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• Biomass in secondary forests of the
Congo Basin declines with the number
of slash and burn events.

• Repeated slash and burn events resulted
in a shift in the structure and functional
identity of the vegetation.

• Biomass productivity was best pre-
dicted by the functional identity of the
vegetation.

• Biomass productivitywas also predicted
by the density of regenerating stems
and soil fertility.

• Changes in functional identity most im-
portant pathway linking management
to biomass productivity
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A better understanding of biomass production in secondary forests after cultivation is essential for assessing the
resilience of slash and burn systems and their capacity to deliver ecosystem services. Biomass production is influ-
enced by management legacies, landscape configuration and soil, but these drivers are rarely studied simulta-
neously, nor is the role of changes in vegetation properties in linking them to biomass production. We
assessed how management legacies affect biomass in secondary forests created by slash and burn in the central
Congo Basin, and tested whether changes in productivity could be attributed to changes in stem density, func-
tional diversity, functional identity or soil. Using data from 6452 trees in 96 fallow plots nested in 3 study sites,
we looked for the main determinants of aboveground biomass (AGB) of woody vegetation in fallow systems.
Next, using a subset of 58 plots in fallow fields aged 5 to 10 years, we used confirmatory path analysis to explore
the relations between management history, soil, vegetation properties and biomass productivity. The sampled
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Fig. 1.Hypothesized causal relationships (metamodel) bet
mass ratio hypothesis (functional identity), the vegetation
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fallowfields had, on average, 58.4 (±46.2)Mgha−1 AGB. AGBwas positively related to both fallowage and to the
proportion of remnant trees in AGB and negatively related to the number of previous cultivation cycles. Biomass
productivity variedwith the number of previous slash-and-burn cycles, with notable declines in the fourth cycle.
The effect of management history wasmainly through a reduction in the dominance of fast growing tree species
and in the number of regenerating stems, which were also indirectly affected by an increase in C. odorata cover.
Soil fertility status and the biomass of remnant trees also modified biomass productivity. Our findings suggest
that under the currentmanagement intensity the capacity of the slash and burn system toprovide important eco-
system functions, such as carbon sequestration, is declining.

© 2018 Elsevier B.V. All rights reserved.
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Soil carbon
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1. Introduction

Secondary forests now constitutemore than half of theworld's trop-
ical forests (FAO, 2015). They play an important role in global carbon,
nitrogen and hydrological cycles (Bongers et al., 2015) and provide
local communities with timber and non-timber forest products. In
shifting cultivation systems, which cover an estimated 280 Mha world-
wide (Heinimann et al., 2017), they are crucial in restoring soil fertility
and maintaining livelihoods. Their capacity to deliver ecosystem ser-
vices is determined by ecosystem functions comprising both rates of
processes (e.g. fluxes of energy and materials) and size of compart-
ments (e.g. pools of organic matter or carbon). Understanding how eco-
system functioning is affected bymanagement is vital to predict impacts
of future land use intensification and to design sustainable agro-
ecosystems. Biomass production in fallows (secondary forest regrowth
after slash and burn) strongly affects soil fertility restoration, weed sup-
pression and wood production (Aweto, 2012, 1981; Szott et al., 1999;
Wadsworth et al., 1990). The biomass productivity of tropical secondary
fallows is determined by environmental conditions, i.e. climate (Poorter
et al., 2016), soil conditions (Becknell and Powers, 2014, but see
Lawrence et al., 2005), management history (Eaton and Lawrence,
2009; Jakovac et al., 2015; Lawrence et al., 2010; Styger et al., 2007,
but see Wood et al., 2017) and landscape configuration (e.g. forest
cover) (Norgrove and Beck, 2016). However, these drivers are not
often assessed simultaneously and rarely explain the mechanisms and
determinants leading to changes. Therefore, biomass productivity and
succession remain highly unpredictable in strongly modified shifting
cultivation landscapes (Arroyo-Rodriguez et al., 2017; Norden et al.,
2015).

Ecosystem functioning is more directly determined by plant com-
munity composition, diversity and structure (Cardinale et al., 2012;
Reiss et al., 2009). Currently, composition and diversity of plant func-
tional traits are seen as the most direct link between biodiversity and
ween biomass production and its driv
quantity hypothesis, and the niche co
t assessed.
ecosystem processes (Díaz et al., 2007). Plant functional traits are a
range of plant characteristics that impact their performance in response
to the environment and/or their effects on ecosystem functioning
(Violle et al., 2007). For instance, the leaf economics spectrum is a set
of plant traits which is related to their strategy in acquisition of re-
sources with a trade-off between rapid growth and leaf persistence
(Reich, 2014). Three hypotheses have been put forward to link vegeta-
tion properties, including functional traits, with ecosystem functions
(Fig. 1). The niche complementarity hypothesis predicts a positive rela-
tionship between diversity in trait values (functional diversity) and eco-
systemprocess rates (Mason et al., 2005). Greater diversity of functional
trait values can influence ecosystem processes through complementary
resource use (e.g. complete use of light through the presence of both
light demanding and shade-tolerant species). Themass ratio hypothesis
predicts that the trait values of the dominant species (functional iden-
tity) drive ecosystem processes, rather than the variation in trait values
(Grime, 1998). For instance, a dominance of species with acquisitive
trait values (e.g. high growth rate, low wood density) will be positively
related to ecosystem process rates such as primary production. This
dominance is detected through the community weighted mean
(CWM) of traits. The vegetation quantity hypothesis proposes that the
quality of the vegetation may not matter in ecosystem process rates,
but simply the biomass (Finegan et al., 2015; Lohbeck et al., 2015).

