table 4.7: Correlation coefficients (Spearman’s rho) per runoff plot between daily runoff depth 
(mm) and daily rainfall (P, mm), daily maximal 30 minutes rainfall intensity (I30, mm h-1), daily 
storm duration (minutes) and soil water content (%). For each site, the number of observations (n) is 
given after the list of plots (numbers between brackets refer to plot KXY2 for Kunale and to AXY1, 
AXY2 and ARA for Adewro) 

 Plot code(1) P I30  Duration  Soil water content 
May Ba’ati MXY1 0.79** 0.78** 0.58** 0.36** 
 MXY2 0.81** 0.80** 0.57** 0.40** 
 MXY3 0.83** 0.82** 0.60** 0.36** 
 MXO1 0.79** 0.79** 0.55** 0.33** 
 MXO2 0.81** 0.81** 0.60** 0.28** 
 MXO3 0.46** 0.74** 0.50** 0.20* 
 MXO4 0.75** 0.74** 0.50** 0.20* 
 MXO5 0.58** 0.55** 0.46** 0.20* 
 MXO6 0.65** 0.65** 0.47** 0.06 
 MXO7 0.55** 0.55** 0.40** 0.29** 
 MXO8 0.73** 0.73** 0.50** 0.34** 
 MXO9 0.74** 0.70** 0.62** 0.27** 
 MFO 0.61** 0.63** 0.41** 0.43** 
 MRA1 0.87** 0.85** 0.63** 0.25** 
 MRA2 0.84** 0.83** 0.59** 0.30** 
 n 182 182 182 105 
Kunale KXY1 0.73** 0.72** 0.59** 0.24* 
 KXY2 0.62** 0.61** 0.46** 0.11 
 KXY3 0.72** 0.66** 0.63** 0.45** 
 KXM1 0.61** 0.60** 0.45** 0.37** 
 KXM2 0.62** 0.62** 0.43* 0.28** 
 KXO1 n.a. n.a. n.a. n.a. 
 KXO2 0.38* 0.34** 0.26** 0.00 
 KRA 0.79** 0.76** 0.64** 0.41** 
 n 176 (147) 176 (147) 176 (147) 95 (66) 
Adewro AXY1 0.74** 0.70** 0.48** 0.44** 
 AXY2 0.75** 0.68** 0.53** 0.45** 
 AEU1 0.72** 0.60** 0.51** 0.19 
 AEU2 0.23** 0.16 0.13 0.33** 
 ARA 0.76** 0.70** 0.59** 0.31** 
 n 181 (162) 152 (133) 152 (133) 97 (79) 

(1): the plot code refers to the landscape unit (refer to Table 2.1 and Figure 2.8) 
n.a.: not applicable; as for this plot no runoff event was recorded 
*: significant at the 0.05 level (2-tailed) 
**: significant at the 0.01 level (2-tailed) 
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Several authors report that Hortonian runoff generation is generally prevailing in semiarid 
areas (e.g. Dunne, 1978; Pilgrim et al. 1988; Martínez-Mena, 1998; Kang et al., 2001). 
The strong correlations between runoff and rainfall characteristics are not surprising as 
many authors demonstrate similar relationships (e.g. Sala, 1988; Northcliff et al., 1990; 
López-Bermúdez et al., 1998; Martínez-Mena, et al., 1998; Kang et al., 2001; Descroix et 
al. 2001; Desir, 2002; Dunjó et al. 2004;). Others (e.g. Le Bissonnais et al., 1995; 
Guttierrez and Hernandez, 1996; Peugeot et al., 1997; Desir, 2002) also stress the 
importance of soil water content, showing a positive correlation with runoff depth. 
 

− Plot variables 
 
To offset effects of rainfall in analyzing the relation between runoff production and plot 
variables, the runoff coefficient was considered. Two types of runoff coefficient were 
used in this analysis: firstly the monthly runoff coefficient (RCm), calculated as the ratio 
of monthly runoff depth to monthly rainfall depth and secondly the total runoff 
coefficient (RCtot) as the ratio of total runoff depth to total rainfall depth for the 
observation period. 
 
Special attention was paid to the effects of vegetation cover on runoff generation as 
vegetation is believed to be an important factor influencing runoff production. The 
positive impact of vegetation cover on runoff reduction is extensively discussed in the 
literature. This vegetation impact is explained on the one hand by a direct effect as a 
canopy cover intercepts raindrops, thus dissipating their energy and creating infiltration 
pathways (Morgan et al., 1986; Castillo et al., 1997; Descroix, 2001). Moreover, 
vegetation tempers the water flow velocity, thus increasing the opportunities for the water 
to infiltrate (Morgan et al., 1986; Bochet et al., 1998). On the other hand and more 
indirectly, vegetation positively influences soil physical properties through the 
incorporation of organic matter, so that infiltration rate is increased (see also below) 
(Dunne and Dietrich, 1980; Morgan et al., 1986; Bochet et al., 1998; Puigdefábregas et 
al., 1999).  
 
The RCtot was related to the weighted vegetation cover variables. This revealed 
significant correlations with VEGst,w (r = -0.643) and VEGtot,w (r = -0.766) and no 
correlation with VEGgh,w. Refining the analysis by considering monthly data, correlation 
analysis revealed that when using the total set of monthly data, the RCm was significantly 
correlated with shrub and tree cover (VEGst,m) (r = -0.626) and total vegetation cover 
(VEGtot,m) (r = -0.640) and not with grass and herb cover (VEGgh,m). However, dealing 
with each plot separately to investigate whether vegetation growth and increasing soil 
cover during the rainy season can significantly attenuate runoff production, no or even 
positive correlations were found between the runoff coefficients and the vegetation cover 
variables. This can be explained by the fact that denser vegetation covers are reached near 
the peak of the rainy season, which coincides with wetter soil water conditions and bigger 
storms. Apparently these event variables exert a more important influence on runoff 
production than vegetation cover. The fact that refining the analysis by considering 
monthly data did not yield higher correlations is also due to opposite influences exerted 
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by the vegetation cover variables on the one hand and by the event variables on the other 
hand. 
 
Another striking and unexpected result is the fact that grass and herb cover was not found 
to attenuate runoff production, which is in contradiction with a large body of evidence 
(e.g. Abrahams et al., 1995; Fiener and Auerswald, 2003) stating that grasses are very 
effective in controlling runoff. Grasses increase surface roughness, which promotes 
infiltration. Hence the widespread use of grass strips in controlling runoff (Van Dijk et 
al., 1996). However, the explanation for our case is simply found by comparing plots: the 
more degraded plots (such as the ones in young exclosures and grazing lands) have 
higher grass cover (Table 4.3), but they are also characterized by higher runoff as 
compared to plots located under a restored vegetation cover (Table 4.4 and Table 4.6). 
Besides other factors, this is related to differences in the vegetation’s capacity to 
intercept, slow down and attenuate the impact of raindrops. It is logical that a relatively 
low grass and herb layer does not have the same capacity as a well developed shrub and 
tree layer. Therefore, in order to analyze the effect of grass and herb cover the effect of 
tree and shrub cover had to be eliminated first. To achieve this, plots with VEGst,w < 40 % 
were focused at in a correlation analysis, which revealed a significant negative relation 
between VEGgh,w and RCtot (r = -0.652). This means that in situations were there is no 
dominant shrub and tree canopy cover, grasses and herbs are found to significantly 
temper runoff production. 
 
Table 4.8 presents the results of a correlation analysis between the RCtot and various plot 
variables. The weighted vegetation cover variables VEGst,w and VEGtot,w were most 
strongly correlated with RCtot, closely followed by a third variable related to vegetation, 
namely litter cover. Soil related variables such as bulk density and soil organic matter 
content were also significantly correlated to RCtot, as well as surface stoniness. From 
table 4.8 it is also clear that some of these plot variables were intercorrelated, so that 
unequivocal judgements about their influence on runoff production could not be made at 
this stage. 
 
The relation between total vegetation cover and the RCtot is best described by an 
exponential decay function, which explains almost 80 % of the variation (Figure 4.17). 
This bears resemblance to the result obtained by Francis and Thornes (1990) stating that 
runoff exponentially increases with decreasing vegetation cover. Based on the scatterplot 
in figure 4.17, four vegetation cover classes were distinguished: class 1 (VEGtot,w ≤  40 
%); class 2 (40 % <VEGtot,w  65 %); class 3 (65 % < VEG≤ tot,w ≤  80 %) and class 4 
(VEGtot,w > 80 %). A Kruskal Wallis multiple comparison revealed that class 3 and 4 are 
significantly different concerning their average RCtot from class 1 and class 2. Class 3 and 
4 did not significantly differ from one another and the same applies to class 1 and 2, 
although the latter is probably due to the limited number of observations for class 1. 
Some studies mention a vegetation threshold above which runoff is totally controlled by 
vegetation. Based on the scatter in figure 4.17 and the results of the Kruskal Wallis 
multiple comparison test, it is confirmed that plots with a VEGtot,w below 65 % have a 
significantly higher RCtot (17.2 % on average) than plots with a denser vegetation (1.3 % 
on average). Therefore, it can be concluded that for steep hillslopes in Tigray, the 
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vegetation threshold value lies around 65 %. Once total vegetative soil cover surpasses 
this threshold, runoff becomes almost negligible. Three references, whose thresholds vary 
from 50 % (Gifford, 1985), over 60 % (Orr, 1970) to 70 % vegetative cover (Lang, 1979) 
are cited by Gutierrez and Hernandez (1996). The latter differentiate between the growing 
and the dormant season to put forward threshold values of 50 and 75 % respectively. 
While Northcliff et al. (1990) recognized a lower vegetation cover of 30% as a major 
threshold in runoff and erosion, still others state values of 55 % (Snelder and Bryan, 
1995) and 60 % (Desir, 2002), so that it can be concluded that our vegetation threshold 
value of 65 % is within the commonly adopted range.  
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Figure 4.17: Scatter plot and best fitting regression line relating the runoff coefficient determined for 
the total observation period (RCtot) and the weighted average total vegetation cover (VEGtot,w) 
 
From table 4.8 it is clear that various plot variables were correlated with RCtot, so that an 
attempt was made to improve the predictive power of the regression using only VEGtot,w 
as explanatory variable by including other variables into a multiple linear regression. 
Care was taken not to introduce problems of multicollinearity in doing so. As it was 
demonstrated before that runoff production depends on the vegetation cover class, it was 
decided to conduct this exercise for groups of classes in which the most dense vegetation 
cover class was omitted consecutively. The resulting regression functions and a list of 
variables significantly correlated with RCtot are given in table 4.9.  
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Table 4.8: Pearson correlation coefficients for total runoff coefficient, calculated over the 2-year observation period and plot variables for all runoff 
plots in the three study sites (n=28) 

 

          VEGgh,w VEGst,w VEGtot,w Slope Rc Rm ρfe ρtot Clay Silt Ksat AWC Litter SOM

RCtot -0.040 -0.643** -0.766** -0.234  0.585**  0.036  0.444*  0.534** -0.323  0.363 -0.369  0.311 -0.619** -0.506** 
VEGgh,w  -0.575**  0.079  0.050 -0.105 -0.050 -0.331 -0.373 -0.236 -0.182 -0.053  0.215 -0.476** -0.206 
VEGst,w    0.729** -0.076 -0.565** -0.074 -0.009 -0.076  0.500** -0.192  0.098 -0.484**  0.905**  0.399* 
VEGtot,w    -0.078 -0.764** -0.068 -0.325 -0.407*  0.465* -0.366  0.050 -0.470*  0.713**  0.363 
Slope      0.298  0.205 -0.222 -0.161 -0.373 -0.187  0.155  0.251 -0.296 -0.085 
Rc       0.220  0.195  0.337 -0.331  0.337 -0.123  0.463 -0.695** -0.374* 
Rm       -0.494** -0.129 -0.459*  0.492**  0.142  0.171 -0.198  0.198 
ρfe         0.917**  0.360 -0.062 -0.297  0.176  0.051 -0.449* 
ρtot          0.214  0.146 -0.254  0.294 -0.044 -0.418* 
Clay          -0.186 -0.165 -0.339  0.598**  0.050 
Silt               -0.069  0.194 -0.203  0.209
Ksat                0.466* -0.324  0.385*
AWC              -0.534** -0.066
Litter                0.016

RCtot: total runoff coefficient (%); VEGgh,w: weighted grass and herb cover (%); VEGst,w: weighted shrub and tree cover (%); VEGtot,w: weighted total 
vegetation cover (%); Slope: slope gradient (%); Rc: surface stoniness (%); Rm: stoniness of the topsoil (mass %); ρfe: bulk density of the fine earth 
fraction (g cm-3); ρtot: soil bulk density (g cm-3); Clay: topsoil clay content (%); Silt: topsoil silt content (%); Ksat: saturated hydraulic conductivity (m d-

1); AWC: available water capacity (%); Litter: litter cover (%); SOM: topsoil organic matter content (%) 
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*: correlations are significant at the 0.05 level (2-tailed) 
**: correlation are significant at the 0.01 level (2-tailed) 
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Table 4.9: Overview of best fitting regression functions and variables significantly correlated with RCtot, for different groups of runoff plots 

Plots included  n Best fitting regression functions (1) R2 Correlated variables (2)

All plots 28 ),ln(6.374.165 wVEGtotRCtot −=  0.72 VEGtot,w; VEGst,w; litter; Rc; ρtot;  
  28 )ln(4.7),ln(4.31148 SOMwVEGtotRCtot −−=  0.77 SOM; ρfe

    
  

 

 
VEGtot,w<80%
 

21 ),ln(6.45196 wVEGtotRCtot −=  0.73 VEGtot,w; VEGst,w; SOM; litter; ρtot;  
21 )ln(9.8),ln(6.351.166 SOMwVEGtotRCtot −−=  0.79 Rc; ρfe

  21 )ln(6.3)ln(3.7),ln(1.307.152 litterSOMwVEGtotRCtot −−−=  0.83  
     

  
 

VEGtot,w 65%
 

≤ 15 ),ln(1.454.194 wVEGtotRCtot −=  0.65 VEGtot,w; VEGst,w; SOM; ρtot; litter;  
15 )ln(4.9),ln(5.352.166 SOMwVEGtotRCtot −−=  0.73 ρfe; slope; 

  15 )ln(2.12)ln(9.8),ln(9.27184 slopeSOMwVEGtotRCtot −−−=  0.82  
  15 litterslopeSOMwVEGtotRCtot 2.0)ln(4.13)ln(6.7),ln(2.231.174 −−−−=  0.87  
(1): only variables are included that do not cause problems of multicollinearity; all regression functions are significant at p = 0.000 
(2): variables are enumerated in order of decreasing correlation with RCtot
RCtot: total runoff coefficient (%); VEGst,w: weighted shrub and tree cover (%); VEGtot,w: weighted total vegetation cover (%); slope: slope gradient (%); Rc: 
surface stoniness (%); ρfe: bulk density of the fine earth fraction (g cm-3); ρtot: soil bulk density (g cm-3); AWC: available water capacity (%); litter: litter cover 
(%); SOM: topsoil organic matter content (%) 
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From the correlation and regression analysis, summarized in table 4.8 and 4.9, it was proven that 
runoff production is mainly controlled by vegetation cover. Also several other authors (Thurow et 
al., 1986; Northcliff et al. 1990; Böhm and Gerold, 1995; Gutierrez and Hernandez, 1996; Cerdà 
1998) emphasize that vegetation cover is the primary explanatory variable for runoff production. 
The suppressing effect of vegetation cover on runoff production is also illustrated through its 
positive linear relation with the rainfall threshold (Figure 4.18,a). The relation between VEGtot,w 
and the slope of the rainfall-runoff curve is best described by an exponential decay function 
(Figure 4.18,b) and closely resembles the one in figure 4.17, which is not surprising as the 
independent variable is the same and in both cases the dependent value is a ratio of runoff depth 
over rainfall depth.  
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(a)          (b) 
Figure 4.18: Scatter plots and best fitting regression lines relating the rainfall threshold (T) (a) and the slope of 
the rainfall–runoff curve (slopePRF) (b) with the weighted average total vegetation cover (VEGtot,w). 
 
Left aside the dominance of vegetation in controlling runoff, other variables also play a role, which 
can be unravelled based on table 4.9. Although they were significantly correlated with RCtot some 
variables were not included in the best fitting regression function because they did not improve the 
fit of the curve or because of multicollinearity problems. The latter is the case for surface stoniness 
(Rc), which was also strongly correlated to the vegetation cover variables and to litter cover in the 
first two groups of plots. For plots with VEGtot,w < 65 % the correlation between Rc and other plot 
variables disappeared, just as the correlation between Rc and RCtot. Although many authors discuss 
the influence of surface stoniness on runoff generation (e.g. Casenave and Valentin, 1989; Wilcox 
and Wood, 1989; Poesen et al., 1990; Poesen and Ingelmo-Sanchez, 1992; Valentin and Casenave, 
1992; Poesen and Lavee, 1994; Poesen et al., 1994; Valentin, 1994; Gutierrez and Hernandez, 
1996; Cerdà, 2001) we must conclude from our results that for the case of steep hillslopes in 
Tigray surface stoniness is not determining runoff production. As densely vegetated plots were 
excluded from the analysis, other variables gained importance. One example is slope gradient. 
Slope gradient was not correlated with any other plot variable and displayed a negative relation 
with the runoff coefficient. Although most studies report the opposite, similar findings concerning 
the role of slope gradient in runoff processes can be found in the literature. Viramontes (1993, 
cited in Descroix et al., 2001) found smaller runoff coefficients on steeper slopes, just as Descroix 
et al. (2001) for slope gradients above 27 %. Also Grésillon (1994, cited in Descroix et al., 2001) 
and Böhm and Gerold (1995) did not observe higher runoff on steeper slopes. These contra-
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intuitive results can be related to the existence of a positive relation between slope gradient and 
infiltration rate, as demonstrated through laboratory research conducted by Poesen (1984). 
Different topsoil properties, such as a decreased surface sealing, arise through increased soil 
erosion on steeper slopes and as such explain the negative correlation between runoff coefficient 
and slope gradient.  
Other correlations between plot variables and RCtot are more easily explained. Litter cover acts 
similarly to a canopy cover in capturing raindrops and dissipating their energy. Besides that, it is 
very effective in retarding the water flow, so that its negative correlation with RCtot is not 
surprising and also documented by other authors (e.g. Sala and Calvo, 1990; Vertessy et al., 1993; 
Gutierrez and Hernandez, 1996; Zhou et al., 2002). Just like Gutierrez and Hernandez (1996) and 
Calvo-Cases et al. (2003), we also found a positive correlation between bulk density and RCtot, 
which is explained by the fact that high bulk density values usually correspond to lack of soil 
structure and as such also to lower infiltration rates and higher runoff depths. The negative 
correlation between soil organic matter content and RCtot can also be reduced to an effect of soil 
structure on infiltration rate. Soils with high organic matter content tend to have a better structure 
which favors infiltration and reduces runoff. Similar results reported by many others (e.g. Young 
and Onstad, 1978; Wood et al., 1987; Le Bissonais et al., 1995; Gutierrez and Hernandez, 1996; 
Descroix et al., 2001; Calvo-Cases et al., 2003) justify the incorporation of this variable in all of 
the multiple regression functions (Table 4.9).  
 
4.2.4 Conclusions 
 
When degraded steep hillslopes in the Tigray highlands are allowed to rehabilitate, runoff 
production significantly decreases. As soon as grazing is banned, the recovery process is 
noticeable as already in young exclosures runoff production is significantly reduced. When the 
rehabilitation process is prolonged to 15 or 20 years, still an appreciable runoff reduction is 
achieved. The main reason for this runoff reduction is the restoration of the natural vegetation, 
taking place in the exclosures. This was proven through correlation and regression analysis both 
indicating total vegetation cover as the main factor influencing runoff production. Moreover, it was 
shown that as soon as the total vegetation cover in an exclosure surpasses 65 %, runoff becomes 
negligible. This is related to the exponential decay function between total vegetation cover and 
total runoff coefficient, which entails that as vegetation cover increases, runoff coefficients rapidly 
tend to zero. Another indication for the primary role of vegetation cover, is its positive relation 
with the rainfall threshold. Also other plot variables, such as litter cover, soil organic matter 
content and bulk density are correlated with the runoff coefficient. In less densely vegetated 
locations other variables, such as slope gradient, play a role in runoff processes.  
Event variables such as rainfall depth, rainfall intensity, storm duration and soil water content 
determine the runoff depth that can be expected at a certain location in an exclosure. From the 
relative importance of their correlation coefficients with runoff depth, it was confirmed that the 
prevailing runoff generation mechanism must be Hortonian.  
From these findings it is concluded that exclosure is a successful water conservation measure, 
significantly reducing runoff through vegetation restoration. The resulting higher infiltration 
benefits plant growth and biomass production. Another important advantage of the decrease in 
runoff is that lower lying cropland becomes less subject to damaging floods from the formerly 
degraded steep hillslopes.  
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4.3 Runon 
 
4.3.1 Introduction  
 
Runon is defined as lateral water input from a surrounding area. This extra water input is 
generated as runoff in the so-called source area located upslope from the hillslope 
sections under study. Descheemaeker et al. (2006c) proved that, with this runon, 
important sediment loads enter exclosures and are trapped by the restoring vegetation. It 
is assumed that runon is an important component in the water balance, contributing 
considerably to increased soil water content, evapotranspiration and recharge to the 
groundwater table.  
 
In an arid area, Domingo et al. (2001) refer to runon to explain the fact that yearly 
evapotranspiration of stream bed vegetation exceeds precipitation. They describe the 
vegetation as a sink for water and other resources, which frequently results in high 
biological diversity. Gaze et al. (1997) and Dunne et al. (1991) discuss the redistribution 
of rainfall whereby runoff in one area results in runon and increased infiltration in 
another area. Also Rockström et al. (1998) and Walker and Langridge (1996) consider 
runon in their water balance. 
 
The aim of this study is (1) to assess the volume of runon received by exclosures and (2) 
to determine runoff coefficients for the source areas. 
 
4.3.2 Methodology 
 
In order to collect the water entering the exclosure areas, runon collecting reservoirs were 
constructed at the upper border of the hillslope sections. In each study site, a specific type 
of runon collecting reservoir was built:  
 

(i) With its capricious shape, the limestone cliff in May Ba’ati lends itself very well 
for this purpose (Figure 4.19a). In several locations, only one wall of the 
reservoir needed to be constructed. On top of the very long hillslope section 
MXOb two reservoirs were built, each of them collecting the runon originating 
from another source area. 

(ii) The sandstone cliff in Kunale was less suitable for this purpose, so that an entire 
reservoir construction (Figure 4.19b) needed to be made just below the cliff. 
This was only done for 2 hillslope sections (KXY and KXO). 

(iii) In Adewro the determined runon source areas were much smaller, so that the 
same type of metal containers was used as in the runoff experiment (see 
paragraph 4.2). Reservoirs were installed here on top of hillslope section AEU 
and AXY. 

 
The reservoirs (storage volume around 2 m3) were constructed using locally available 
boulders and cement. Small, cemented walls served to divert the water flow to the 
reservoir (Figure 4.19b). The distance between these wall extremities typically varied 
from about 20 m in May Ba’ati, 15 m in Kunale and 5 m in Adewro.  
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The dimensions of each constructed reservoir were carefully measured, so that specific 
volume-depth relations could be established. Local students were trained to measure daily 
the depth of the collected water and to empty and clean the reservoir afterwards.  
 

(a)  (b)  
Figure 4.19: Runon collecting reservoir filled with water constructed in the limestone cliff of May 
Ba’ati (a) and schematic representation of a runon collecting construction in Kunale (b) 
 
Dividing the collected volume of water by the top width between the diversion walls 
yielded the volume of water entering the studied hillslope section per meter parallel to the 
contours along its upper border. Through regression analysis relations between the daily 
runon and the daily precipitation were established, which could then be used to estimate 
runon from rainfall.  
It can be reasonably assumed that a water flow entering an exclosure will not be evenly 
spread over the total area. The vegetation and litter will offer resistance to the water flow, 
thus decreasing its flow velocity and promoting infiltration in the top meters. According 
to Descheemaeker et al. (2006c) suspended sediment is generally deposited in the top 20 
to 40 meter (Table 3.11). As most sediment is deposited at the time of infiltration, it can 
be assumed that the extra water input from runon is concentrated in this area.  
An estimate of the daily runoff coefficient of the source area was obtained by assuming 
that the determined runon volume per meter is valid for the total length of the upper 
border of the hillslope section. Dividing the total volume of water by the surface area of 
the source area yielded the runoff in mm. The runoff coefficient was then obtained by 
dividing the runoff in mm by the rainfall in mm. 
 
4.3.3 Results and discussion 
 
The regression functions relating daily runon volume per meter along the contour to daily 
rainfall were linear for Kunale and Adewro, whereas in May Ba’ati the collected runon 
volumes levelled off with increasing rainfall (Table 4.10 and Figure 4.20). The latter was 
unexpected and resulted probably from reservoirs being too small to contain large 
volumes of runon water, which was observed during severe storms. Although reservoirs 
were regularly checked for leakages, losses of water could not be always excluded. 
However, given the huge efforts already spent to build and maintain the reservoirs it was 
not found feasible to make them larger or to apply extra measures to ascertain a better 
functioning. Also the boxes used in Adewro to collect runon were found too small to 
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collect runon generated during big storms. As such, the results need to be interpreted with 
some reservation.  
 
Table 4.10: Best fitting regression functions between daily rainfall (P, mm) and daily runon per 
meter (Rn, l m-1) for 9 hillslope sections (refer to Table 2.1) with indication of the coefficient of 
determination (R2), level of significance (p) and number of observations (n) 

Study site 
Hillslope 
section Reservoir  Regression R2 p n 

May Ba’ati MXY RM1 )1(8.138 04.0 P
N eR −=  0.67 0.000 287 

 MXOa RM2 )1(9.577 03.0 P
N eR −=  0.75 0.000 287 

 MXOb RM3 )1(0.182 04.0 P
N eR −=  0.70 0.000 287 

 MXOb RM4 )1(6.320 04.0 P
N eR −=  0.73 0.000 287 

 MFO RM5 
 

)1(7.128 04.0 P
N eR −=  0.63 0.000 287 

Kunale KXY RK1 PRN 98.032.0 +−=  0.51 0.000 301 
 KXO RK2 

 
PRN 00.396.0 +−=  0.53 0.000 301 

Adewro AXY RA1 PRN 86.028.0 +−=  0.52 0.000 211 
 AEU RA2 PRN 37.136.0 +−=  0.64 0.000 219 
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Figure 4.20: Measured daily runon per meter along the contour for different daily rainfall with best 
fitting regression functions for a hillslope section in May Ba’ati (MXOa), Kunale (KXO) and Adewro 
(AEU) 
 
Measurements of runon in the collecting reservoirs yield an estimate of the water entering 
the studied hillslope sections over their upper border. However, the infiltrated water 
depth also depends on the size of the area receiving the water. Estimates for this extra 
input of water were made for different storm sizes and infiltration areas (Table 4.11) 
based on the relations in table 4.10. Table 4.11 learns that for example in the young 
exclosure of May Ba’ati (MXY) the runon from 5 mm rainfall amounts to 2.5 mm if 
infiltrated in an area of 10 m width. However, if the infiltration area is assumed to have 
40 m width, water input through runon decreases to 0.6 mm. For big storms of 30 mm 
rainfall, the runon is 9.7 mm for the narrow infiltration area and 2.4 mm for the wide 
infiltration area.  
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Table 4.11: Calculated water input depth (in mm) as a result of runon from various rainfall events in 
infiltration areas of various width, for the 9 hillslope sections (refer to Table 2.1) 

Hillslope  Rainfall (mm) Study 
site section Reservoir 

Width of  
infiltration area (m)  5 10 20 30 

May  MXY RM1 10  2.5 4.6 7.6 9.7 
Ba’ati   20  1.3 2.3 3.8 4.8 
   40  0.6 1.1 1.9 2.4 
 MXOa RM2 10  8.0 15.0 26.1 34.3 
   20  4.0 7.5 13.0 17.1 
   40  2.0 3.7 6.5 8.6 
 MXOb RM3 10  3.3 6.0 10.0 12.7 
   20  1.6 3.0 5.0 6.4 
   40  0.8 1.5 2.5 3.2 
 MXOb RM4 10  5.8 10.6 17.7 22.4 
   20  2.9 5.3 8.8 11.2 
   40  1.5 2.6 4.4 5.6 
 MFO RM5 10  2.3 4.2 7.1 9.0 
   20  1.2 2.1 3.5 4.5 
   40 

 
 0.6 1.1 1.8 2.2 

Kunale KXY RK1 10  0.3 0.4 1.2 3.2 
   20  0.1 0.2 0.6 1.6 
   40  0.1 0.1 0.3 0.8 
 KXO RK2 10  0.8 1.4 4.1 12.4 
   20  0.4 0.7 2.1 6.2 
   40 

 
 0.2 0.3 1.0 3.1 

Adewro AXY RA1 10  0.4 0.8 1.7 2.6 
   20  0.2 0.4 0.8 1.3 
   40  0.1 0.2 0.4 0.6 
 AEU RA2 10  0.6 1.3 2.7 4.1 
   20  0.3 0.7 1.4 2.0 
   40  0.2 0.3 0.7 1.0 

 
Average daily runoff coefficients for the source areas (Table 4.12) are relatively low 
when compared to values presented in literature. Runoff coefficients recorded in plots of 
0.018 ha in arable land with and without soil and water conservation measures were 24.2 
– 32.6 % and 50.5 % respectively (Bosshart, 1997). In grazing land, Mwendera and 
Mohamed (1997) recorded runoff coefficients of 9.9 – 29.9 % in plots of 20 m2. 
Descheemaeker et al. (2006b) obtained runoff coefficients for exclosures ranging from 
0.1 to 13.4 %. Although care should be taken when extrapolating these results from 
relatively small runoff plots to larger (0.7 – 6.9 ha) runon source areas, we still expect 
higher runoff coefficients for the source areas, given their land cover of cropland and 
grazing land. This suspicion is confirmed by runoff coefficients recorded in Ethiopia for 
larger watersheds ranging from 5 % for an area of 161 ha to 55 % for an area of 477 ha 
(Herweg and Stillhardt, 1999). In the same study region an average runoff coefficient of 
45 % was recorded for a nearby water catchment of 25 ha (refer to chapter 5). However, 
it needs to be remarked that compared to the runon source areas, this 25 ha catchment is 
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characterized by a higher contribution of very degraded grazing land and steep sandstone 
cliffs, expected to produce a lot of runoff.  
The fact that runoff coefficients obtained for source areas are lower than expected could 
be attributed to the drawbacks of the runon collecting reservoirs: it is possible that they 
are not free of leakage and in case of big storms they were too small to collect the large 
volumes of water. 
 
Table 4.12: Surface area and runoff coefficient (RC) of source areas contributing water to different 
hillslope sections (refer to Table 2.1) in the three study sites (with indication of the respective 
reservoir) 

 RC (%) Study  
area 

Hillslope 
section Reservoir 

Surface area of 
source area (ha)  average standard deviation 

May MXY RM1 2.5  1.4 3.0 
Ba'ati MXOa RM2 4.3  5.5 8.5 
 MXOb RM3 6.9  0.8 1.3 
 MXOb RM4 5.6  2.2 3.5 
 MFO RM5 6.3  1.0 2.1 
Kunale KXY RK1 3.6  0.4 0.9 
 KXO RK2 3.0  2.1 3.7 
Adewro AXY RA1 0.7  2.1 4.6 
 AEU RA2 0.7  4.5 8.6 

 
 
4.3.4 Conclusions 
 
Runoff production in source areas leads to considerable extra water input in the studied 
hillslope sections. The actual runon depth depends largely on the infiltration area and 
varies from 1 to over 100 % of the rainfall depth. Runoff coefficients for the source areas, 
which are calculated based on the collected runon in the reservoirs, vary from 0.5 to 5.5 
%.  
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4.4 Evapotranspiration 
 
4.4.1 Introduction  
 
Various methodologies have been developed to assess evapotranspiration (ET) across 
wide temporal and spatial scales, ranging from individual plants to entire watersheds. 
Wilson et al. (2001) and, more specifically for (semi)arid regions, Rana and Katerji 
(2000) provide an overview of existing techniques for measuring and estimating ET. 
When measurement of ET is concerned, plant physiological approaches (sap flow 
measurements) are distinguished from micrometeorological approaches (eddy covariance 
techniques) and hydrological approaches (e.g. water balance, lysimeters). Estimating ET 
is done by using models, which can be analytical or physically based (Penman-Monteith 
model) or empirical (Rana and Katerji, 2000). Only realistic measurement options within 
the current research project are discussed in this paragraph.  
 

