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Abstract
In order to foster the potential of exclosures to sequester carbon, it is understood that they are increasingly assisted through
enrichment planting. To study the impact of the enrichment planting on carbon sequestration process, five exclosures with
enrichment planting and five pure naturally regenerated exclosures were selected. Along parallel transects, 20 × 20m plots
were laid at 100m intervals where all woody vegetations were counted and measured for their diameter and total height. For
soil sampling, five subplots at the center and four at each corner of the plots were established. The samples were collected at a
depth of 0–0.2 m, and this procedure was repeated for each plot. In this case, when good management practices were
implemented (such as Wukro exclosures), significant differences in organic soil carbon above the ground and the total carbon
between naturally regenerated and enriched exclosures (P < 0.05) were found. The mean estimates of the above ground
carbon, soil carbon, and total carbon were respectively 8.08, 31.04, and 39.12 ton/ha for natural regeneration vs. 7.94, 31.00,
and 38.93 ton/ha for enriched regeneration. Lower altitudes had significantly higher soil organic carbon (P < 0.05) than the
higher altitudes. However, the slope had an insignificant effect on carbon distribution. Enriched exclosures performed more
poorly in carbon sequestration. This was possibly due to the disturbances caused by mass plantation and poor post plantation
follow up, since improved performance (P < 0.05) was seen in one enriched exclosure with better management practices.
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Introduction

Severe degradation of natural resources in Ethiopia (Tes-
faye 2007) has occurred over the past millennia (Darbyshire
et al. 2003). A number of alternative solutions have been

proposed to address the problem of degradation of public
property resources in Ethiopia. Exclosure has, for a long
time, been among the top priorities of such interventions
(Gebremedhin et al. 2002; Berhane and Meles 2014).
Exclosures are areas that are intentionally protected from
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human and livestock interference to allow rehabilitation of
degraded areas through natural regeneration (McIntosh et al.
1997). Exclosures especially have become huge resources
in the north of Ethiopia (Berhane and Meles 2014) because
of their role in reversing land degradation, and as carbon
sinks, they are potential contributors to the mitigation of
climate change through actions.

However, the experience with exclosures and community
woodlots in Ethiopia before 1991 was disappointing. The
factors liable for explaining the poor performance of the
environmental reclamation program were inadequate sci-
entific and technical knowledge, lack of a standardized
approach aligned on the local agroecological conditions,
and failure to integrate the views and interests of the rural
population whom the program was intended to serve
(Gebremedhin et al. 2002).

Though the performance of exclosures was poor in the
beginning in Ethiopia (Gebremedhin et al. 2002), they have
continued to be promoted as a means of rehabilitation of
degraded lands by national and regional authorities and
have been steadily increasing since 1991. Since then, tan-
gible improvements have been recorded in restoring
degraded areas and overall greenness of the region (Berhane
and Meles 2014; Mengistu et al. 2005). Reports by Men-
gistu et al. (2005), Mekuria et al. (2007) demonstrated that
establishment of exclosures on communal grazing lands and
waste lands resulted in improved regeneration of indigenous
species, biodiversity, and both below and above ground
carbon (AGC) stock, which makes exclosures one of the
best choices for land management options in the face of
current climate change realities in Ethiopia.

Currently, frequent attempts are made to enhance natural
regeneration by enrichment plantation, i.e., supplementing
natural processes by active planting of more specimens of
local species (Aerts et al. 2006). The main goals of such
enhancement are to increase ground cover and reduce the
impact of land degradation (especially in places where the
focus is on soil and water erosion) (Berhane and Meles
2014). Over time, by increasing the existing stock of similar
plants, the total biomass/carbon can be accelerated.

Since the soils in Tigray are rich in seeds (seedbank)
(Reubens et al. 2007), and the success of the enrichment is
rarely assessed, people are making the argument that just
leaving things in the hands of Mother Nature is enough and
is sometimes better than assisted regeneration (Letcher and
Chazdon 2009). It also avoids disturbances and minimizes
the cost of establishment.