There is increasing evidence of the role of vegetation properties (i.e.
functional diversity, identity and vegetation structure) in affecting eco-
system process rates in tropical forest fallows after shifting cultivation.
Aboveground biomass has been positively correlated with species and
functional diversity (Bu et al., 2014), and with the CWM of specific
leaf area (Lohbeck et al., 2015). Other studies foundmore limited effects
of functional diversity: instead, initial vegetation biomass was found to
be the main determinant of ecosystem process rates (Lohbeck et al.,
2015; Prado-Junior et al., 2016), suggesting that vegetation quantity is
more important than its functional identity or diversity.
ers in fallows aged5 to 10 years. The three vegetation properties represent respectively the
mplementarity hypothesis (functional diversity). The causality of the relation between soil



Table 1
Descriptive statistics of the three study areas where fallow plots were located (Moonen,
2017).

Yambela Yaoseko Bawi

Population size 646 3167 4660
Population density (inhabitants/km2)a 7 22 117
Population density agriculture (inhabitants/km2)a 24 244 150
Distance to Kisangani (km)b 52 34 24
Mean distance to the old growth forest edge (km)c 2.5 4.5 7
Ethnicity Mbole Turumbu Manga
Mean fallow duration (yrs) 4.3 5.2 4.4
Median fallow duration (yrs) 3.5 5 1.5
Mean field size (ha) 1.2 1.1 0.6

a Population density andpopulation density agriculture refer respectively to thedensity
of inhabitants calculated for the total village area (shifting cultivation area + primary for-
est); and for the shifting cultivation area only.

b The main market town in the region.
c Old growth forest is gradually cleared starting from the village center along the road to

Kisangani.
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Management history alters species composition and structure of fal-
lows, with repeated cultivation filtering out seed-dependent species
and favoring both strong sprouters and species that can cope with low
nutrient availability (Jakovac et al., 2016; Robiglio and Sinclair, 2011).
So changes in species composition associated with increasing manage-
ment intensity need to be followed by changes in trait values related
to more conservative and survival-focused strategies (Jakovac et al.,
2016), but hardly any studies have explored this. An increasing number
of shifting cultivation cycles has both been associated with an increase
(due to increase in multistemmed resprouters, Jakovac et al., 2015)
and a decrease (de Rouw, 1993; J. Tucker et al., 1998) in the number
of stems and individuals, or no effect (e.g. Wood et al., 2017). The grad-
ual invasion of weeds, in particular the asteraceous weed Chromolaena
odorata (L.) R. M. King & H. Rob, has been found to alter species compo-
sition and delay succession (de Foresta and Schwartz, 1991). The effect
of old-growth forest in the landscape on vegetation properties is less
clear than that of management intensity and may depend on fallow
age: some studies found an effect on species composition (Robiglio
and Sinclair, 2011), species diversity (Jakovac et al., 2015) and func-
tional diversity (Norgrove and Beck, 2016), while species composition
was found to be unaffected in young secondary forests (Jakovac et al.,
2016; Reid et al., 2015). In Peru, the lack of an effect of number of previ-
ous cycles on biomass productivity was linked to the observation that
fast growing pioneers were still present in the third cycle fallow
(Wood et al., 2017), but this was not tested.

Thus, while there is evidence of the effect of management history on
vegetation properties, and of the effect of vegetation properties on bio-
mass productivity, the overall importance of the pathway in explaining
biomass productivity in fallows has not been analyzed. Furthermore, its
importance has not been compared to other pathways through which
management history may affect fallow biomass productivity, such as
soil fertility (Lawrence et al., 2007; Moran et al., 2000). In general,
land use management, landscape configuration, vegetation properties
and biomass regeneration are seldom linked in one causal network
(Fig. 1).

Despite the importance of slash and burn systems in Central Africa
(van Vliet et al., 2012), insights into the functioning of the system are
scarce and its sustainability is still debated (Ickowitz et al., 2015;
Moonen et al., 2016). There have been few studies from Africa on the
impacts of shifting cultivation on secondary forest dynamics (Mukul
and Herbohn, 2016). In the Democratic Republic of Congo (DRC), most
forest clearing comprises the reuse of secondary forest and younger fal-
lows or the clearing of forest edges (Molinario, 2017; Molinario et al.,
2015; Potapov et al., 2012). Between 2000 and 2010 the extent of the
agricultural land cover mosaic in DRC grew from 11.9 to 13.1% of its
total land area (Molinario et al., 2015). Loss of secondary forest cover
and associated gross aboveground carbon emissions were estimated
to be respectively 2.3 and 1.4 times higher than losses due to primary
forest cover loss (Tyukavina et al., 2013). However, changes inmanage-
ment intensity within the rural complex and its consequences on eco-
system functioning are not well known, nor are the net carbon
outcomes of intended agricultural intensification programs (Ziegler
et al., 2012).

We studied slash and burn systems in the humid forest zone of the
Democratic Republic of the Congo (DRC), and howbiomass and biomass
regeneration in fallow fields following slash and burn are affected by
vegetation properties, soil, landscape configuration and management
history (Fig. 1). Our first objective was to relate aboveground biomass
(Mg ha−1) in fallow fields to their age, management history, landscape
configuration and soil characteristics. We hypothesized that above-
ground biomass will increase with age and decline with increasing
slash and burn cycles. Our second objective was to relate biomass pro-
ductivity (Mg ha−1 yr−1) in young fallow fields to management history
and landscape configuration (Fig. 1) by asking three specific questions:
(a) how do management history and landscape configuration affect
vegetation quality, quantity and soil?; (b) What is the relative
importance of vegetation quality, vegetation quantity and soil in
explaining biomass productivity?; and (c) what is the relative impor-
tance of the different pathways linking management and landscape to
biomass productivity? Based on (i) the vegetation quantity hypothesis,
which predicts that the quantity of vegetation is more important than
its quality in predicting productivity, and (ii) the mass ratio hypothesis,
which predicts that the traits of the dominant species drive productiv-
ity, we hypothesized that biomass productivity will decline with in-
creasing slash and burn cycles (i) predominantly due to a reduction in
vegetation quantity and (ii) additionally due to a reduction in the dom-
inance of acquisitive trait values (Fig. 1).