− Soil water balance approach 
 
Evapotranspiration can be calculated with a soil water balance as:  
 

S-DP-CRR-RPET FN ∆++=        (4.10) 
 
Where 
ET   evapotranspiration [mm] 
P   rainfall [mm] 

NR   runon [mm] 

FR   runoff [mm] 
CR   capillary rise [mm] 
DP  deep percolation [mm] 

S∆   change in soil water storage [mm] 
 
Apart from precipitation, the water balance components are not always easy to measure 
accurately. Simplifications and estimations are often made, resulting in lower accuracy of 
the ET estimate (Rana and Katerji, 2000, Brandes and Wilcox, 2000). At plot scale, this 
approach is based on measurements of soil water content, which makes it very sensitive 
to spatial variability of the soil. Therefore, ET strongly depends on time and spatial scales 
of soil water measurements and the representativeness of the sampling locations 
(Bertuzzi et al., 1994; Mastrorilli et al., 1998). Further on, errors when determining soil 
water content have important repercussions on ET estimates.  
 

− Kc ET0 approach (FAO-56, Allen et al., 1998) 
 
Evapotranspiration (ET) is estimated as a fraction of the reference evapotranspiration 
(ET0, refer to paragraph 2.3.3) using a crop coefficient (Kc). The FAO-56 Kc ET0 method 
is widely used in agricultural applications (Allen, 2000). This method predicts ET as a 
function of weather data, stage of crop development and water availability. Evaporation 
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and transpiration are computed separately. It is generally limited to applications for 
agricultural crops, although it can be applied to natural vegetation as well (Allen, 2000). 
Allen (2000) gives an overview of model validations carried out for agricultural crops, 
which indicated less than 10% prediction error. It is further acknowledged that the Kc ET0 
approach plays an essential role in practice (Pereira et al., 1999). However, the meaning 
and the use of crop coefficient have been subject to serious criticism as well (Rana and 
Katerji, 2000). A drawback of the Kc ET0 approach is related to the discrepancies between 
locally calculated Kc and crop coefficients reported in literature (e.g. Rana et al., 1990; 
Vasic et al., 1996). 
 

− Approach followed in this section 
 
First of all, leaf water potential and stomatal conductance were assessed since they give 
an indication on plant water status and help to explain crop transpiration. Then, an 
attempt was made to determine crop coefficients for the different natural vegetation types 
found in the study sites, following the FAO-56 guidelines (Allen et al., 1998). The 
proposed crop coefficients were then validated by comparing Kc ET0 with ET derived 
from a soil water balance for a period, in which rainfall, deep percolation, runoff and 
water stress could be neglected.  
 
4.4.2 Plant water status 
 
Soil water uptake by plants is strongly regulated by physiological controls (Roberts, 
2000), such as the ones on stomatal conductance. Variables indicating plant water status, 
like leaf water potential, provide an indication on stress avoidance and/or tolerance 
strategies employed by shrubs and trees to survive in water-limited environments 
(González Rodríguez et al., 2004). Seasonality of tree water status is also a major 
determinant of phenology in dry tropical environments (Borchert, 1994). 
When soil water content drops below a threshold value, the vegetation is said to be water 
stressed and evapotranspiration will be reduced. However, it is argued that when the 
adjustment of evapotranspiration for water stress is based solely on soil water 
availability, this can not be done very accurately (Tardieu and Katerji, 1991; Shaozhong 
et al., 2000). Jackson (1991) claims that soil based techniques only estimate plant water 
status, whereas plant based techniques really measure plant water status, which gives a 
better indication on the water stress experienced. That is because plant water status is not 
only a function of soil water availability, but also of hydraulic resistance along the water 
flow path, plant water capacitance and meteorological conditions (Shaozong et al., 2000). 
For a variety of crops, Itier et al. (1992), Rana et al. (1997) and Ameglio et al. (1998) 
found close relations between predawn leaf water potential and relative 
evapotranspiration. Shaozhong et al. (2000) revealed strong correlations between a water 
stress coefficient (Ks), used to adjust the crop coefficient Kc (see paragraph 4.4.5) and 
both stomatal conductance and leaf water potential. Numerous studies demonstrated 
relations between leaf water potential and stomatal conductance on the one hand and soil 
water content on the other hand (e.g. Acherar et al, 1991; David et al., 1997; Ameglio et 
al., 1998; Giorio et al., 1999; Williams and Araujo, 2002; González-Rodríguez et al., 
2004).  
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For dominant shrubs and trees in exclosure in the Tigray highlands however, limited 
information is available on how they cope with water stress and how this is reflected in 
decreased evapotranspiration. Leaf water potential and stomatal conductance are 
relatively easily obtained plant physiological variables, providing valuable information 
on the above-mentioned knowledge gaps. Therefore, the objective of this study is to 
assess leaf water potential and stomatal conductance for a selection of important shrub 
and tree species in the study sites. 
 
4.4.3 Leaf water potential 
 
4.4.3.1 Introduction 
 
Water potential (Ψ) is thermodynamically defined as a measure of the capacity of water 
at a particular point to do work as compared with free, pure water (Slatyer, 1967). It can 
be expressed as: 
 

τπ Ψ+Ψ+Ψ=Ψ p          (4.11) 
 
where  pressure potential or turgor pressure [Pa] pΨ

πΨ  osmotic potential [Pa] 

τΨ  matric potential [Pa] 
 
Plant water potential is widely accepted as a variable representing the water status in 
plants and many physiologial processes are sensitive to changes in water potential 
(Kramer and Boyer, 1995). Leaf water potential shows a typical diurnal pattern with 
maxima at predawn, a decrease to minimum values at midday and a gradual increase 
towards the night (Hinckley et al., 1978). Although not true under certain circumstances 
(Ourcival and Berger, 1995; Donovan et al., 2001), predawn leaf water potential is 
commonly accepted to give an indication on soil water potential in the root zone 
(Pallardy et al., 1991). The decrease in plant water potential during daytime is attributed 
to the buildup of water deficits due to insufficient water uptake from the soil to meet with 
transpiration losses (Hinckley et al., 1978). Mitloehner (2000) and Kindeya et al. (2005) 
interpret the diurnal range between predawn and midday leaf water potential as a measure 
for the plants’ water stress tolerance and capacity to recover from water stress. As such, 
the diurnal range is used as an indicator for the adaptation to low water availability.  
 
The objectives of this study are (1) to assess the leaf water potential in the wet and the 
dry season for important shrub and tree species of the northern Ethiopian highlands, (2) 
to determine the relationship between leaf water potential and environmental factors, and 
particularly soil water potential and (3) to obtain information on species site adaptation 
and strategies to cope with water stress. 
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4.4.3.2 Methodology 
 

− Field methods 
 
Leaf water potential was determined on 4 shrub species, dominant in the old exclosure of 
May Ba’ati: Euclea racemosa Murr., Carissa edulis (Forssk) Vahl, Acacia etbaica 
Schweinf. and Dodonea angustifolia L.f. The restriction to only four species in one site is 
the result of logistic problems. A big gas cylinder filled with nitrogen was not easily 
available in Mekelle and was difficult to transport to the field sites due to its heavy 
weight and the absence of paved roads. Moreover, for the predawn measurements, a place 
to sleep was not always available nearby. 
 
Measurements were conducted during two periods: at the end of the rainy season (from 1 
to 4 September 2003) and in the dry season (from 25 to 27 October 2003). Vital shrubs of 
each species were selected within 4 landscape units (MXO3, MXO6, MXO8, MXO10; 
refer to table 2.1 and figure 2.8) of the old exclosure of May Ba’ati. 8 leaf water potential 
measurements were done per species and per location at predawn (03.00-05.30 h) and at 
midday (12.00-14.30 h). The measurements were conducted using a Scholander pressure 
bomb (Soil Moisture Equipment Corp., Santa Barbara, CA, USA ) (Scholander et al., 
1965; Ritchie and Hinckley, 1975). To overcome the problem of short petioles not 
protruding beyond the rubber seal of the pressure bomb, the technique of González 
Rodríguez et al. (2004) to use shoots bearing equal amounts of leaves was followed. To 
avoid effects of exposure and vertical gradients in leaf water potential, southerly exposed 
shoots were chosen and always cut at breast height. 
 
Soil water content was determined gravimetrically for each measurement period in each 
selected plot at different depths (refer to paragraph 4.1). Averages were calculated for a 
soil depth of 0 – 0.40 m and 0.40 – 0.80 m respectively. Soil water content was converted 
to soil water potential using the soil water retention curves per soil type (refer to 
paragraph 2.4.6).  
 

− Data analysis 
 
A multifactor ANOVA with all factors (landscape unit, species, measurement moment 
and season) was performed to obtain an idea about significant main effects and 
interaction effects. Separate ANOVA’s were then conducted to unravel the effect of 
species in both seasons with respect to the different measurement moments and the 
diurnal range. Multiple pairwise comparisons between species were investigated using 
Tukey’s test. Paired samples T-tests indicated whether the leaf water potential at midday 
and predawn significantly differed from one another in both seasons and for each species. 
The same procedure was followed to test for significant differences between dry and wet 
season values for midday and predawn leaf water potential and the diurnal range for each 
species.  
Correlation coefficients were calculated between predawn and midday leaf water 
potential on the one hand and soil water potential at depths of 0 – 0.40 m and 0.40 – 0.80 
m on the other hand. For this, average leaf water potential values were used per species 
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for each plot. The relation between leaf water potential and soil water potential was 
further investigated through regression analysis.  
Regression functions and correlations with leaf water potential were not determined for 
other environmental factors (like temperature, precipitation, vapour pressure deficit, etc), 
because there are only two distinct measurement periods (rainy and dry season) and thus 
only 2 sets for the environmental factors. As environmental factors are closely interlinked 
and all vary in the same way with the season, correlations with leaf water potential would 
be obvious and therefore no reflection of real effects. For soil water potential this 
reasoning did not hold, because several values per season were measured as a result of 
differences in the soil water status in the various landscape units. 
All statistical analyses were conducted using SPSS software (SPSS, 2001) 
 
4.4.3.3 Results 
 
A multifactor ANOVA, including plot, species, measurement moment and season as 
fixed factors, revealed that all main factor effects and interaction effects were significant 
at the 0.01 level except for the factor plot. Overall predictive power of this complete 
model was high (R2 = 0.87). 
 
Average values for leaf water potential at predawn and midday and the diurnal range in 
leaf water potential are presented in table 4.13 for each species. It is clear that for all 
species and both seasons, leaf water potential values obtained at predawn are 
significantly higher than the ones at midday (Table 4.13). In the rainy season, predawn 
values go not below -1 MPa, while in the dry season predawn values are close to -2 MPa. 
In the dry season no significant difference among species in predawn water potential was 
found, while in the wet season predawn water potential of D. angustifolia was 
significantly higher than for the other species (Table 4.13). Average midday leaf water 
potential approaches -2 MPa in the rainy season for all species, except for E. racemosa, 
with a midday value of almost -3 MPa. In the dry season E. racemosa and C. edulis have 
significantly lower midday leaf water potential than A. etbaica and D. angustifolia, 
whose values do not drop below -3 MPa. Concerning the diurnal range of leaf water 
potential, E. racemosa reaches a significantly higher value than the other species in the 
rainy season. In the dry season, the lowest range is found for D. angustifolia, while C. 
edulis and E. racemosa show significantly higher ranges (Table 4.13). 
 
For all species, predawn and midday leaf water potential values are significantly higher in 
the rainy season as compared to the dry season. Only for E. racemosa the difference in 
midday values is less pronounced (Table 4.14). For D. angustifolia and E. racemosa a 
significantly higher diurnal range was recorded in the rainy season as compared to the dry 
season. For A. etbaica and C. edulis the diurnal range is not significantly different in both 
seasons (Table 4.14). 
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Table 4.13: Average leaf water potential for the rainy season at predawn (Ψpd) and midday (Ψmd) and 
the average diurnal range in leaf water potential (∆Ψ) (standard deviation between brackets), with 
significance level (p) for the T-test investigating the difference between predawn and midday values 

Season Species Ψpd (MPa) Ψmd  (MPa) ∆Ψ (MPa) p 

rainy season Acacia etbaica (n=32) -0.71 (0.21) a -2.18 (0.48) a 1.54 (0.52) a <0.001 

 Carissa edulis (n=31) -0.87 (0.32) a -2.16 (0.49) a 1.28 (0.42) a <0.001 

 Dodonea angustifolia (n=29) -0.58 (0.14) b -2.05 (0.19) a 1.48 (0.17) a <0.001 

 Euclea racemosa (n=30) -0.87 (0.27) a -2.98 (0.53) b  2.15 (0.60) b <0.001 

dry season Acacia etbaica (n=24) -2.08 (0.77) a -2.80 (0.27) a 1.02 (0.72) ab <0.001 

 Carissa edulis (n=31) -1.77 (0.54) a -3.15 (0.35) b 1.39 (0.65) a <0.001 

 Dodonea angustifolia (n=29) -1.90 (0.55) a -2.80 (0.46) a 0.90 (0.43) b <0.001 

 Euclea racemosa (n=31) -1.94 (0.43) a -3.27 (0.44) b 1.31 (0.53) a <0.001 

Values followed by a different letter are significantly different from each other at the 0.05 level based on 
the Tukey test. 
 
Table 4.14: Significance level (2-tailed) for paired T-tests used to compare the rainy and the dry 
season leaf water potential values at predawn (Ψpd) and midday (Ψmd) and the diurnal range in leaf 
water potential (∆Ψ)  

Species Ψpd Ψmd ∆Ψ  

Acacia etbaica (n=24) <0.001 <0.001 0.052 

Carissa edulis (n=31) <0.001 <0.001 0.493 

Dodonea angustifolia (n=29) <0.001 <0.001 <0.001 

Euclea racemosa (n=30) <0.001 0.024 <0.001 
 
 
Predawn and corresponding midday leaf water potential values for all species and both 
seasons are plotted in figure 4.21. The bissector line represents the situation in which 
predawn and midday values are equal, i.e. the turgor loss point (Kindeya et al., 2005). 
The distance between the data points and the bissecting line gives an indication on the 
capacity of a species to restore its water status at night. Therefore, it provides information 
on species adaptation to the environmental and site conditions. 
 
For the four studied species, data points are clearly distant from the bissecting line in the 
rainy season. A clear shift upwards and to the right is noticed in the dry season. In the dry 
season, data points approach the bissecting line, especially for A. etbaica and D. 
angustifolia (Figure 4.21). 
 

 223



CHAPTER 4 – Hydrological processes 

Dodonea angustifolia 

predawn leaf water potential (MPa)
-4-3-2-10

m
id

da
y 

le
af

 w
at

er
 p

ot
en

tia
l (

M
P

a) -4

-3

-2

-1

0

Euclea racemosa

predawn leaf water potential (MPa)
-4-3-2-10

m
id

da
y 

le
af

 w
at

er
 p

ot
en

tia
l (

M
P

a) -4

-3

-2

-1

0

Carissa edulis

predawn leaf water potential (MPa)
-4-3-2-10

m
id

da
y 

le
af

 w
at

er
 p

ot
en

tia
l (

M
P

a) -4

-3

-2

-1

0

Acacia etbaica

predawn leaf water potential (MPa)
-4-3-2-10

m
id

da
y 

le
af

 w
at

er
 p

ot
en

tia
l (

M
P

a) -4

-3

-2

-1

0

 
Figure 4.21: Midday and corresponding predawn leaf water potential values in the rainy season 
(white dots) and the dry season (black dots) for four dominant species of the May Ba’ati site  
 
Midday and predawn leaf water potential showed positive correlations with soil water 
potential values at soil depths of 0 – 0.40 m and 0.40 – 0.80 m (Table 4.15). Since leaf 
water potential is species-specific, the correlation analysis was conducted for each 
species individually and it turned out that the correlations differed among species (Table 
4.15). In general, correlations of soil water potential with leaf water potential at predawn 
were stronger as with leaf water potential at midday (Table 4.15). Further on, results 
indicate that the correlation with leaf water potential was stronger for soil water potential 
at 0.40 – 0.80 m depth (Table 4.15).  
 
Table 4.15: Pearson correlation coefficients between predawn (Ψpd) and midday (Ψmd) leaf water 
potential and soil water potential at a soil depth of 0 – 0.40 m (P0-40) and 0.40 – 0.80 m (P40-80) 

 Ψpd  Ψmd

 P0-40 P40-80  P0-40 P40-80

Acacia etbaica (n=7) 0.675NS 0.834*  0.399NS 0.521NS

Carissa edulis (n=8) 0.736* 0.724*  0.544NS 0.710* 

Dodonea angustifolia (n=8) 0.507NS 0.713*  0.517NS 0.742* 

Euclea racemosa (n=8) 0.597NS 0.713*  0.560NS 0.626NS

*: significant at the 0.05 level NS: non-significant 
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Also from regression analysis it is concluded that for each species the relation between 
soil water potential and leaf water potential was strongest at predawn (Table 4.16). In 
figure 4.22 the scatterplot with species data lumped together illustrates the relation 
between predawn leaf water potential on the one hand and soil water potential on the 
other hand. When the soil dries, predawn leaf water potential quickly decreases. As soon 
as the soil water potential goes below -0.75 MPa, predawn leaf water potential fluctuates 
around -1.75 MPa for all species (Figure 4.22).  
 

Table 4.16: Overview of regression coefficients (a and b), coefficient of determination (R2), level of 
significance (p), and number of observations (n) for the regression functions relating predawn (Ψpd) 
and midday (Ψmd) leaf water potential with soil water potential (P0-80) for four species  

  a(1) b(1) R2 p n 
Acacia etbaica  1.86 4.74 0.85 0.0008 7 
Carissa edulis  1.66 7.07 0.84 0.0009 8 
Dodonea angustifolia  1.87 3.76 0.72 0.0046 8 

Ψpd

Euclea racemosa 1.89 6.33 0.89 0.0003 8 
Acacia etbaica  (§) -2.28 0.23 0.05 0.30 7 
Carissa edulis  3.17 11.3 0.82 0.0013 8 
Dodonea angustifolia  2.75 14.7 0.38 0.06 8 

Ψmd

Euclea racemosa (§) -2.90 0.21 0.25 0.12 8 
(1): a and b are the parameters of regression model . For species indicated with (§) the 

regression function is not significant and linear of the form 
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Figure 4.22: Scatterplot of predawn leaf water potential and soil water potential with fitted 
regression line for species data lumped together (Carissa edulis: black dots, Euclea racemosa: white 
dots, Acacia etbaica: black triangles, Dodonea angustifolia: white triangles) 
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4.4.3.4 Discussion 
 
A clear effect of seasonal drought was revealed for all species through a significant 
reduction in predawn and midday leaf water potential in the dry season (Table 4.14). This 
effect of reduced soil water availability on leaf water potential is widely recognized and 
described in many studies (e.g., Fotelli et al., 2000, Williams and Araujo, 2002, González 
Rodríguez et al., 2004). It is attributed to the build up of plant water deficits because of 
transpiration losses which are not compensated by water absorption (Hinckley et al., 
1978). The reduction in leaf water potential is visualized in figure 4.21 and related to soil 
water potential (Table 4.15, Table 4.16 and Figure 4.22). However, as the soil water 
potential does not vary that much between plots in a particular measurement period and 
as only 2 measurement periods are available, it is dangerous to attribute all variation in 
predawn leaf water potential to soil water potential only. Other environmental factors 
(temperature, vapour pressure deficit, etc.) also vary between the dry and rainy season 
and are known to influence leaf water potential (e.g. Hinckley et al., 1978; González 
Rodríguez et al., 2004). Hence, the relations should be considered as a reflection of the 
combined effects of various environmental factors.  
Notwithstanding this reflection, the fact that soil water potential relates more closely to 
predawn leaf water potential than to midday leaf water potential (Figure 4.22, Table 4.15 
and Table 4.16) complies with the widely held theory that predawn values are a good 
indication of the soil water status around the roots (Pallardy et al., 1991).  
 
Differences among studied species concerning leaf water potential (Table 4.13) are 
probably related to different internal resistances to water transmission (González 
Rodríguez et al., 2004) and/or different soil water uptake patterns (Le Roux and Bariac, 
1998). Whereas leaf water potential values at midday and predawn can reveal strategies 
to cope with water stress (Turner, 1986), the diurnal range of leaf water potential 
indicates the ability of a plant to recover from the water deficits build up during daytime 
and to re-saturate itself at night (Kindeya et al., 2005). A big diurnal range, like the one 
displayed by E. racemosa and C. edulis in the dry season, reflects a high degree of 
plasticity and physiological capacity to regulate the water status (González Rodríguez et 
al., 2004). On the other hand, a small range, such as for D. angustifolia, gives evidence 
for the opposite, indicating that the plant is not adapted to tolerate unfavourable 
environmental conditions.  
 
From the results some inferences can be made about the drought avoidance or drought 
tolerance strategies displayed by the studied species. It seems that the studied species 
have most of their roots located in a relatively shallow soil layer (0 – 0.80 m) and do not 
rely a lot on a deep rooting system. First of all, this hypothesis is based on the positive 
correlations between predawn leaf water potential and soil water potential (Table 4.15). 
Several authors (e.g. Peláez et al., 1994; Montaña et al., 1995; Le Roux and Bariac, 1998) 
have discussed how the relation between predawn leaf water potential and soil water 
availability can give an indication about the rooting pattern. At the end of October, in the 
dry season, water content in the upper 0.80 m of the soil nearly reached wilting point 
(Figure 4.10). As the drying out of the upper 0.80 m coincided with a significant decrease 
in predawn leaf water potential, this indicates that the roots of the shrubs are mainly 
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located in this soil zone (0 – 0.80 m). Further on, predawn leaf water potentials did not 
remain at the same level of the wet season, which indicates that the studied shrubs do not 
extract much water below the 0.80 m. The hypothesis of a relatively shallow root system 
confined mainly to the upper 80 cm is confirmed by the results on the root distribution 
(Figure 2.35 and Table 2.21). 
The lower midday leaf water potential together with the significant recovery at night of 
C. edulis and E. racemosa indicates that these species are more inclined to a drought 
tolerance strategy as compared to the other species (Peláez et al., 1994; González 
Rodríguez et al., 2004). Higher water stress tolerance can be achieved by maintaining low 
osmotic potentials, so that plant functioning is ensured even under low soil water 
potentials (Morgan, 1984). These findings correspond with the observed phenology of the 
studied species. C. edulis and E. racemosa are evergreen species (refer to paragraph 3.2). 
Thanks to morphological (e.g. sclerophyllous leaves, Peláez et al., 1994) and 
physiological (e.g. low osmotic potential at full turgor, Le Roux and Bariac, 1998) 
adaptations these species display a low drought sensitivity. Higher investments in leaf 
formation are paid back by a longer leaf life and the ability to respond to coincidental 
opportunities. On the other hand, species which are sensitive to drought are known to 
shed their leaves abruptly during the dry season (Le Roux and Bariac, 1998), which is 
true for the deciduous D. angustifolia (Figure 3.10). Another indication for the deciduous 
nature of this species is the high predawn leaf water potential in the rainy season (Table 
4.13) (Holbrook et al., 1995). In all these aspects, A. etbaica is an intermediate species, 
which is also reflected in its semi-evergreen nature and the timing of leaf litterfall later on 
in the dry season (Figure 3.10).  
 
4.4.3.5 Conclusions 
 
Midday and predawn leaf water potential and the diurnal range in leaf water potential 
vary considerably between important shrub species of the semi arid natural vegetation of 
the Tigray highlands. This variation indicates the different strategies applied by the 
shrubs to cope with water stress. Evergreen species tend to be more tolerant to water 
stress, whereas deciduous species avoid drought stress by shedding their leaves. For all 
studied species, it was demonstrated that leaf water potential is strongly determined by 
soil water potential.  
 
4.4.4 Stomatal conductance 
 
4.4.4.1 Introduction 
 
Stomata are active pores on leaves that regulate the transfer of carbon dioxide and water 
vapour between plants and the atmosphere. Hydraulically linked with soil water, stomata 
form part of the soil-plant-water continuum. From an environmental standpoint, stomata 
open and close with changes in light, temperature, humidity, CO2, soil water, the 
hormone abscisic acid (ABA) and transpiration (Jones, 1998; Roberts, 2000). Their 
opening and closing is mediated by guard cells. Stomatal closure is an important 
mechanism to minimize water loss (Jones, 1998) and avoid damaging plant water deficits 
(Jones and Sutherland, 1991). Therefore, insights into water stress strategies of plants can 
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be obtained through information on stomatal conductance in situations characterized by 
different soil water deficits. 
 
In spite of the huge amount of research conducted, there is still uncertainty about 
regulating factors and processes of stomatal behaviour (Jones, 1998). The numerous 
feedback and feedforward controls that have been demonstrated make that a single 
response mechanism can not explain all features of stomatal control. The traditional 
assumption is that stomatal conductance depends on leaf water potential through a linear 
relation (Jones, 1992). More recent studies however evidenced that stomata can respond 
directly to root or soil water status through root-shoot signalling (Tardieu et al., 1996). A 
likely explanation of this signalling mechanism is that ABA or some other signalling 
compound is synthesized by roots in response to soil drying (Davies and Zhang, 1991). 
 
It is not the intention of this study to supply further evidence for one of these theories. 
The aim is to obtain knowledge on stomatal conductance for the adjustment of the 
evapotranspiration estimates for vegetation in exclosures of the Tigray highlands. 
 
It needs to be stressed that stomatal conductance measured at the leaf surface, can not on 
itself give an estimate of transpirational losses of whole plants or canopies (Körner et al., 
1979, Wullschleger et al., 1998). This is because of the important influence of 
aerodynamic resistance and leaf area per unit ground area (LAI) in plant communities. 
Also Jones (1998) warns for an overestimation of the control by stomata when the effects 
of canopy and regional boundary layers are ignored. These boundary layers allow 
transpired water vapour to humidify the air surrounding the leaves, uncoupling the 
vapour pressure at the leaf surface from that in the bulk air (Jarvis and McNaughton, 
1986). Therefore, care should be taken when simply considering stomatal conductance as 
a measure of vegetation transpiration.  
 
The objectives of this study are (1) to assess stomatal conductance in the wet, dry and 
transition season of important shrub and tree species of the northern Ethiopian highlands, 
(2) to determine the relations between stomatal conductance and environmental factors, 
such as light, relative humidity, temperature and soil water potential (3) to obtain 
information on strategies used by species to cope with water stress. 
 
4.4.4.2 Methodology 
 

− Field methods 
 
Stomatal conductance (cm s-1) was measured with a porometer (AP4, Delta-T Devices) 
on 9 shrub and tree species, which are dominant in the studied exclosures of Adewro, 
Kunale and May Ba’ati: Acacia saligna (Labill.) Wendl, Becium grandiflorum (Lam.) 
Pichi-Serm., Carissa edulis (Forssk) Vahl, Dodonea angustifolia L.f., Dombeya torrida 
(J.F. Gmel.) P. Bamps, Eucalyptus globulus Labill., Euclea racemosa Murr., Rumex 
nervosus Vahl., Salvia schimperi Benth. Because of their tiny leaves, no porometer 
measurements could be conducted on the native Acacia species A. abyssinica Hochst. ex 
Benth. and A. etbaica Schweinf. 
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Measurements were done in three series in order to cover three situations of soil water 
availability: rainy season (end of August 2004), transition season (middle of September 
2004) and dry season (end of November until beginning of December 2004). In each site 
and season, a full-day measurement cycle was conducted per species to picture the 
evolution of stomatal conductance from sunrise until sunset. These measurements were 
done in two landscape units in May Ba’ati (MXO4 and MXO6) and Kunale (KXM1 and 
KXY2) and in one landscape unit in Adewro (ARA). Additional data was collected for all 
species spread over different landscape units (Table 4.17), but on more convenient times 
(from 9h00 until 17h30). By covering several landscape units, a range of soil water 
potential values could be expected, even in one season. 3 individuals of each species were 
selected per landscape unit. On these shrubs or trees, stomatal conductance was measured 
on 5 leaves. As position in the crown and light conditions seriously affect stomatal 
conductance, care was taken to select leaves in different situations, so that an average 
value was obtained.  
 

Table 4.17: Selected shrub and tree species for which stomatal conductance was measured 

Study site Landscape unit (1) Species  
May Ba’ati MXO3,5,6 Euclea racemosa, Dodonea angustifolia, Carissa edulis 
 MXO4,8 Euclea racemosa, Dodonea angustifolia 
 MXY1,2,3 Euclea racemosa, Dodonea angustifolia, Becium grandiflorum 
 MRA1,2 Euclea racemosa, Becium grandiflorum 
Kunale KXY2 Salvia schimperi, Becium grandiflorum, Rumex nervosus 
 KXM1 Dombeya torrida, Salvia schimperi, Acacia saligna, Rumex 

nervosus, Becium grandiflorum 
 KXY3 Rumex nervosus, Dombeya torrida, Rumex nervosus 
 KXO1 Acacia saligna, Dombeya torrida, Salvia schimperi 
Adewro AEU1,2 Eucalyptus globulus 
 ARA Rumex nervosus, Eucalyptus globulus 
(1): refer to Table 2.1 and Figure 2.8 
 
Besides stomatal conductance, the porometer head sensors also measure relative 
humidity, temperature and photosynthetically active radiation (PAR) incident on the leaf. 
The latter was recorded for every sampled leaf, while relative humidity and temperature 
were recorded per sampled shrub or tree. Soil water content was determined for each 
measurement period in every landscape unit at different soil depths (refer to paragraph 
4.1). Averages were calculated for a soil depth of 0 – 0.80 m. Soil water content was 
converted into soil water potential based on the soil water retention characteristics per 
soil type (refer to paragraph 2.4.6).  
 

− Data analysis 
 
A multifactor ANOVA with all factors (plot, species, time of measurement and season) 
was performed to get information on significant main and interaction effects. Concerning 
time of measurement, 2 different divisions into categories were used. One separated the 
measurements before noon from the ones thereafter. The other division used 8 time 
categories (1: before 10h00; 2: between 10h00 and 11h00; 3: between 11h00 and 12h00; 
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4: between 12h00 and 13h00; 5: between 13h00 and 14h00; 6: between 14h00 and 15h00; 
7: between 15h00 and 16h00; 8: after 16h00). Separate ANOVA’s per species were 
conducted to unravel the effects of season and time of measurement. Multiple pairwise 
comparisons were investigated using Tukey’s test. Influences of environmental variables 
such as relative humidity, temperature, light and soil water potential were investigated 
through correlation analysis. For soil water potential only one value was available per 
plot, so that the average stomatal conductance per species and per plot was used in the 
correlation analysis. For relative humidity and temperature, only one value was available 
per sampled tree or shrub so that an average value for the five sampled leaves was used. 
No average values were used to calculate the correlation coefficient between light and 
stomatal conductance since for each sampled leave both variables were recorded. 
Multiple pairwise comparisons of maximal and average daily stomatal conductance 
between all species were conducted per season using Tukey’s test. The maximal values 
were determined based on the analysis of the diurnal pattern. The period of maximal 
stomatal conductance was taken as the period for which most species showed a maximal 
conductance.  
All statistical analyses were conducted using SPSS software (SPSS, 2001). 
 
4.4.4.3 Results 
 
A multifactor ANOVA with independent categorical variables species, season, plot and 
time of measurement indicated significant effects (at the 0.01 level) of all factors and 
most interactions. Both divisions into time categories resulted in a significant effect of 
time of measurement. The overall predictive power of this complete model was relatively 
high (R2 = 0.55 for the division into two time categories and R2 = 0.59 for the model with 
8 time categories). 
 