The enrichment plantation program in Tigray is a good
intention. However, the potential of enrichment plantation
and its success as a means to enhance the rate of aerial
vegetation coverage and amount of carbon fixation, in
comparison with exclosures originated from natural

regeneration, have (in reference to their success) never been
studied in the region. Therefore, the success of the enrich-
ment plantings was assessed in terms of productivity, spe-
cifically for their potential to sequester carbon in their
vegetation and soil under the exclosures by comparing with
the control site (exclosure without enrichment) per hectare
basis. This study strives to answer two main questions: (1)
Should we exclose and let nature do the rest or assist nature
to facilitate carbon storage underground (soil) and above
ground (vegetation), and contribute to mitigate the effect of
climate change? (2) Do AGC, soil organic carbon, and total
organic carbon vary with altitude and slope?

Methodology

Description of the Study Area

The research study is carried out in the mid and highlands
(>1500 m) of Tigray (Fig. 1), to the northernmost point of
Ethiopia following Mekuria and Aynekulu (2011) who have
conducted similar studies by comparing open land, grazing
land, and exclosures. These are Atsbi Womberta, Wukro,
Hawzien, Samire, and Alamata. These districts were
selected mainly because of their particular exclosure types
that the study requires. Because most exclosures in Tigray
are under enrichment plantation, exclosures with passive
regenerations are rarely found concentrated in a district to
the level of replication that this research demands.

In all exclosures, dominant species are acacia species and
Dodonea angustifolia except in Atsbi where both Olea
europaea subsp. cupsidata (olive) and Juniperus procera
(juniper) are dominant, supplemented by Acacia species and
Dodonea. Here it is good to mention that there are olive
and juniper in Astibi as part of the enrichment planting and
natural regeneration in addition to the acacia and dodonea.
However, in other exclosures, acacia and dodonea dominate
the natural regeneration and planted species. In the repli-
cates of each district, maximum effort is made to keep
species composition, soil, altitude, and slope factors similar.
In all districts, planted species are similar to those existing
in the exclosures. With regard to temperature and rainfall,
we wanted to indicate the mean annual temperature and
rainfall for each district. When we say 350–750 for exam-
ple, there are replicates that receive 350 and others that
receive 750. However, the replicates within a district get
similar rainfall and temperature. This helps us to make a
better conclusion on the status of enrichment plantation in
the wide range of the mid and high lands of the region
which have different environmental conditions. We wanted
to see if the results hold true across these districts (Ethiopian
Meteorological Service Agency 2007).
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Experimental Design and Data Collection

To compare and evaluate the amount of carbon stored (below
and above ground), two exclosures with different manage-
ment interventions were selected purposely so as to keep
other factors such as climate, topography, vegetation com-
position, and soil type uniform (Li et al. 2017). Ten exclo-
sures in five districts having one exclosure with enrichment
plantation and one without enrichment plantation in each
district were selected. In each district, the exclosure was
selected purposively to have similar topography, soil, and
climate conditions. Transect lines oriented from higher to
gentle slopes (Fig. 1) were established systematically to
include all variations within each site. Transect lines were
laid at a distance of 200–500m from each other depending
on the size and homogeneity of the exclosures. The number
of transects varied from five to six depending on the geo-
metry of the sites. In order to avoid the edge effect, the
transect lines had to start at 50m from either of the edges.
Within each transect line, plots of 20 × 20m (Fig. 2) were
laid, placed 50–100m apart at a horizontal distance
depending on the topography of the sites. In total, 316 plots,

158 plots per exclosure management practice were recorded
with 31–33 plots per each exclosure site. In each plot, and for
each tree and shrub occurrence, we measured the diameter at
breast height or stump height, respectively, using a caliper
and the total height using clinometers and meter tape. The
number of tree occurrences of species was recorded. The
slope of each plot was measured using a clinometer.

For soil sampling, five 1 × 1m subplots (Fig. 2) were
established at the center of every plot and four at each corner of
the plots. Soil samples were collected at a depth of 0–0.2m as
the organic carbon is mostly concentrated at the surface profile
depth. Composite soil samples were prepared by mixing the
samples thoroughly, labeled in the field and taken to a
laboratory for analysis. For bulk density, soil samples were
extracted using a core sampler. All exclosures were within the
age range of 13–15 years. Attentive care was taken to make
replicate samples around the same age.