2. Material and methods

2.1. Study site and description of shifting cultivation system

This study was in Tshopo Province, central Congo basin in DRC. We
sampled fallow fields in three villages (Yambela, Yaoseko and Bawi)
(Table 1), located 52, 34 and 24 km from Kisangani. Natural vegetation
is characterized by moist semi-deciduous rainforest and mono-
dominant Gilbertiodendron dewevrei evergreen rainforest (Gilson et al.,
1956). Following the Köppen–Geiger classification, the region has a
tropical rainforest climate (Af) (Peel et al., 2007). Average annual pre-
cipitation is 1840 mm (as measured in Yangambi), with a dry season
from December to February, during which average monthly precipita-
tion does not exceed 100 mm. Average temperatures are consistently
high throughout the year, ranging from 24.2 °C in July to 25.5 °C in
March.

Yambela is on a plateau (up to 50 m altitudinal difference between
plateau and valley bottoms) intersected by tributaries of the Congo
and Lobaie rivers (N00°21′; E24°49′, mean plot altitude 470 m above
sea level (m asl)). Soils are excessively drained sandy to sandy-loam
soils on the valley slopes, and well drained clayey-sandy and loamy-
sandy soils on the plateau (Van Ranst et al., 2010) (Table A.1). Yaoseko
is on a former river or lacustrine terrace next to the Congo river, shal-
lowly intersected by attribute rivers (N00°35′; E24°55′, 405 m asl).
Both well-drained and temporary inundated soils are present, with
sandy loam texture. Bawi is between the Lindi and Tshopo rivers.
Here, both soils similar to the Yambela soils and soils richer in clay (de-
veloped on richer parent material) are represented (N00°42′; E25°11′,
420 m asl).

Agriculture is the main economic activity (Moonen et al., 2016).
Main crops in the region typically comprise cassava, rice, plantain and
maize, which are usually intercropped (Dowiya et al., 2009; Jalloh
et al., 2012, Moonen, own observations). Soil and microclimate condi-
tions vary among fields and depend partially on the number of previous
cultivation cycles. Farmers typically clear 0.5 to 2 ha (Table 1) either in
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old growth forest or fallow land (secondary forests of differing ages) by
slashing the understory vegetation, cutting trees and burning them.
Fields are typically cultivated for two years. During the cropping phase
and after field abandonment, vegetation recovers spontaneously with
herbaceous and woody species establishing from seeds or resprouting
from stumps. The fallow period is, depending on the length, a weed
break and a soil fertility restoration phase. The age of fallow fields se-
lected for cultivation varies according to household preferences and
needs, but deviates from preferred ages due to increasing population
densities (Table 1). In fields that have undergonemore than three culti-
vation cycles volunteer oil palm (spontaneously established) is impor-
tant, but slashing and burning continues. Deforestation (clearing of
new fields in old-growth forest) follows a radiating pattern: with
time, new fields are established further and further away from the vil-
lages. All three villages were established between 1925 and 1955, but
differ in population densities andmarket accessibility (Table 1). As a re-
sult, especially in Bawi, land and resource use is more intense, and the
remaining old growth forest within walking distance from the village
center has been cut during the last decade.

2.2. Forest inventory and functional traits

We sampled 96 fallow fields of different age classes (0–5; 5–10;10–
15; 15+ years since abandonment) and land use history (number of
previous cultivation cycles) in Yambela (n = 32), Yaoseko (n = 32)
and Bawi (n = 32), located in agricultural landscapes of ca. 27, 13 and
31 km2. Data on 28 plots were collected in January–February of 2014,
and on the remaining in January–April of 2015. The sampled plots
were representative of the village agricultural practices, with the 32
sampled plots per village belonging to 25 different farmers in Bawi, 27
in Yambela and 24 in Yaoseko. We used stratified-random sampling,
aiming to have a number of repetitions for each combination of age
class and number of cycles.

Within each fallow, a 50 × 50 m sample plot was established, in
which we measured trees, shrubs and palms. The study had a 3-level
nested sampling design to improve the efficiency of biomass estima-
tions (Hairiah et al., 2011; Lawrence, 2005). As biomass is mostly in
larger trees (Bastin et al., 2015), we limited the sample area of smaller
trees, allowing more plots to be measured. Stems of trees and shrubs
with DBH ≥30 cm and palms were measured in the entire plot (totaling
2500m2). Stems with DBH 5–30 cmwere measured in 3 transects: two
parallel transects of 5 × 50 m and one transect of 5 × 30 m connecting
the two in the center of the plot (totaling 650 m2). Stems of woody re-
growthwith DBH 1–5 cmweremeasured in two subsections of the par-
allel transects totaling 50m2. We determined whether stemswere part
of a multi-stemmed individual or not, sometimes by checking whether
roots connected immediately under the soil surface. We estimated the
cover (in %) of: Chromolaena odorata, ferns and of other herbs in 5 par-
cels of 1m2whose fixed locationswere spread out over the transect.We
did not include non-woody biomass in biomass calculations, as we ex-
pected the woody biomass to make up the bulk of total biomass, in-
creasingly so as fallow fields become older: in the “Alternatives to
Slash and Burn” benchmark area in Cameroon, in fallow fields of
7 years, understory biomass (all biomass, including woody stems with
DBH b 2.5 cm) made up on average 3% of all biomass with annual bio-
mass increment as low as 0.2 Mg ha−1 yr−1 (Nolte et al., 2001).