The ANOVA’s per species with season, plot and time of measurement as independent 
variables, indicate a significant effect of season and time of measurement for all species. 
A significant effect of the variable plot could not be detected for every species. Except 
for E. globulus, it was demonstrated that stomatal conductance is significantly highest in 
the rainy season, and significantly lowest in the dry season. This is in accordance with the 
regression functions found between soil water potential and stomatal conductance per 
species (Table 4.18 and Figure 4.23). In the rainy season, soil water is not limited and 
stomatal conductance is maximal. When soil water potential is around zero, stomatal 
conductance is quite variable (Figure 4.23), which leads to the assumption that other 
environmental variables influence stomatal behaviour when soil water is plentiful. In the 
dry season soil water stress starts to occur, resulting in quickly decreasing and less 
variable stomatal conductance (Figure 4.23). Apparently, in dry condition soil water 
stress overrides the effect of other environmental factors.  
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Table 4.18: Parameters of the regression function  between soil water potential 
(P

800
0

−−+= bP
s aeyg

0-80, MPa) and stomatal conductance (gs, , cm s-1), coefficient of determination (R2), level of 
significance (p) and number of observations (n) for all species 

Species    y0    a b R2 p n 
Acacia saligna  0.08 0.62 -2.30 0.31   0.26 6 
Becium grandiflorum -0.11 1.33 -0.63 0.52   0.007 14 
Carissa edulis  0.27 0.70 -3.82 0.75   0.006 9 
Dodonea angustifolia  0.26 0.84 -4.65 0.65 <0.0001 21 
Dombeya torrida  0.22 1.04 -2.38 0.75   0.007 9 
Eucalyptus globulus  0.17 0.65 -4.55 0.43   0.20 6 
Euclea racemosa  0.26 0.21 -2.80 0.40   0.001 25 
Rumex nervosus  0.26 1.06 -7.27 0.86   0.0004 10 
Salvia schimperi  0.20 1.08 -2.81 0.65   0.0013 14 

*: significant at the 0.05 level (2-tailed) 
**: significant at the 0.01 level (2-tailed) 
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Figure 4.23: Stomatal conductance (gs) versus soil water potential with fitted linear regression line 
for each species 
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To understand the effects of other environmental factors, a more detailed investigation of 
stomatal conductance was conducted per season for each species. Also then, a significant 
effect of time of measurement (both divisions into time categories) was demonstrated, 
which proved the presence of diurnal patterns in stomatal conductance. These diurnal 
patterns are presented in figure 4.24 for each species under study. For most species the 
period of maximal stomatal conductance occurs between 10h00 and 12h00. The variation 
in air humidity and air temperature in the course of a day are illustrated in figure 4.25. 
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Figure 4.24: Diurnal pattern of stomatal conductance (gs) in the rainy season (full line with black 
dots), transition season (dotted line with white dots) and dry season (dashed line with black triangles) 
for all studied species 
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Figure 4.25: Diurnal pattern of relative air humidity and air temperature in the rainy season (full 
line), transition season (dotted line) and dry season (dashed line)  
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For each species correlations between air humidity, air temperature, light and stomatal 
conductance were investigated per season (Table 4.19). With respect to incident light on 
the leaf, it turned out that especially in the transition and dry season, almost all species 
show a significant positive response of stomatal conductance to increased 
photosynthetically active radiation. In the rainy season, correlation coefficients were 
positive as well, but generally weaker. Concerning air humidity and air temperature, most 
correlation coefficients with stomatal conductance were positive, although for most 
species not significant.  
 



n: number of observations. For the correlation coefficient between stomatal conductance and PAR, the number of observations is five times the indicated value 

 Rainy season 
 

 Transition season 
  

 Dry season 
 Species         n RH T PAR  n RH T PAR  n RH T PAR

Acacia saligna 13               0.812** -0.190 0.457** 45  0.344*  0.201 0.436** 30  0.305 -0.265 -0.123
Becium grandiflorum 31  0.012  0.316 0.194*  48  0.140  0.319* 0.377**  48  0.323 -0.117 -0.016 
Carissa edulis 15 -0.540  0.134 0.280*  40  0.298  0.415** 0.210**  40  0.136  0.046  0.419** 
Dodonea angustifolia 41 -0.194  0.018 0.128  86  0.217*  0.295** 0.103*  86  0.120 -0.056  0.181** 
Dombeya torrida 19  0.261 -0.228 0.108  34  0.183  0.212 0.577**  31 -0.107  0.306  0.573** 
Eucalyptus globulus   9  0.000  0.318 0.105  20 -0.319 -0.052 0.032  20 -0.069  0.230  0.342** 
Euclea racemosa 51  0.424** -0.476** 0.139*  91  0.236*  0.187 0.125**  91  0.030 -0.015  0.308** 
Rumex nervosus 20  0.000  0.139 0.394**  31  0.111 -0.041 0.460**  31  0.217  0.090  0.347** 
Salvia schimperi 18  0.215  0.134 0.184  47  0.374**  0.311* 0.560**  44 -0.028  0.148  0.463** 

Table 4.19: Correlation coefficients between stomatal conductance (cm s-1) and relative air humidity (RH, %), air temperature (T, °C) and 
photosynthetically active radiation (PAR, µmol m-2 s-1) for each season and all species 
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*: significant at the 0.05 level (2-tailed) 
**: significant at the 0.01 level (2-tailed) 
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In each of the three seasons, both maximal and average daily stomatal conductance differ 
significantly among species (Table 4.20). The mutual relations between species with 
respect to their stomatal conductance are similar for the maximal and average values. The 
latter is true except for A. saligna in the rainy season and D. torrida in the dry season. 
These tree species have high maximal stomatal conductance with respect to the other 
species, whereas their average daily stomatal conductance is relatively small. Although it 
applies for every species that stomatal conductance significantly decreases as water stress 
aggravates, different patterns are noticed. This is clearly exemplified by the deciduous 
species B. grandiflorum. In conditions with adequate water supply in the rainy season and 
even the transition season, stomatal conductance of this species is among the highest 
recorded for all species. In the dry season however, B. grandiflorum shows the second 
lowest stomatal conductance of all. The opposite pattern is noticed for E. racemosa, a 
typical evergreen species. In the rainy season, the recorded stomatal conductance is the 
lowest of all, whereas when water stress is more severe, a medium stomatal conductance 
is recorded as compared to the other species. 
 
Table 4.20: Maximal stomatal conductance (gs,max, cm s-1) and average daily stomatal conductance 
(gs,av, cm s-1) for all species and three seasons. Species with no letters in common have significantly 
different stomatal conductance.  

 Rainy season  Transition season  Dry season 
Maximal stomatal conductance n gs,max   n gs,max  n gs,max
Acacia saligna 14 1.40 bcd  60 0.56 ab  30 0.10 a 
Becium grandiflorum 30 1.60 bcd  95 1.09 de  70 0.15 a 
Carissa edulis 45 1.01 b  50 0.64 b  35 0.32 bcd 
Dodonea angustifolia 90 1.21 bc  130 0.94 cd  95 0.25 b 
Dombeya torrida 32 1.63 cd  45 1.20 de  20 0.36 cd 
Eucalyptus globulus  5 0.54 a  45 0.69 b  50 0.26 bc 
Euclea racemosa 70 0.53 a  115 0.47 a  120 0.27 bcd 
Rumex nervosus 45 1.57 d  50 0.77 bc  50 0.34 bcd 
Salvia schimperi 18 1.32 cd  55 1.38 e  55 0.37 d 
 Rainy season  Transition season  Dry season 
Average stomatal conductance n gs,av  n gs,av  n gs,av  
Acacia saligna 66 0.72 b  225 0.32 a  148 0.11 a 
Becium grandiflorum 154 1.40 d  240 0.83 de  258 0.12 a 
Carissa edulis 75 1.04 bc  200 0.49 b  203 0.25 c 
Dodonea angustifolia 205 1.01 c  428 0.67 c  437 0.23 c 
Dombeya torrida 98 1.33 d  170 0.88 de  153 0.24 c 
Eucalyptus globulus  65 0.71 b  100 0.64 cd  217 0.18 b 
Euclea racemosa 255 0.47 a  453 0.35 a  467 0.24 c 
Rumex nervosus 110 1.30 d  155 0.75 cde  302 0.33 d 
Salvia schimperi 95 1.34 d  235 0.98 e  220 0.25 c 

n: number of observations 
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4.4.4.4 Discussion 
 
Left aside some irregularities in the recorded values, the diurnal patterns for most species 
are conform to the patterns described by Körner (1994). In the rainy season, when soil 
water is not limited, three phases occur:  
 

(1) early morning: stomata open in response to sunlight,  
(2) midday: stomatal conductance is relatively high and constant and  
(3) afternoon: a steep decline in stomatal conductance.  

 
As the soil dries in the transition season, stomata tend to follow the same behavior in the 
morning, as there may have been some re-hydration during the night. However, the 
period of maximal stomatal conductance is shortened. When soil water deficits become 
more and more severe, a peak is observed earlier in the day and the maximal value is 
diminished. Although most diurnal patterns depicted in figure 4.24 correspond to the 
above description, it is perhaps E. racemosa which provides the best illustration of how 
diurnal patterns theoretically evolve when water stress occurs.  
 
Although multiple pairwise comparisons demonstrated a significant difference between 
all seasons, it is obvious from figure 4.24 and table 4.20 that the decline from the rainy to 
the transition season is far less pronounced than the decrease in stomatal conductance 
recorded in the dry season. Roberts (2000) mentions a critical threshold water deficit, 
above which stomatal conductance drops tremendously. In this study the critical 
threshold is probably not yet exceeded in the transition season, when soil water content is 
still above wilting point (Figure 4.10).  
 
Allen et al. (1998) propose to modify the normal crop coefficient with a resistance 
correction factor when stomatal conductance is significantly lower than 1 cm s-1. In the 
rainy season, this applies to the average stomatal conductance of only three studied 
species (A. saligna, E. globulus, E. racemosa) (Table 4.20). For A. saligna however, it is 
noted that the peak in stomatal conductance largely exceeds this threshold. In the 
transition season average daily stomatal conductance is below 1 cm s-1 for all species, 
whereas maximal stomatal conductance of B. grandiflorum, D. torrida and S. schimperi 
can still go higher. Both maximal and average daily stomatal conductance do not rise 
beyond 0.40 cm s-1 in the dry season for any of the studied species.  
Körner et al. (1979) give an overview of stomatal conductance for a broad range of 
species and plant communities. According to this study, evergreen and deciduous woody 
plants commonly show a stomatal conductance within the range of 0.05 to 0.35 cm s-1. 
The values found for the dry season lie neatly within this range, whereas values for the 
rainy and transition season are clearly higher. 
 
In the rainy and transition season, the highest average daily stomatal conductance was 
recorded for deciduous species like B. grandiflorum, D. torrida, R. nervosus and S. 
schimperi. Lowest values were recorded for evergreen species like A. saligna, E. globulus 
and E. racemosa. This points to the fact that evergreen species economize more on their 
water losses than deciduous species. There seems to be no direct link between biomass 
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production and stomatal conductance as fast growing exotic species like A. saligna and E. 
globulus do not give evidence of higher stomatal conductance. 
 
Concerning the effects of environmental variables, it was difficult to separate the effects 
of air temperature and air humidity as they are interlinked and change together with other 
environmental variables in the course of a day (Figure 4.25). The results confirm 
generally accepted influencing mechanisms, like the stimulating effect of increased 
radiation on stomatal conductance (Morison and Jarvis, 1983). Stomatal conductance 
responds to temperature in a complex and curvilinear way, but will slightly increase with 
increasing temperature if the latter does not surpass an optimal range (Hinckley et al., 
1978). This response is further complicated by feedback mechanisms on temperature and 
vapour pressure deficit at the leaf surface (Jones, 1998). The inconsistent (both positive 
and negative) correlation coefficients we found between temperature and stomatal 
conductance can be interpreted in the light of this complexity. Stomatal responses to 
humidity are reviewed by Monteith (1995) and his conclusion that stomata respond to the 
rate of transpiration rather than to humidity per se, can be the explanation for the mainly 
non-significant correlations we found between humidity and stomatal conductance. The 
simultaneous measurements of stomatal conductance and environmental variables proved 
to be largely insufficient to add evidence to any of the currently ongoing hypotheses 
concerning the controlling mechanisms of stomatal behaviour. On the other hand, the 
positive correlation coefficients between soil water potential and stomatal conductance 
are a widely recognized phenomenon in the literature (e.g. David et al., 1997; Giorio et 
al., 1999; Williams and Araujo, 2002). 
 
4.4.4.5 Conclusions 
 
Shrub and tree species of natural vegetation in the Tigray highlands show important 
variation in stomatal conductance. Nevertheless, it was demonstrated for all studied 
species that stomatal conductance decreases markedly from the rainy season to the dry 
season. Consequently, there is an obvious relation between soil water potential and 
stomatal conductance. The effect of other environmental variables is less clear. 
Differences between species give an indication on water use strategies. For evergreen 
species, which are known to be more water stress tolerant, it was demonstrated that they 
economize on their water use in the rainy season. In the dry season however, they are 
able to maintain a relatively high stomatal conductance, which indicates that they are still 
transpiring water and producing biomass.  
From the results on stomatal conductance it is concluded that crop coefficients for the 
natural vegetation of the Tigray highlands need to be adjusted by a resistance correction 
factor in the transition and the dry season.  
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4.4.5 Crop coefficients for the determination of evapotranspiration of natural vegetation 
 
4.4.5.1 Introduction 
 
For the determination of crop evapotranspiration (ETc), the calculation procedure 
proposed by Allen et al. (1998) further called the Kc ET0 approach, is followed. Reference 
evapotranspiration (ET0, paragraph 2.3.3) is calculated for a grass reference crop and 
multiplied by a crop coefficient (Kc) to end up with an estimate of crop 
evapotranspiration under standard conditions (ETc = Kc ET0) (Allen, 2000).  
 
Crop coefficients for agricultural crops were first introduced by Doorenbos and Pruit 
(1977) and at present, the Kc ET0 approach is widely used in agricultural applications. 
Besides coefficients for an extensive list of agricultural crops, Allen et al. (1998) also 
provide a methodology to compute Kc factors for natural vegetation. Crop coefficients are 
defined to contain all differences between the reference surface and the crop in question 
(Allen, 2000). Distinguishing characteristics primarily relate to (Allen et al., 1998): 
 

(1) crop height, which influences roughness and aerodynamic resistance and the 
turbulent transfer of vapour from crop to atmosphere, 

(2) albedo of the surface, determined by vegetative soil cover and soil wetness and 
influencing net radiation and thus the energy exchange for the evaporation 
process, 

(3) canopy resistance, modified by leaf area, leaf age, leaf condition and stomatal 
control and affecting surface resistance, 

(4) evaporation from exposed soil. 
 
In the Kc ET0 approach, evapotranspiration is estimated as the combination of evaporative 
water losses from the soil surface and crop transpiration, which are treated as separate 
processes. For this purpose, the dual crop coefficient was introduced by Allen et al. 
(1998). It consists of the basal crop coefficient Kcb and the soil evaporation coefficient 
Ke. Four growth stage periods are distinguished for the crop coefficient curve: the initial, 
the development, the mid-season and the late season stage (Figure 4.26). Three Kc values 
are required to construct the crop coefficient curve: Kc,ini, Kc,mid and Kc,end (Figure 4.26) 
(Allen, 2000). 
 
Although Allen et al. (1998) claim that the Kc ET0 approach provides a simple and 
convenient way of estimating evapotranspiration from natural vegetation, only few 
examples (e.g. Ringersma and Sikking, 2001; Brown et al., 2001) of this method are 
found in the literature. Allen (2000) also warns that with natural vegetation, the 
uncertainty in the Kc increases due to wider variations in plant density, leaf area, and 
water availability. Consequently, no Kc values are available for a quick and easy 
development of the Kc curve for the semiarid natural vegetation in the study sites.  
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Figure 4.26: Growth stages, and evolution of basal crop coefficient (Kcb, dark grey area fill) and 
evaporation coefficient (Ke, light grey area fill) in the course of the growing period of an annual crop 
(adapted from Allen et al., 1998) 
 
Therefore, it is the aim of this study (1) to investigate whether the procedures described 
by Allen et al. (1998) can be successfully applied to compute Kc coefficients for the 
semiarid natural vegetation in exclosures, church forest, Eucalyptus plantation and 
degraded grazing land in the study sites, (2) to propose an adjustment of the method if 
required and (3) to develop Kcb – Ke values for natural semiarid vegetation of the Tigray 
highlands.  
 
 
4.4.5.2 Methodology 
 

− Delineation of growth stages 
 
The first step in the Kc ET0 approach is the determination of the lengths of the growth 
stages. The vegetation in the studied land use types is clearly different from the annual 
crops, for which the Kc ET0 method was originally developed. We are typically dealing 
here with a mixture of evergreen and deciduous shrubs and small trees in an upper layer 
and grasses and herbs in a lower layer. A clear end of the growing season does not exist 
as the evergreen plants theoretically never stop transpiring. Also the start of the rains is 
rather unpredictable. However, a Kc curve could still be constructed based on the 
evolution in vegetative soil cover (refer to paragraph 2.5) and the average distribution of 
rainfall in the course of a year (refer to paragraph 2.3.1). As vegetative soil cover is 
minimal in February to May (Figure 2.33) and precipitation can be expected with 
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reasonable probability from May (Figure 2.10), the month of April was considered as the 
initial stage. The crop development stage starts in May and proceeds until the vegetation 
reaches its maximal cover, which is attained from August to October (Figure 2.33). 
Logically, the mid-season stage occurs in this period of maximal vegetation cover. When 
the rains stop, deciduous shrubs and trees start to loose their leaves and grasses and herbs 
start dying off. Consequently, the late-season stage with declining Kcb coefficients starts 
at the beginning of October. It is assumed that the decline extends until the end of March, 
when the vegetation is again in the initial stage. Kcb,end and Kcb,ini are therefore equal.  
 

− Basal crop coefficient in the mid-season 
 
The Kcb,mid was calculated based on the effective ground cover and the height of the 
vegetation as follows (Allen et al., 1998): 
 

)],2,1)[min(( 1
1

,min,,min,, heffcccfullcbcmidcb ffKKKK +−+=     (4.12) 
 
where   

fullcbK ,  basal crop coefficient during the mid-season for vegetation having full ground 
 cover 

min,cK  minimum Kc for bare soil (in the presence of vegetation) ( ) 20.015.0min, −≈cK

cf  fraction of soil surface covered by vegetation as observed from nadir (overhead) 

effcf ,  effective fraction of soil surface covered or shaded by vegetation  

 
)sin(, η

c
effc

f
f =          (4.13) 

 where 
 )sin(η  the sine of the mean angle of the sun above the horizon during the period 

 of maximum evapotranspiration 
 )cos()cos()cos()sin()sin()sin( ωδϕδϕη +=      (4.14) 
  where 
  ϕ  latitude [rad] 
  δ  solar declination 
  ω  solar time angle 
h  plant height [m] 
 
For natural vegetation, Kcb,full is a function of climate and plant height, which is expressed 
in the following formula (Allen et al., 1998): 
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3.0
min2,, )

3
)](45(004.0)2(04.0[ hRHuKK hcbfullcb −−−+=     (4.15) 

where 
hcbK ,   for full cover vegetation under sub-humid and calm wind conditions 

 ( minRH = 45% and = 2 m s
midcbK ,

2u -1) 
  for m and hK hcb 1.00.1, += 2≤h 2.1, =hcbK  for m   (4.16) 2>h

2u  mean value for wind speed during the mid-season [m s-1] 
minRH  mean value for minimum daily relative humidity during the mid-season [%] 

h  mean maximum plant height [m] 
 

− Adjustment for stomatal control 
 
The effect of canopy resistance on ET is recognized in the Penman Monteith equation. In 
simple terms, stomatal conductance, added for all the foliage in the canopy, can give an 
indication of the canopy resistance (Roberts, 2000). As stated before in paragraph 4.4.4, 
stomatal resistance on itself can not give an estimate of transpiration of whole plants or 
canopies. In line with this concern, the Kc ET0 approach only uses stomatal control to 
adjust the crop coefficients, which, by themselves, already include adaptations for 
aerodynamic resistance and leaf area. When stomatal control is greater than for typical 
agricultural crops, for which the leaf resistance (rl) is commonly about 100 s m-1, Kcb,mid 
should be modified by a resistance correction factor Fr. The latter was calculated as 
(Allen et al., 1998): 
 

)
100

34.01(

)34.01(

2

2

l
r r

u

uF
++∆

++∆
=

γ

γ         (4.17) 

 
where 
∆   slope of vapour pressure curve [kPa °C-1] 

2u   wind speed at 2 m height [m s-1] 
γ  psychrometric constant [kPa °C-1] 

lr  leaf resistance [s m-1] 
 
The resistance correction factor Fr for stomatal control was determined based on the 
results for stomatal conductance (paragraph 4.4.4), which were easily converted into 
stomatal resistance. The average daily stomatal resistance for each monitored species was 
used to calculate a weighted average stomatal resistance for each land use type taking 
into account the relative importance of each species in the respective areas (Table 2.17). 
The stomatal resistance obtained for the rainy season and for the dry season were used to 
calculate Fr for the mid-season and the late season stage respectively (Table 4.21). The 
Kcb,mid for the shrub and tree layer was then adjusted for stomatal control by multiplying 
it with Fr, if the latter was less than one. For grasses and herbs, Fr was assumed to be one 
(Allen et al., 1998). 
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Table 4.21: Weighted average leaf stomatal resistance (rl) and resistance correction factor (Fr) for 
typical vegetation in the different land use types under study. 

  rl (s m-1)  Fr
Site Land use type mid-season late season  mid-season late season 
May Ba'ati degraded grazing land 184 500  0.88 0.61 
 young exclosure 109 604  0.98 0.55 
 old exclosure  151 432  0.92 0.65 
 church forest 154 408  0.92 0.67 
Kunale degraded grazing land 77 303  1.04 0.75 
 young exclosure 81 528  1.03 0.59 
 middle-aged exclosure 97 559  1.01 0.57 
 old exclosure  103 611  1.00 0.54 
Adewro degraded grazing land 77 303  1.04 0.75 
 young exclosure 77 303  1.04 0.75 
 Eucalyptus plantation 141 556  0.94 0.57 

 
− Combined Kcb,mid for contiguous vegetation layers 

 
It was already mentioned that the typical vegetation in exclosures consists of a grass and 
herb layer, partly covered by a shrub and tree layer. For both layers soil cover and 
vegetation height were assessed (paragraph 2.5) so that separate Kcb,mid coefficients could 
be calculated. As the shrub and tree layer has canopy foliage extending down to the grass 
and herb layer, the vegetation can be denominated as contiguous and the total Kcb,mid was 
calculated by weighing the individual crop coefficients according to the respective soil 
cover and plant height (Allen et al., 1998): 
 

GHGHSTST

GHmidcbGHGHSTmidcbSTST
combinedmidcb hfhf

KhfKhf
K

+

+
= ,,,,

,,      (4.18) 

 
where 

STmidcbK ,,  and   for the shrub and tree layer and the grass and herb 
layer respectively 

GHmidcbK ,, midcbK ,

STf  and     fraction of the ground cover by the shrub and tree layer and 
    the grass and herb layer respectively 

GHf

STh  and     plant height of the shrub and tree layer and the grass and  
    herb layer respectively 

GHh

 
 

− Basal crop coefficient in the late season stage 
 
According to Allen et al. (1998) values for Kcb,end can be scaled from Kcb,mid according to 
the health and leaf condition of the vegetation at the end of the growing period. During 
the vegetation cover measurements a visual appraisal of the canopy state was made and 
expressed in the crown density (refer to paragraph 2.5). The mean value of the crown 
density at the end of the growing period (March-April) was expressed as a fraction of the 
crown density in the mid-season (August-September). This fraction was used to scale 
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down Kcb,mid to yield Kcb,end. The resistance correction factor Fr calculated based on 
stomatal resistance data from the late season was used to further adjust the Kcb,end 
coefficient. The value for Kcb,end that was obtained, was also attributed to Kcb,ini. 
 

− Adjustment for soil water stress 
 
A crop is assumed to be under water stress when the potential energy of the soil water 
drops below a threshold value. This is accounted for by multiplying the Kcb with a water 
stress coefficient Ks (Allen et al., 1998): 
 

0, )( ETKKKET ecbsadjc +=         (4.19) 
 
where 

sK  = 1 when there is no soil water stress, and  

sK < 1 in soil water limiting conditions. 
 
Water in the soil is available for plant uptake until permanent wilting point is reached. 
However, already before wilting point is reached, plant water uptake is decreased as 
water becomes more and more strongly bound to the soil matrix and the crop is facing 
water stress. The fraction of the total available soil water (TAW) that can be extracted 
without suffering from water stress is called the readily available soil water (RAW) 
(Allen et al., 1998): 
 

pTAWRAW =          (4.20) 
 
where  rWPFC ZTAW )(1000 θθ −=        (4.21) 
   

where  
  FCθ  the soil water content at field capacity [m3 m-3] 

WPθ  the soil water content at wilting point [m3 m-3] 

rZ  the rooting depth [m] 
 p soil water depletion fraction for no stress  
 
Values for p are listed for common agricultural crops, but unknown for semiarid natural 
vegetation. p typically varies from 0.3 for shallow rooted plants at high 
evapotranspiration rates (>8 mm d-1) to 0.7 for deep rooted plants at low 
evapotranspiration rates (<3 mm d-1). Stress-tolerant plants or plants able to make use of 
stress avoidance strategies have a high p-value. Besides being dependent on plant 
physiological characteristics, p is also a function of the evaporative power of the 
atmosphere. To account for this, an adjustment of the p-value is proposed (Allen et al., 
1998): 
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)5(04.0 corigadj ETpp −+=         (4.22) 
 
where  

origp   the original p-value without adjustment for the evaporative power of the 
atmosphere 

 
The water stress coefficient Ks depends on the root zone depletion Dr [mm], which is the 
water shortage relative to field capacity (i.e. Dr is zero at field capacity and increases as 
water is extracted.) Water stress is imposed as soon as Dr exceeds RAW (Allen et al., 
1998): 
 

TAWp
DTAWK r

s )1( −
−

=          (4.23) 

 
− Evaporation coefficient 

 
Evaporation from the soil surface largely depends on the fraction of the soil not covered 
by vegetation or mulch and the soil water conditions in the top layer (0.10 – 0.15 m) of 
the soil. If the soil is wet, evaporation occurs at a maximum rate, which is however 
restricted by the maximum crop coefficient value ( max,cecb KKK ≤+ ). When the topsoil 
dries out, available water decreases and evaporation is reduced according to an 
evaporation reduction coefficient Kr (Allen et al., 1998): 
 

max,max, )( cewcbcre KfKKKK ≤−=        (4.24) 
 
where  

max,cK  maximum value of  following rain cK

 )05.0,)
3

)](45(004.0)2(04.0[2.1max( 3.0
min2max, +−−−+= cbc KhRHuK  (4.25) 

ewf  fraction of the soil that is both exposed and wetted 

rK  evaporation reduction coefficient depending on the cumulative depth of water 
 depleted from the topsoil 
 
Calculation of Kr proceeds similarly to Ks but depends on the amount of water depleted 
by soil evaporation, De. As long as De does not exceed the readily evaporable water 
(REW), evaporation takes place at the maximum rate, which is only limited by the 
available energy. Kr drops below 1 as soon as De exceeds REW and the evaporation 
reduction coefficient can then be calculated as follows (Allen et al., 1998): 
 

REWTEW
DTEW

K e
r −

−
=          (4.26) 

 
where  
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TEW  total evaporable water  
 eWPFC ZTEW )5.0(1000 θθ −=  
 where 
  depth of the surface soil layer subject to drying by evaporation  eZ
  [0.10 - 0.15m] 
 WPθ5.0  the soil water content at air dry conditions [m3 m-3] 
 
It is assumed that the surface soil layer can dry to a soil water content corresponding with 
air dry conditions, which is half of the water content at permanent wilting point. 
If organic mulches cover the soil surface, as is the case for plots with considerable 
standing crop of litter, Ke should be reduced by about 5% for each 10% of soil surface 
covered by mulch (Allen et al., 1998). 
 

− Adaptations of the Kc ET0 approach 
 
The calculation procedures of Allen et al. (1998) were neatly followed, except for the 
following points: 
 

1. The Kcb,mid of the grass and herb layer, obtained with the regular calculation 
procedures based on vegetation cover and height, was halved, in order to decrease 
its relative importance with respect to the shrub and tree layer when determining 
the combined Kcb,mid for the contiguous vegetation layers (equation 4.18). This 
measure resulted from the concern that with respect to shrubs and trees, their soil 
cover might have been somewhat overestimated. Moreover, the assumption that 
their stomatal resistance is about 100 s m-1 could not be validated. A stomatal 
resistance of 100 s m-1 applies to the well-watered reference grass vegetation, 
which is supposed to differ considerably from a grass layer adapted to the 
semiarid conditions of the study area. Also Ringersma and Sikking (2001) 
estimated the average stomatal resistance of well illuminated grass leaves of a 
semiarid area to be 200 s m–1.  

2. All Ke coefficients of both the mid-season and the late season stage obtained with 
the regular calculation procedures were halved. This was done in order to account 
for the different microclimate under natural vegetation as compared to the 
conditions in agricultural fields. There is a reduction in wind speed, radiation and 
temperature and an increased humidity level at the base of a shrub and tree 
canopy, resulting in a decreased evaporative demand (Roberts, 2000). 

3. For the degraded grazing lands the Kcb coefficients were calculated in the same 
way as for all other plots, based on vegetation cover and height records. The Ke 
coefficients however were arbitrarily set to 0.1 for the mid-season and 0.2 for the 
late season. This was based on the reasoning that in these degraded areas, a 
shallow surface crust is quickly formed upon drying, which impedes further 
evaporation.  
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Introducing reduction factors to account for non-standard situations are a common 
practice to adjust the Kc ET0 estimates to reality. In a study by Allen (2000) a reduction 
factor of 15 % was hardly sufficient to adjust for poor crop establishment, growth and 
water management.  
 

− Validation of the calculated Kc coefficients 
 
The Kc,mid coefficients obtained through the methodology set out above, were validated 
based on estimates of evapotranspiration calculated as the rest term of a water balance 
applied to a relatively short period after the last big storms of the rainy season. It is 
assumed that when soil water content is below field capacity and above the threshold for 
water stress, no water drains out of the root zone and crop evapotranspiration is not 
limited by water stress (Roberts and Harding, 1996). In the absence of rain, the total 
evapotranspiration for the relevant period was calculated as: 
 

)( endstartSET −∆=          (4.27) 
where  

)( endstartS −∆   the soil water content in the root zone at the beginning of the period minus 
  the soil water content at the end of the period 
 
Dividing ET (Equation 4.27) by the number of days and the average ET0 for the period 
yielded an estimate of the Kc,mid coefficient. This procedure was followed for all 
landscape units, for which soil water content was determined gravimetrically.  
 