Key Informant Interview

To collect general information on planting conditions and
postplanting management aspects of the districts, interviews

Fig. 1 Study areas
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were held with key informants of each district along with
natural resources experts and heads of their field who are
directly involved in the plantation process and guards of
each exclosure, to further strengthen and cross-check the
views of the experts. During the key informant interviews,
the following issues have been administered: questions on
the establishment process and planting and postplanting
management of the exclosures. The interviews attempt to
raise questions that can increase the validity of the partici-
pants’ answers. In each pair of exclosures, the following
key informants were interviewed: (a) three experts from the
district, (b) three development officers from the village
(where the exclosures were found), (c) four guards from the
exclosures, and (d) one head of the district’s natural
resource management. The main objective of the interview
was to cross-check the information obtained from the dis-
trict on the overall conditions of the exclosures.

Data Analysis

The amount of carbon stored in each species within the plots
was estimated using the allometric equation following Kuyah
et al. (2014) and WBISPP Woody Biomass Inventory and
Strategic Planning Project (2000) for trees and shrubs,
respectively. These models were chosen based on the fact that
they were developed for similar vegetation in a similar eco-
system and have high coefficients of determination (R2= 0.96
and 0.93, respectively). This is given by the following formula:

Y ¼ 0:1428� DBH2:2471; ð1Þ

Y ¼ 0:3197� DSHð Þ þ 0:0383� DSH2:6
� �

R2 ¼ 0:93
� �

;
ð2Þ

where Y is the above ground biomass (kg), DBH is the
diameter at breast height (trees) in cm, and DSH is the
diameter at stump height (shrubs) in cm (WBISPP 2000).
The total biomass of the exclosures was estimated by
adding all the above ground biomass of trees and shrubs
within all plots. To convert the biomass into carbon, we
used the standard conversion factor of 0.5 as recommended
by IPCC (2006).

Carbon stock ¼ Biomass� 0:5: ð3Þ
To determine soil organic carbon stock, soil samples

were analyzed. For this analysis, the composite soil samples
were air dried, grounded, and passed through 2 mm sieve in
preparation for laboratory analysis. Soil organic matter was
determined following the procedures outlined by Walkley
and Black (1934), and soil bulk density was determined
using the core method (Mekuria et al. 2007). According to
the average bulk density of an exclosure was used to cal-
culate the soil carbon per plot to avoid the overestimation of
soil carbon due to changes in bulk density.

Then, soil organic carbon in the 0–0.2 m layer was cal-
culated using the following formula:

SOC MgCha�1
� � ¼ WBC %ð Þ � 10� Bd gcm�3

� �� 2;

where WBC is the Walkley–Black carbon (Walkley and
Black 1934), and Bd is the bulk density.

Statistical Analysis

One-way ANOVA was used to see if there is a difference in
the amount of above ground, below ground, and total carbon
in each of the two management regimes. To compare the

Fig. 2 Experimental design for vegetation and soil sampling
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effect of topographic positions (mainly elevation and slope)
and enrichment planting on the carbon distribution along the
landscape, general linear models, a multivariate analysis with
the AGC soil organic carbon, and total organic carbon were
the dependents, and treatment, enrichment condition, slope,
and altitudes were the covariates which were used and run in
SPSS software. Descriptive statistics were also used.

Results

Planting and Post Management

In all the districts, site preparation and planting seasons
are similar. They become completed in May and June. The
planting time varies with the amount of rain that the sites
receive. Therefore, depending on the amount of rain, the
sites’ planting days may vary from mid July to mid
August.

In all districts, the site preparation and mass planting are
always completed by motivating the local community.
However, the postplanting management (such as weeding
and creating space for the new seedlings, opening canopy,
and watering in the dry seasons) is almost neglected in all
districts, though better practices are shown in the Wukro
and Atsbi sites. Although such practices are not consistent
enough, the dead seedlings are replaced during the first
inventory check and while watering in Wukro.

Above Ground and Soil Carbon under Different
Exclosures

The AGC varies among sites ranging from 5.78 to 11.4 ton/
ha in natural regeneration and from 5.61 to 10.72 ton/ha in
assisted regeneration exclosures (Table 1). The average
AGC in natural regeneration exclosures was slightly higher
than those enriched exclosures (Table 1). However, the
difference was not significant (P > 0.05).

Within the replicates, two contradictory results were
found. In Alamata Acacia woodlands, the natural regen-
eration exclosures had significantly (P < 0.05) higher AGC,
soil organic carbon, and total organic carbon than the
enriched exclosures (Table 1). However, in the exclosures
of Wukro site, the enrichment plantation contributed sig-
nificantly (P < 0.05) to the AGC, soil organic carbon, and
total organic carbon stored in the exclosures (Table 1)
compared with the left alone exclosures.