Measured stems were tagged and identified by botanists of the Uni-
versity of Kisangani (DR Congo) and local village experts. The DBH was
recorded following the RAINFOR protocol, including methods for devi-
ating points of measurement (Phillips et al., 2016). Specimens were
taken for comparison with the reference collection of the herbarium of
the Botanic Garden in Meise, Belgium. Tree heights were measured in
each plot using a Vertex IV ultrasound system (Haglöf), with a random
sample of half of all trees with DBH b30 cm measured and 85% of all
trees with DBH N30 measured. The top of the tree of tall trees (H
N 30 m) was determined from two different view angles.
Fallow fields often have remnants trees as farmers usually leave
some trees standing when clearing vegetation prior to burning. These
trees provide different functions during the cropping phase (e.g.
shade, reducing soil temperatures), resources, (e.g. edible caterpillars,
an important protein source, bark and leaves for medicinal purposes)
or will be used for charcoal later (Okangola Ekeli, 2007). Remnant
trees were defined as those that were not cut down during field prepa-
ration, and that survived until measurement. These can either comprise
trees that originated in old-growth forests, secondary forests or a previ-
ous fallow phase. Two indicators were used to determinewhether trees
were remnants: (1) species identity, as some species are typical old-
growth or old secondary forest species and (2) estimated tree incre-
ment rate, based on actual tree size in combination with fallow age.
The plot owner and the team's botanist identified remnant trees. After-
wards, we performed a quality check to see if some remnant trees were
not identified as such, by evaluating their mean annual increment (cal-
culated using fallow age andDBH). Treeswith a calculated annual incre-
ment of N10 cmyr−1were considered remnants. Treeswith a calculated
annual increment of N4 cm yr−1, which were not pioneer species (de-
fined as all species with WD b 0.4 g cm−3), were also assumed to be
remnant trees, as maximum increment potentials in (disturbed) central
Africanmoist forests range between 0.5 and 3.8 cmyr−1 (Gourlet-fleury
et al., 2011).

2.3. Management and landscape attributes

We gathered information on the management history of all plots by
interviewing the owner using a structured questionnaire. This was used
to determine: (i) the number of previous cultivation cycles (Cycles), (ii)
the current fallow age (Age), (iii) the age of the former fallowwhen cut
before the last cropping phase (Last age), (iv) the intensity of harvesting
of fuel wood (Fuelwood), of construction wood (Construct) (both ordi-
nal variables: none-medium-intense) and the number of trees har-
vested for making charcoal in the current fallow (Charcoal_C).
Additionally we asked howmany big trees the farmer left standing dur-
ing last field preparation (Trees). To increase the accuracy of the recall
data, the owner was interviewed at the edge of the plot. Responses
were cross-checked by asking questions from different angles and
sometimes by involving a family member. In the villages, fallows are
grouped in a traditional classification system based upon the number
of previous cultivation cycles, with four distinct classes. From 4 cycles
onwards, they have the same name. In our analyses, the number of pre-
vious cultivation cycles was set to 4 for all plots that had undergone 4 or
more cultivation cycles, as we had a limited number of plots having un-
dergone 4 cycles. We refer to these as four+ fallow fields. For first cycle
fallowfields (first fallow after slashing old-growth forest), age of the last
fallow was arbitrarily set to 30 years. The share of old-growth forest in
the surrounding area (“surrounding forest cover” hereafter) was deter-
mined in a GIS analysis by drawing a 500 m radius buffer around the
center of each plot, using an existing land cover map (FACET product
(OSFAC, 2010), methodology described in Potapov et al., 2012).

2.4. Quantification of vegetation quality and quantity

We calculated community functional properties based on traits of
species that contributed for at least 80% of the cumulative basal area
in at least in one plot (Pakeman and Quested, 2007). This resulted in a
list of 98 species, which represented, on average, 93% of the basal area
of the plots.We selected six traits that represent species' resource acqui-
sition strategies (pioneer species vs. shade-tolerant species and acquis-
itive vs. conservative strategies): wood density (g cm−3), max height
(m) and max height growth rate (m yr−1), specific leaf area (SLA, in
m2 kg−1), leaf N content (mg g−1) and mean DBH growth rate
(cm yr−1). Max height was determined as the 95th percentile of mea-
sured tree heights in our database.Max (95th percentile) height growth
rate and mean DBH growth rate were calculated from own
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measurements of height and DBH and plot age, excluding remnant
trees. For the other traits, two databases were used to obtain species
trait values: (1) a database of traits measured in similar land use sys-
tems in the same region (at 10–100 km distance of our sites) (43 spe-
cies, and 52 matching genus) (Kearsley et al., unpublished data;
Kearsley et al., 2017) and (2) the global TRY database (remaining spe-
cies) (Kattge et al., 2011). Because we relied on these databases some
traits that might better reflect critical growth limiting factors as e.g. N:
P ratio (Verbeeck et al., 2014) were not available. The traits were scaled
to the community level by calculating functional identity indices (indi-
cators for the mass ratio hypothesis) and functional diversity indices
(FD, indicators for the niche complementarity hypothesis). Traits were
weighted by species' relative basal area in the plot. Functional identity
was calculated for each of the six traits as the average trait value in
the community (community weighted mean) (Garnier et al., 2004).
Functional diversity consists of multiple dimensions (Mason et al.,
2005; Villéger et al., 2008). Therefore, three functional diversity indices
were calculated. Functional richness is defined as the amount of niche
space filled by species in the community, thus describing trait dissimi-
larity (hereafter FRic). Functional evenness is the evenness of abun-
dance distribution in filled niche space (FEve). Functional dispersion is
the mean distance in niche space of individual species to the centroid
of all species (FDis) (Laliberte and Legendre, 2010). The three FD indices
were calculated using species scores on the first three principal compo-
nents of a standardized principal component analysis (PCA) executed
on the six traits (these axes explained 79% of the variance in the data).
All CWM and FD indices were calculated using the R-package “FD”
(Laliberte et al., 2014).

Both basal area (Vilà et al., 2013) and biomass (Lohbeck et al., 2015)
have been used as indicators for the vegetation quantity hypothesis
(which proposes that biomass growth is mostly influenced by its quan-
tity rather than its quality (functional identity and functional diversity).
Here, we used stem density of woody stems N5 cm diameter at breast
height (DBH) and density of individuals (with at least one woody
stem N5 cm diameter at breast height (DBH) to capture this concept,
as we did not have information on basal area or biomass.