4.4.5.3 Results 
 
In table 4.22 an overview is given of Kcb, Ke and total Kc coefficients for well-watered 
conditions for the mid-season and the end of the late season stage. For all plots and land 
use types, basal crop coefficients are about 4 times higher in the mid-season stage as 
compared to the end of the late season stage. This is attributed to the scaling factors 
reflecting the health and leaf condition of the vegetation at the end of the growing period 
with respect to the situation at full cover. These factors are on average about 0.3. A 
further reduction of the Kcb,end results from the increased stomatal resistance in the late 
season stage due to water stress and leaf senescence. As the vegetative soil cover 
decreases in the late season stage, the exposed fraction of the soil surface increases, 
giving rise to higher Ke coefficients in the late season stage. The church forest in May 
Ba’ati with a high Kcb,end coefficient of 0.83 is an exception, because of the near-absence 
of drought deciduous vegetation. The evergreen trees in the forest almost totally conserve 
their healthy leaf condition throughout the dry season. This is due to their leaf physiology 
and morphology and the probable access to deeper water resources with deep roots.  
The evolution of Kc coefficients in the course of the growing period for 6 representative 
landscape units is presented in figure 4.27.  
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Figure 4.27: Evolution of Kcb (dark grey area fill) and Ke (light grey area fill) for well-watered 
conditions in the course of a growing period for 6 representative landscape units (MXY1, KXY2: 
young exclosures, MXO3, KXO2: old exclosures, MFO: church forest, AEU1: Eucalyptus plantation, 
refer to Figure 2.8 and Table 2.1)  
 
In table 4.23 Kc coefficients obtained with the Kc ET0 approach are compared to Kc 
coefficients calculated with the soil water balance method for landscape units in which 
soil water content was determined gravimetrically. In the period of one month from half 
September to half October soil water content was between field capacity and the 
threshold water content for water stress. Equation 4.27 was applied to this period both for 
2004 and 2005 and the average Kc coefficient was calculated (column 4, Table 4.23).  
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Table 4.22: Crop coefficients (basal crop coefficient Kcb, evaporation coefficient Ke, overall crop 
coefficient Kc) for the mid-season and the end of the late season stage for well-watered conditions for 
all landscape units (refer to Figure 2.8 and Table 2.1). Average values with standard deviation 
between brackets are given for each land use type. 

  mid-season stage  end of late season stage 
    Kcb Ke Kc  Kcb Ke Kc
May Ba’ati MRA1 0.20 0.10 0.30  0.03 0.20 0.23 
 MRA2 0.32 0.10 0.42  0.06 0.20 0.26 

 Degraded grazing land 
 

0.26 
(0.08) 

0.10 
(0.00) 

0.36 
(0.08) 

 0.05 
(0.02) 

0.20 
(0.00) 

0.25 
(0.02) 

 MXY1 0.51 0.27 0.78  0.11 0.48 0.59 
  MXY2 0.43 0.27 0.70  0.07 0.51 0.57 
  MXY3 0.61 0.18 0.79  0.10 0.33 0.43 

 Young exclosure 
 

0.52 
(0.09) 

0.24 
(0.05) 

0.76 
(0.05)  

0.09 
(0.02) 

0.44 
(0.09) 

0.53 
(0.09) 

  MXO1 0.76 0.20 0.96  0.14 0.38 0.52 
  MXO2 0.73 0.18 0.91  0.18 0.37 0.56 
  MXO3 0.87 0.05 0.92  0.39 0.17 0.56 
  MXO4 0.83 0.12 0.96  0.26 0.26 0.52 
  MXO5 0.89 0.09 0.98  0.25 0.23 0.48 
  MXO6 0.66 0.12 0.78  0.19 0.28 0.47 
  MXO7 0.88 0.07 0.96  0.32 0.18 0.50 
  MXO8 0.69 0.15 0.84  0.16 0.34 0.50 
  MXO9 1.00 0.04 1.04  0.25 0.17 0.42 
 MXO10 1.03 0.01 1.04  0.27 0.08 0.36 

 Old exclosure 
 

0.83 
(0.13) 

0.10 
(0.06) 

0.94 
(0.08)  

0.24 
(0.08) 

0.25 
(0.10) 

0.49 
(0.06) 

  Church forest 1.05 0.00 1.05  0.83 0.03 0.86 
 
Kunale 

 
Degraded grazing land 

 
0.41 

 
0.10 

 
0.51 

  
0.08 

 
0.20 

 
0.28 

 KXY1 0.59 0.06 0.65  0.12 0.40 0.52 
  KXY2 0.52 0.12 0.64  0.09 0.50 0.58 
  KXY3 0.49 0.13 0.61  0.11 0.43 0.54 

 Young exclosure 
 

0.53 
(0.06) 

0.10 
(0.04) 

0.63 
(0.02) 

 0.10 
(0.02) 

0.44 
(0.05) 

0.55 
(0.03) 

  KXM1 0.67 0.09 0.76  0.14 0.44 0.58 
  KXM2 0.61 0.10 0.71  0.14 0.38 0.52 

 Middle-aged exclosure 
 

0.64 
(0.04) 

0.10 
(0.00) 

0.74 
(0.04) 

 0.14 
(0.00) 

0.41 
(0.05) 

0.55 
(0.04) 

  KXO1 1.00 0.00 1.00  0.25 0.07 0.33 
  KXO2 1.06 0.01 1.07  0.20 0.14 0.34 

 Old exclosure 
 

1.03 
(0.05) 

0.00 
(0.01) 

1.04 
(0.05) 

 0.23 
(0.04) 

0.11 
(0.05) 

0.33 
(0.01) 

 
Adewro Degraded grazing land 0.34 0.10 0.44 

 
0.06 0.20 0.26 

 AXY1 0.61 0.22 0.83  0.13 0.44 0.57 
  AXY2 0.46 0.27 0.73  0.07 0.50 0.57 

 Young exclosure 
 

0.54 
(0.11) 

0.25 
(0.03) 

0.78 
(0.07) 

 0.10 
(0.04) 

0.47 
(0.05) 

0.57 
(0.00) 

  AEU1 0.95 0.08 1.03  0.15 0.38 0.54 
  AEU2 1.01 0.05 1.07  0.23 0.28 0.51 

 Eucalyptus plantation 
 

0.98 
(0.04) 

0.07 
(0.02) 

1.05 
(0.02) 

 0.19 
(0.05) 

0.33 
(0.07) 

0.52 
(0.02) 
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Table 4.23: Kc,mid obtained with the Kc ET0 approach compared to Kc,mid derived from a soil water 
balance after the rainy season for landscape units in the three study sites (refer to Figure 2.8 and 
Table 2.1) 

Study site Landscape unit Kc,mid (Kc ET0) Kc,mid (water balance) 
May Ba’ati MXY1 0.78 0.76
 MXO2 0.91 0.90
 MXO3 0.92 0.91
 MXO4 0.96 0.92
 MXO6 0.78 0.76
 MXO8 0.84 0.80
 MXO9 1.04 0.95
 MXO10 1.04 1.05
 MFO 1.05 1.05
 MRA1 0.30 0.52

Kunale KXY1 0.65 0.62
 KXY2 0.64 0.64
 KXY3 0.61 0.56
 KXM1 0.76 0.74
 KXM2 0.71 0.74
 KXO1 1.00 0.91
 KXO2 1.07 0.80
 KRA 0.51 0.62

Adewro AXY1 0.83 0.77
 AXY2 0.73 0.73
 AEU1 1.03 1.13
 AEU2 1.07 0.90
 ARA 0.44 0.85
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Figure 4.28: Scatterplot of Kc,mid coefficients derived from a soil water balance after the rainy season 
versus Kc,mid coefficients obtained with the Kc ET0 approach with indication of the bissecting line  
 
From figure 4.28 and table 4.23 it seems that for Kc,mid coefficients with a value between 
0.6 and 0.9, the Kc ET0 approach yielded an ET estimate that is similar to the one derived 
from a water balance applied to the period just after the rainy season. For the degraded 
grazing lands, the Kc ET0 approach yielded a lower Kc,mid compared to the one derived 
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from the water balance. For experimental plots with Kc,mid (Kc ET0) above 1 the opposite 
is true: calculations based on the water balance generally suggested lower 
evapotranspiration and thus lower Kc,mid. This implies that drying out of the root zone 
after the rainy season might not be perfectly simulated for plots with very dense and very 
sparse vegetation having high and low Kc,mid values respectively. Simulation of soil water 
content in other periods of the year also depends on the calibration of other parameters, 
which is done using the BUDGET software (refer to paragraph 4.5). In paragraph 4.5 it is 
demonstrated that despite the problematic simulation of root zone drying for densely and 
sparsely vegetated plots, the crop coefficients proposed in table 4.22 perform reasonably 
well in simulating the soil water content over a total year. 
 
4.4.5.4 Discussion 
 
From comparing different land use types it turned out that basal crop coefficients (Kcb) 
increase as vegetation restoration proceeds (Table 4.22):  
 
(i) Open vegetation with shrubs not taller than 1 meter has Kcb,mid around 0.4 – 0.6.  
(ii) Well developed shrubland with a typical total vegetation cover of about 70 – 80% 

and a vegetation height of 1 – 1.5 m is characterized by a Kcb,mid of 0.6 – 0.9.  
(iii) Landscape units with a nearly closed canopy of trees (>2m high) have a Kcb,mid of 

ca. 1.0.  
 
The corresponding decrease in Ke coefficients logically stems from the increase in 
vegetation cover and decrease in exposed soil surface that go along with vegetation 
restoration. 
 
The results can be compared to the crop coefficients for semiarid vegetation barriers 
obtained by Ringersma and Sikking (2001) using the same methodology. Kcb,mid estimates 
range from 0.34 – 0.87 for Piliostigma reticulatum vegetation with 60 to 90 % vegetation 
cover and a vegetation height of 0.9 to 1.2 meter. For vegetation with Ziziphus 
mauritiana, characterized by 10 to 50 % soil cover and 0.65 to 1.5 meter height, Kcb,mid 
varies between 0.19 – 0.39.  
 
It needs to be stressed that the crop coefficients in table 4.22 concern crop coefficients for 
well-watered conditions, which in reality and especially for the late season stage, have to 
be reduced to adjust for crop water stress and soil water depletion from the topsoil. 
Adjustments to actual crop coefficients based on daily soil water content conditions are 
done during soil water balance modelling with BUDGET (refer to paragraph 4.5).  
 
4.4.5.5 Conclusions 
 
The procedures proposed by Allen et al. (1998) can successfully be used to calculate crop 
coefficients for the semiarid natural vegetation in the Tigray highlands. Proposed 
adaptations relate to reduction factors for non-standard conditions. The obtained basal 
crop coefficients increase with the advancement of vegetation restoration, whereas the 
evaporation coefficients evolve in the opposite direction.  
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4.5 Water balance modelling  
 
4.5.1 Introduction 
 
Studies investigating the effect of vegetation restoration or aforestation/reforestation 
usually conclude that catchment water yields decrease, because of the higher water 
requirements of forest vegetation. For extensive reviews of such studies, reference is 
made to Bosch and Hewlett (1982), Bruijnzeel (2004) and the AFFOREST review (van 
der Salm, 2002). Also for semiarid regions, baseflows and groundwater recharge are 
reported to decline with forest restoration (Bellot et al., 1999, 2001). Contrary to these 
commonly accepted findings, increases in downstream water yield, a rising ground water 
table and the appearance of new springs in Tigray are attributed to the establishment of 
exclosures and the vegetation restoration taking place in these areas (e.g. Chadhokar, 
1992, Wisborg et al., 2000; Betru et al., 2005).  
 
From a runoff study conducted in various exclosures in Tigray, Descheemaeker et al. 
(2006b) concluded that vegetation restoration results in increased infiltration, decreased 
runoff and consequently decreased peak flows. In paragraph 4.3 it was demonstrated that 
exclosures are able to infiltrate extra water input or runon coming from source areas 
upslope. Determined crop coefficients (Table 4.22) indicate that evapotranspiration 
increases with vegetation restoration. However, it remains largely unknown how all these 
water balance components interact and whether vegetation restoration could indeed result 
in groundwater recharge. It is believed that modelling the soil water balance by using soil 
water content for validation can answer these questions.  
 
It is the aim of this study to simulate a soil water balance by using the BUDGET software 
(Raes et al., 2006a). The objectives of this simulation are (1) to assess soil water fluxes 
throughout the season for different land use types and rainfall regimes in the study sites, 
(2) to estimate annual infiltration, deep percolation, evaporation and transpiration for 
different land use types and rainfall regimes, (3) to study the evolution of soil water 
fluxes under restoring vegetation and (4) to simulate changes in the water balance of a 
catchment with an expanding exclosure area closed for vegetation restoration.  
 
4.5.2 Methodology 
 
BUDGET (Raes et al., 2006a) is a soil water balance model that solves the one-
dimensional vertical water flow and root water uptake through a finite difference 
technique (Carnahan et al., 1969; Bear, 1972), whereby the soil depth and the time is 
discretized. The soil water content at each soil depth (increments of 0.1 m by default) is 
determined at time steps of one day. BUDGET is composed of a set of validated 
subroutines describing the various processes involved in water extraction by plant roots 
and water movement in the soil profile (Raes et al., 2006a).  
 

− Surface runoff is estimated with the curve number method (SCS, 1972), but this 
subroutine can be bypassed in case irrigation water is applied or runoff is 
measured.  
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− Infiltration and internal drainage are modelled by an exponential drainage 
function (Raes, 1982): 
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where 

t
i

∆
∆θ   decrease in soil water content at depth i, during time step ∆t  

[m3 m-3 d-1] 
FCSATi θθθ ,,  soil water content at depth i, at saturation and at field capacity  

[m3 m-3] 
τ    dimensionless drainage characteristic between 0 and 1, which is  

  related to the saturated hydraulic conductivity Ksat through the  
  following equation: 
         (4.29) 35.00866.0 satK=τ
  whereby Ksat is expressed in mm day-1

 
− Potential soil evaporation and crop transpiration in well-water conditions are 

calculated using the dual crop coefficient procedure (Allen et al., 1998). Based on 
actual soil wetness and crop cover the actual soil evaporation is calculated 
following the methodology established by Ritchie (1976) and Belmans et al. 
(1983).  

 
− Actual water uptake by plant roots is determined based on a sink term and a water 

stress coefficient (Ks). The sink term is derived by assuming either a uniform root 
distribution (Feddes et al, 1978) or an extraction pattern (Hoogland et al., 1981). 
Ks is equal to one under optimal soil water conditions, but decreases when soil 
water content drops below a threshold value (θthreshold), determined by p and the 
total available soil water:  

 
 )( WPFCFCthreshold p θθθθ −−=        (4.30) 
 
 where 
 p soil water depletion fraction for no stress (p) 
 θFC soil water content at field capacity [m3 m-3] 
 θWP soil water content at wilting point [m3 m-3] 
 

- Interception of rain is not taken into account in BUDGET. It is argued that when 
all precipitation that is not lost via runoff is stored in the soil (i.e. when 
interception is ignored) a correct image of evaporation and transpiration can be 
obtained.  
For a lightly covered soil, the amount of water evaporated from the soil surface 
(the readily evaporable water) will be similar to the amount of water evaporated 
from the canopy surface. Raes et al. (2006a) argue that the energy required to 
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evaporate intercepted water from a crop canopy is similar to the energy required 
for evapotranspiration of the same amount of water from a wetted soil surface. 
Therefore it doesn’t matter whether the water is virtually stored in the soil or in 
the canopy. For a closely covered soil however, the evaporation will be somewhat 
underestimated in this way as the potential evaporation is lowered because of 
shading of the soil surface.  
Concerning transpiration and thus biomass production, it is argued that taking into 
account interception can even lead to a bias in the estimate of biomass production. 
When the intercepted water on the canopy evaporates, the surrounding air gets 
saturated with water vapour. This causes the stomata to open and the plant to take 
up CO2 and produce biomass. Evaporation of intercepted water is thus as 
transpiration as it results in biomass production. Therefore, it is argued that it is 
better not to consider interception as such, but to consider it as evapotranspiration 
of soil water (leading to biomass production). Although as such the transpiration 
component of the water balance will be somewhat overestimated, a correct 
assessment of the soil water content fluctuations will be obtained.  
Also Walker and Langridge (1996) state that the evaporation of the intercepted 
water from the vegetated surface reduces the amount of soil water that is lost via 
evaporation from the soil surface. Smit and Rethman (2000) stick to the same 
reasoning for not including interception losses in the water balance equation.  

 
4.5.2.1 Input parameters 
 
BUDGET requires a set of input parameters and datasets, which are discussed below: 
 

− Climatic input 
 
Climatic input consists of daily reference evapotranspiration, obtained with the FAO 
Penman-Monteith equation (Allen et al., 1998) as described in paragraph 2.3.3 and daily 
rainfall. Daily rainfall was measured for each study site with daily rainfall gauges and 
tipping bucket recorders (refer to paragraph 2.3.1). Since in situ measurements of daily 
runoff were available (refer to paragraph 4.2) it was decided to use these values instead of 
estimating runoff with the runoff curve number method, as available in BUDGET. For 
each landscape unit, the determined rainfall threshold and slope of the rainfall-runoff 
curve (Table 4.5) were used to calculate daily runoff. The runoff was subtracted from the 
daily rainfall to generate daily effective rainfall, which was assumed to entirely infiltrate 
in the soil. For the landscape units which are believed to be within the reach of runon, 
daily runon depths (see paragraph 4.3) were added to the effective rainfall. Also for 
runon, a rainfall threshold and slope of the rainfall-runon curve were used.  
 

− Crop parameters 
 
BUDGET needs the delineation of four growth stages (initial, crop development, mid-
season and late season stage) and the corresponding Kc coefficients for well-watered 
conditions. As we are dealing with natural vegetation, it was not possible to simply refer 
to the extensive tables with Kc coefficients that exist for agricultural crops. Instead, the 
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division in growth stages and the calculated Kc coefficients for well-watered conditions 
presented in paragraph 4.4.5 were used. 
 
The effect of surface mulching brought about by litter cover was accounted for in 
BUDGET by specifying the litter cover (refer to paragraph 3.3) of each landscape unit 
and by assuming that organic mulches reduce soil evaporation by 50% of their cover, as 
suggested by Allen et al. (1998).  
 
In BUDGET, the partitioning of potential evapotranspiration in soil evaporation on the 
one hand and crop transpiration on the other hand is based on indicative values of LAI for 
different stages in crop development. As the Ke and Kcb values for the mid-season and 
late season stage were determined for each landscape unit (Table 4.22), these values were 
used to estimate the LAI for the maximal and minimal crop canopy based on the inverse 
of a Ritchie-type equation (Belmans et al., 1983): 
 

)ln(
65.0
1

c

e

K
K

LAI −
=          (4.31) 

 
LAI values for the end of the initial stage and the inflection point were inferred from the 
minimal and maximal values and the duration of the growth stages.  
 
Rooting depth was arbitrarily set to 0.80 m for each landscape unit. Deep roots are likely 
to occur in the seasonally dry, semiarid environment of the study sites (Schenk and 
Jackson 2005) and they are probably important for the survival of the vegetation. 
However, it was assumed that deep roots do not take up important volumes of water for 
transpiration. No large error was implied by this simplification as in paragraph 2.5 it was 
demonstrated that about 80 % of the fine roots, which are responsible for water uptake 
are located in the upper 0.80 m of the soil. This reasoning was also followed by Wilson et 
al. (2001) in their soil water budget study in a mixed deciduous forest in the USA. They 
confined soil water measurements to a depth of 0.70 m, because the majority of the tree 
roots are found within this upper soil layer. 
Based on the root distribution in the soil (Figure 2.35) a water extraction pattern was 
assumed, described by a 40% - 30% - 20% - 10% distribution over four consecutive 
quarters of the root zone. The implementation of a water extraction pattern was also 
inspired by the observation of Hansen et al. (1979) (cited in Ragab et al., 1997) that the 
distribution of active roots with depth is approximately triangular in shape. The 
maximum root water extraction over the root zone was set to 15 mm per day.  
 
From the measurements of leaf water potential (paragraph 4.4.3) and stomatal 
conductance (paragraph 4.4.4), it was concluded that shrubs in exclosures are faced with 
water stress when soil profiles dry out. However, given the considerable diurnal range 
between predawn and midday leaf water potential that is maintained by some shrubs and 
given the fact that stomatal conductance does not drop to zero even under severe water 
stress, it was concluded that most shrubs in the study sites are either tolerant of water 
stress or have developed strategies to avoid it. Therefore, it was decided to attribute a 
value of 0.65 to the soil water depletion fraction for no stress (p). The latter varies 
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between 0.3 and 0.7 with higher values for species more tolerant to water stress (Allen et 
al., 1998). A p-value of 0.65 means that 65 % of the total available water can be depleted 
before water stress occurs and results in a reduction of transpiration. BUDGET further 
allows for a correction of p in function of crop evapotranspiration so that p was increased 
by 20 % if ETc ≤ 2 mm per day and decreased by 20 % if ETc ≥ 8 mm per day. For ETc 
in between these extremes, p was linearly interpolated with the FAO adjustment (Allen et 
al., 1998): 
 

)5(04.0 cspecified ETpp −+=         (4.32) 
 

− Soil parameters 
 
Required soil parameters for each soil horizon are soil water content at saturation, field 
capacity and wilting point, the drainage characteristic (τ) and the saturated hydraulic 
conductivity Ksat. All these parameters were determined for each horizon of the 
representative soil types as described in paragraph 2.4.6. 
 

− Sensitivity analysis 
 

Raes et al. (2006a) carried out a sensitivity analysis to evaluate the robustness of the 
BUDGET model and to assess the required quality of the input data on climate, crop and 
soil. They concluded that (1) the use of 10-day and monthly rainfall data might result in 
wrong estimates of the soil water content and hence the crop water stress, (2) altering 
crop parameters such as the depletion factor p or the effective rooting depth Zr does not 
result in large simulation variations, but the model is relatively sensitive to the crop 
coefficient Kc, and (3) only indicative values for the physical soil parameters (Ksat, τ, 
θSAT, θFC, θWP) are required for correct simulations as long as the water flow in the soil is 
not restricted by low hydraulic conductivities (Ksat < 75 mm/day). 
 
4.5.2.2 Simulation and output 
 
After specifying the initial conditions, BUDGET simulates the soil water content and 
vertical water fluxes in the root zone over the desired simulation period. Results are 
presented graphically by plotting the root zone water content or root zone depletion over 
time. Values for the simulated water fluxes or values of the water content of different soil 
layers can also be exported and further analyzed with other software.  
 
4.5.2.3 Model calibration 
 
Simulated values of soil water content in the entire root zone were compared with 
gravimetrically obtained values for the period January 2005 to October 2005. Based on 
this comparison, parameters were adjusted where needed and within reasonable limits in 
order to obtain a better agreement between simulated and measured soil water content 
values, by respecting the following rules: 
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− If in the first weeks of the rainy season, simulated soil water content rises too 
quickly or too slowly, then runoff and runon are adjusted 

− If after the rainy season, simulated drying of soil layers is not strong enough in 
comparison with the measured soil water content, then soil water content at 
wilting point is lowered. 

− If in the last weeks of the rainy season, simulated soil water content stays 
below/above the measured soil water content, then soil water content at field 
capacity is raised/lowered 

 
4.5.2.4 Model validation  
 
Simulated values of soil water content in the entire root zone were compared with 
gravimetrically obtained values for the period March 2004 to December 2004 in order to 
assess model performance for predicting soil water content in the root zone.  
Several statistical parameters were used for this: 
 

− The mean prediction error (MPE), which evaluates the bias of the model (Devos 
et al., 2005): 

 

∑
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where  

ii yy ,ˆ  predicted and observed soil water content values respectively 
 
− The standard deviation of the prediction error (SDPE), which measures the 

random variation of the prediction after correction for the bias. It is affected by 
both the model precision and the intrinsic variability of the measured variables 
(De Vos et al., 2005): 

 

[ ]∑
=

−−
−

=
n

i
ii MPEyy

n
SDPE

1

2)ˆ(
1

1      (4.34) 

 
− The root mean square error (RMSE), representing the overall prediction error of 

the model (De Vos et al., 2005). The RMSE gives the error value in the same 
dimensions as the actual values:  
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− The coefficient of determination (R2), which is the ratio of the variance explained 

by the model to the total observed variance. The coefficient of determination is a 
measure of how well a linear function can represent the relationship between the 
observed and predicted soil water content 
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− The model efficiency (EF), which reflects the robustness of the model. EF ranges 
from -  to 1, with negative values indicating that the model prediction is worse 
than the mean observation and higher values indicating a better agreement 
between observed and predicted values (Raes et al., 2006a).  
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where  

ii yy ,ˆ  predicted and observed soil water content values respectively 
y  mean observed value 

 
4.5.2.5 Simulation of water balance fluxes  
 
Once the model was calibrated and validated, BUDGET was used to simulate different 
water balance components (evaporation, transpiration, deep percolation, runoff, soil water 
content in the root zone) throughout a year. A comparison was made between different 
land use types, in order to evaluate the effect of vegetation restoration on the water 
balance components. Water fluxes were also compared for different situations of rainfall 
(average versus dry and wet years). Based on the frequency analysis of yearly rainfall, 5 
different rainfall scenarios were determined from table 2.6:  
 

− a: average, with yearly rainfall between 613 and 812 mm  
− w2: exceptionally wet, with yearly rainfall above 918 mm 
− w1: abnormally wet, with yearly rainfall between 812 and 859 mm 
− d2: exceptionally dry, with yearly rainfall below 525 mm 
− d1: abnormally dry, with yearly rainfall between 584 and 613 mm 

 
For each rainfall scenario, three data series of daily rainfall were selected from a general 
dataset comprising (Table 2.3): 
 

− the Hagere Selam daily rainfall data of the Geba catchment dataset (MU-IUC, 
2005),  

− the daily rainfall data collected by Nyssen et al. (2005) for various villages in the 
surroundings and  

− the daily rainfall data collected within the scope of this research as described in 
paragraph 2.1.1.  

 
These data series were used as climatic input in BUDGET to simulate the water fluxes for 
each landscape unit. Average yearly water balance components were then calculated for 
each land use type under the 5 rainfall scenarios. 
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4.5.2.6 Scenario analyses  
 

− Exclosure development and vegetation restoration on degraded hillslopes 
 
The effect of exclosure development on the water balance was investigated by simulating 
vertical soil water fluxes for a scenario whereby the restoration of vegetation proceeds 
stepwise (Table 4.24). Runoff parameters and crop coefficients were calculated for each 
step based on the relations presented in table 4.5 and the procedures outlined in paragraph 
4.4.5 respectively. The results of these calculations are presented in table 4.24. To 
account for changing soil characteristics with vegetation restoration, soil types 
representative for each step were selected. The soil water fluxes were simulated with 
BUDGET by using rainfall data for an average year. 
 
Table 4.24: Vegetation characteristics (VEGgh,w, VEGst,w, VEGtot,w: weighted average grass and herb, 
shrub and tree and total vegetation cover resp.; hGH, hST: height of grass and herb and shrub and tree 
layer resp.), runoff parameters (T: rainfall threshold; slopePRF: slope of the rainfall-runoff curve) 
and crop coefficients (Kc) for degraded grazing land (RA) and 4 steps in exclosure evolution (XY, 
XM, XO1, XO2)  

      runoff  Kc
Exclosure 
development 

VEGgh,w 
(%) 

VEGst,w 
(%) 

VEGtot,w 
(%) 

hGH 
(m) 

hST 
(m) T slopePRF

Mid-
season 

late season 

RA 25 5 30 0.2 0.2 5.5 0.65 0.28 0.24 
XY 35 25 45 0.7 0.6 8.2 0.32 0.67 0.52 
XM 30 40 60 1.1 1.2 10.9 0.14 0.78 0.52 
XO1 15 70 75 0.9 1.5 13.6 0.05 0.96 0.42 
XO2 5 100 100 0.7 2.5 18.1 0.00 1.04 0.32 

RA: degraded grazing land; XY: young exclosure, XM: middle-aged exclosure; XO1, XO2: old exclosures 
with normal and dense shrub cover respectively 
 

− Expanding exclosure area  
 
To obtain an idea about the effects of exclosure establishment on the water balance of a 
water catchment, a simulation exercise was carried out whereby a scenario of expanding 
exclosure area was followed.  
 
The first step in the scenario is the reference situation, with 50% of the area covered by 
cropland treated with stone bunds, 30% of the area covered by degraded grazing land and 
20% covered with other categories of land use. The runoff coefficients for these land uses 
were assumed at 10%, 55% and 40% respectively. 
The scenario consists of gradually establishing exclosures in the area originally covered 
by degraded grazing land. Through this the exclosure area evolves from 0 to 30% of the 
total catchment area. Of the exclosures, it was assumed that one third serves as 
infiltration area for runon. As runon source areas are on average three times as large as 
the infiltration area in the exclosure (Table 4.28, see further), it was assumed that with 
exclosure enlargement, an equally large area of the original cropland becomes source 
area. The runoff from these areas does not contribute to catchment water yield, but 
infiltrates in the exclosure areas as runon.  
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The yearly water fluxes for the degraded grazing land and exclosures were calculated for 
a year with normal rainfall based on the results obtained from the scenario analysis 
described above (Figure 4.31, see further). For the rest of the catchment, runoff and 
infiltration were calculated based on the assumed runoff coefficients and rainfall for a 
normal year. Evapotranspiration was assumed to equal infiltration as long as the reference 
evapotranspiration (ET0) exceeded infiltration. When ET0 was smaller than infiltration, it 
was assumed that evapotranspiration equalled ET0 and that the surplus infiltration 
contributed to deep percolation and groundwater recharge.  
The yearly water fluxes for the entire catchment were calculated based on the water 
fluxes for the different land use types, taking into account their contributions to the total 
catchment area. This was done for the four development stages of exclosures specified in 
table 4.24, thereby assuming that the entire exclosure area is of the same age.  
 
4.5.3 Results and discussion 
 
4.5.3.1 Overview of model parameters  
 
In table 4.25 an overview of model parameters is presented for different landscape units.  
 
From table 4.25, it seems that the measured θSAT resulted in satisfactory simulations, as 
the calibrated θSAT are the same as the ones in table 2.14.  
With respect to θFC, most calibrated values (Table 4.25) are higher than the observed 
values (Table 2.14). For some soils (e.g. in MXY1, MXO8, MRA1, KXY2) however, the 
measured θFC resulted in correct simulations of soil water content. As it is likely that, due 
to excess rainfall, soil water content approaches field capacity in the rainy season, θFC 
was corrected if simulated soil water content values in the rainy season stayed well below 
or above the recorded values. For all the soils in Adewro and the clay-rich soils in May 
Ba’ati and Kunale, it turned out that BUDGET correctly simulated the observed soil 
water content in the root zone after increasing the θFC. This increase amounted to 10 vol% 
in some cases. Decreasing the hydraulic conductivity of the soil could have resulted as 
well in a correct simulation of high soil water contents in the root zone. However, the 
field measurements and the values obtained with the Soil Water Characteristics software 
(Saxton, 2005) both indicated high Ksat values, which are at least partly caused by the 
high organic matter content of the soils. As for clayey soils, the Soil Water 
Characteristics software (Saxton, 2005) also indicated higher θFC than measured, the 
adjustments for θFC seemed justified. 
The measured soil water content at wilting point seemed to result in a more or less 
correctly simulated drying out of the soil after the rainy season. This is reflected in 
calibrated values for θWP (Table 4.25), which hardly differ from the measured values 
(Table 2.14). However, for some clayey soils in May Ba’ati (e.g. in MXO3, MXO6, 
MFO) and Kunale (e.g. in KXY1, KXM2, KRA), where the simulations stayed above the 
observed soil water content, it was necessary to lower the value for θWP.  
From the calibration of the soil water retention parameters, it might seem that measured 
values were rejected and parameters were changed in an ad hoc way. However, 
gravimetrical soil water measurements in the rainy season and in the dry season, are 
believed to be the best indication for soil water content at field capacity and wilting point 
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respectively. It was decided to trust the field measurement of soil water content rather 
than the laboratory measurements of soil water retention. 
 
After calibration it turned out that for Ksat en τ the values proposed in Table 2.15 resulted 
in satisfactory simulations of soil water content in the root zone of the soils under study. 
Model calibration therefore did not result in an alteration of these parameters in any 
studied soil (Table 4.25). This is in line with the findings of Raes et al. (2006a), who 
concluded from a sensitivity study that the BUDGET model is very robust for changes in 
Ksat, as long as the latter is not very low, which is the case for the studied soils. 
 
Measured runoff parameters, such as the rainfall threshold and the slope of the rainfall-
runoff curve (Table 4.5) generally performed well to simulate runoff and soil water 
content in the root zone in all landscape units. After model calibration the slope of the 
rainfall-runoff curve turned out to be lower than the measured one in only a limited 
number of cases (MXY1, MRA1, KXY3, KRA, AXY2) (Table 4.25). An explanation for 
these deviations could be that runoff was measured in relatively small runoff plots, in 
contrast with the larger area to which the soil water content refers. In larger areas water 
has more opportunities to infiltrate and spread in the soil. Only in MXO8, the opposite 
was observed: model calibration resulted in a higher slope of the rainfall-runoff curve as 
compared to the measured one (Table 4.25). In this case, it is probably the steep and 
rocky cliff which forms part of the landscape unit, but is excluded from the runoff plot, 
which is responsible for the deviation between calibrated and measured runoff 
parameters.  
 