The soil organic carbon within the naturally regenerated
exclosures oscillated between 26.73 and 35 ton/ha; it was
between 26.21 and 38.07 ton/ha for the enriched exclosures
(Table 2). However, the average soil organic carbon for
both exclosure types was similar with no significant dif-
ference (P > 0.05).

Following the AGC, similar results were also observed in
the soil organic carbon within the replicates. In Alamata, the
soil organic carbon under the natural regeneration exclosures
was significantly higher (P < 0.05) than the soils under the
enriched exclosures. In contrary to this, the soil organic car-
bon in enriched exclosures of Wukro was significantly higher
(P < 0.05) compared with those under the naturally regener-
ated exclosure. In the rest of the other replicates, the soil
organic carbon under both exclosures remained quite similar
(P > 0.05).

The average total organic carbon (the sum of the average
AGC and average soil organic carbon) in naturally regener-
ated and enriched exclosures were 39.12 and 38.93 ton/ha,
which is slightly higher in the naturally regenerated exclo-
sures (Table 1). The difference, however, is not statistically
significant (P > 0.05).

Above Ground and Soil Organic Carbon and
Landscape Position

Among the samples along the landscape in both treatments,
significant difference (P < 0.05) was found in AGC dis-
tribution along altitudinal gradient. However, slope intro-
duced insignificant (P > 0.05) differences in the carbon

Table 1 Average above ground, soil organic, and total organic carbon
by sites and treatments (ton/ha)

Treatment

Replications NR AR

AGB SOC TOC AGB SOC TOC

Alamata 11.4 35.16 46.56 9.82 30.46 40.28

Hawzien 6.29 27.72 34.01 6.58 27.56 34.14

Wukro 8.72 33.43 42.15 10.72 38.07 48.77

Atsbi 8.23 32.14 40.37 6.98 32.69 39.67

Samire 5.78 26.73 32.51 5.61 26.21 31.82

Sum 40.42 155.18 195.6 39.72 154.99 194.68

Average 8.08 31.04 39.12 7.94 31.00 38.93

Table 2 The effect of treatment, altitude, and slope on different
versions of carbon on exclosures

Source Tests of Between-Subjects Effects

Dependent
Variable

Sum of
Squares

df Mean Square F Sig.

Altitude AGC 157.291 1 157.291 9.957 0.002

SOC 424.039 1 424.039 1.872 0.006

TOC 1097.926 1 1097.926 3.434 0.035

Slope AGC 0.115 1 0.115 0.007 0.932

SOC 190.799 1 190.799 0.842 0.359

TOC 181.459 1 181.459 0.568 0.452

Treatment AGC 1.688 1 1.688 0.107 0.744

SOC 178.627 1 178.627 0.788 0.375

TOC 215.202 1 215.202 0.673 0.413
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distribution in all investigated sites (both treated and
untreated exclosures).

Similar to our results of the AGC accumulation along the
landscape, soil carbon was affected significantly by altitude
(P < 0.05) but not by slopes (P > 0.05) in both exclosure
types. While soil organic carbon was higher in the lower
altitudes than the higher altitudes, it was similar along the
slope gradient. Although the altitude (P < 0.05) was sig-
nificantly affected AGC, the total organic carbon difference
along landscape positions remained nonsignificant (P >
0.05) in both altitude and slope.

Discussion

This paper addressed the effect of enrichment plantation on
the naturally regenerated exclosure and the potential of
carbon sequestration, i.e., both above ground and soil
organic carbon. The effect of topographical variables,
mainly altitude and slope, on the distribution of both above
ground, soil, and total carbon levels of exclosures was
investigated. Topographic effects were considered mainly to
see whether enrichment plantations at different positions
have different contributions to the above, soil, and total
organic carbon of the exclosures.

Above Ground and Soil Carbon under Different
Exclosures

The enrichment planting on the naturally regenerated
exclosures did not offer additional AGC and any additional
returns to the soil carbon stock. Another indicator for the
inefficiency of the enrichment plantations is the fact that
“the average AGC in enriched exclosures is expected to be
higher than the exclosures without enrichment” (Giday et al.
2013). For example, according to Mekuria et al. (2017), the
range of the exclosures of the AGC in this region is between
4 and 14 ton/ha. However, our results showed that the
average AGC of the enriched exclosures was not better than
the regional average.