2.5. Soil characteristics

Wemeasured soil carbon and nitrogen content, soil texture and bulk
density. We collected composite soil samples (mixed samples of 10 in-
sertions per plot) at 4 depth intervals (0–5, 5–10, 10–20, 20–40 cm).
Carbon and nitrogen content were determined using a Carlo Erba
1110 Elemental Analyser (Ravindranath and Ostwald, 2008), based on
the Dumas method. The particle size distribution of the air-dried soil
fractions (b2 mm) was measured by the laser diffraction method
using a Beckman Coulter LS 13 320 which measured fractions in 116
channels from 0.04 μm up to 2000 μm. Bulk density was determined
for the center of each of the four depth intervals using the gravimetric
method, i.e. drying 100 cm3 samples at 60 °C until constant weight
has been reached and weighing them on a precision balance.

For further analyses, we did not use the results of the separate depth
intervals but used aweighted average: the separate results of the 4 sam-
ple depths were averaged to one measure by weighting the results of
the different depths according to their volumetric share (e.g. depth
0–5 cm is 12.5% of the 0–40 cm soil).

The variability and correlation between soil characteristics was
assessed with standardized principal component analysis for the plots
used in the path analysis (Section 2.7.2). To improve interpretability,
we used a Varimax rotation, retaining the first two axes, which ex-
plained 78% of the variation in the data (Fig. B.1). The first axis was pos-
itively associated with N and C content and negatively with bulk
density, and is interpreted to represent a soil fertility gradient
(Fig. B.1). It is therefore called soil fertility in the Results and
Discussion sections. The second axis represents a gradient in soil tex-
ture: it is positively relatedwith clay and negativelywith sand (Fig. B.1).
2.6. Estimation of aboveground biomass and biomass productivity

We calculated biomass of woody species and palms. The above-
ground biomass (AGB, in Mg) of each tree was estimated using the
best-fit pan tropical allometric model of Chave et al. (2015), requiring
inputs on (i) wood density (WD), (ii) tree diameter at breast height
(DBH) and (iii) tree height (H).

AGBest ¼ 0:0673 � WD DBH2 H
� �0:976

ð1Þ

Species-specificWD values were obtained from nearby sites if avail-
able (Verbeeck et al., 2014) and from the global wood density database
(Chave et al., 2009; Zanne et al., 2009) for trees identified up to species
or genus level (for which an average of the species of the same genus
was used). For unidentified species and genera for which no WD data
was found in literature, a plot level average was used. Heights were es-
timated from a locally developed H:DBH relationship based on the
height of 1823 individual measured trees in this study (see Appendix
D in SI). The AGB of oil palms (Elaeis guineensis) was calculated based
on measured stem height after Hairiah et al., 2011:

AGBest palm ¼ 0:0976 �Hþ 0:0706 ð2Þ

Biomass productivity, or mean annual biomass increment (ABI,
Mg ha−1 yr−1) of each plot was calculated by dividing its AGB
(Mg ha−1) by the age of its fallow (years). We refined this procedure
by taking into account that at the onset of the fallow biomass could al-
ready be present in remnant trees. Therefore, we distinguished two
types of biomass growth at plot level: (1) the biomass increment in
non-remnant trees; and (2) the biomass increment in remnant trees
at the time of measurement. Annual biomass increment in non-
remnants (ABI_F) was calculated using the biomass in fallow trees
(AGB_F) and the fallow age (yrs).

ABI F ¼ AGB F � yrs−1 Mg ha−1 yr−1
� �

ð3Þ

Annual biomass increment in remnant trees (AGB_R)was calculated
using an estimated biomass increment (AGB_inc) and the fallow age.

ABI R ¼ AGB inc � yrs−1 Mg ha−1 yr−1
� �

ð4Þ

AGB_inc is the biomass increment in remnant trees since the start of
the regeneration phase up to the time of measurement and was calcu-
lated as the difference between the biomass upon measurement
minus the estimated biomass at the start of the fallow phase (AGBi).
AGBi was estimated using Eq. (1), with the initial DBH (Di) calculated
as the measured DBH minus the number of years under fallow multi-
plied by a yearly diameter increment (D_inc) (Eq. (5)); andwith the ini-
tial height (Hi) calculated from Di using the locally developed H:D
relationship.

Di ¼ D � yrs � D inc ð5Þ

There are no growth rates of remnant trees in the Congo basin avail-
able from the literature. For the D_incwe therefore used the average di-
ameter increment for emergent and canopy trees from a natural forest
stand in Cameroon (Worbes et al., 2003) (0.47 cmyrs−1). In the remain-
der of the text, ABI refers to the sum of ABI_F and ABI_R.

Delcamp et al. (2008) found that growth of forest trees increases
when the level of light increases due to logging. Here, we also expect
the remnant trees to be stressed due to the burn and an abrupt change
in themicroclimate.We thus performed a sensitivity analysis on the ABI
model and the outcomes of the piecewise structural equation model
(Section 2.7.2) to the used diameter increment by increasing
(representing more light availability and faster growth) and decreasing
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(representing stress from the burn and from disturbing the forest mi-
croclimate) D_inc with 50% in the remnant biomass increment calcula-
tion. The ABI component models and the structural equation model
results were found to be robust and were hardly affected by varying
the used diameter increment rates in remnant trees (Table A.2). This
is probably due to the rather limited presence and importance of rem-
nants in many of the plots (present in 33% of the plots, 12% of biomass
on average across all plots, although in 8 out of 58 plots, remnants com-
prised N50% of the biomass) and due to the comparably high diameter
increment rates in the young pioneers vs. remnant trees (using the
methods described above the share of total biomass growth having oc-
curred in remnant trees was 2.7%, with a max of 22%).