Given the concern about the accuracy of the runon measurements raised in paragraph 4.3 
and the difficulty to predict in which areas runon water will eventually infiltrate, it was 
decided to calibrate the runon for each landscape unit separately using BUDGET. The 
runon parameters are expressed in the same way as the runoff parameters with a rainfall 
threshold and a slope of the rainfall-runon curve, enabling an easy calculation of runon 
based on rainfall. The resulting daily runon values were added to the rainfall data and as 
such used as climatic input in BUDGET. It turned out that not only the landscape units 
near the top edge of the hillslope sections (e.g. MXY1, MXO3, KXO1) but also 
landscape units located more downslope in flatter positions (e.g. MXO6, MXO10) 
receive important extra water input (Table 4.25). Moreover, landscape units located 
downslope from runoff producing areas within the same hillslope section, can infiltrate 
extra water. Examples are the runon receiving landscape units MXO9, KXM1, and 
AEU1, which are located downslope from runoff producing landscape units MXO8, 
KXY3 and AEU2 respectively. 
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Table 4.25: Model parameters for landscape units (refer to Figure 2.8 and Table 2.1) where soil 
water content measurements were conducted 

Soil parameters  Crop parameters  Runoff  Runon Landscape 
unit 

Depth 
(cm) θSAT θFC θWP τ Ksat  Kc,mid Kc,end T slopePRF  T slopePRN

MXY1 0-40 0.45 0.22 0.07 0.82 622  0.78 0.59  5 0.20  0 0.30 
 40-80 0.45 0.2 0.08 0.92 864          
MXO2 0-80 0.47 0.3 0.12 0.90 794  0.91 0.56  9 0.13  0 0.20 
MXO3 0-80 0.53 0.37 0.13 1.00 1724  0.92 0.56  27 0.08  0 0.50 
MXO4 0-40 0.52 0.34 0.12 0.87 737  0.96 0.52  7 0.06  /  
 40-80 0.42 0.33 0.12 0.78 529          
MXO6 0-80 0.53 0.42 0.13 1.00 1724  0.78 0.47  9 0.01  0 0.50 
MXO8 0-10 0.46 0.35 0.14 1.00 1792  0.84 0.50  5 0.30  /  
 10-50 0.45 0.22 0.07 0.82 622          
 50-80 0.45 0.2 0.08 0.92 864          
MXO9 0-70 0.52 0.28 0.1 0.87 737  1.04 0.42  15 0.02  5 0.20 
 70-80 0.42 0.28 0.11 0.78 529          
MXO10 0-40 0.54 0.37 0.13 1.00 1447  1.04 0.36  / 0.00  0 0.50 
 40-80 0.47 0.35 0.14 0.79 554          
MFO 0-40 0.53 0.48 0.15 1.00 1724  1.05 0.86  16 0.01  0 1.00 
 40-80 0.57 0.48 0.15 0.67 343          
MRA1 0-80 0.6 0.25 0.08 0.72 417  0.30 0.23  5 0.30  /  
KXY1 0-40 0.6 0.35 0.15 0.72 421  0.65 0.51  8 0.13  0 0.27 
 40-80 0.49 0.38 0.15 0.59 237          
KXY2 0-40 0.59 0.23 0.1 1.00 1546  0.64 0.58  8 0.30  /  
 40-80 0.57 0.23 0.07 0.67 348          
KXY3 0-40 0.6 0.35 0.18 0.72 421  0.61 0.54  6 0.30  0 0.10 
 40-80 0.49 0.38 0.18 0.59 237          
KXM1 0-40 0.6 0.35 0.18 0.72 421  0.76 0.58  9 0.04  6 0.30 
 40-80 0.49 0.38 0.18 0.59 237          
KXM2 0-40 0.6 0.35 0.15 0.72 421  0.71 2.83  10 0.03  /  
 40-80 0.49 0.38 0.15 0.59 237          
KXO1 0-80 0.49 0.3 0.13 0.67 342  1.00 0.33  / 0.00  0 0.30 
KXO2 0-80 0.49 0.3 0.13 0.67 342  1.07 6.90  17 0.17  /  
KRA 0-40 0.6 0.34 0.13 0.72 421  0.50 2.47  4 0.25  /  
 40-80 0.49 0.34 0.13 0.59 237          
AEU1 0-50 0.6 0.33 0.1 1.00 1926  1.03 3.80  7 0.24  5 0.30 
 50-80 0.53 0.19 0.08 0.94 900          
AEU2 0-50 0.6 0.33 0.1 1.00 1926  1.07 4.40  8 0.10  /  
 50-80 0.53 0.19 0.08 0.94 900          
AXY1 0-40 0.6 0.25 0.08 1.00 1926  0.83 0.57  7 0.06  0 0.05 
 40-80 0.53 0.32 0.07 0.94 900          
AXY2 0-40 0.6 0.25 0.08 1.00 1926  0.73 0.57  7 0.17  /  
 40-80 0.53 0.32 0.07 0.94 900          
ARA 0-40 0.55 0.3 0.1 0.99 1042  0.44 0.26  7 0.52  /  
 40-80 0.51 0.27 0.12 0.82 606          

θSAT, θFC, θWP: soil water content at saturation, field capacity and wilting point respectively (m3 m-3); τ: 
dimensionless drainage characteristic; Ksat: saturated hydraulic conductivity (mm d-1); Kc,mid, Kc,end: total 
crop coefficient for the mid-season and late season stage respectively; T: rainfall threshold for runoff (mm); 
slopePRF: slope of rainfall-runoff curve; T: rainfall threshold for runon (mm); slopePRN: slope of rainfall-
runon curve  
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Crop coefficients, as proposed in paragraph 4.4.5, for the mid-season and late season 
stage generally resulted in satisfactory model performance. This corroborates the 
hypothesis that the Kc ET0 approach proposed by Allen et al. (1998) and modified as 
explained above (paragraph 4.4.5) can yield reliable estimates of crop coefficients for 
natural, semiarid vegetation. From the comparison of crop coefficients obtained with the 
Kc ET0 approach on the one hand and derived from a water balance on the other hand 
(Table 4.23) it was already concluded that the simulation of the drying out of the soil 
profile could be problematic for both sparsely and densely vegetated landscape units. 
However, given the fact that soil water content was correctly simulated in the 
development stage and the mid-season stage for all landscape units, these deviations at 
the beginning of the late season stage seem inevitable. The adjustments concerning the 
lowering of the Kcb,mid of the grass and herb layer and concerning the Ke coefficients 
turned out to be justified. They are necessary to lower the Kc of the landscape units with 
sparse shrub and tree cover in order to allow the increase of soil water content in the 
development stage. The adjustment of the Ke coefficients of the grazing lands resulted in 
correct simulations of soil water content in the crop development and mid-season stage. 
The strong drying out of the soil profile after the rainy season could only be simulated if 
much higher crop coefficients would be assumed, which, in view of the sparse vegetation 
cover, would be highly unrealistic.  
 
4.5.3.2 Model performance  
 
The results of the model performance are presented in table 4.26. The model prediction 
error (MPE) is mostly negative, indicating that the predicted soil water content in the root 
zone was usually lower than the observed values. The standard deviation of the prediction 
error (SDPE) and the root means square error (RMSE) generally range between 10 and 
20 mm, with an average of 14 mm. In the rainy season, soil water content in the root zone 
ranges between 200 and 300 mm, so that the expected prediction error lies between 3 and 
10 % of the observed soil water content. In the dry season when soil water content is 
lower, the relative error is larger. In dry conditions, errors are rather attributed to 
measurement errors, because when there is no rain and ET is very small, variations in soil 
water content should be minimal. The coefficient of determination (R2) is above 0.8 in all 
cases, which is indicative for the sound simulation of soil water content in the root zone 
with the BUDGET software. Except for two cases, model efficiency is above 0.8, which 
is proof again of good model performance for nearly all landscape units. The most 
problematic landscape unit seemed to be the degraded grazing land of May Ba’ati 
(MRA1), with relative high MPE, SDPE and RMSE, and relatively low R2 and EF.  
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Table 4.26: Model performance parameters for landscape units (refer to Figure 2.8 and Table 2.1) 
where soil water content measurements were conducted 

 
MPE 
(mm) 

SDPE 
(mm) 

RMSE 
(mm) R2 EF 

MXY1 -8.99 13.57 18.76 0.88 0.74 
MXO2 -3.49 12.15 12.67 0.93 0.91 
MXO3 -5.23 11.76 13.95 0.96 0.94 
MXO4 -2.43 11.94 12.30 0.91 0.88 
MXO6 1.10 15.64 15.41 0.94 0.93 
MXO8 -4.28 14.11 15.25 0.91 0.85 
MXO9 -3.06 9.71 10.15 0.94 0.91 
MXO10 -3.50 12.53 13.18 0.96 0.94 
MFO -12.02 27.92 24.81 0.97 0.91 
MRA1 11.04 22.76 23.46 0.81 0.59 
KXY1 1.36 12.90 12.69 0.94 0.94 
KXY2 -5.70 14.07 13.84 0.95 0.85 
KXY3 2.48 12.11 11.90 0.94 0.91 
KXM1 2.79 11.44 11.25 0.93 0.92 
KXM2 -1.66 14.18 13.94 0.90 0.88 
KXO1 -6.16 14.90 14.65 0.93 0.88 
KXO2 -5.23 14.19 13.95 0.90 0.84 
KRA -3.23 11.93 11.73 0.92 0.90 
AEU1 -1.52 10.95 10.76 0.94 0.94 
AEU2 -5.78 10.97 10.78 0.97 0.92 
AXY1 -2.68 12.83 12.61 0.95 0.90 
AXY2 -5.37 15.59 15.33 0.96 0.92 
ARA 0.58 13.77 13.54 0.89 0.89 
average -2.65 14.00 14.21 0.93 0.88 

 
Simulated and observed soil water content in the root zone are shown in figure 4.29 for a 
selection of representative landscape units. This selection of landscape units amply 
illustrates the good relation between simulated and observed soil water content in the root 
zone, so that it was not conceived necessary to discuss each landscape unit separately. 
Generally speaking, there was a good match between the BUDGET simulations and the 
gravimetrically determined soil water content of the root zone (Figure 4.29). However, 
simulations deviated considerably from the observations in some cases, which need 
special attention. In the young exclosures and degraded grazing lands represented, 
simulated soil water content in the root zone stayed above the observed values during the 
drying out of the soil profile after the rainy season (Figure 4.29). The measured soil water 
content indicates that the soils are characterized by an extremely rapid drying out from 
field capacity until wilting point. In landscape units with relatively sparse vegetation and 
thus lower Kcb coefficients, such as the ones in the young exclosures and grazing lands, 
this rapid drop in soil water content is difficult to simulate. Nevertheless, although 1 – 2 
months later, the model simulations indicated that wilting point is eventually reached. 
This implies that in the young exclosures and grazing lands water stress occurs faster in 
reality than predicted by the model. The consequences from this relatively small model 
failure can thus be overcome by taking into account that for areas with sparse vegetation 
cover, evapotranspiration is overestimated in the transition to the dry season. The grazing 
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land in May Ba’ati is the only landscape unit posing severe problems with even at the end 
of the simulation period still a strong deviation between simulated and observed soil 
water content (Figure 4.29). 
Besides the sometimes problematic simulation of the drying out of the soil, there was also 
a problem in simulating peaks in soil water content for some landscape units. Except for 
the church forest of May Ba’ati, problems were restricted to one or two strong deviations 
in the course of the two rainy seasons. They are probably caused by a short time lag 
between the storm and the moment of sampling, while BUDGET always allows 24 hours 
for the soil water to drain out of the root zone. Apart from these peaks, the soil water 
content in the root zone was correctly simulated, so that these deviations do not have 
severe repercussions on the estimation of the yearly water balance components. In the 
church forest of May Ba’ati 2 out of 3 and 3 out of 5 peaks in 2004 and 2005 respectively 
were not correctly simulated (Figure 4.29). The model failure in the church forest is 
attributed to the inability of correctly estimating the extra supply of water beyond rainfall. 
Assuming that runon delivers as much water as rainfall allowed to correctly simulate the 
increase in soil water content during the first weeks of the rainy season, but resulted in 
poor model performance from the end of August onwards. As the church forest is located 
in a well area, concentrating much subsurface flow, from which correct estimations are 
not available, it should not surprise that simulating soil water content in the wettest 
period of the year is problematic. This results in unreliable estimates of deep percolation 
and groundwater recharge, but does not imply drawbacks for the simulation of other 
water balance components. Since the rise and decrease in soil water content at the 
beginning and after the rainy season were correctly simulated, crop coefficients were 
correctly assessed and estimates of evapotranspiration are reliable. Once the soil water 
storage is filled above the threshold for water stress, evapotranspiration takes place at its 
maximum rate, no matter how much water is added. The excess water which is not 
transpired by the vegetation will simply drain out of the root zone.  
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Figure 4.29: Simulated and observed soil water content in the root zone (error bars indicate standard 
deviation) in the period January 2004 to December 2005 for different landscape units (refer to Figure 
2.8 and Table 2.1). Horizontal lines indicate the root zone soil water content at field capacity (FC), at 
the threshold for water stress occurrence (TH) and at wilting point (WP). (The abrupt twist in the 
simulation line results from the fact that in the beginning of 2005 initial soil water conditions in the 
model have been reset.) 
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Figure 4.29 continued 
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Figure 4.29 continued  
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4.5.3.3 Simulation of vertical water fluxes 
 
Simulated daily values of deep percolation, actual soil evaporation, actual transpiration 
and soil water content in the root zone are presented in figure 4.30 for three different 
rainfall scenarios and for four landscape units, representing old exclosure with and 
without extra water input from runon, young exclosure with runon and grazing land. 
 
Percolation of water out of the root zone occurs when soil water content exceeds field 
capacity (Figure 4.30). In dry years, this lasts not much more than one month, while in 
wet years, deep percolation occurs from half of July to half of September. The amount of 
water lost mainly depends on the net water supply, comprising rainfall and runon minus 
runoff. This explains why landscape units under influence of runon (MXY1, MXO3) 
clearly drain more water than others (Figure 4.30). The degraded grazing land (ARA) 
with higher runoff and thus lower water supply is characterized by less deep percolation 
(Figure 4.30).  
 
Evaporation of water from the soil surface takes place after every single wetting event 
and as long as the upper soil layer (0.10 m) is not air dry. This explains why evaporation 
can occur in the dry and Belg rainy season, when the water content in the root zone lies 
around wilting point (Figure 4.30). The magnitude of evaporation is negatively related to 
vegetative soil cover, which is the reason for higher evaporation in the sparsely vegetated 
young exclosure. On the other hand, in old exclosures with more shade from vegetation, 
soil water in the upper layers is depleted more gradually, so that evaporation lasts longer 
(Figure 4.30). Lower vegetation cover and higher ET0 in the Belg and the dry season 
result in higher evaporation as compared to the rainy season in all landscape units.  
 
Generally, transpiration is not hampered when the soil water content is above the 
threshold water content for water stress (θthreshold), which is illustrated in figure 4.30 by 
higher transpiration when soil water content in the root zone exceeds the soil-specific 
threshold value. While for the Belg season of the dry year low transpiration was 
simulated, the same period in the average and wet year was characterized by considerable 
vegetation transpiration, due to earlier rainfall. However, in each rainfall scenario the 
period of high and strongly increasing transpiration starts at the end of June (Figure 4.30) 
and lasts until the end of September. In a first stage, the rise in transpiration results from 
the increase in soil water content in the entire root zone. As water percolates to the lower 
soil layers, the total water volume available for root extraction increases. After this period 
of soil profile wetting, the rise in transpiration is carried on and a peak is reached even 
when the water content in the root zone is already decreasing (Figure 4.30). This should 
not surprise as in the first few weeks after the end of the rains, soil water content in the 
root zone is still above the threshold value for water stress (Figure 4.30). Besides that, 
vegetation cover has reached its maximum with a lush grass and herb layer and full-
grown canopies, which is reflected in maximal crop coefficients. Moreover, higher 
temperatures, clear skies and lower air humidity as compared to the rainy season result in 
higher ET0, and hence vegetation transpiration.  
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Figure 4.30: Simulated vertical soil water fluxes (a: deep percolation; b: full line: evaporation, dotted 
line: transpiration; c: soil water content with indication of soil water content at field capacity (FC), 
threshold for water stress (TH) and wilting point (WP)) for an exceptionally dry, an average and an 
exceptionally wet year for different land use types 
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Figure 4.30 continued 
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Table 4.27 gives an overview of annual water balance components for five rainfall 
scenarios and different land use types. Averages are calculated based on three rainfall 
series per scenario and all landscape units classified under the respective land use types. 
Each water balance component varies according to the land use type and thus the 
vegetation cover on the one hand and the presence or absence of extra water supply 
through runon on the other hand.  
 
Infiltration depends on the water supply by rainfall and runon and the losses through 
runoff. Logically, infiltration increases from dry to wet years (Table 4.27). When 
comparing land use types, it is clear that maximal infiltration is attained in the church 
forest and in the exclosure areas under influence of runon. Minimal infiltration is 
expected in the degraded grazing lands and young exclosures, where runoff is less 
tempered.  
 
Simulated yearly values of deep percolation of water out of the root zone vary from 17 to 
157 mm in the exceptionally dry year and from 242 to 959 mm in the exceptionally wet 
year (Table 4.27). Areas endowed with runon and characterized by low runoff have 
higher deep percolation. Transpiration negatively influences deep percolation. This is 
illustrated by the fact that although more water infiltrates in the old exclosures with runon 
than in the middle-aged exclosures with runon, deep percolation is very similar, due to 
higher transpiration from the denser vegetation in the old exclosure.  
 
Evaporation is negatively related to vegetation cover, with values varying from 10 – 20 
mm in landscape units with dense vegetation to around 180 mm in sparsely vegetated 
landscape units (Table 4.27). Besides shading the soil surface, dense vegetation also goes 
hand in hand with increased litter production and standing crop of litter (Figure 3.7 and 
Figure 3.18), acting as a surface mulch, which reduces evaporation.  
 
On the other hand, transpiration is positively related to vegetation cover, but depends also 
strongly on the supply of water, as the latter influences the alleviation of water stress. In 
the studied exclosures, yearly transpiration varies from 242 to 430 mm in the 
exceptionally dry year and from 295 to 529 mm in the exceptionally wet year, with 
higher values where areas are closed for a longer time (Table 4.27). In the degraded 
grazing land, yearly transpiration lies below this range, while the opposite is true in the 
church forest with much higher transpiration. It is remarkable that the highest values for 
evaporation, transpiration and as a consequence evapotranspiration are simulated for the 
year with average rainfall and not for the wetter years. This is explained by the fact that 
in the wet years (scenario w1 and w2), rainfall was more concentrated with bigger storms 
in a shorter period.  
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Table 4.27: Average yearly values (standard deviation between brackets) of water balance components (P: rainfall, I: infiltration, RF: runoff, DP: deep 
percolation, E: evaporation, T: transpiration, ET: evapotranspiration) for different rainfall scenarios (S) (w2 and d2: exceptionally wet and dry resp., 
w1 and d1: abnormally wet and dry resp., a: normal; refer to table 2.6), land use types and runon scenarios, expressed both in mm and % of rainfall(1)

Land use 
type(2), runon S P (mm) I (mm) % RF (mm) % DP (mm) % E (mm) % T (mm) % ET (mm) %

w2      934 (33) 783 (103) 84 151 (109) 16 290 (107) 31 194 (54) 21 295 (37) 32 489 (73) 52
w1       
      

       
        

      
        

        
        
        

        
        

       
        
        

       
        

        
          
        

       
       

      
        
        

     

831 (14)
 

699 (90) 84 132 (91) 16 235 (69) 28 186 (29) 22 275 (38) 33 461 (44) 56
a 709 (4) 609 (73) 86 100 (73) 14 96 (48) 13 198 (39) 28 313 (41) 44 511 (45) 72
d1 593 (4) 505 (62) 85 89 (62) 15 74 (49) 13 170 (26) 29 258 (41) 44 428 (48) 72

 
XY, 
no runon 

d2 500 (23)
 

428 (53)
 

86 72 (57) 14 36 (37) 7 148 (25) 30 242 (36) 48 389 (39) 78
    

w2 934 (33) 993 (128) 106 132 (133) 14 475 (131) 51 178 (61) 19 339 (64) 36 517 (79) 55
w1 831 (14)

 
884 (113) 106 116 (113) 14 393 (88) 47 173 (40) 21 315 (60) 38 488 (43) 59

a 709 (4) 766 (91) 108 88 (91) 12 216 (58) 30 187 (52) 26 363 (64) 51 550 (49) 78
d1 593 (4) 636 (80) 107 78 (80) 13 180 (68) 30 164 (32) 28 291 (63) 49 464 (56) 78

 
XY, 
runon source 
area 

d2 500 (23) 539 (68) 108 63 (71) 13 124 (59) 25 142 (31) 28 272 (45) 54 414 (38) 83

w2 934 (33) 913 (30) 98 21 (44) 2 383 (98) 41 166 (48) 18 364 (27) 39 529 (74) 57
w1 831 (14)

 
813 (14) 98 18 (20) 2 309 (37) 37 159 (13) 19 342 (34) 41 500 (29) 60

a 709 (4) 696 (3) 98 13 (5) 2 138 (27) 20 172 (34) 24 386 (19) 54 557 (25) 79
d1 593 (4) 582 (5) 98 11 (6) 2 112 (51) 19 150 (11) 25 320 (41) 54 479 (64) 81

 
XM, 
no runon 

d2 500 (23)
 

491 (22)
 

98 9 (32) 2 59 (49) 12 127 (15) 25 305 (13) 61 430 (27) 86
    

w2 934 (33) 1146 (41) 123 2 (2) 0 586 (123) 63 163 (51) 17 395 (38) 42 559 (89) 60
w1 831 (14)

 
1019 (22) 123 3 (2) 0 492 (41) 59 161 (15) 19 362 (40) 44 524 (35) 63

a 709 (4) 853 (10) 120 2 (1) 0 257 (34) 36 174 (40) 25 422 (20) 59 597 (26) 84
d1 593 (4) 725 (2) 122 2 (2) 0 232 (63) 39 154 (6) 26 338 (58) 57 493 (63) 83

 
XM, runon 
source area 

d2 500 (23)
 

604 (27)
 

 121 1 (0) 0 157 (67) 32 128 (21) 26 317 (26) 63 446 (40) 89
    

w2 934 (28) 791 (92) 85 143 (96) 15 242 (104) 26 136 (65) 15 413 (72) 44 549 (63) 59
w1 831 (12)

 
707 (83) 85 124 (84) 15 192 (73) 23

 
 130 (51) 16 382 (68) 46 513 (38) 62

a 709 (3) 615 (69) 87 95 (69) 13 50 (42) 7 142 (61) 20 423 (79) 60 566 (36) 80
d1 593 (3) 511 (59) 86 83 (59) 14 40 (44) 7 126 (42) 21 344 (71) 58 471 (44) 79

 
XO,  
no runon 

d2 500 (19) 433 (49) 87 66 (53) 13 17 (31) 3 107 (37) 21 308 (67) 62 416 (40) 83
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Table 4.27 continued 
 
Land use  
type(2), runon S P (mm) I (mm) % RF (mm) % DP (mm) % E (mm) % T (mm) % ET (mm) %

w2 934 (27) 1234 (150) 132 0 (0) 0 591 (146) 63 111 (66) 12 529 (96) 57 642 (89) 69
w1        
        

        
       

       

    
        

        
        
        

       

      
       

      
       
       

       

       
        

          
         
       

831 (12)
 

1118 (111) 135 0 (0) 0 494 (80) 59 109 (57) 13 507 (81) 61 616 (57) 74
a 709 (3) 976 (99) 138 0 (0) 0 280 (63) 39 118 (67) 17 574 (90) 81 693 (60) 98
d1 593 (3) 806 (84) 136 0 (0) 0 226 (77) 38 116 (50) 20 463 (87) 78 580 (70) 98

 
XO, runon 
source area 

d2 500 (19) 682 (76) 136 0 (0) 0 150 (73) 30 100 (45) 20 430 (70) 86 531 (55) 106
 

   
 

     
 

  
 w2 934 (28) 1056 (56) 113 0 (0) 0 464 (99) 50 103 (37) 11 490 (62) 52 592 (75) 63

w1 831 (12)
 

943 (42) 113 0 (0) 0 385 (46) 46 104 (25) 12 452 (53) 54 555 (40) 67
a 709 (3) 802 (29) 113 0 (0) 0 175 (30) 25 112 (31) 16 518 (45) 73 628 (33) 89
d1 593 (4) 657 (61) 111 0 (0) 0 142 (69) 24 107

 
(15) 18 410 (63) 69 516 (53) 87

 
XO, runon 
other 
landscape unit 

d2 500 (20) 562 (32) 112 0 (0) 0 88 (57) 18 90 (15) 18 384 (38) 77 474 (37) 95
 

        
 

  
w2 934 (28) 655 (81) 70 279 (85) 30 277 (85) 30 125 (27) 13 234 (50) 25 358 (62) 38
w1 831 (12)

 
584 (65) 70 247 (66) 30 219 (59) 26 122 (10) 15 223 (47) 27 345 (45) 42

a 709 (3) 517 (44) 73 192 (44) 27 118 (40) 17 133 (21) 19 243 (51) 34 376 (52) 53
d1 593 (3) 424 (46) 72 169 (46) 28 83 (47) 14 118 (10) 20 209 (43) 35 327 (47) 55

 
 
RA 

d2 500 (20) 364 (37) 73 136 (42) 27 49 (40) 10 100 (10) 20 200 (38) 40 300 (41) 60
 

          
w2 934 (33) 1862 (63) 199 0 (0) 0 959 (194) 103

 
14 (3) 1 878 (136) 94 899 (140) 96

w1 831 (14)
 

1657 (28) 199 0 (0) 0 796 (71) 96 15 (1) 2 828 (56) 100 849 (58) 102
a 709 (4) 1416 (7) 200 0 (0) 0 448 (60) 63 15 (2) 2 939 (55) 132 960 (57) 135
d1 593 (4) 1184 (8) 200 0 (0) 0 389 (101) 66 16 (0) 3 769 (98) 130 791 (100) 133

 
 
FO 

d2 500 (23) 815 (273) 163 0 (0) 0 146 (129) 29 16 (0) 3 644 (147) 129 667 (147) 134
(1): in case of runon, water balance components can exceed 100% of rainfall 
 (2): XY: young exclosure, XM: middle-aged exclosure, XO: old exclosure, RA: degraded grazing land, FO: church forest 
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The percentage of rainfall used for transpiration gives an indication on how efficient the 
water is used for biomass production. In all land use types, the percentage of rainfall used 
as transpiration is highest in the exceptionally dry year (Table 4.27). The number of days 
that field capacity is exceeded is limited in this case, so that losses through deep 
percolation are minimized. However, in absolute terms, transpiration and thus biomass 
production is lower in dry years. Comparing the land use types, it is clear that vegetation 
restoration in exclosures leads to more efficient water use for biomass production. In the 
degraded grazing land, at least 60% of the rainfall is lost through runoff, deep percolation 
and evaporation. A few years after closing a degraded area, water use efficiency is 
already improved with transpiration amounting to 45 - 50% of rainfall in a normal year. 
This trend is carried on with vegetation restoration, as in middle-aged and old exclosures 
transpiration amounts to 55 - 80 % of rainfall (Table 4.27). Besides this, areas receiving 
extra water supply from runon further optimize their water use efficiency, due to shorter 
periods of water stress. 
 
4.5.3.4 Scenario analyses 
 

− Exclosure development and vegetation restoration on degraded hillslopes 
 
Figure 4.31 shows the evolution of soil water fluxes upon vegetation restoration on 
formerly degraded hillslopes. When a degraded area is closed, a rapid increase in 
infiltration is noticed, levelling off in the older exclosures, where all rainfall infiltrates 
(Figure 4.31,a). Transpiration shows a more linear increase with vegetation restoration. 
Whereas in degraded grazing lands transpiration accounts for less than 20% of rainfall, 
young exclosures transpire already more: between 30 and 40 % of rainfall. Water use 
efficiency increases linearly with vegetation restoration and transpiration amounts to even 
80 % of rainfall in old exclosures with dense vegetation cover (Figure 4.31,a). 
Evaporative water losses increase in the first years after closing degraded areas, but 
decrease afterwards with further vegetation restoration, because of soil surface shading 
(Figure 4.31,a). For deep percolation, no strong evolution with vegetation restoration is 
noticed because increased infiltration and decreased evaporation are cancelled by 
increased transpiration (Figure 4.31,a). In areas endowed with runon all water fluxes, 
except for soil evaporation, are bigger (Figure 4.31,b). From the comparison between 
figure 4.31,a and figure 4.31,b it seems that the increase in transpiration upon vegetation 
restoration, goes faster in areas where runon infiltrates. The infiltration of runon thus 
leads to higher biomass production and faster rehabilitation of the land. The comparison 
between Figure 4.31,a and 4.31b clearly illustrates the effect of runon on increased deep 
percolation and recharge of the groundwater. The infiltration of runon results in an 
increase in deep percolation to more than 20 % of rainfall (Figure 4.31,b). 
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Figure 4.31: Vertical soil water fluxes (expressed as percentage of rainfall) for five steps in the 
evolution of an exclosure (RA: degraded grazing land; XY: young exclosure, XM: middle-aged 
exclosure; XO1, XO2: old exclosures with normal and dense shrub cover respectively; refer also to 
table 4.24) without runon (a) and with runon (b) 

 
 
− Expanding exclosure area  

 
As demonstrated above, vegetation restoration in exclosures leads to increased infiltration 
and transpiration. Increases in deep percolation are clearly noticed only in areas receiving 
runon. To obtain an idea about the effects of exclosure establishment on a larger water 
catchment scale, a simulation exercise was carried out, whereby the yearly water fluxes 
for the entire catchment were calculated in a scenario of successively increasing 
exclosure areas.  
 
As no catchment water yield measurements have been conducted, the calculations cannot 
be validated and results should be considered only as indications of catchment water 
fluxes. 
 
With expanding exclosure area, clear changes in catchment water fluxes are noticed 
(Figure 4.32). Runoff from the catchment declines in two ways when degraded grazing 
land is closed. Firstly, runoff from the originally degraded hillslopes is reduced as 
vegetation restoration takes place (refer also to paragraph 4.2). Secondly, runoff from the 
cropland is pushed back as runoff from an increasing part of this area infiltrates in the 
exclosures as runon. Catchment-scale increases in infiltration are a reflection of decreases 
in runoff (Figure 4.32a,b). The pace of these changes accelerates with the development 
stage of the exclosures, although further development beyond the middle-aged stage does 
not result in much faster changes in runoff or infiltration (Figure 4.32a,b). 
Evapotranspiration strongly rises with expanding exclosure area and only between the 
two older development stages there is little difference in the pace of this rise (Figure 
4.32c). Notwithstanding higher evapotranspiration, more infiltration results in increasing 
deep percolation as the exclosure area expands (Figure 4.32d). This increase seems to be 
strongest for middle-aged exclosures. In exclosure areas without runon, higher 
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evapotranspiration cancels out increased infiltration and deep percolation does not rise 
strongly (Figure 4.31a). Therefore, the raise in deep percolation with expanding exclosure 
area is primarily attributed to increased infiltration of runon from source areas. 
Apparently, this source-sink link is responsible for the groundwater recharge and explains 
the appearance of new springs and increased base flows reported by various authors (e.g. 
Chadhokar, 1992; Wisborg et al., 2000; Betru et al., 2005). 
 
It can be inferred from figure 4.32 that in the Dogu’a Tembien district, with about 12 % 
of the total area under exclosure, deep percolation has increased with about 10 % since a 
start was made with exclosure establishment.  
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Figure 4.32: Yearly vertical water fluxes (a: runoff, b: infiltration, c: evapotranspiration, d: deep 
percolation) for a catchment with expanding exclosure area, with indication of the exclosure 
development stage (XY: young exclosure, XM: middle-aged exclosure; XO1, XO2: old exclosures 
with normal and dense shrub cover respectively; refer also to table 4.24) 
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4.5.3.5 Implications from calibrated runon parameters 
 
Runoff coefficients (RC) for the runon source areas, which were calculated based on 
direct measurements of runon, were rather small (Table 4.12), with an average RC of 4 
%. Based on the calibrated runon parameters for the water balance model (Table 4.25) 
and the estimated infiltration and runon source areas, another attempt was made to 
determine runoff coefficients for the source areas. They were calculated as follows: 
 

SOURCE

ONINFILTRATIN

A
AslopePR

RC
⋅⋅

=
100

       (5.37) 

 
where 
RC    the runoff coefficient of the source area [%] 

NslopePR   the slope of the rainfall runon curve [mm mm-1] 

ONINFILTRATIA   the surface area of the infiltration zone (ha) 

SOURCEA   the surface area of the source area (ha) 
 
The resulting runoff coefficient for the area upslope from the church forest in May Ba’ati 
is very high compared to the runoff coefficients for the other areas (Table 4.28). Given 
that the runoff coefficients for the other areas all lie within the same range and that the 
source areas are very similar with respect to soils, land use and slope gradient, the runoff 
coefficient of 41% seems unrealistic. The explanation is probably that in the church forest 
area a lot of subsurface flow is exfiltrating, witnessed by the presence of a well. 
Excluding this anomality, an average runoff coefficient for the source areas of 7.6 % is 
obtained. Water balance modelling based on soil water content measurements thus 
yielded runoff coefficients which are in the same order of magnitude as the runoff 
coefficients determined through direct runon measurements. Given the independence of 
the two methods, this is an encouraging result lending credibility to both methods.  
 