The reasons for the poor performance of enrichment on
exclosures are multifaceted. In Tigray, after seedlings are
planted, they are deprived of any postplanting care and
eventually die out, and disturbances within the soil and soil
seed banks and damages on standing trees due to mass
planting are causing serious problems. Mass planting is
done during the enrichment and hillside rehabilitation in
Ethiopia and particularly in Tigray, which introduces dis-
turbances such as uncovering the seeds and exposing them
to desiccation, removing germinated seeds and established
seedlings during site preparation such as pit digging
(Wassie et al. 2009), and damaging well established plants.
Soil compaction during mass plantation decreases the

viability of seeds already in the soil and the vigor of sap-
lings (Vieira and Scariot 2006; Sansevero et al. 2011),
which is also another seriously damaging ecological factor
in these exclosures.

Added carbon on vegetation is a direct result of added
growth through photosynthesis (Giday et al. 2013). Beyond
planting, especially in the dry areas where water is a lim-
iting factor, seedlings need a continuous supply of water,
reducing competition from nearby well established plants
(Mekuria and Ayenekulu 2011; Giday 2013). Under similar
conditions, differences in above ground biomass can bring a
difference in the soils organic carbon (Mekuria and Ayne-
kulu 2011). The insignificant difference in soils organic
carbon under the naturally regenerated and enriched
exclosure of this study is explained by the nonsignificant
difference in the AGC (Mekuria et al. 2014). In drylands
like the study area, focusing only on planting and ignoring
postplanting management is unlikely to influence the
overall performance of the exclosures positively (Mekuria
and Aynekulu 2011). The findings of the present study are
consistent with the findings of Bikila et al. (2016) and
Mekuria (2013) in which soil organic carbons for exclo-
sures were found to be higher than open grazing areas.
Similarly, Li et al. (2012) reported grazing exclusion as a
positive way to restore deserted ecosystems which has a
high potential for sequestering soil carbon in the semi-arid
Horqin Sandy Land.

Therefore, in Tigray where success is recorded in most
exclosed degraded areas (Berhane and Meles 2014; Men-
gistu et al. 2005) through natural regeneration, enrichment
plantings are done at the cost of these all losses plus the
multiple resources invested each year for nursery raisings,
transportation, and plantings. The outcomes, however, do
not explain the efforts and investments incurred on the
exclosures in the process of enrichment planting.

Even in the dry lands, however, enriching remnant for-
ests and exclosures is a promising strategy to foster bio-
mass/carbon accumulation if proper management is
assumed (Giday et al. 2013). A meta-analysis by Dlamini
et al. (2016) reported that natural forest lands degradation
significantly reduced soil organic stocks by 16% in dry
climates (<600 mm) compared with 8% in wet climates
(>1000 mm). Improved grazing, fertilization, sowing of
legumes and improved grass species, irrigation, and culti-
vation conversion all contributed to the improvement of
forests. Conant et al.ʼs synthesis (2017) also suggested that
improved biomass/carbon accumulation, in combination
with other factors, tends to lead to an increase in soil carbon
at rates ranging from 0.105 to >1Mg C ha−1 year−1.

The results of Wukro’s exclosure, where better post-
planting operations are carried out, show that enrichment
plantations have significantly increased the amount of
organic carbon, i.e., both above ground and soil carbon. In
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contrast with liability to poor management and disturbances
during enrichment planting on existing plant stock,
enrichment planting has negatively affected the above
ground and soil organic carbon, as in the case of Alamata.
This is because the exclosures are disturbed from the site
preparations to the planting, and the planted seedlings do
not survive, and this causes a double failure. The success so
far documented in Tigray’s exclosures is recorded only
because of the exclusion of disturbances from both animals
and humans. The results of studies by Mengistu et al.
(2005) and Berhane and Meles (2014) are in line with the
current study results that enrichment planting and human
interference, and no additions have been made to the carbon
accumulation of the exclosures.