2.7. Statistical analyses

2.7.1. Variation in aboveground biomass in fallow fields
The effects of fallow age, management history, soil and landscape

and their interactions on aboveground biomass in fallow fields of differ-
ing age (3–27 years, n = 96) was assessed using an information-
theoretic approach (Burnham and Anderson, 2002). A limited set of re-
gressionmodelswas constructed to test themajor hypotheses of drivers
of total aboveground biomass (Table A.3). The fallow age, the number of
previous cycles, the share of biomass in remnant trees, soil sand fraction
and surrounding forest cover were used as fixed factors in the AGB
model. A similar approachwas followed to build amodel predicting bio-
mass in remnant trees, using fallow age, the number of previous cycles,
the number of spared trees and number of trees harvested for making
charcoal as fixed factors. The models presented in the results were se-
lected based on relative support for the potential models, which was
expressed in AICcweights (Table A.4) (Burnham and Anderson, 2002).
AICc adjusts AIC for small sample size. The models were linear mixed
models, with villages (sites) as random effects. Models andmodel com-
parison were executed in R v.3.1.3 using packages nlme and
AICcmodavg.

2.7.2. Confirmatory path analysis of fallow biomass productivity
We used confirmatory path analysis to examine how management

history and landscape configuration could explain annual biomass pro-
ductivity (both in remnant and non-remnant trees) through mediation
of vegetation (weed invasion, functional diversity, functional identity
and vegetation quantity) and soil characteristics.

To control for the effect of fallow age on biomass productivity and
vegetation composition (through succession) we used a subset of 58
plots of more evenly-aged fallow fields with ages ranging from 5 to
10 years. This allowed us to attribute detected differences to manage-
ment and plot properties.

Confirmatory path analysis is a formof structural equationmodeling
(SEM), which is an analysis to test support for an a priori defined net-
work of causal relationships (Grace et al., 2010). The technique is
based on piecewise fitting of component models (Lefcheck, 2015;
Shipley, 2009). Piecewise SEMdiffers from traditional SEMas individual
models (the different paths in the SEM or path model) can incorporate
random structures and non-normal distributions by usingmixed effects
models. A subset of 58 plots aged 5 to 10 years was used to exclude as
much as possible the effect of time on biomass regrowth rates and on
vegetation succession.

Following the recommendations of Grace et al. (2012), we first con-
ceived a meta-model of the system based upon knowledge of both sys-
tem agro-ecology and biodiversity-ecosystem functioning (Fig. 1). This
model represents how biomass productivity is linked to management
history, landscape configuration and soil, either directly or indirectly
through changes in weed invasion, vegetation properties and soil fertil-
ity. We expected that the vegetation properties were affected by man-
agement history and landscape configuration, and soil characteristics
affected by management history. The changes in vegetation properties
represent the mechanistic pathways that could explain differences in
ABI, which are based on the four previously introduced hypotheses
(Fig. 1): (1) niche complementarity effect; (2)mass ratio effect; (3) veg-
etation quantity effect; and (4) weed invasion.

Next, we constructed a path model by choosing indicator variables
for the theoretical model entities (Fig. 3A, full justification for the in-
cluded paths given in Appendix C in SI). As multiple indicator variables
were available for the vegetation properties, and to avoid
multicollinearity (Fig. B.2), we selected one indicator for each of the
four vegetation properties. Therefore, for each of the properties, we
ran alternative mixed-effects models of ABI (village as random effect),
and retained the indicator that best predicted ABI (lowest AICc)
(Table A.5, Fig. B.3). For the vegetation quantity effect, we compared
stem density of woody stems N5 cm diameter at breast height (DBH)
and density of individuals (with at least one woody stem N5 cm diame-
ter at breast height (DBH)). As the two soil variables (PC-1 soil fertility
and PC-2 soil texture) were not correlated, both were included in the
path model. As we expected the management history variables to be
correlated, we performed a multiple correspondence analysis (MCA)
to visualize themain dimensions inmanagement (Fig. B.4).We retained
the number of previous cycles, the last fallow age and remnant tree bio-
mass as predictors because we had clear hypotheses on their effect on
the vegetation properties and were not strongly correlated. Harvesting
intensity of construction and fuel wood were not retained because of
correlations with the number of cycles. For landscape configuration,
we used the area of old-growth forest cover in the surroundings as indi-
cator. In the path model, the paths between the four vegetation proper-
ties and soil fertility were modeled as correlated errors, as we could not
evaluate the causality of a relationship between these. We tested for
multicollinearity in all of the regression models, and did not detect var-
iance inflation factor (VIF) values higher than 2.5, indicating that collin-
earity had a limited effect on the model results (Zuur et al., 2010). The
goodness-of-fit of the path model was evaluated using Shipley's test of
directed separation (Shipley, 2009), which gives a Fisher's C statistic
that can be comparedwith a χ2-distribution, and AICc, whichwas calcu-
lated using Shipley's (Shipley, 2013) approach to computing AIC in path
analyses. A significant χ2 statistic indicates that the pathmodel does not
fit the datawell and that paths aremissing. A first evaluation of the path
model indicated that there was amissing path between soil texture and
surrounding forest cover. As we lacked an explanation for this, we rep-
resented this path as a correlated error. Next, we calculated standard-
ized effect sizes, and marginal and conditional R2 for each component
model of the path model. Marginal and conditional R2 correspond to
the variance explained by the fixed effect and the combined fixed and
random effects, respectively (Nakagawa and Schielzeth, 2013). The
goodness-of-fit tests, the AICc scores, and standardized effect sizes
were calculated using the piecewiseSEM package (Lefcheck, 2015) in
R version 3.1.3.

3. Results

3.1. Drivers of fallow biomass

Fallow fields had, on average, 58.4 ± 46.2 Mg ha−1 aboveground
biomass (AGB) (Table A.1). AGB generally increased with fallow age,
but varied considerably between cycles (Fig. 2). The best AGBmodel in-
cluded the number of previous cultivation cycles, age, share of remnant
trees, sand, and an age: remnant share interaction as predictors
(Table 2, Table A.3). Compared to first cycle fallow fields, AGB was sig-
nificantly different in second cycle fallow fields (higher) and fallow
fields having experienced four or more cycles (lower). Each additional
year added 2.8 Mg of biomass (on average over cycles, and assuming a
zero share of remnants).We found a significant, positive interaction be-
tween age and remnant share, meaning that the effect of age on AGB in-
creased in plots with higher remnant shares (crossover effect). We did
not find a significant effect of sand content nor surrounding forest
cover on AGB.