Table 4.28: Runoff coefficients for runon source areas contributing runon to the indicated hillslope 
sections, based on the slope of the rainfall runon curve (slopePRN), and the surface areas of the 
source area (ASOURCE) and the infiltration area (AINFILTRATION) 

Hillslope slopePRN ASOURCE AINFILTRATION RC 
section (mm mm-1) (ha) (ha) (%) 
MFO 1.00  6.3 2.6 41.3 
MXOa 0.20  4.3 1.1   5.1 
MXOb 0.50 12.5 2.2   8.8 
MXY 0.30  2.5 0.8   9.6 
KXY(1) 0.10  3.6 1.4   3.8 
KXM 0.10  0.5 0.4   8.3 
KXO 0.30  3.0 1.0 10.0 
AXY 0.05  0.7 0.8   5.7 

(1): the runoff coefficient for the runon source area of hillslope section KXY is based on the slopePRN of 
stratum KXY3 on top of KXY1 (refer to Figure 2.8) 
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4.5.4 Conclusions 
 
Successful soil water balance modelling for forest restoration areas of the Tigray 
highlands was performed with the BUDGET software (Raes et al., 2006a). 
Seasonal fluctuations in the different vertical soil water fluxes are mainly governed by 
rainfall patterns and variation in soil water content. Yearly values for the soil water 
balance components vary with the land use type and its vegetation cover, but depend also 
on the water input. The latter is determined both by the rainfall regime and the presence 
of extra water input through runon.  
Vegetation restoration in exclosures results in increased infiltration and higher 
transpiration, which results in a positive feedback mechanism because of increased 
biomass production. With vegetation restoration, water use for biomass production 
becomes also more efficient. These rehabilitation processes are reinforced if runon is 
present: areas endowed with runon have shorter periods of water stress, leading to higher 
water use for biomass production and thus faster land rehabilitation.  
In areas without runon, deep percolation and groundwater recharge do not change much 
with vegetation restoration as higher infiltration is cancelled out by higher transpiration. 
However, where runon infiltrates in an exclosure, the extra water input is not fully 
consumed for plant growth and the surplus contributes to deep percolation and eventually 
to groundwater recharge. 
Through water balance simulations, it was demonstrated that on a catchment scale, 
expanding the area under exclosure leads to decreased runoff and increased infiltration 
and evapotranspiration. The parallel increase in deep percolation is attributed to the 
presence of source-sink systems. The source areas produce runoff, which infiltrates in the 
sink areas (the exclosures). Vegetation restoration is responsible for the high infiltration 
capacity of the exclosure areas, but as transpiration is not increased at the same rate, the 
surplus infiltration drains beyond the root zone and contributes to groundwater recharge.  
The effect of the creation of source-sink systems illustrates the importance of the spatial 
arrangement of exclosure areas. This was also highlighted by Heuvelmans (2005), who 
demonstrated that not only the extent of the afforested area but also the spatial 
arrangement of the forest fragments plays a decisive role in determining the water flow 
from a catchment.  
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CHAPTER 5 
 
Water harvesting and increased sediment trapping by storing 
runoff from gullies in exclosures 
 
 
 
5.1 Introduction 
 
In the previous chapters it has been amply demonstrated that exclosures act as sinks for 
water and sediment. The restoration of vegetation cover in these areas results in a high 
sediment trapping capacity (Descheemaeker et al., 2006c; paragraph 3.1) and an 
increased infiltration capacity, which leads to decreasing runoff (Descheemaeker et al., 
2006b; paragraph 4.2) and the possibility to infiltrate water from source areas, called 
runon (paragraph 4.3). 
 
Being sinks for water and sediment, exclosures enhance the rehabilitation of the degraded 
hillslopes where they are located. Also on a broader landscape scale, vegetation 
restoration serves soil and water conservation. However, at catchment scale, gullies 
remain important pathways for the export of water and sediment, because of their large 
source areas. They cut through the landscape transporting important loads of fertile 
sediment suspended in the gully water. These sediments are either exported out of the 
catchment or deposited in reservoirs, which, as such, are rapidly silting up (Nigussie et 
al., 2006). The restoring vegetation in exclosures is usually not capable of invading a 
gully and stopping its erosion. Many examples of gullies cutting through exclosure sites 
are observed in the study region. 
 
The aim of this study is to investigate if the capacities of exclosures to act as sinks for 
water and sediment can be optimized by gully diversion and whether this could be a 
viable option for gully treatment. An experiment was set up which consisted of diverting 
water from a neighbouring gully into an exclosure, where it could infiltrate.  
More specific objectives of the study are (1) to develop a water balance for the exclosure 
benefiting from the extra water input, (2) to estimate the contribution of the extra water 
input to groundwater recharge and biomass production, (3) to estimate the sediment 
deposition as a result of the gully diversion, (4) to investigate to what extent gully erosion 
can be pushed back by gully diversion and (5) to come up with recommendations for an 
optimal design of this water harvesting technique. 
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5.2 Methodology 
 
5.2.1 Study site 
 
The study was carried out in Hechi, located in limestone lithology at an altitude of 2300 
m a.s.l.. This site contains a representative exclosure, called Egre Mulo, of about 20 years 
old, which is cut through by a strongly eroding gully (Figure 5.1).  
The exclosure is typical for the limestone lithology and very similar in soils and 
vegetation to the old exclosures of May Ba’ati. The gully catchment is a relatively large 
area (24.5 ha) located partly in the basalt and partly in the sandstone lithology and 
comprising cropland, strongly degraded grazing land and a dwelling area. 
 

 
 
 
Figure 5.1: Location of the Hechi study area (contours are in m a.s.l.) 
 
5.2.2 Experimental layout 
 
The gully water was diverted into the exclosure by 3 diversion structures (Figure 5.2a). 
Canals led the water about 50 to 100 m into the area and stone walls bordering the lower 
canal edge allowed the water to seep through and spread over the total exclosure area 
(Figure 5.2). It was attempted to construct the canals more or less along the contour with 
a low gradient to reduce the water flow velocity and enhance infiltration and sediment 
deposition. However, because of the local terrain conditions, the slope gradient of the 
canals was 8%, 5% and 2% for the first, the second and the third canal respectively.  
At the bottom of the exclosure a drain was constructed to evacuate the excess water, 
which did not infiltrate, to the gully (Figure 5.2) in order not to damage the fields located 
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below the exclosure. The experimental site is defined as the area comprised between the 
upper canal and the drain and covers an area of ca. 0.42 ha. 
Diversion structures, canals and drain were constructed during 2004 and evaluated, 
adjusted and modified where necessary during the rainy season of that year. The initial 
gully water diversion was excessive and needed to be tempered. Too much water was 
conducted into the exclosure, which was not capable of absorbing it, with new rills as a 
result. To avoid further erosion, a series of extra stone bunds were built in locations of 
concentrated water flow. At some points in the canals, the stone walls were heightened to 
avoid excessive topping over of the water during heavy storms. Near the end of the rainy 
season 2004, the experiment was fine-tuned and erosion, canal breakdown or downslope 
damage were fully controlled. In the rainy season of 2005 data collection and 
measurements were conducted to evaluate the diversion technique. 
 
 

(a)  (b) 

 
 

 
Figure 5.2: Schematic concept of the gully diversion experiment (a) and view of the experimental site 
with arrows indicating the canals (b) 
 
5.2.3 Water balance 
 
The water balance of the experimental site was conceived as follows: 
 

SDPETDCCCP ∆+++=+++ 321       (5.1) 
 
where water input on the left equals water output on the right of the equation and 
 
P    rainfall [mm] 

1C , ,  extra water input through canal 1, 2 and 3 respectively [mm] 2C 3C
D   water evacuated to the gully through the drain [mm] 
ET    evapotranspiration [mm] 
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DP    deep percolation [mm] 
S∆    change in soil water storage [mm] 

 
Runon was not considered, because the water coming from the original source area 
infiltrated in the exclosure area above the experimental site (Figure 5.1), so that the water 
balance of the experimental site itself remained unaffected by this water balance 
component. 
 
For the ease of calculation it was assumed that all the water entering the experimental site 
was spread evenly over its total area and that infiltration was equal everywhere. This 
entails a simplification as in reality the exclosure area is not that homogenous and it is 
expected that more water infiltrates near the canals. 
 
The water balance was modelled with the BUDGET software (Raes et al., 2006a) and by 
using the same approach as set out in paragraph 4.5. Points needing special attention for 
this study were the net water input and the soil water content measurements.  
Once the model was validated, water fluxes were simulated for different rainfall regimes 
as in paragraph 4.5 and compared for exclosures with and without extra water input from 
a gully diversion. 
 
5.2.3.1 Net water input 
 
In BUDGET, the net water input ( DCCCP −+++ 321 ) can be entered as rainfall. 
Therefore, the water input through canal 1 to 3 and the water export through the drain 
needed to be measured. Rainfall was recorded by the rain gauges in Adi Kalkwal and 
Hechi upper (Table 2.2). 
 
To obtain an estimate of the water input through the canals (C1, C2, C3) and the water 
evacuation through the drain (D), discharge measurements were conducted during the 
storms. To this end, v-notches (Figure 5.3a) were constructed at the inlets of the canals 
and at the outlet of the drain. Local secondary school students were employed to record 
the water level upstream from the notch every minute (Figure 5.3b). Based on these 
records the volume of water entering and leaving the exclosure was estimated using the 
discharge calculation procedures proposed by Bos (1989).  
 
Discharge measurements were also conducted in the gully upstream and downstream 
from the diversion using the area-velocity method (Hudson, 1993). The wetted cross-
section of the gully was determined based on minute-based water level measurements and 
a detailed determination of the gully geometry. The flow velocity was measured every 2 
minutes by recording the travelling time of a floating object between 2 fixed points in the 
gully.  
 
During the measurement period, starting on the 27th of July 2005, discharges in the gully, 
the canals and the drain were recorded for 22 storms.  
 
 

 282 



CHAPTER 5 – Storing runoff from gullies 

 

 
(a) 
 

 
(b) 

 
 

Figure 5.3: V-notch at a canal inlet (a) and water level measurement during a storm (b) 
 
5.2.3.2 Soil water content measurements 
 
The soil water content was determined gravimetrically during and after the rainy season 
of 2005 (from 27th of July to 13th of October). Weekly samples were taken to a depth of 
on average 0.80 m at 38 sample locations scattered over the exclosure. As it was assumed 
that the water entering the exclosure is spread evenly, all sample locations were 
considered to calculate the average soil water content in the exclosure. Calibration and 
validation of the soil water balance model were conducted each based on the water 
content values obtained from half of the sample locations. 
 
5.2.4 Sediment deposition rate 
 
Sediment deposition was assessed by locating all sediment patches in the exclosure and 
subsequently determining their surface area and depth to calculate their volume. An 
estimate of the deposited mass was obtained by multiplying the volume with the bulk 
density of the sediment. The sediment deposited since the start of the gully diversion 
experiment could be clearly differentiated from the original soil based on texture, colour 
and the presence of sandstones and basalt stones.  
By conducting this survey both at the beginning of the measurement period (27th of July) 
and at the end of the rainy season (14th of September), an estimate of the deposition rate 
during this period was obtained.  
 
The concentration of suspended sediment in the gully water was determined by sampling 
the gully water during storms and subsequent filtering. The total mass of suspended 
sediment brought into the exclosure was calculated by multiplying the concentration with 
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the total volume of water diverted through canal 1 to 3 during the entire measurement 
period. By comparing the total sediment mass brought into the exclosure with the actual 
mass of sediment deposited, the trapping capacity of the exclosure was evaluated.  
 
5.3 Results 
 
The results presented here are based on an analysis of part of a single rainy season and 
should thus be treated cautiously. However, water balance modelling and measurements 
of the deposited sediment yield clear and unambiguous results, giving reliable indications 
on the effects of the gully diversion technique.  
 
5.3.1 Net water input 
 
The discharge measurements in the canals, the drain and the gully indicate that on 
average 8 % (standard deviation 13 %) of the gully water could infiltrate in the exclosure 
during a storm. The average storm runoff coefficient for the gully catchment was 45 %.  
 
Figure 5.4 shows the net water supply (defined as rainfall plus the extra water input via 
the canals, minus the water evacuated via the drain) for the measurement period starting 
on the 27th of July until the end of the rainy season in 2005. Extrapolation to the total year 
2005 results in a net water supply with gully diversion of 1736 mm, which is nearly three 
times the rainfall for that year (638 mm). From figure 5.4 it is clear that for small storms 
the relative gain in water was much larger than for big storms. This is logical as during 
big storms, rainfall is often sufficient to saturate the topsoil, resulting in a large 
evacuation of the imported water by the drain. 
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Figure 5.4: Daily net water supply for the exclosure with gully diversion (grey bars) in comparison 
with daily rainfall (black bars) for the rainy season of 2005 
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5.3.2 Simulation of water fluxes 
 
Water balance modelling with BUDGET was successful as the observed soil water 
content in the root zone could be satisfactory simulated. The average root mean square 
error of the model (RMSE) was 34.6 mm, which is relatively high compared to the values 
reported in table 4.26. However, this is mainly due to the fact that the soil water content 
of all sampling places is taken together to calculate the average. As sample locations in 
the canals are treated equal to locations in between the canals, this results in high 
standard deviations. The repercussion of this simplification will be discussed later on. 
 
After validation of the simulations for 2005, the model was used to simulate the soil 
water balance for an exceptionally dry, an average, and an exceptionally wet year. The 
effect of extra water input through the gully diversion technique on different soil water 
fluxes and the soil water content in the root zone is illustrated in figure 5.5 and annual 
values for the different water balance components are given in table 5.1. Because of 
assuming even spread of the water in the exclosure, the following remarks need to be 
made with regard to evapotranspiration and deep percolation. In reality, the infiltrated 
water is not spread evenly, but concentrated more in some places than in others. Due to 
the concentration effect, deep percolation is higher than what is estimated here. Another 
consequence is that some places will be drier than assumed, so that evapotranspiration 
will be less. The data in table 5.1 and the illustration of water fluxes in figure 5.5 need to 
be interpreted as such.  
 
In the comparison of the soil water balance for exclosures with and without gully 
diversion, the latter is taken as the reference situation, and further referred to as such. The 
volume of water infiltrating in an exclosure with gully diversion is about 2.5 times higher 
as compared to the reference (Table 5.1). This has various consequences. In the situation 
with gully diversion, the soil water content in the root zone exceeds the threshold for 
water stress much earlier than in the reference (Figure 5.5,c). In a dry year, water stress is 
removed starting from the middle of June, whereas in normal and wet years, this is 
achieved already from the end of April. Consequently, the gully diversion technique 
results in a more or less doubling of the number of days without stress as compared to the 
reference (Table 5.1). Also field capacity is reached much earlier (Figure 5.5,c), which 
results in a much higher number of days with soil water content above field capacity 
(Table 5.1). As soon as field capacity is reached in the reference situation, the soil water 
content in the root zone for both situations follows similar trends (Figure 5.5,c).  
The evolution in soil water content in the course of a year (Figure 5.5,c) serves to 
understand water fluxes such as evapotranspiration (Figure 5.5,a) and deep percolation 
(Figure 5.5,b). From July to the end of October, evapotranspiration in both situations is 
nearly equal, because soil water content is not limiting (Figure 5.5). However, especially 
in the Belg rainy season, considerable amounts of water are evapotranspired as a result of 
the gully diversion (Figure 5.5,a). This results for all rainfall regimes in yearly 
evapotranspiration being nearly one and a half times as high as compared to the reference 
(Table 5.1). As losses through evaporation do not differ that much (Table 5.1), it is  
 



CHAPTER 5 – Storing runoff from gullies 

Jan  Apr  Jul  Oct  Jan  Apr  Jul  Oct  Jan  Apr  Jul  Oct  Jan  

S
oi

l w
at

er
 c

on
te

nt
 

in
 th

e 
ro

ot
 z

on
e 

(m
m

)

50

100

150

200

250

300

350

FC

TH

WP

D
ee

p 
pe

rc
ol

at
io

n 
(m

m
) 

0

20

40

60

80

100

E
va

po
tra

ns
pi

ra
tio

n 
(m

m
)

0

1

2

3

4

5

DRY AVERAGE WET

 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
(c) 
 
Figure 5.5: Simulated soil water fluxes (a: evapotranspiration; b: deep percolation) and soil water content in the root zone (c, with indication of root 
zone soil water content at field capacity (FC), at the threshold for water stress (TH) and at wilting point (WP)) for an old exclosure in a normal situation 
(full line) and under influence of a gully diversion (dotted line) for an exceptionally dry, an average and an exceptionally wet year  
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Table 5.1: Average (av) yearly water infiltration (I), deep percolation (DP), evaporation (E), transpiration (T), evapotranspiration (ET), number of days 
with soil water content in the root zone above the threshold for water stress (>TH) and above field capacity (>FC) for a situation with gully diversion 
(div) and the reference situation (ref) for 5 rainfall scenarios (w2 and d2: exceptionally wet and dry resp., w1 and d1: abnormally wet and dry resp., a: 
normal, refer to table 2.6) with indication of the ratio of div:ref (ratio) for each water balance component  
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 scenario div ref  div ref  div ref  div ref  div ref  div ref  div ref
w2 av            2268 934  1473 368  124 105  668 462  792 567  194 100  89 41
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concluded that the gully diversion technique leads to almost half as much transpiration 
and corresponding biomass production as compared to the reference situation.  
The most spectacular differences with the reference are noted for deep percolation 
(Figure 5.5,b) and thus for recharge of the groundwater table. Deep percolation takes 
place as soon as water is added to soils, which are at field capacity (Figure 5.5b,c). Under 
exclosures with a gully diversion at least four times as much yearly deep percolation is 
simulated as compared to the reference (Table 5.1). In dry years, this difference can even 
amount to a factor 14 (Table 5.1).  
 
Assuming that the runoff coefficient of 45 % for the gully catchment is applicable for the 
whole year, it was calculated that 79 103 m3 water is exported through the gully in a 
normal year. The gully diversion taps some of this water, which results in 1117 mm 
(Table 5.1) or 4.7 103 m3 extra infiltration in the exclosure. The gully diversion is thus 
responsible for the alternative allocation of 6 % of the total water yield of the catchment. 
The extra infiltration results in 262 mm or 1.1 103 m3 extra evapotranspiration and 851 
mm or 3.6 103 m3 extra deep percolation (Table 5.1). This corresponds to 1.5 % and 4.5 
% of the yearly water export through the gully. 
 
5.3.3 Sediment deposition rate  
 
13.2 Mg of sediment was deposited in the exclosure in the one and a half month between 
the 28th of July 2005 and the 14th of September 2005. This corresponds to a deposition of 
31 Mg ha-1 in this period or 61 Mg ha-1 y-1, when extrapolated based on the ratio of 
rainfall in the measurement period to annual rainfall. Assuming an even spread over the 
entire exclosure area, 2.7 mm of sediment was deposited in the measurement period or an 
estimated 5.4 mm in the course of a year.  
 
Some critical remarks are needed here. In reality, sediment is not deposited evenly as 
considerably more sediment is found in the canals. Two reasons account for this. Firstly, 
the canals are less steep than the area in between. Secondly, as the water seeps through 
the stone walls of the canals, the flow velocity is lowered and sediment is deposited. 
Moreover, the stone walls act as a filter, because coarser sediment cannot easily get 
through.  
Concerning the extrapolation of the estimated deposition to yearly values, it needs to be 
remarked that processes of erosion and sediment trapping might differ in the course of the 
year. In the dry season and at the onset of the rainy season, vegetation cover is less, 
which could result in more soil erosion in the source area and less sediment trapping in 
the exclosure. However, in the dry period erosion in the source area might as well be 
lower, because dry soils can infiltrate more water. No decisive answer can be given 
concerning these processes working in opposite direction, as data was only collected 
during the rainy season. 
 
With these remarks in mind, a cautious comparison can be made with the estimates of 
sediment deposition in exclosures discussed earlier (refer to paragraph 3.1). In a similar 
old exclosure in the nearby site May Ba’ati, sediment deposition rates in the upper meters 
were estimated at 25 to 46 Mg ha-1 y-1. Estimates made in the Hechi exclosure with extra 
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water input from a gully diversion are of the same order of magnitude, but they refer to 
the total exclosure area, and not just to the upper meters. This implies that the figures 
mentioned here refer to the maximal sediment trapping capacity of exclosures. Whereas 
in a normal exclosure the sediment trapping capacity is only witnessed in the upper 
infiltration area, a gully diversion causes an enlargement of both the sediment source area 
(to the total gully catchment) and the trapping area (to the total exclosure area) (Figure 
5.6).  
 
The concentration of suspended sediment in the gully water was on average  
6.1 ± 3.9 g l-1. In the period between the 28th of July 2005 and the 14th of September 2005 
3.5 106 l water was diverted into the exclosure via the three canals. This means that a 
total of 21.4 Mg sediment entered into the exclosure, of which 13.2 Mg or nearly  
62 % was trapped. It needs to be remarked here that bedload transport in the gully flow 
was not measured. This implies an underestimation of the total mass of sediment brought 
into the exclosure and an overestimation of the trapped proportion.  
 

 
 
Figure 5.6: Schematic representation of the enlargement of both the sediment and runoff source area 
(shaded) and the sediment trapping area (grey) in an exclosure (rectangle) caused by the 
establishment of a gully diversion 
 
Assuming that both the suspended sediment concentration of 6.1 g l-1 and the runoff 
coefficient for the gully catchment of 45 % are applicable to the entire year, it can be 
calculated that ca. 482 Mg of suspended sediment are exported yearly through this 
particular gully (bedload not taken into account). This means that the gully diversion, 
leading to a yearly deposition of 26 Mg in the experimental site, accounted for only 5 % 
in the sediment budget of the catchment. It should therefore not surprise that no 
significant differences between the sediment concentration of the gully water upstream 
and downstream of the diversion were recorded.  
 
5.4 Recommendations for the implementation of gully diversions 
 
If gully diversions are implemented, several aspects need to be considered.  
 

 289



CHAPTER 5 – Storing runoff from gullies 

It is important that the exclosure, which receives the diverted water, is at least 10-15 
years old or contains a well-developed shrub and tree layer. This is important to minimize 
the risk of landsliding (Nyssen et al., 2002a). Roots of shrubs and trees are expected to 
lend stability to the soil. Also for infiltration and sediment trapping to take place, a 
considerable vegetative soil cover is necessary. It would thus be wrong to assume that a 
gully diversion can trigger the rehabilitation of strongly degraded land. Bringing more 
water into this land would only cause more erosion. A vegetative soil cover of at least 65 
% is therefore proposed as the minimal rehabilitation condition for exclosures to qualify 
for a gully diversion.  
 
In order to avoid erosion in the exclosure area, the diverted volume of water should not 
be excessive. Determining the convenient height of the diversion structure in the gully is 
however not that easy. It is recommended that a start is made with a small structure 
diverting a small volume of water into the canals. The structure can be raised 
successively until a satisfactory water diversion level is reached. This safety measure 
should go hand in hand with the construction of stone bunds and small checkdams 
scattered over the area. Besides promoting infiltration of water and sediment deposition 
over the total area, these physical barriers interrupt the preferential flow paths of the 
water and as such help to contain water erosion. Continuous monitoring of the effects 
induced on the land and regular maintenance of the canals and stone walls is absolutely 
necessary to avoid that a gully diversion degenerates into increased erosion.  
 
From August onwards, the soil water content in exclosures with gully diversion is almost 
identical to the reference situation (Figure 5.5c). Therefore, it might be advisable to 
suspend the gully diversion at the end of July, by opening the diversion structures. As 
such, the gain in evapotranspiration and thus biomass production will be equal, but labour 
costs for monitoring and maintenance will be lower. This is especially important in a 
period of high labour needs on the farmer’s fields. Risks for soil erosion in the exclosure 
due to excessive water input are also minimized in this way. A drawback is that deep 
percolation and recharge of the groundwater will be less.  
 
The rapid filling up of canals due to sediment deposition imposes an important practical 
problem. As stone walls can not be raised endlessly, this results in a limitation of the 
lifetime of the gully diversion technique. One solution would be to dig out the deposited 
sediment in the dry season and spread it in the exclosure.  
 
5.5 Possibilities for catchment treatment  
 
Catchment treatment with the aim to reduce the export of water and sediment can be 
improved by applying gully diversions to selected exclosure areas taking into account the 
previous recommendations. From the analysis of the water fluxes in the experimental site 
(paragraph 5.3.2), some inferences can be made about the extent of the exclosure areas 
that needs to be treated with gully diversions in order to theoretically reduce the export of 
water and sediment to zero. For this it was assumed that an exclosure with gully diversion 
can infiltrate about 1100 mm extra water in a year with average rainfall (Table 5.1). 
Depending on the catchment’s runoff coefficient, gully diversions applied to exclosure 

 290 



CHAPTER 5 – Storing runoff from gullies 

areas occupying 1 % of the total catchment, result in a 3 – 15 % reduction of the total 
water export (Table 5.2). To theoretically reduce the catchment’s water export to zero, 
gully diversions should be applied to exclosures occupying 7 % of the total catchment in 
case of a runoff coefficient of 10 % (Table 5.2). For higher catchment runoff coefficients, 
the exclosure area to be treated with gully diversions increases (Table 5.2). It needs to be 
stressed that total catchment treatment by means of gully diversions is probably not fully 
realistic in the actual situation of the Tigray highlands. First of all, gully diversions 
require a lot of labour both for their construction in the field and for continuous 
monitoring and follow-up. Secondly, a reduction of the catchment water yield to zero is 
probably not desirable in view of downstream water requirements.  
 
Table 5.2: Theoretical catchment treatment with gully diversions in exclosure areas for different 
catchment runoff coefficients (RC) and assuming average rainfall 

RC (%) Runoff reduction (%) with  
1% exclosure area 

Exclosure area treated with gully diversion 
needed for zero runoff (% of catchment) 

10 15 7 
20 8 13 
30 5 20 
40 4 26 
50 3 33 
 
5.6 Conclusions 
 
The gully diversion technique can be applied to optimally use the sediment trapping and 
infiltration capacities of exclosures. On the one hand, gully diversion leads to the 
spreading of sediment deposition over the total exclosure area and a deposition rate of 60 
Mg ha-1 y-1 can be achieved. On the other hand, storing runoff from gullies in exclosures 
results in water harvesting, as 1100 mm extra water can infiltrate in normal rainfall years. 
This has important beneficial effects for the exclosure itself. Fertile soil is trapped and 
extra water infiltration results in water stress alleviation and increased transpiration. Both 
lead to higher biomass production. The gully diversion also results in a huge increase in 
deep percolation of water and thus recharge of the groundwater, which is expected to 
result in well formation downstream. Although the on-site effects of a gully diversion are 
beneficial to land rehabilitation, downstream consequences might be disadvantageous: 
water reservoirs designed for delivering water to irrigation perimeters in the dry season 
will receive less water than planned. The soil and water conservation measures realized 
during the past decades have already reduced the water storage of the reservoirs in the 
Tigray highlands (Nigussie et al., 2006). 
Although the gully diversion technique can be considered as a successful way of water 
harvesting and soil conservation, it does not make a significant difference for the 
sediment and water budget of an entire catchment if the exclosure area is small and 
catchment runoff and erosion are high. For this experiment, with an exclosure area 
occupying less than 2 % of the catchment area, 5% of the sediment and 6% of the runoff 
that is normally exported through the gully is now retained in the catchment. To 
theoretically reduce water and sediment export to zero, exclosure areas occupying 7 to 30 
% of the total catchment area should be treated with gully diversions, depending on the 
catchment’s runoff coefficient.  
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CHAPTER 6 
 
Recommendations for improved land management and 
sustainable use of exclosures 
 
 
In this chapter, recommendations are given on where and to what extent exclosures 
should be established to optimize their soil and water conservation capacities with the 
aim to promote land rehabilitation in the Tigray highlands. Suggestions are also made on 
how exclosure areas should be managed to acquire material benefits, without 
jeopardizing their environmental protection role.  
 
6.1 Ecosystem services, benefits and drawbacks of exclosures  
 
In the previous chapters it was demonstrated that as a result of vegetation restoration in 
exclosures, various processes take place, which result in land rehabilitation. Exclosures 
are indeed a successful means for soil and water conservation and fulfil also other 
ecosystem services, such as carbon storage, biodiversity conservation and various 
services important for human health and the health of nearby ecosystems. However, 
drawbacks are expected from increased pressure on remaining grazing lands and natural 
forests. Also the opportunity cost, being the economic loss of other activities that 
disappear when exclosures are established, should not be ignored. 
The natural resources that are created in exclosures as a result of vegetation restoration 
comprise also material and possibly financial benefits. However, these opportunities 
remain largely under-utilized so far due to the absence of a long-term vision on the future 
of the exlosures and the absence of adequate management plans to realize any objective 
other than land rehabilitation. Active management of exclosures for multiple ecosystem 
services (refer to Robertson and Swinton, 2005) is essential to enhance the benefits for 
man and environment. 
 
6.2 Location, extent and dimensions of exclosures 
 
Exclosures should be located immediately below runoff and sediment source areas to 
fulfil their role as a sink for water and sediment. If exclosures are located near the water 
divide, no source-sink system is created and no corresponding benefits are obtained. 
Practically, this means that it is advantageous to locate an exclosure immediately 
downslope from a land unit producing considerable runoff and sediment, which is not 
evacuated by a gully. As such, the runoff with suspended sediments can infiltrate in the 
exclosure (refer to paragraph 4.3) where the sediment is deposited (refer to paragraph 
3.1). The beneficial effects include:  
 

− the stimulation of vegetation restoration in the exclosure, because (1) increased 
infiltration causes less water stress, which results in higher transpiration (refer to 
paragraph 4.5) and more biomass production and (2) sediment deposition 
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enhances soil fertility recovery (refer to paragraph 3.4), which results in increased 
primary production as well,  

− the reduction of the catchment-scale export of water and fertile sediments, as 
losses from the source areas are retained within the catchment,  

− an increase in deep percolation, which results in groundwater recharge (refer to 
paragraph 4.5). 

 
Additional source-sinks systems can be created by storing runoff from gullies in 
exclosures through application of the gully diversion technique. As gullies are an 
important pathway for water and sediment export out of a catchment, treating 
considerable exclosure areas with this technique can strongly reduce the by-passing effect 
of the gullies (refer to chapter 5).  
 
If a particular field is threatened by damaging floods coming from steep hillslopes, it is 
important to close the hillslope on top of the field in question. Even on very steep 
hillslopes, vegetation restoration will result in strongly decreased runoff volumes (refer to 
paragraph 4.2).  
 
When several hillslopes characterized by different degradation stage qualify for exclosure 
establishment, the choice for one or another hillslope depends on the objectives of the 
exclosure. If the main interest is in land rehabilitation the best option is to close the most 
degraded hillslopes. Even in the most degraded sites, the vegetation will start recovering 
already after a few years (refer to paragraph 2.5 and Kebrom, 2001; Asefa et al., 2003; 
Mengistu et al., 2005) and the land rehabilitation process will be initiated. However, the 
more a site is degraded, the more time is required to reach a fully recovered and well-
vegetated stage. Therefore, if the main objective of exclosure is wood production, it is 
advisable to close a less degraded area. In this case, recovery of the vegetation and the 
ecosystem processes is faster, which ensures to reach an acceptable production rate 
earlier.  
 
The objective of restoring the original forest ecosystem can also influence the location of 
an exclosure. In contrast to shrub species rapidly resprouting from already established 
individuals, natural regeneration of many tree species typical for the natural Afromontane 
forest (e.g. Juniperus procera Hochst. ex Endl., Olea europaea ssp. cuspidata (Wall. Ex. 
DC) Ciffieri and Afrocarpus falcatus (Thunb.) C N. Page) is difficult and depends on 
seed dispersal from nearby forest patches (Aerts et al., 2006d). Therefore, if the aim of 
exclosure is to reinstall the natural forest ecosystem of the Tigray highlands, it is 
advisable to locate exclosures in the vicinity of forest fragments. It needs to be stressed 
that this aim will not only serve biodiversity conservation as some kind of luxury target, 
but also the production of high value timber, soil and water conservation and the fight 
against bush encroachment.  
 
Exclosures will normally be established on marginal lands, where other, more profitable 
land uses are not feasible. Given (1) the high land pressure in the Tigray highlands and 
(2) the fact that exclosures can promote land rehabilitation even on very steep hillslopes 
or badly degraded land, it is advisable to confine exclosures to those areas not suitable for 

 294 



CHAPTER 6 - Recommendations 

agriculture. The current practice of exclosure establishment in vegetation bands on the 
steepest slopes should be continued. It fits well with the present topography of alternating 
flat areas and steep escarpments: agriculture is mostly practiced in the flat areas and 
exclosures are located on the escarpments. This land use arrangement creates source-sink 
systems similar to the banded vegetation in semiarid areas (see also Valentin et al., 1999). 
Here, the flat areas are the sources and the exclosures are the sinks of water and fertile 
sediments, with the above-mentioned advantages as a result. Locating the protective 
vegetation strips on the land units most prone to erosion and degradation results not only 
in stabilization and rehabilitation of the steep slopes, but also in enhanced productivity of 
these marginal lands. The advantages of locating vegetative filter strips at strategic points 
in the landscape are also discussed by e.g. Dillaha et al. (1989) and Van Noordwijk et al. 
(1998) (cited in Bruijnzeel, 2004). 
 