Enrichment plantations need attentive follow-ups until
the seedlings are able to stand alone as they have replaced
the potential emergent seedling from soil banks (Marod
et al. 2004). Otherwise, planting alone, mainly in water
deficient areas, reduces the survival rates, loss of soil seed
banks, and emergent seedlings (Wassie et al. 2009), which
could have a positive contribution to carbon sequestration,
both on the above ground soil and in the potential for the
exclosures. The results of permanent plot experiments of
Desa’a forest (Giday et al. 2013) are good evidence for the
effectiveness of the enrichment plantation in enhancing the
competency of exclosures to sequester increased carbon
dioxide if efficient monitoring and postplanting tending
operations are implemented. Sheltering seedlings, pruning
above canopy, and thinning around the planted seedlings
have significantly contributed to the growth of seedlings in
both diameter and height (Giday et al. 2013), and this has a
direct influence on the carbon accumulation of the seedlings
(Mekuria and Ayenekulu 2011; Giday et al. 2013) within
the same region consisting of a similar environmental setup.
This is also similar to the study reported by Getnet (2015)
for Yeka Forest (144.75 ton ha−1). As a result, trees with
higher overground and lower ground biomass contribute

more to soil carbon sequestration than shrubs or herbs. The
accumulation of soil organic carbon also depends on the
amount of litter (Lemma et al. 2007) and root activity, such
as rhizodeposition and decomposition. In addition, Dawit
et al. (2002) found that land use and land cover change
could have an impact on the amount and composition of
soil organic matter through their influence on decomposi-
tion and humidification processes. Proper forest manage-
ment could increase the carbon density of the overground
vegetation and increase the carbon storage potential in
the soil.

However, because of the absence of these pre and post-
planting follow-ups, enrichment plantings have failed to
survive and contribute to the overall carbon stock in the
exclosures of the study areas.

Above Ground and Soil Organic Carbon and
Landscape Position

The topographic features of different districts were differ-
ent, though it was similar for the sites within each district
(Table 3).

While nonsignificant differences in AGC were recorded
amongst the samples along the landscape due to slope dif-
ferences, altitude has introduced significant differences in
the carbon stored in the vegetation in both treatments. This
is probably due to the difference in growing conditions like
soil depth, fertility, and exposure to different environmental
conditions such as wind and frost as altitude increases
(Yusran 2010).

Similar to our results of AGC accumulation along the
landscape, soil carbon shows a significant difference with
higher soil organic carbon in the lower altitudes than the
higher altitudes. This might be attributed to soil organic
carbon downward movement due to soil erosion agents.
Soil erosion increases as the slope and altitude increase,
thereby, redistributing the soil organic carbon to the lower

Table 3 The topographic
features of different districts

Sites Treatmenta Altitude (M) Slope(Deg) Average daily temperature Rainfall annual

Min Max Min Max

Alamata 1 1646 2151 4.04 24.25 23 °C 831 mm

2 1638 2126 5.06 21.31

Hawzien 1 1738 2073 13.25 25.6 20 °C 662 mm

2 1757 2047 14.65 22.72

Wukro 1 1772 2264 2.59 21.04 19.2 °C 610 mm

2 1763 2209 2.43 24.11

Atsbi 1 2226 2765 2.35 25.83 18 °C 668 mm

2 2217 2741 2.22 24.71

Samire 1 1730 2332 1.91 19.33 20 °C 600 mm

2 1757 2373 1.90 19.76

aTreatment,1=Control, 2= enriched
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altitude and gentle slopes (Gregorich et al. 1998). Leaching
may also have a significant contribution (Yusran 2010).
Similar results were reported where increased slopes were
coupled with higher altitudes, and this has a significant
effect on the overall properties of the soils such as texture,
depth, nutrient (Yusran 2010), and similarly, the soils
organic carbon (Alcántara et al. 2014).

A significant difference in total organic carbon was
obtained due to landscape positions, both altitude and slope.
This is contrary to the studies of Mekuria and Ayenekulu
(2011) where soil nutrients were not affected by the landscape
positions within exclosures. The difference in the uniformity
of growing conditions availability throughout the exclosure in
the study area might explain the difference within the results.
This difference can also be due to the physical soil and water
conservations structure differences in the exclosures which
reduces the effect of soil erosion (Kadlec et al. 2012).