Fig. 2. a) Aboveground biomass (AGB) and b) mean annual biomass increment (ABI) in function of fallow age at measurement. Different colors represent the number of previous
cultivation cycles. Size of the dots according to share of remnant trees in plot biomass. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

107P.C.J. Moonen et al. / Science of the Total Environment 659 (2019) 101–114
The biomass of remnant trees and its share in total plot biomass de-
creasedwith each cycle (Fig. B.5), andwas determined by thenumber of
trees the farmer decided not to cut down during field preparation
(Table A.6). The share of biomass in remnant trees decreased with
plot age, indicating that, in general, total biomass productivity in non-
remnant trees was higher than in remnant trees (Table A.6).

3.2. Drivers of biomass productivity

Annual biomass increment (ABI) declined with plot age and varied
substantially between cycles (Fig. 2).

We studied direct and indirect drivers of ABI using a subset of 58
plots aged 5 to 10 years (Table 3). The path model adequately
reproduced the hypothesized causal network of effects of management
history on ABI through changes in vegetation properties, weed invasion
and soil (Fisher's C p-value=0.35, Table 4). Themodel explained 77%of
the variation in ABI (Fig. 3, Table 4).

Management history strongly affected the functional identity and
structure of the vegetation, either directly or indirectly through
C. odorata invasion. Repeated slash and burn cycles led to a shift in spe-
cies' relative dominance and growth share, with a notable decline in the
dominance ofMusanga cecropioides R. Br. (Moraceae) (umbrella tree or
“parasolier”) and Macaranga species from the third cycle onwards
(Table A.8, Fig. B.6). In later cycles, the plant community had lower com-
munity weighted mean of max height growth rate (representation of
trees able to gain height quickly, hereafter CWM max height growth),
lower CWM mean DBH growth and lower max height, and higher
CWM WD (Fig. 4c, Fig. B.7). The negative effect of the number of
Table 2
Final mixed linear regression model of aboveground biomass in fallows (age b 28 yrs) in
the three study sites.

Aboveground biomass

Estimate Std. error t p value Sign. level

(Intercept) 38.20 43.84 0.87 0.3861
CyclesC2 20.84 10.05 2.07 0.0412 *
CyclesC3 −11.79 10.40 −1.13 0.2601
CyclesC4 −23.01 9.97 −2.31 0.0235 *
Age 2.83 0.69 4.09 0.0001 ***
RemShare −12.73 26.66 −0.48 0.6341
Sand −0.16 0.49 −0.32 0.7522
Age:RemShare 15.87 4.15 3.83 0.0002 ***

Age: current age of fallow. Remshare: share of biomass in remnant trees. Cycle2–4: vari-
able representing the number of previous slash and burn cycles. Sand: sand fraction. Sig-
nificance levels: *** p b 0.001, ** p b 0.01, * p b 0.05.
previous cycles on CWM max height growth rate was both direct (β
= −0.47, p b 0.001) and indirectly through an increase in C. odorata
cover (β = −0.24, p = 0.05) (Figs. 3, 4c). CWM max height growth
rate was also directly negatively affected by the biomass of remnant
trees (β=−0.38, p= 0.002) (Figs. 3, 4d). Stem density was negatively
affected by the number of previous cycles, both directly (β = −0.33, p
= 0.017, Fig. 3), and indirectly through an increase in C. odorata cover
(β = −0.38, p = 0.001, Fig. 3). While stem density was similar in first
and second cycle fallow fields, it decreased significantly in third and
evenmore in four+ cycle fallowfields (Fig. 4e).We observed significant
differences in stem densities among villages which were not explained
by the fixed effects (marginal R2 of 0.26 versus conditional R2 of 0.40):
the random intercept of Bawi (−257) was significantly lower than
those of Yambela (164) and Yaoseko (93). Diameter class distributions
were similar between cycles, although decreases in stem density were
most pronounced for smaller stemswithDBH b 15 cm(Fig. B.8). Soil fer-
tility (soil PC-1) was negatively affected by the number of previous cy-
cles (β = −0.30, p = 0.063). Models of the influence of management
history variables on individual soil properties indicated that the N-
and C-contents significantly (p b 0.05) declined with increasing num-
bers of previous cycles, and that sand and N-content were lower in
plots with longer previous fallow duration (p b 0. 1) (Table A.10). Sur-
rounding forest cover and the age at which the preceding fallow was
cut did not affect vegetation properties. Functional richness was posi-
tively affected by the biomass of remnant trees (β = 0.24, p = 0.049).
The previous number of slash and burn cycles itself was positively re-
lated to the intensity of fuel wood and construction wood harvesting,
and negatively related to the number of large trees spared when slash-
ing the preceding vegetation (Fig. B.4).

ABI was positively related to CWM max height growth rate (stan-
dardized β = 0.52, p b 0.001) and stem density (β = 0.28, p =
0.014). Also the biomass of remnant trees (0.23, p= 0.010) and soil fer-
tility (PC-1) (β = 0.23, p = 0.006) were significant predictors of ABI
(Fig. 3, Table A.7). ABI was not significantly related to either functional
diversity or soil texture (PC-2) (Fig. 3, Table A.7).

The strongest pathway in the path model connecting management
to productivity was a negative effect of the number of previous slash
and burn cycles on ABI through a reduction in the CWM max height
growth rate, while the second strongest pathway was through a reduc-
tion in stem density (Fig. 3).

There were significantly correlated error terms in the path model
(Table A.7): between soil fertility and CWM max height growth rate (β
= 0.26), soil fertility and C. odorata cover (β =0.27); soil fertility and
stem density (β = 0.33); stem density and CWM max height growth
rate (β= 0.33), and stem density and functional richness (β= 0.24).