As the Tigray highlands are characterized by a high land pressure, there is a need to retain 
a maximal environmental benefit with a minimal exclosure area. As demonstrated by 
Descheemaeker et al. (2006c), sediment deposition usually decreases exponentially with 
distance from the source area (Table 3.10). Runon usually infiltrates in the upper metres 
(refer to paragraph 4.5). These observations lead to the assumption that the same effects 
of water and sediment conservation in the catchment and of groundwater recharge can be 
obtained with relatively narrow strips of exclosures. The minimal width of these strips is 
ca. 50 meter, which is considerable less than the width of most exclosures in the study 
region. The area below the strip could be used for other purposes such as controlled 
grazing (see further), although practical problems of guarding should not be overlooked 
here. A series of still smaller strips of for example 25 m could work as well, but would 
complicate guarding even more.  
 
6.3 Exclosure management 
 
The continued existence of exclosures for soil and water conservation in the Tigray 
highlands depends on a proper management of the resources present. One of the 
advantages of a sustainable exclosure use is that pressure on remaining forest fragments 
will be reduced (Brown and Lugo, 1990). On the other hand, it needs to be recognized 
that by allowing the use of resources from exclosures, the restoration of the natural forest 
vegetation in these particular areas might be compromised. As the primary aim of 
exclosure is land rehabilitation, management should focus on safeguarding and even 
promoting those exclosure assets that are necessary to fulfil soil and water conservation. 
In any case, management of the natural resources in the exclosures has to preserve the 
balance between production and harvest in order to avoid degradation. (Mengistu et al., 
2005).  
 
6.3.1 Farmers’ participation 
 
For exclosures to continue playing their environmental conservation role in the future it is 
essential that this land use is supported by the local farmers. Often quoted prerequisites to 
secure this support are (1) to allow people to gain financial or material benefits from the 
forest and (2) to grant people participation in the forest management and in decisions on 
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e.g. the use of resources and the location and extent of forest areas. Or, as Brown and 
Lugo (1990) put it, management, sustainable use and conservation of secondary forests 
are mutually depending from each other. However, past forest restoration in Europe 
illustrates that besides stringent prohibition of wood harvesting, alternative economic 
opportunities for the local farmers (e.g. employment through industrialization in the 
cities) plays an important role too. 
Concerning people’s participation, it is not the aim of this study to make any 
recommendations, as the research was not oriented in this way. However, farmers’ 
participation and clear regulations about user-rights and the distribution of benefits are 
necessary for the successful and sustainable management of exclosures (Backéus et al., 
1994; Kebrom, 2001, Wagayehu and Drake, 2003; Betru et al., 2005). 
 
6.3.2 Wood harvesting 
 
The rapid regeneration of shrubs and trees in exclosures is mainly attributed to coppice 
resprouting (Kebrom, 2001), which is an important regeneration mechanism in dry sites 
(Murphy and Lugo, 1986). Rapid wood production opens perspectives for fuelwood 
production, which is scarce and precious in the Tigray highlands. Regular pruning of the 
shrubs and trees and timely thinning is not only advantageous for (fuel)wood production. 
It will also help to produce high-value timber on the one hand and maintain a well-
developed grass layer on the other hand. The latter results from relieving the suppression 
of the herbaceous vegetation by a dense shrub and tree canopy (Figure 2.32). Besides 
being an important fodder resource (see further), grasses create surface roughness, which 
promotes infiltration and sediment trapping (refer to paragraph 3.1 and 4.2). Pruning and 
thinning are also necessary to avoid bush encroachment, which could suspend succession 
(Aerts et al., 2006c). 
From this point of view, wood harvesting should be promoted. However, at the same time 
it must be controlled to avoid excessive cutting resulting in a complete removal of the 
shrub and tree canopy. As a rule of thumb it is advisable to maintain a shrub and tree 
cover of at least 50 %. This should allow a grass and herb cover of on average 25 % 
(Figure 2.32) and a combined vegetative soil cover of at least 65 %. Beyond this critical 
threshold runoff is negligible (refer to paragraph 4.2). Maintaining a minimal shrub and 
tree canopy is not only important to ensure sufficient rainfall interception and runoff 
attenuation (refer to paragraph 4.2), it is also necessary for conserving the forest-like 
microclimate that is installed after exclosure establishment (Aerts et al., 2004). The shrub 
and tree canopy is also responsible for litter production and nutrient return to the soil 
(refer to paragraph 3.2), so that also for minimal soil fertility maintenance, a shrub and 
tree canopy cover of at least 50% should be withhold.  
Cutting should only be allowed on species known for their resprouting capacity, such as 
e.g. Dodonea angustifolia L.f., Rhus natalensis Krauss, Euclea racemosa Murr., Acacia 
etbaica Schweinf.  
Aerts et al. (2006c) make suggestions for an ideal shrub architecture promoting forest tree 
recruitment. Notwithstanding this study, there is a scarcity of practical pruning and 
thinning guidelines. Therefore, it is recommended that trials are set up in exclosures to 
determine the amount of wood that can be removed annually or in rotations of 5 to 10 
years without totally destroying the shrub canopy.  
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6.3.3 Harvesting of grasses 
 
For local farmers grasses are the most important product from exclosures (Betru et al., 
2005), used for fodder and for thatching. The cut and carry system, which is now 
employed to partly feed the livestock implies a radical change from the traditional 
livestock keeping system. To ensure a productive grass vegetation, it is necessary to 
regularly thin the shrub and tree vegetation so that suppression of the herbaceous layer is 
avoided (see also paragraph 6.3.2). Correct timing of grass harvesting is important to find 
a compromise between conflicting interests such as allowing seed dispersal and retaining 
as much as possible of the nutritional value of the grasses.  
 
6.3.4 Grazing management 
 
Livestock forms an important aspect of the farming system in the Tigray highlands. 
Traditionally, free grazing is practiced in all areas where it is not strictly forbidden. As 
such it is clear that exclosures, which are a relatively new practice, conflict with age-old 
customs of grazing and oblige farmers to abruptly shift to a completely new system of 
stall feeding (Betru et al., 2005). As this implies significant consequences for the 
organization of household labour and resources, the measure is often not welcomed by 
farmers. Furthermore, increased pressure on and subsequent degradation of the remaining 
free-access grazing lands might be an unwanted result of exclosures. Instead of trying to 
force a total shift from the free grazing to the stall feeding system, one could think of a 
combination of different options, including controlled grazing (see further) and rotational 
grazing (see further) in some exclosures, agroforestry with fodder trees planted on 
homesteads or field borders (see further) and cut and carry of grasses from exclosures.  
The often invoked direct relation between grazing pressure and land degradation is 
recently questioned (see e.g. Rowntree et al., 2004; Betru et al., 2005) and biodiversity 
can even increase under (controlled) grazing (Asefa et al., 2003). Taking this into 
account, it is suggested to allow controlled grazing in some exclosure areas and to start 
with a rotational grazing system in others. Controlled grazing could imply allowing a 
well-defined number of livestock to graze in an exclosure for a short period every year. A 
suitable period might be October-November, as there is lush vegetation at that moment 
(Figure 2.33) and no rains. It is further advisable to allow not only cattle, which mainly 
graze on grasses, but also goats, which usually browse on shrubs. This will favour a 
balance between the herbaceous layer and the shrub and tree layer, and limit bush 
encroachment. The problem with this grazing management system is that the seedling 
survival rate will be strongly reduced because of browsing. In the rotational grazing 
system, various well-vegetated exclosure areas could take turns being opened up for 
grazing for a couple of years. Also here, it is advisable to allow only a restricted number 
of mixed livestock, to avoid quick destruction of the vegetation. Both in the controlled 
and the rotational grazing system care should be taken to maintain a vegetative soil cover 
above the critical cover of 65%, so that runoff (refer to paragraph 4.2) is avoided and land 
degradation is not renewed.  
Grazing experiments are required to determine the number and type of livestock to be 
admitted to the controlled grazing areas. These should investigate to what intensity the 

 297



CHAPTER 6 - Recommendations 

grazing activities can be raised, without undoing the balance between production and 
harvest.  
 
6.3.5 Beekeeping 
 
Beekeeping is commonly practiced in Tigray, but beehives are usually found only at the 
homesteads. As exclosures hold a considerable richness in flowers, they represent an 
enormous potential for honey production (Fitsum et al., 1999). Therefore it is advisable to 
allow groups of farmers to use the exclosure to put their beehives. Bees prefer flowers of 
certain species, such as Becium grandiflorum (Lam.) Pichi-Serm., Dombeya torrida (J.F. 
Gmel.) P. Bamps, Vernonia spp., Euclea racemosa Murr., Cordia africana Lam., 
Dodonea angustifolia L.f., Rumex nervosus Vahl. (B. Reubens, unpub. data; 
http://www.beesfordevelopment.org, 2006). Enrichment planting in exclosures with some 
of these shrubs or trees is an option to increase honey production in the Tigray highlands. 
Beekeeping has the additional advantage that regeneration is promoted through the 
pollination activities of the bees.  
As the price for honey is very high in Tigray, honey production from exclosures could 
become an income source for landless farmers or women-headed households. Besides 
making efforts at facilitating the shift from traditional to modern beekeeping and 
increasing the honey productivity, it would be worthwhile investing in improved 
marketing facilities. Besides honey, also by-products like wax and propolis (as a 
medicine) might be worth the effort. 
 
6.3.6 Enrichment planting 
 
Enrichment planting can serve different objectives, which determine the choice of 
species. When restoration of the original Afromontane woodland and forest is the primary 
aim, it advisable to aid the regeneration of native species such as Olea europaea, Acacia 
spp., and locally disappeared species such as Juniperus procera. Aerts (2006) gives 
detailed guidelines on how and where to help the regeneration of these tree species. 
The restoration of the original Afromontane woodland is beneficial not only from an 
ecological point of view. As most of the native forest tree species produce valuable 
timber for construction, the restoration would also serve an economic function through 
timber production. Moreover, soil and water conservation and the fight against bush 
encroachment would also benefit from the restoration of the original forest vegetation 
with indigenous tree species. 
 
A faster recovery of soil fertility can be achieved by planting species that produce litter 
with high nutrient content. Salvia schimperi Benth. and Vernonia spp are typical pioneers 
that have among the highest content in N, P and K of common species in exclosures of 
the Tigray highlands (Table 3.16). Acacia species are characterized by N-rich litter and 
Dombeya torrida is known for its litter with high N and K content (Table 3.16). 
However, not only the nutrient content, but also the rate of litter production determines 
the nutrient return to the soil. As such, it is less advisable to focus on e.g. Becium 
grandiflorum, because notwithstanding its relatively high litter nutrient content, it is a 
very small shrub with little litter production (Table 3.15). Species like Dombeya torrida 
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and the Acacia species score high both for litter production rate and for litter nutrient 
content.  
 
Species that produce a lot of litter and accumulate organic matter in thick humus profiles 
also provide valuable assets. The litter layer acts as a mulch, providing shade and 
promoting water conservation because of decreased soil evaporation (refer to paragraph 
4.5). The microclimate that is installed under such shrubs and trees is favourable for 
decomposer organisms, which are responsible for organic matter breakdown, nutrient 
cycling and incorporation of organic matter in the soil (refer to paragraph 3.3). Soils 
under thick humus profiles are characterized by high organic matter content (Figure 
3.17). The resulting better soil structure involves a higher available water capacity and 
increased infiltration. Examples of species characterized by these qualities are Euclea 
racemosa and Acacia saligna (Labill.) Wendl., and to a lesser extent Carissa edulis 
(Forssk) Vahl and Dodonea angustifolia. Particularly Euclea racemosa owes it status of 
nurse plant for the regeneration of forest trees (Aerts et al., 2006c) to these 
characteristics.  
 
Another aspect when enrichment planting is considered concerns the tolerance of species 
to the prevailing drought conditions. From the assessment of leaf water potential (Table 
4.13 and Figure 4.21) it is concluded that especially the evergreen species Euclea 
racemosa and Carissa edulis are adapted to withstand water stress. They are known as 
economizers with respect to water use, which is revealed by their lower stomatal 
conductance in the rainy season (Table 4.20). Drought-deciduous species, like Dombeya 
torrida, Rumex nervosus and Salvia schimperi show higher stomatal conductance in the 
rainy season (Table 4.20), which results in higher water use. Therefore, when water 
conservation in exclosures is aimed at, it is advisable to focus on evergreen species for 
enrichment planting. Not only their relatively low water use, but also the sclerophyllous 
nature of their leaves, resulting in organic matter accumulation and mulch formation are 
in favour of water conservation.  
 
Although exotics offer a great potential with respect to timber production and protection 
of the natural forest, they also involve risks such as uncontrollable spread and negative 
effects on the soil-water environment (Van Wyk et al., 2006). In their case study for the 
highlands of Ethiopia, Van Wyk et al. (2006) suggest to ban exotics out of exclosures and 
relic forests. On the other hand they encourage the use of exotics around exclosures as 
visual boundaries to avoid encroachment. Also roadside planting, woodlots around 
villages and larger urban plantations with exotics are recommended.  
 
A general rule for enrichment planting is to avoid monocultures. A mixture of different 
shrubs and trees has the advantage of a multistoried canopy, which is beneficial for 
erosion control. Mixing species results in forest areas being less prone to adverse 
environmental factors and being more suitable to meet the diverse community needs.  
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6.3.7 Additional stabilization of the land by physical constructions  
 
On very degraded or very steep hillslopes it is recommended that the land is additionally 
stabilized by physical structures such as stone bunds or small check dams as sufficient 
vegetation recovery might take some years. Trenches to collect runoff water help to 
increase infiltration and raise the water availability in the initial phase of vegetation 
establishment. 
 
6.4 Side actions 
 
6.4.1 Eucalyptus plantations 
 
Eucalyptus is the most common tree species in Northern Ethiopia (Jagger and Pender, 
2003), where it occurs on farmland, on homesteads and in woodlots. However, 
Eucalyptus plantation is a controversial land use.  
Eucalyptus plantations are often blamed for their adverse effects on the environment 
(Poore and Fries, 1985). They are notorious for their high water use and accused for 
groundwater depletion through their deep root system (Calder et al., 1993). Monoculture 
Eucalyptus plantations are also known to suppress the understorey vegetation, because of 
competition for water and allelopathic effects (Poore and Fries, 1985; Lisanework and 
Michelsen, 1993), which results in increased runoff and erosion. Relatively high runoff 
and less sediment trapping were also noticed in the Eucalyptus plantation studied in this 
research (refer to paragraph 4.2 and 3.1 respectively). However, when Eucalyptus 
plantations are compared to barren land, their forest cover results in soil improvement, 
protection against the impact of rain and the installation of a microclimate (Michelsen et 
al., 1993; Jagger and Pender, 2003; Mulugeta, 2006). Eucalyptus plantations are also 
valued as a nurse crop because they encourage the regeneration of native forest trees and 
as such stimulate the conversion to a forest with indigenous tree species (Mulugeta, 
2006).  
With respect to their impact on the socio-economic situation, the fast production of 
construction wood and fuelwood entails an important merit of Eucalyptus plantations. 
This is especially true in Northern Ethiopia, which is characterized by a shortage of 
(woody) biomass production (Jagger and Pender, 2003). Therefore, it is advisable to 
promote Eucalyptus plantations in well-defined and restricted areas. As such, they 
remove pressure from natural forest relics and exclosures. Moreover, they could fuel the 
economy and reduce rural poverty through income diversification and wood industry 
expansion (Jagger and Pender, 2003). Hereby it is important that Eucalyptus plantations 
are established in suitable locations with adequate water supply. Locations to be avoided 
are e.g. field borders, where water competition with crops is expected and steep limestone 
cliffs, where high seedling mortality rates are noticed. Another measure to keep in mind 
is to allow wide spacing in between the Eucalyptus trees and to ban livestock, so that the 
understorey vegetation has the chance to develop and establish a protective canopy. In 
that case, runoff and erosion will not be a serious problem.  
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6.4.2 Agroforestry 
 
Agroforestry, whereby fodder trees are planted at the homestead or on field borders 
provides an alternative source of fodder, which can compensate for the loss of grazing 
land that is caused by the establishment of exclosures. Examples of fodder trees that 
perform well in the Tigray highlands are Chamaecytisus prolifer (L.f.) Link. (known as 
Tree Lucerne), Sesbania spp., Leucaena leucocephala (Lam.) de Wit and Faidherbia 
albida (Del.) A. Chev. Besides the production of fodder for livestock these species have 
the additional advantage of improving soil fertility through nitrogen fixation.  
 
6.5 Catchment management with exclosures 
 
Catchment management with exclosures is aimed at soil and water conservation in the 
catchment area. It needs to be realized that positive effects reached in the catchment 
might have unwanted consequences downstream. One consequence of increased 
infiltration in the catchment is that water reservoirs downstream will receive less water 
than predicted (Nigussie et al., 2006). Irrigation perimeters using the water from the 
reservoirs will consequently suffer from a lack of water. The reduction in sediment 
delivery to the water reservoirs increases their lifetime, but reduces the input of sediment-
fixed nutrients, which are beneficial for the aquatic biomass production. As soil and water 
conservation efforts in the highlands of Ethiopia affect water and sediment delivery to 
downstream areas, they also have international consequences in the Nile basin (Hurni et 
al., 2005). Downstream lowland countries such Egypt and Sudan will not unconditionally 
welcome huge efforts of Ethiopian farmers to retain water within the highlands. The 
construction of the Aswan dam changed the Egyptian attitude towards sediment delivery, 
whereas for other countries like Sudan, fertile sediment is still an advantageous input. A 
hydropolitical assessment of the Nile question should address this issue (Tafesse, 2001; 
Sreenath et al. 2002). 
 
In figure 6.1 a theoretical catchment management is visualized. For this theoretical land 
use allocation it is assumed that the catchment is characterized by alternating steep slopes 
and flat areas, which is typical for the study region. However, the topography as 
visualized in figure 6.1 is off course a simplification. In reality the steep escarpments are 
not always perfectly aligned or are interrupted by flat land, making the exclosure 
allocation less straightforward. However, the land use allocation model proposed here can 
be applied to all landscapes where flat, more fertile land alternates with steeper slopes, 
which are not suitable for agriculture. 
 
For the theoretical land use allocation (Figure 6.1), the guidelines presented in paragraph 
6.2 were followed as far as possible. The prerequisite for exclosure allocation is to cover 
land, which is not suitable for agriculture. This is reflected in the restriction to the steep 
escarpments. Exclosures are mainly located below source areas, except for the upper strip 
near the water divide (Figure 6.1). It is recommended to dedicate this upper strip to 
Eucalyptus plantations and exclosures with controlled grazing management, as the 
infiltration capacities of these exclosures are less important, because of the absence of 
extra water input from a source area. Gully diversions are applied in a limited number of 
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exclosures (Figure 6.1), because of the high labour demands for establishment, follow-up 
and maintenance. The presence of a large gully, exporting important volumes of water 
should inspire the selection of exclosure areas to be treated. Controlled grazing in 
exclosures located below considerable source areas is restricted to the lower strip of the 
exclosure in order to guarantee the infiltration of runon in the upper strip (Figure 6.1). 
Rotational grazing is conducted in a selection of exclosure areas, which should not be too 
extensive. As a rule of thumb, minimum 30 % of the exclosure area should be left 
without any human intervention at any time (Figure 6.1). 
 
 

 
Figure 6.1: Catchment management with exclosures on the steep escarpments and cropland on the 
flat areas with indication of the exclosure management (EU: Eucalyptus plantation, CG: controlled 
grazing, RG: rotational grazing, GD: gully diversion, EX: normal exclosure) and lithology 
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CHAPTER 7 
 
Conclusions 
 
 
 
In the introduction of this thesis, three main research questions were raised. In order to 
answer these, the research was oriented towards 15 specific objectives. In this concluding 
chapter, section 7.1 will confront the specific objectives with the respective main research 
outcomes that were generated. Section 7.2 will then provide the answers to the general 
research questions. The last section of this chapter gives an overview of processes and 
ecosystem services associated with exclosures. Based on this, recommendations for 
future research are proposed.  
 
7.1 Specific conclusions  
 
The research outcomes and conclusions are organized according to the specific objectives 
formulated in the introduction. 
 
Objective 1:  To describe the land use dynamics that took place on the steep slopes,  
  where exclosures are usually established 
 
A number of successive stages characterize the land use dynamics on steep slopes in the 
study region: (1) removal of the original forest vegetation through cutting for fuelwood 
and livestock grazing, (2) further degradation of the vegetation cover, resulting in severe 
land degradation, (3) vegetation restoration after exclosure establishment (2.2). 
 
Objective 2:  To asses the climate of the study sites 
 
The climate of the study region is characterized by a unimodal rainfall pattern, with a dry 
period form October to May and a concentration of rainfall from June to September. 
Average annual rainfall is about 720 mm. The peak of the rainy season (July-August) is 
characterized by longer lasting storms with higher rainfall depth. Rainfall intensity on the 
other hand is highest in June and September. (paragraph 2.3.1) Average daily maximum 
and minimum temperature range between 20 – 25 ºC and 9 – 13 ºC (paragraph 2.3.2). 
Average daily reference evapotranspiration (ET0) in the study region ranges between 3 – 
3.5 mm in the rainy season and 4 – 6 mm in the dry season (2.3.3). The length of the 
growing period is about 112 days. (paragraph 2.3.4) 
 
Objective 3: To characterize representative soil types in the study sites  
 
Common soil types of the hillslopes under study are Calcisols, Cambisols and Phaeozems 
(paragraph 2.4.2), with textures varying from loamy sand to clay (paragraph 2.4.3). Soils 
are characterized by a high rock fragment content of different lithologies (basalt, 
limestone, sandstone and schist) (papagraph 2.4.4). Given this and the fact that the water 
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holding capacity of rock fragments is not negligible, it is important to take into account 
both the rock fragment fraction and its capacity to retain water when simulating soil 
water fluxes (papagraph 2.4.6). The infiltration rate of the present soils varies from 
moderately slow to rapid, and upper horizons are characterized by higher saturated 
hydraulic conductivities. (papagraph 2.4.7) 
 
Objective 4:  To assess vegetation cover restoration in exclosures 
 
Vegetation restoration in exclosures and the resilience of the studied ecosystems, which is 
deducted from it, is demonstrated by the higher vegetation cover where areas are closed 
for a longer time. In older areas vegetation height, shrub canopy area and the degree of 
canopy closure is higher. If a dense shrub and tree canopy is present, the herbaceous 
vegetation is suppressed. (paragraph 2.5) 
 
Objective 5: To understand and quantify sediment deposition in exclosures 
 
In exclosures located downslope from source areas two types of deposited sediment are 
found, which are designated as old, medium term (20-300 yrs) and recent, short-term (< 
20 yrs). The deposition of the old sediment started probably around 300 years ago, when 
increasing population density resulted in aggravating erosion. The eroded sediments were 
trapped in the remaining vegetation belts, located on the steep slopes. Recent sediment 
deposition started when exclosure establishment on degraded slopes resulted in 
vegetation restoration. Sediment deposition in exclosures is mainly controlled by the 
vegetation, but also slope gradient and distance from the sediment source area (for recent 
sediment only) are important. Sediment deposition rates vary from 25 to 125 Mg ha-1 yr-1 
or 0.3 to 1.4 cm yr-1 and are determined by the extent and erodibility of the sediment 
source area. (paragraph 3.1) 
 
Objective 6:  To gain insights in pedogenesis on steep hillslopes in the Tigray highlands 
 
Pedogenesis is strongly determined by sediment deposition and organic matter 
accumulation, which is revealed by the presence of Phaeozems, which, in the study sites, 
are formed in allochthonous material. Vegetation plays a double role in the formation of 
Phaeozems, as it triggers sediment deposition and adds organic carbon to the incoming 
soil material. The omnipresent Humic horizons in exclosures are another manifestation of 
the influence of vegetation restoration on soil formation. (paragraph 3.1) 
 
Objective 7:  To assess litter production, litter quality and organic matter accumulation  
  of different species and exclosure sites 
 
Litter production increases significantly after exclosure establishment and the increase in 
litterfall is continued with further vegetation restoration. The relatively low level of litter 
production (100 – 320 g m-2 yr-1) indicates that the vegetation in exclosures is still in an 
early successional stage. This is not surprising given the degraded state with low soil 
fertility from which exclosures originated. Generally low nutrient content and high 
C/nutrient ratios of litter in exclosure sites explain the relatively slow decomposition and 
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the accumulation of organic matter. Nutrient use efficiencies of important nutrients are 
high, especially for P, which indicates that P is an important limiting factor in the studied 
ecosystems. This is attributed to drought conditions and soil fixation of P. (paragraph 3.2) 
 
Objective 8:  To describe humus forms and understand humus formation processes  
  taking place upon vegetation restoration 
 
In the studied exclosures and church forest, 6 humus form types are distinguished based 
on morphological characteristics. They mainly differ with regard to presence and 
thickness of ectorganic layers.  
Humus formation processes are strongly determined by three factors, which are 
independent from the vegetation restoration in exclosures and bring about slow 
decomposition. First of all, the dry climate slows down litter decomposition through 
limiting the activity of soil organisms. Secondly, soil fertility is relatively low compared 
to mature ecosystems. Lastly, relatively low litter quality also counteracts rapid 
decomposition. Besides these external factors, processes of humus formation are closely 
related to vegetation restoration in exclosures. Vegetation recovery leads to increased 
litter production (paragraph 3.2), which is the driving force behind organic matter 
accumulation as decomposition is retarded by the dry conditions. The changing species 
composition, with low-quality litter species gaining importance in older areas, is another 
factor explaining the presence of thicker humus profiles in older exclosures. Oppositely 
working factors, such as the development of a forest-like microclimate and the recovery 
of soil fertility are not strong enough to counteract the humus accumulation process 
taking place upon forest restoration.  
Humus formation processes in exclosures go hand in hand with the build up of organic 
matter and nutrient stocks, an enhanced soil microclimate and the activity of decomposer 
organisms. This results in soil fertility and soil structure improvements. (paragraph 3.3) 
 
Objective 9:  To indicatively assess the recovery of soil fertility where degraded areas  
  are closed 
 
Exclosure establishment leads to the improvement of soil fertility, which is witnessed by 
increased organic matter content and nutrient concentrations of the topsoil. Sediment 
deposition and litter nutrient return are important processes enhancing this recovery. 
(paragraph 3.4) 
 
Objective 10:  To monitor the soil water evolution in different land use types 
 
All landscape units experience a similar evolution in soil water content, which is mainly 
determined by rainfall. Soil and vegetation characteristics introduce additional 
differences and also the presence of extra water input through runon, which is generated 
as runoff in the source areas located upslope is an important factor. (paragraphs 4.1 & 
4.3) 
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Objective 11:  To investigate runoff processes on steep slopes and the effect of vegetative 
  soil cover on runoff attenuation 
 
Runoff is significantly pushed back after exclosure establishment. As runoff production is 
mainly controlled by the vegetative soil cover, vegetation restoration is the primary factor 
explaining this evolution. The influence of vegetation cover is reflected in the exponential 
decrease of the runoff coefficient and the linear rise of the rainfall threshold with 
increasing vegetation cover. This led to the determination of a vegetation cover threshold 
of 65 %, above which runoff is negligible. Other variables such as litter cover, soil bulk 
density, soil organic matter content and slope gradient also influence runoff production in 
exclosures. The runoff depth that can be expected is further related to rainfall depth and 
intensity, storm duration and soil water content. (paragraph 4.2) 
 
Objective 12: To understand the plant water status of important shrub and tree species  
  present in exclosures in different seasons 
 
Plant water status indicators such as leaf water potential and stomatal conductance reveal 
the effects of decreased soil water availability in the dry season. Increased water stress 
results in low leaf water potential and high stomatal resistance, which for its part causes a 
reduction in transpiration. Although considerable differences exist between species, 
evergreen shrubs are better adapted to cope with water stress. Deciduous species transpire 
more water in the rainy season, while evergreens are water-economizers. (paragraphs 
4.4.3 & 4.4.4) 
 
Objective 13:  To determine crop coefficients for the assessment of evapotranspiration of  
  restoring forest vegetation 
 
For semiarid natural vegetation in the Tigray highlands, crop coefficients needed to 
assess evapotranspiration with the Kc ET0 approach can be successfully calculated with 
the procedures of Allen et al. (1998). With vegetation restoration basal crop coefficients 
increase and evaporation coefficients decrease. (paragraph 4.4.5) 
 
Objective 14: To model the soil water balance of exclosure sites and gain insights into  
  soil water fluxes throughout the year 
 
Soil water balance modelling with BUDGET learns that soil water fluxes are mainly 
determined by the vegetation cover of the land use types and the soil water content. The 
latter for its part, is influenced by the net water input, constituted by rainfall and runon 
minus runoff. Vegetation restoration in exclosures results in higher infiltration, higher 
transpiration and higher water use efficiency. In areas without runon, the gain in water 
because of infiltration is cancelled out by the rise in transpiration, so that deep percolation 
is negligible. Runon infiltrating in exclosures does not only result in faster vegetation 
recovery because of shortened water stress periods, but also in groundwater recharge 
because the extra water input is not fully consumed and drains out of the root zone. On a 
water catchment scale, expanding exclosure areas contribute to decreased runoff, 
increased infiltration and higher evapotranspiration. Where source-sink systems are 
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created by locating exclosures under runoff producing cropland, infiltration of runon can 
not be compensated by evapotranspiration. In that case deep percolation of considerable 
water depths results in groundwater recharge. (paragraph 4.5) 
 
Objective 15: To evaluate the capacity of exclosures to store runoff water from gullies  
  and act as sinks for water and sediment  
 
Through vegetation restoration, exclosures act as important sinks of water and sediment. 
Storing runoff in exclosures through a gully diversion makes use of these capacities and 
leads to increases in infiltrated water and deposited sediment. These effects result in 
shortening the period of water stress and higher transpiration on the one hand and 
trapping of fertile soil on the other hand. It goes without saying that both processes 
trigger increased biomass production and a faster rehabilitation of the vegetation. As net 
water input largely exceeds the water requirements of the vegetation, deep percolation 
increases tremendously as compared to the reference situation without gully diversion. 
This should logically lead to well formation downstream. 
At catchment scale, the water harvesting, soil conservation and gully treatment potential 
of the gully diversion technique is only significant if applied on considerable exclosure 
areas. (chapter 5)  
 
7.2 Answers to general research questions 
 
7.2.1 Are exclosures successful soil and water conservation measures? 
 
Yes, exclosures established on degraded land are successful soil and water conservation 
measures. Their capacities to rehabilitate the land are reinforced if they are located below 
runoff and sediment source areas. 
 
Exclosures have the capacity to trap incoming sediments. This triggers soil fertility 
recovery and helps to retain eroded sediments within the catchment. Increases in litter 
production, organic matter accumulation and humus formation result in soil protection 
and improvements in soil fertility after exclosure establishment. 
 
The high infiltration capacity of exclosures is essential when considering water 
conservation. On the one hand, it results in higher soil water availability for plant growth 
and on the other hand, runoff from the steep slopes is reduced considerably, so that fields 
downslope are less threatened by damaging floods. Furthermore, groundwater recharge is 
achieved where areas receive extra water input as runon or where runoff from gullies is 
additionally trapped. 
 
The sediment trapping and infiltration capacities of exclosures do not only result in the 
rehabilitation of the degraded slopes where they are located. They also serve soil and 
water conservation at catchment scale. However, this involves also a negative side effect 
as the downstream delivery of runoff water and sediment is reduced. 
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7.2.2 What is the role of vegetation restoration in the rehabilitation process after 
exclosure establishment? 