Because of the significant differences in AGC and soil
organic carbon altitudinal gradients, the total carbon was
significantly affected by altitude. The higher altitude plots
have retained lower total carbon than the lower altitude
plots. Therefore, this can be explained by the possible
movement of soil along the landscape, low favorable con-
ditions for seed germination from the seed bank or lower
availability of seed banks in the higher altitude for natural
regeneration, and death or stunted growth of planted seed-
lings due to less soil fertility, soil depth, and extra tran-
spiration as the exposure to wind increases, and the altitude
increase is coupled with less attention than is required after
plantation (Yusran 2010; Alcántara et al. 2014) due to
different erosion agents (Kaldec et al. 2012).

Conclusion

In the northernmost point of Ethiopia, Tigray, the con-
tribution of enrichment plantations increases the biomass
and therefore, carbon stock in the exclosure is very low
owing to low attention to the planted seedlings when it is
summer and the rain has seared. The left alone untreated
exclosures have promised to be better than the enriched
exclosures under the current level of implementation pro-
cesses and management. Considering all the physical efforts
and financial expenditure required for enrichment plantation
every year, it is better to exclose the degraded areas from
any livestock and human interferences and let Mother
Nature do the rest. However, indicators show that enrich-
ment plantation on exclosures can be a big opportunity to
maximize their potential to increase carbon levels both
below and above ground if proper management procedures
are followed. This can be confirmed from the results of
Wukro site, specifically Abereha we Atsibeha, and the
permanent plots of Desa’a, where better attention is

observed all year round. Therefore, enrichment planting can
play a crucial role in increasing the potential of exclosures
to accumulate more carbon and therefore, play a significant
part in mitigating the effects of climate change effectively
compared with those that are left alone.

The distribution of AGC is uniform across the landscape
showing uniform vegetation covering in the exclosures.
However, soil organic carbon is significantly affected by
both altitude and slope, showing management intervention
is needed to be retained on site. Low performance of
enrichment plantation in sequestering carbon dioxide is
related to management constraints such as moisture deficit
after the rain season has gone and nutrient competition with
weeds begins, as well as the already established vegetation
in the exclosures and excessive evapotranspiration.

Overall, without proper postplanting management,
enrichment plantations on naturally regenerated exclosures
in North Ethiopia will not increase the ground and soil
organic carbon levels of accumulation under current man-
agement procedures.

Finally, since the above carbon and soil organic carbon
may vary with another variable such as time, altitude, and
slope, we suggest studying the importance of such variables
in future studies.

Recommendations

To exploit the full potential of exclosures and put the huge
resources spent every year in to effect, strategic modifica-
tion in the overall process of plantation and enrichment has
to be made. Such concerns are a result of periodic assess-
ment of exclosure performances with regard to the intended
goals, close follow-ups such as animal intrusions, moisture
conservation, and careful attention during mass plantation
to avoid deteriorating the emerging seedling from soil
seedbanks and create awareness with regard to the process
of natural regeneration which is required to minimize
damages. Policy direction and strict follow up mechanisms
are in demand to upgrade the role of exclosures to mitigate
climate change and enhance green development in the
region and country in general.

This study further recommends that increasing forest
carbon stock can be achieved through sustainable forest
management, including site preparation, species selection,
and afforestation. Forest appears to offer a relatively low-
cost approach to carbon sequestration and therefore, has a
high potential to absorb carbon dioxide from the atmo-
sphere, and the country could contribute to global climate
change mitigation efforts. In this context, this study
recommends planting new seedlings, promoting natural
regeneration, and conserving degraded areas with local
community participation, which should be pursued in order
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to maintain the existing carbon stock in the forest and
increase its biomass in the future.

Future studies should emphasize the use of climate sce-
narios to simulate the nature and distribution of soil organic
carbon, particularly below the subsoil, and assess various
microbial activity proxies to study soil organic carbon
dynamics with respect to land use change. Further studies
should also focus on subsoil carbon dynamics across dif-
ferent agroecological zones, which are currently less
reported in Ethiopia. Soil carbon modeling received very
little attention in Ethiopia. Thus, we can increase our pre-
diction of carbon dynamics by modeling changes in soil
organic carbon across the soil profile. In addition to the
establishment of long-term soil organic carbon, field studies
currently lacking in Ethiopia, existing research efforts are
focusing more on quality than on the quantity of soil
organic carbon stored in different landscapes. Therefore,
soil carbon modeling will provide a comprehensive under-
standing of soil organic dynamics in heterogeneous envir-
onments such as Ethiopia, stressing the need for further
studies on the effect of management practices.
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