 
Vegetation restoration is the mainspring for a number of processes, which lead to 
ecosystem recovery and rehabilitation of the degraded land (Figure 7.1). 
Figure 7.1 schematizes the processes taking place upon vegetation restoration. When a 
degraded area is closed, a vegetation canopy develops, which is able to intercept rainfall 
and protect the soil. Soil protection is also achieved by the litter layers that accumulate as 
a result of increased litter production. Organic matter decomposition and humus 
formation restore the soil functioning and the activity of the decomposer organisms. The 
latter are responsible for the incorporation of organic matter in the upper soil layers, with 
aggregate formation, soil structure improvements and a corresponding higher infiltration 
capacity as a result. Also surface roughness created by ground vegetation and humus 
layers is responsible for higher infiltration rates, as it reduces the water flow velocity thus 
creating opportunities for infiltration. High surface roughness and infiltration rates 
explain the high sediment deposition rates in exclosures.  
The considerable attenuation of runoff and erosion that is observed after exclosure 
establishment is mainly attributed to vegetation recovery as well. The shrub canopy and 
the humus layers protect the soil against the impact of raindrops and create infiltration 
pathways. Increased infiltration and the consequent lower runoff and erosion result also 
from a soil structure amelioration.  
The high infiltration capacity of the soil makes it possible to absorb large quantities of 
water, exceeding even the input by rainfall. This leads to deep percolation and 
groundwater recharge in areas receiving runon.  
Higher infiltration results in increased soil water availability and evapotranspiration. The 
resulting rise in biomass production governs the positive feedback to vegetation 
restoration.  
Soil fertility improvements are triggered by sediment deposition and increased litter 
production and nutrient cycling. Higher soil nutrient content favours biomass production, 
so that also from a pedological perspective a positive feedback towards vegetation 
restoration is present.  
Through vegetation restoration, exclosures act like sinks for water and sediment. This 
accelerates their own restoration, which again triggers the capacity for soil and water 
conservation. 
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Figure 7.1: Effects of vegetation restoration and links between processes taking place after exclosure 
establishment, with indication of the sections of this work where the respective processes are 
discussed 
 
7.2.3 How can process-based management enhance the beneficial effects of exclosures? 
 
A well-considered location of exclosures will enhance the beneficial effects for soil and 
water conservation. The application of gully diversions in some of the exclosures can 
further optimize this. 
Much of the exclosures’ capacities can be maintained under a controlled pruning, 
thinning and/or grazing management as long as 65 % vegetative soil cover is maintained. 
The sustainable gathering and harvesting of resources from exclosures is necessary to 
secure the support from local farmers and the continued existence of exclosures. The 
previously stated recommendations (refer to chapter 6) can contribute to the restoration of 
the reproductive capacity of degraded ecosystems and can lead to well-devised 
management plans for the sustainable use of the exclosure resources, thus improving 
livelihoods for local farmers. 
 
 
7.3 Overview of processes and ecosystem services in exclosures and 

scope for future research  
 
Figure 7.2 and 7.3 provide an overview of the main processes taking place in degraded 
grazing land and exclosures respectively. Due to the exhaustion of the resources present 
in the grazing lands, the vegetation is totally degraded. Consequences are severe runoff 
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and erosion and soil (chemical and physical) deterioration. Degraded areas are not able to 
trap any sediment or infiltrate considerable volumes of water, so that downslope located 
fields are threatened by damaging floods (Figure 7.2). Ecosystem recovery after 
exclosure establishment involves many processes, resulting in on-site and off-site 
environmental services, material benefits, but also some drawbacks (Figure 7.3).  
 

 
 
Figure 7.2: Processes in degraded grazing lands, including runoff and erosion (1), unsustainable and 
exhausting export of resources (2), degradation of the vegetation (3), soil nutrient depletion (4), soil 
trampling and structure deterioration (5), damaging floods to downslope fields (6) 
 
Vegetation restoration results in a number of pedological and hydrological processes, of 
which some have been treated in this study and extensively discussed before (refer to the 
highlighted symbols in Figure 7.3). A few effects were investigated by others, such as the 
development of a forest-like microclimate (Aerts et al., 2004) and the conservation and 
development of plant biodiversity (Kebrom, 2001; Asefa et al., 2003; Mengistu et al., 
2005; Aerts et al., 2006d). Other processes remain uninvestigated so far. Research 
focused on these knowledge gaps could increase our understanding of ecosystem 
recovery in semiarid areas in general. More specifically, it could provide the basis for 
developing opportunities for a sustainable use of the exclosures.  
 
Future research on on-site effects of exclosures could include the following (refer to 
figure 7.3): 
 
− Increased understanding of carbon sequestration in the vegetation and the soil could 

offer opportunities for involvement in the Clean Development Mechanism of the 
Kyoto Protocol (http://www.climatepolicy.info/kyoto/cdm/index.html, [10/08/2006]). 
The approval of project methodologies elsewhere involving afforestation and 
reforestation of degraded land through tree planting, assisted natural vegetation and 
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the control of animal grazing (http://www.cdm.unfccc.int, [12/11/2006]) illustrates 
that this mechanisms holds potential also for the Tigray highlands. However, it needs 
to be realized that CDM projects are complex and that challenging requirements need 
to be fulfilled for approval. For example, the additionality principle is problematic as 
exclosures also function without the installation of a CDM project. Besides this, the 
relatively low biomass productivity reached in exclosures results in marginal amounts 
of C sequestration, which would result in low financial benefits. 

− Assessment of biomass production rates of both the woody and the herbaceous 
vegetation are required to develop sustainable management plans.  

− Soil-related research on the ecosystem processes taking place with vegetation 
restoration could include the deeper soil layers and focus on soil structure 
amelioration, nutrient cycling, nutrient pumping from deeper soil layers, the role of 
root development in soil reinforcement, and the development of the soil faunal and 
micro-organism community responsible for decomposition.  

− Better knowledge on the biodiversity development within the plant and animal 
community could enhance the assessment of the possibilities of exclosures to deliver 
non-wood forest products such as honey and medicinal plants.  

− An assessment of rainfall interception and dust collection by the shrub and tree 
canopy can increase the understanding of the filter capacities of exclosures. Although 
rainfall interception might not be very important for the water balance in semiarid 
areas, this process is responsible for protecting the soil against the impact of raindrops 
(Morgan et al., 1986; Castillo et al., 1997; Descroix et al., 2001). As such it helps to 
reduce runoff and erosion. Dust collection (refer to e.g. Goossens, 2006) might 
contribute considerable to soil fertility as the aeolian depositions of dust on the 
vegetation probably contain nutrients, which are washed to the soil by the rains. 

 
Although on-site effects of exclosures mainly involve beneficial environmental services, 
off-site effects could lead to unwanted results. From the assessment of infiltration and 
runoff processes on steep hillslopes under exclosure, some inferences were made about 
downstream water yield (paragraph 4.2 and chapter 5). However, most off-site effects of 
exclosures remain uninvestigated, so that future research should be conducted to address 
these knowledge gaps (refer to figure 7.3).  
 
− Drawbacks of exclosures might be the increased pressure on remaining grazing land 

and disagreements with farmers if they are obliged to abruptly shift from the 
traditional free-grazing system to the stall-feeding system. Better knowledge on the 
socio-economic situation of farmers and the possibilities of alternative fodder 
production systems is imperative to cope with these bottlenecks.  

− Although catchment water conservation through exclosure establishment favours on-
site water availability, it causes a decrease in downstream water yields, which could 
consequently compromise irrigation expectations (Nigussie et al., 2006). Downstream 
well formation and increased water availability are expected based on the prediction 
of groundwater recharge. This could considerably counter the above-mentioned 
drawback of reduced catchment yield. However, thorough investigation of the actual 
existence and quantity of this phenomenon should precede promising statements 
towards stakeholders.  
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Figure 7.3: Pedological and hydrological processes taking place in exclosures, including infiltration of 
runon (1), sediment trapping (2), deep percolation and groundwater recharge (3), soil fertility 
improvement (4), carbon storage in the soil (5), soil structure amelioration (6), litter production and 
nutrient return (7), decomposition and humus formation (8), development of a soil microclimate and 
the soil faunal community (9), nutrient cycling (10), nutrient pumping (11), rainfall interception (12), 
root development and soil reinforcement (13) and other environmental services, including biomass 
production and carbon sequestration (14), dust collection (15), increase in animal and plant 
biodiversity (16), development of a forest-like microclimate (17). Material and/or financial benefits 
comprise possible economic compensation for carbon sequestration (A), wood and grass production 
(B), non-wood forest products such as honey, medicinal plants and fruits (C). Off-site effects include 
the attenuation of damaging floods to downslope fields and the decrease in catchment water yield (a), 
downslope well formation (b), increased pressure on remaining grazing lands, (c) the abrupt shift for 
farmers from the traditional free grazing system to a stall feeding system (d) and the effect of 
increased evapotranspiration on the regional climate (e). On-site processes and ecosystem services 
are represented with numbers in squares, material benefits with capital letters in circles and off-site 
effects with lower-case letters in stars. Highlighted symbols indicate processes that were treated in 
this study. 
 
− Adopting the approach of Heuvelmans (2005) the stream flow response to exclosure 

establishment could be quantitatively assessed for different scenarios, implying 
varying exclosure area and spatial arrangements. In this respect it could be 
investigated where and to what extent exclosures should be located so that the 
increase in evapotranspiration would be counteracted by the creation of source-sink 
systems. 
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− The increased evapotranspiration that is realized in exclosures might influence the 
regional climate. However, sound conclusions concerning this process can not be 
made from this study, which pleads for more detailed (mico-)climatic research in the 
future.  

 
Semiarid areas and particularly semiarid natural vegetation are generally 
underrepresented in the literature and scientific research. Many models and classification 
systems, which are mostly developed for the temperate regions, are not directly or 
unconditionally applicable to semiarid ecosystems. With the collected data on semiarid 
natural ecosystems in the Tigray Highlands, these knowledge gaps and application 
barriers can be partly addressed. Given the interdisciplinary nature of the conducted 
research on exclosures, contributions can be made in three domains. 
 
− The curve number method (SCS, 1972) is a widely applied method to predict runoff 

from a catchment. Runoff is calculated from rainfall data with the help of a curve 
number, given in tables. Curve numbers from handbooks are often not reliable when 
applied in other regions, and particularly for semiarid areas, they are reported to be 
problematic (Hawkins, 1993). Therefore, in order to make reliable predictions, it is 
imperative to formulate curve numbers based on locally collected data. The collected 
rainfall and runoff data (paragraph 4.2) from different land use types and vegetation 
covers in the Tigray highlands can be used to this end.  

− It has been demonstrated in this study that existing humus classification systems, such 
as the widely used systems developed by Green et al. (1993) and Brêthes et al. 
(1995), can not be unequivocally applied to classify humus forms present under 
semiarid natural vegetation (paragraph 3.3). This should not surprise, as these systems 
were developed based on observations in temperate ecosystems. Recently, efforts are 
made to adapt the FAO topsoil classification (FAO, 1998) in order to make it world-
widely applicable. Given the need to check this approach against situations in the 
(sub)tropics (Broll et al., 2006), information on humus forms in semiarid ecosystems 
in the Tigray highlands (paragraph 3.3) will be useful. 

− The Kc ET0 approach (Allen et al., 1998) provides a straightforward procedure for 
assessing crop evapotranspiration, but is still mainly focused on agricultural crops. 
Through this study it was demonstrated that the Kc ET0 approach can be successfully 
applied to semiarid natural vegetation as well, provided that some adjustments are 
taken into account (paragraph 4.4). It would be worthwhile checking if the Kc ET0 
approach is also applicable to other natural vegetation types. By investigating whether 
the proposed adjustments in this study are also necessary in other climate zones, it can 
be examined whether they are typical for forest-like vegetation or rather related to the 
prevailing climate. As such, the Kc ET0 approach can be extended in order to be easily 
applicable for assessing evapotranspiration of natural vegetation types.  
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Profile Ph-A1. Adewro Eucalyptus plantation 
Haplic Phaeozem (Pachic) (IUSS Working Group WRB, 2006) 
Described on 04-10-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
− Location: Adewro, UTM (37-1505623 N, 517628 E) 
− Elevation: 2690 m a.s.l. 
− Relief: steep hillslope 
− Slope gradient: 40%, very steep 
− Slope aspect: 0º 
− Slope form: linear 
− Land use: Eucalyptus plantation (17 years old at the moment of

description) 
 
 

− Parent material: basalt 
− Drainage class: well drained 
− Moisture condition: moist 
− Groundwater: not observed, very deep 
− Effective soil depth: 200 cm 
− Flooding: no 
− Surface rock fragments: many fine to coarse gravel 
− Rock outcrops: common; 5-20 m spacing  
− Surface sealing/crusting: no 
− Degradation features: no 
 
 

Profile description 
 
A 0-50 cm 
Brownish black (10YR 2/2) when moist and dark brown (10YR 3/3) when dry. 
Moderate, medium, granular structure. Very friable, slightly sticky, slightly plastic 
when moist. Many, very fine to fine pores. Non-calcareous soil material. Diffuse, wavy 
boundary. 
 
Bw1 50-90 cm 
Very dark brown (7.5 YR 2/3) when moist and brown (10 YR 4/4) when dry. 
Moderate, medium, granular structure. Very friable, slightly sticky, slightly plastic 
when moist. Many, very fine to fine pores. Non-calcareous soil material. Clear, wavy 
boundary. 

2Bw2 90-145 cm 
Very dark brown (7.5 YR 2/3) when moist and dark brown (10 YR 3/4) when dry. 
Moderate, coarse, granular structure. Friable, slightly sticky, slightly plastic when 
moist. Common, fine to medium pores.  
Non-calcareous soil material. Gradual,  
smooth boundary. 
 
2C 145-200cm 
Dark brown (10 YR 3/4) when moist and  
brown (10 YR 4/6) when dry. Moderate,  
coarse rock residue. Friable, slightly sticky,  
slightly plastic when moist. Common, fine to  
medium pores. Non-calcareous soil material. 
 

 
  

Depth 
 
Horizon 

 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-50  A 14.8 31.3 53.9 3.4 0.15 16 0 0
50-90       

         
         

Bw1 6.5 15.3 78.2 0.9 0.31 28 0 0
90-145 2Bw2

 
6.2 17.9 75.9 0.7 0.11 33 0 0

145-200 2C 5.3 20.2 74.5 0.1 0.07 25 0 0
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Profile Ph-A2. Adewro degraded grazing land 
Haplic Phaeozem (Pachic, Siltic) (IUSS Working Group WRB, 2006) 
Described on 20-08-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
− Location: May Ba’ati, UTM (37-1508707 N, 523239 E) 
− Elevation: 2275 m a.s.l. 
− Relief: steep hillslope 
− Slope gradient: 45%, very steep 
− Slope aspect: 30º 
− Slope form: linear 
− Land use: grazing land, degraded area 
− Parent material: basalt 
− Drainage class: well drained 
− Moisture condition: moist 
− Groundwater: not observed, very deep 
− Effective soil depth: 270 cm 
− Flooding: no 
− Surface rock fragments: many fine to coarse gravel 
− Rock outcrops: common; 5-20 m spacing  
− Surface sealing/crusting: no 
− Degradation features: stony erosion pavement 
 

Profile description 
 
Bh 0-70 cm 
Very dark brown (7.5 YR 2/3) when moist and dark brown (7.5 YR 3/4) when dry. 
Moderate, medium, subangular blocky structure. Slightly hard when dry. Very friable, 
slightly sticky, slightly plastic when moist. Many fine pores. Non-calcareous soil 
material. Clear, smooth boundary. 
 
Bwk2 70-140 cm 
Brownish black (10 YR 2/3) when moist and dark brown (10 YR 3/4) when dry. 
Moderate, coarse, subangular structure. Hard when dry. Friable, slightly sticky, slightly 
plastic when moist. Many fine pores. Non-calcareous soil material. Clear, smooth 
boundary. 
 
Bk2 140-270 cm 
Dark reddish brown (5 YR 3/2) when moist and brownish black (7.5 YR 3/2) when 
dry. Moderate, medium, subangular blocky structure. Hard when dry. Friable, slightly 
sticky, slightly plastic when moist. Many fine pores. Non-calcareous soil material. 
boundary. 
 
 
 
 
 
 
 

 
 
Depth 

 
Horizon 

 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-70  Bh 21.4 57.0 21.6 3.4 0.14 29 0 0
70-140         

         
Bwk2

 
36.7 50.7 12.6 2.1 0.20 24 0 0

140-270 Bk2 28.7 52.9 18.5 2.4 0.20 25 0 0
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Profile Cm-K1. Kunale young exclosure 
Haplic Cambisol (Humic) (Thapto-Calcic)  
(IUSS Working Group WRB, 2006) 
Described on 14-09-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: Kunale, UTM (37-1510840 N, 520169 E) 
Elevation: 2420 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 70 %, precipitous 
Slope aspect: 310º 
Slope form: linear 
Land use: exclosure (4 years) 
Parent material: limestone 
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 160 cm 
Flooding: no 
Surface rock fragments: many, medium and coarse gravel 
Rock outcrops: common, 5-20 spacing 
Surface sealing/crusting: no 
Degradation features: no 
 

Profile description 
 
A 0-60 cm 
Dark brown (7.5 YR 3/3) when moist and dull brown (7.5 YR 5/3) when dry. 
Moderate, medium, crumby structure. Very friable, slightly sticky, slightly plastic 
when moist. Many, very fine pores. Calcareous soil material. Clear, wavy boundary. 
 
2Bwk1   60-110 cm 
Dull brown (7.5 YR 5/4) when moist and light yellow orange (10 YR 8/4) when dry. 
Moderate, coarse, crumby structure. Friable, slightly sticky, plastic when moist. Many, 
very fine pores. Strongly calcareous soil material. Gradual, wavy boundary 
 
2Bwk2   110 – 160 cm 
Light grey (10 YR 8/2) and dull yellow orange (10 YR 6/4) when moist and pale 
yellow (10 YR 8/2) when dry. Moderate, coarse, subangular blocky structure. Friable, 
slightly sticky, plastic when moist. Few, very fine pores. Strongly calcareous soil 
material.  
 
 
 
 
 
 
 
 

 
 

 
 
  
 
 

Depth 

  

Horizon Clay
(%) 

 Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-60 A 34.7 22.1 43.2 2.8 0.16 0 0 5
60-110         

          
2Bwk1 26.5 21.8 51.7 0.7 0.02 0 0 8

110-160 2Bwk2 16.0 34.0 50.0 0.2 0.00 0 0 20
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Profile Ph-K1. Kunale middle-aged exclosure 
Haplic Phaeozem (Pachic, Clayic) (IUSS Working Group WRB, 2006) 
Described on 05-09-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: Kunale, UTM (37-1510708 N, 520088 E) 
Elevation: 2420 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 55 %, very steep 
Slope aspect: 310º 
Slope form: linear 
Land use: exclosure (14 years) 
Parent material: Sandstone, basaltic colluvium  
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 150 cm 
Flooding: no 
Surface rock fragments: common, medium and coarse gravel 
Rock outcrops: few, 5-20 spacing 
Surface sealing/crusting: no 
Degradation features: no 
 

Profile description 
 
A 0-45 cm 
Brownish black (7.5 YR 2/2) when moist and brownish black (7.5 YR 3/2) when dry. 
Moderate, fine, subangular blocky structure. Friable, sticky, slightly plastic when 
moist. Many, fine pores. Non-calcareous soil material. Gradual, wavy boundary. 
 
Bw   45-70 cm 
Dark brown (7.5 YR 3/4) when moist and dark brown (10 YR 3/3) when dry. 
Moderate, medium, subangular blocky structure. Friable, sticky, plastic when moist. 
Many fine pores. Non-calcareous soil material.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Depth 

   

Horizon Clay
(%) 

 Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-45 A 40.8 21.3 37.9 1.5 0.12 8 9 0
45-70       Bw 42.6 23.2 34.2 1.0 0.06 19 9 0
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Profile Ph-K2. Kunale old exclosure 
Haplic Phaeozem (Pachic) (Thapto-Calcic)  
(IUSS Working Group WRB, 2006) 
Described on 14-09-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: Kunale, UTM (37-1510555 N, 519982 E) 
Elevation: 2430 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 50 %, very steep 
Slope aspect: 285º 
Slope form: concave 
Land use: exclosure (21 years) 
Parent material: limestone, basaltic colluvium  
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 200 cm 
Flooding: no 
Surface rock fragments: few coarse gravel 
Rock outcrops: no  
Surface sealing/crusting: no 
Degradation features: no 
 

Profile description 
 
A 0-90 cm 
Greyish brown (7.5 YR 4/2) when moist and brownish grey (10 YR 4/1) when dry. 
Moderate, medium, crumby structure. Friable, very sticky, very plastic when moist. 
Many, very fine and fine pores. Calcareous soil material. Diffuse, smooth boundary. 
 
Bw   90-145 cm 
Brownish black (7.5 YR 3/1) when moist and brownish grey (7.5 YR 3/2) when dry. 
Moderate, coarse, subangular blocky structure. Friable, very sticky, very plastic when 
moist. Many, very fine pores. Strongly calcareous soil material. Gradual, smooth 
boundary 
 
2Bk   145 – 200 cm 
Bright yellowish brown (10 YR 6/6) when moist  
and light grey (10 YR 8/2) when dry. Moderate,  
coarse, angular blocky structure. Firm, slightly  
sticky, plastic when moist. Common, very fine  
pores. Strongly calcareous soil material.  
 
 
 
 
 
 
 

 
Depth 

   

Horizon Clay
(%) 

 Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-90 A 36.9 20.7 42.4 1.5 0.14 12 12 0
90-145         

          
Bw 39.0 21.3 39.6 1.4 0.10 29 12 0

145-200 2Bk 29.2 35.4 35.4 0.2 0.02 0 0 24
 

 



Profile Cl-M1.  
May Ba’ati degraded grazing land 
Hypercalcic Calcisol (IUSS Working Group WRB, 2006) 
Described on 04-10-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
− Location: May Ba’ati, UTM (37-1505758 N, 517178 E) 
− Elevation: 2775 m a.s.l. 
− Relief: steep hillslope 
− Slope gradient: 20%, very steep 
− Slope aspect: 135º 
− Slope form: linear 
− Land use: grazing land, degraded area 
− Parent material: limestone 
− Drainage class: well drained 
− Moisture condition: moist 
− Groundwater: not observed, very deep 
− Effective soil depth: 130 cm 
− Flooding: no 
− Surface rock fragments: abundant fine to coarse gravel 
− Rock outcrops: few; 20-50 m spacing  
− Surface sealing/crusting: present 
− Degradation features: stony erosion pavement 
 

Profile description 
 
Ak 0-35 cm 
Dull yellowish brown (10 YR 5/4) when moist and dull yellow orange (10 YR 6/4) 
when dry. Moderate, medium to coarse, crumby structure. Soft when dry. Very friable, 
slightly sticky, slightly plastic when moist. Many, very fine pores. Strongly calcareous 
soil material. Clear, smooth boundary. 
 
Bwk 35-130 cm 
Bright yellowish brown (10 YR 6/8) when moist and bright yellowish brown (10 YR 
6/6) when dry. Moderate, medium, angular blocky structure. Slightly hard when dry. 
Friable, slightly sticky, slightly plastic when moist. Few, very fine pores. Strongly 
calcareous soil material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Depth 

 
Horizon 

 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

N 
(%) 

Basalt  
(%) 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-35  Ak 29.7 31.8 38.5 1.4 0.11 0 0 11
35-130        Bwk 25.8 25.6 48.6 0.1 0.01 0 0 1
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Profile Cl-M2. May Ba’ati old exclosure 
Endopetric Calcisol (Clayic, Novic)  
(IUSS Working Group WRB, 2006) 
Described on 11-09-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: May Ba’ati, UTM (37-1509004 N, 523578 E) 
Elevation: 2330 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 40 %, very steep 
Slope aspect: 40º 
Slope form: concave 
Land use: exclosure (20 years) 
Parent material: limestone 
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 110 cm 
Flooding: no 
Surface rock fragments: many medium and coarse gravel 
Rock outcrops: common; 2 – 5 m spacing  
Surface sealing/crusting: no 
Degradation features: no 

 
Profile description 
 
A 0-70 cm 
Dark brown (7.5 YR 3/4) when moist and dull yellowish brown (10 YR 4/3) when dry. 
Moderate, medium, crumby structure. Slightly hard when dry. Very friable, sticky, 
plastic when moist. Many, very fine pores. Strongly calcareous soil material. Clear, 
smooth boundary. 
 
2Bmk1   70-85 cm 
Light grey (7.5 YR 8/1) when moist and light grey (10 YR 8/2) when dry. Moderate, 
medium, subangular blocky structure. Very hard when dry. Very friable, sticky, plastic 
when moist. Few pores. Strongly calcareous soil material. Clear, smooth boundary 
 
2Bk2   85 – 110 cm 
Bright yellowish brown (10 YR 6/6) when moist and bright yellowish brown (10 YR 
7/6) when dry. Moderate, coarse, subangular blocky structure. Very hard when dry. 
Friable, sticky, plastic when moist. Few pores. Strongly calcareous soil material.  
 
 
 
 
 
 
: 

 
 
 
 
Depth 

 
Horizon 

 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-70  A 43.7 45.3 11.1 3.8 0.19 0 0 35
70-85      

        
2Bmk1

 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

85-110 2Bk2 20.8 23.1 56.1 0.3 0.03 0 0 22
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Profile Ph-M1. May Ba’ati old exclosure 
Haplic Phaeozem (Pachic, Clayic) (IUSS Working Group WRB, 2006) 
Described on 03-09-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: May Ba’ati, UTM (37-1509059 N, 523297 E) 
Elevation: 2330 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 40 %, very steep 
Slope aspect: 135º 
Slope form: linear 
Land use: exclosure (20 years) 
Parent material: limestone  
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 150 cm 
Flooding: no 
Surface rock fragments: many fine, medium and coarse gravel 
Rock outcrops: few, 2 – 5 m spacing  
Surface sealing/crusting: no 
Degradation features: no 
 
Profile description 
 

A 0-30 cm 
Dark brown (7.5 YR 3/3) when moist and brown (7.5 YR 4/3) when dry. Moderate, 
coarse, crumby structure. Slightly hard when dry. Very friable, sticky, very plastic 
when moist. Many, very fine pores. Calcareous soil material. Clear, smooth boundary. 
 
Bwk1   30-70 cm 
Brownish black (7.5 YR 3/2) when moist and brownish black (7.5 YR 3/2) when dry. 
Moderate, medium, subangular blocky structure. Hard when dry. Friable, sticky, very 
plastic when moist. Common, very fine pores. Slightly calcareous soil material. 
Gradual, smooth boundary 
 
Bk2   70 – 150 cm 
Brownish black (10 YR 3/2) when moist and  
greyish brown (7.5 YR 4/2) when dry. Moderate,  
medium, subangular blocky structure. Hard  
when dry. Friable, sticky, plastic when moist.  
Common, very fine pores. Strongly calcareous  
soil material.  
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Depth 

   

Horizon Clay
(%) 

 Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-30 A 61.6 21.3 17.1 2.0 0.13 0 1 14
30-70       

        
Bwk1

 
60.0 21.6 18.5 2.0 0.17 0 1 14

70-150 Bk2 59.8 18.1 22.2 1.6 0.08 0 2 17
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Profile Ph-M2. May Ba’ati old exclosure 
Haplic Phaeozem (Pachic, Clayic) (Thapto-Calcic)  
(IUSS Working Group WRB, 2006) 
Described on 11-08-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: May Ba’ati, UTM (37-1508900 N, 523156 E) 
Elevation: 2340 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 15 %, moderately steep 
Slope aspect: 135º 
Slope form: linear 
Land use: exclosure (20 years) 
Parent material: limestone 
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 110 cm 
Flooding: no 
Surface rock fragments: common fine to coarse gravel 
Rock outcrops: many, 2 – 5 m spacing  
Surface sealing/crusting: no 
Degradation features: no 
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Profile description 
 
A 0-65 cm 
Brownish black (7.5 YR 2/2) when moist and brownish black (10 YR 3/2) when dry. 
Moderate, medium, crumby structure. Hard when dry. Friable, sticky, plastic when 
moist. Many, very fine to fine pores. Slightly calcareous soil material. Gradual, smooth 
boundary. 
 
Bwk   65-95 cm 
Brownish black (7.5 YR 3/1) when moist and brownish black (7.5 YR 3/2) when dry. 
Strong, coarse, subangular blocky structure. Very hard when dry. Firm, sticky, plastic 
when moist. Common, very fine to fine pores. Calcareous soil material. Abrupt, 
smooth boundary 
 
2Ck   95 – 110 cm 
Brown (7.5 YR 4/6) when moist and dull orange  
(7.5 YR 6/4) when dry. Moderate, very fine, angular  
blocky structure. Slightly hard when dry. Friable,  
sticky, plastic when moist. Few, very fine pores.  
Strongly calcareous soil material.  
 
 
 
 
 

 
 
 
Depth 

 
Horizon 

 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-65  A 51.9 32.0 16.2 3.1 0.30 0 1 9
65-95       

         
Bwk 59.9 27.8 12.3 2.5 0.17 0 0 6

95-110 2Ck 49.5 26.9 23.6 1.2 0.07 0 0 22
 

 



 
Profile Cl-M3. May Ba’ati old exclosure 
Humic Calcisol (Clayic, Novic) (IUSS Working Group WRB, 2006) 
Described on 09-09-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: May Ba’ati, UTM (37-1508956 N, 523238 E) 
Elevation: 2300 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 90 %, precipitous 
Slope aspect: 135º 
Slope form: linear 
Land use: exclosure (20 years) 
Parent material: limestone 
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 150 cm 
Flooding: no 
Surface rock fragments: abundant fine to coarse gravel 
Rock outcrops: many; 2 – 5 m spacing  
Surface sealing/crusting: no 
Degradation features: no 
 
 
 
 

Profile description 
 
A1 0-10 cm 
Dark brown (7.5 YR 3/3) when moist and dark brown (7.5 YR 3/4) when dry. Weak, 
fine, crumby structure. Soft when dry. Very friable, slightly sticky, slightly plastic 
when moist. Many, very fine and fine pores. Calcareous soil material. Gradual, wavy 
boundary. 
 
A2 10-50 cm 
Brown (7.5 YR 4/3) when moist and dull brown (7.5 YR 5/3) when dry. Moderate, 
fine, crumby structure. Soft when dry. Very friable, sticky, slightly plastic when moist. 
Many, very fine pores. Strongly calcareous soil material. Diffuse, wavy boundary. 
 
2Bwk1   50-95 cm 
Orange (7.5 YR 6/6) when moist and pale yellow (2.5 Y 8/6) when dry. Moderate, 
medium, subangular blocky structure. Slightly hard when dry. Very friable, sticky, 
slightly plastic when moist. Many, very fine pores. Strongly calcareous soil material. 
Clear, wavy boundary 
 
2Bwk2   95 - 150 cm 
Light grey (7.5 YR 8/1) when moist and  
dull yellow orange (10 YR 7/3) when dry.  
Strong, coarse, angular blocky structure.  
Hard when dry. Firm, sticky, plastic when  
moist. Few, very fine pores. Strongly  
calcareous soil material.  
 
 

 
  

Depth 
 
Horizon 

 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-10  A1 40.6 33.2 26.2 2.3 0.11 0 0 27
10-50       

       
         

A2 32.9 24.0 43.2 1.3 0.08 0 0 33
50-95 2Bwk1 29.0 55.5 15.5

 
0.4 0.03 0 0 35

95-150 2Bwk2 n.d. n.d. n.d. 0.3 0.07 0 0 31
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Profile Cm-M1. May Ba’ati old exclosure 
Haplic Cambisol (Humic) (Thapto-Calcic)  
(IUSS Working Group WRB, 2006) 
Described on 10-09-2003  
Authors: Descheemaeker, K & Quaeyhaegens, H. 
 
Site description 
 
Location: May Ba’ati, UTM (37-1508963 N, 523272 E) 
Elevation: 2280 m a.s.l. 
Relief: steep hillslope 
Slope gradient: 70 %, very steep 
Slope aspect: 135º 
Slope form: concave 
Land use: exclosure (20 years) 
Parent material: limestone 
Drainage class: well drained 
Moisture condition: moist 
Groundwater: not observed, very deep 
Effective soil depth: 150 cm 
Flooding: no 
Surface rock fragments: many fine, medium and coarse gravel 
Rock outcrops: many; 5 - 20 m spacing  
Surface sealing/crusting: no 
Degradation features: no 
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Profile description 
 
A 0-70 cm 
Dark brown (7.5 YR 3/3) when moist and dull yellowish brown (10 YR 5/3) when dry. 
Moderate, coarse, crumby structure. Friable, sticky, plastic when moist. Many, very 
fine pores. Strongly calcareous soil material. Clear, broken boundary. 
 
2Bwk1 70-125 cm 
Bright yellowish brown (10 YR 6/6) when moist and pale yellow (2.5 Y 8/6) when dry. 
Moderate, medium, angular blocky structure. Friable, slightly sticky, slightly plastic 
when moist. Many fine pores. Strongly calcareous soil material. Clear, wavy boundary 
 
2Bwk2 125 - 150 cm 
Dull yellowish brown (10 YR 5/4) when moist and dull yellow orange (10 YR 7/3) 
when dry. Moderate, medium, subangular blocky structure. Firm, sticky, slightly 
plastic when moist. Many, very fine pores. Strongly calcareous soil material.  
 
 
 
 
 
 
 
 

 
 
 
 
Depth 

 
Horizon 

 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

O.C. 
(%) 

 

N 
(%) 

Basalt  
(%) 

 

Sand- 
stone (%)

 

Lime- 
stone (%)

 0-70  A 43.3 31.4 25.3 2.6 0.18 0 0 24
70-125         

          
2Bwk1 32.4 30.3 37.3 0.3 0.03 0 0 26

125-150 2Bwk2 25.3 28.6 46.1 0.2 0.02 0 0 29
 
 

 