Table 3
Characteristics of the fallows (5–10 years, N= 58) used in the structural equationmodel, grouped per number of previous cultivation cycles. Significant differences: results of parametric
(Anova) and non-parametric (Kruskal-Wallis) tests.

# cycles 1 cycle 2 cycles 3 cycles 4+ cycles

n = 5 n = 16 n = 17 n = 20 Sign. Diff

Mean sd Mean sd Mean sd Mean sd F p

General
Age (years) 6 1 6.4 1.6 6.6 1.6 7.1 1.8 0.89 0.451
ABI (Mg ha−1 yr−1) 8.4a,b 2.5 9.5a 4 5.1b,c 3.5 3.7c 2.6 10.19 b0.001

Structure
AGB (Mg ha−1) 80.6a,b 67.1 83.4a 36.8 46.9b,c 45 27.8c 22.6 7.14 b0.001
AGB Remnant (Mg ha−1) 34.8a 56.5 23.1a,b 30.5 13.1a,b 24.3 2.6b 6.3 2.97 0.040
BA (m2) 14.5a,b 7.5 16.7a 6.7 9.5b,c 6.3 6.4c 4.3 9.99 b0.001
Stems (N5 cm) (ha−1) 1106a,b 368 1031a 288 770a,b,c 283 519c 317 10.49 b0.001
Individuals (N5 cm) (ha−1) 957a 419 763a,b 263 562b 247 338c 196 12.77 b0.001
Multist. ind. (N5 cm) (ha−1) 92 48 160 82 110 72 91 85 2.52 0.067
Share multist. (%) 9 21 19 27
Tree height (m) 13.2ab 2.7 13.2a 2.3 11ab 3.6 10.4b 2.9 3.31 0.027
WDw (g cm−3) 0.52 0.04 0.53 0.04 0.55 0.04 0.55 0.05 1.20 0.306
DBH (cm) 4.4 2.6 4.4 2.6 4.4 2.6 4.4 2.6 2.09 0.113

Diversity
Species richness 15.2a 4 14.5ab 3.4 14.6ab 4.3 11.3b 4 3.23 0.029
Functional richness 6.2 2.2 6.6 2.2 6.8 2.6 4.9 1.9 2.64 0.059

AGB: aboveground biomass; ABI: Mean annual biomass increment (both in remnant and non-remnant trees); Multist. ind.: Multi-stemmed individuals; Share multist.: share of multi-
stemmed individuals of total individuals; WDw: basal area weighted mean wood density; DBH: mean diameter at breast height. Tree height: basal area weighted mean height. Group
means not sharing a common letter differ significantly according to Tukey honestly significant difference tests.
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4. Discussion

AGB in fallow fields and secondary forests in the Congo Basin in-
creased with age of the fallow but varied considerably with manage-
ment history, with significantly less biomass in fallow fields having
undergone four or more cycles. Next, we found that the dominant
way in which management history affects biomass productivity in
young fallow fields is through the effect of the number of previous
slash-and burn cycles on the functional identity and the quantity of
the fallow vegetation.

4.1. Effect of management history on functional identity in young fallows

Management history strongly affected the functional identity of the
fallow vegetation (Fig. 3). Our results demonstrate that repeated slash
and burn cycles led to a more conservative plant community, with
lower CWM max height growth rates, mean DBH growth and max
height and higher CWMWD (Fig. 4, Fig. B.7). Here, we discuss a number
of causal pathways through which the number of previous slash and
burn cycles and remnant tree biomass could have caused the shift to a
more conservative plant community. Previous management intensity
has been observed to affect strongly the species composition and struc-
ture of secondary forests in slash and burn systems, by filtering out
seed-dependent species and favoring strong sprouters and species
that can cope with low nutrient availability (Jakovac et al., 2016,
2015), eventually leading to herbaceous fallows and eventually grass-
land if burning continues (Styger et al., 2007). In general, the abundance
of certain species in young fallows is determined by their capacity to
Table 4
Model evaluation of path model and ABI component model.

Path model evaluation ABI component model
evaluation

Fisher C Fisher C p value K AICc K AICc R2m R2c

6.4 0.38 61 −952.171 11 281.7 0.77 0.77

Fisher C p-value is the null probability of comparing Fisher's C statistic used for the d-sep
test to a χ2 distributionwith 2 k degrees of freedom, K is the number of parameters needed
to fit the model, AICc is Akaike's information criterion for small sample sizes. R2m: mar-
ginal R2 (fixed effects only) and R2c: conditional R2 (fixed + random effects).
establish through seed and/or resprouting activity and their consequent
growth, under the prevailing conditions of soil, water and microclimate
and direct management interventions such as fire and weeding
(Arroyo-Rodriguez et al., 2017; Jakovac et al., 2016). The number of pre-
vious cycles most strongly affected CWM max height growth rate
(Fig. 3). This can be explained by a reduced presence of fast growing pi-
oneers such asM. cecropioides andMacaranga sp., the former accounting
for much of the biomass regrowth in the first two cycles (resp. 39 and
51%, Fig. B.6). These species typically establish from seed (de Rouw,
1993), which is abundantly present in the soil seed bank of mature for-
ests and old fallows (de Foresta and Schwartz, 1991; Douh et al., 2018).
This suggests that their decline is due to a disappearance from the soil
seed bank with repeated burning, cutting and weeding. Elsewhere in
slash and burn systems species composition was affected by differences
in tolerance to disturbance (Jakovac et al., 2016) and by the severity of
the burn (temperature and duration) (de Foresta and Schwartz, 1991).

In our study, CWM max height growth rate was further negatively
affected by the biomass of remnants and C. odorata cover (Fig. 3), indi-
cating that shade conditions negatively affected seed germination and
seedling establishment of pioneer species. In Cameroon, the early suc-
cession gap speciesM. cecropioideswasmore abundant away from rem-
nant crowns, despite higher seed rain under remnant trees (Carrière
et al., 2002a), suggesting that sufficient exposure to sunlight is needed
for the germination of its seed. Alternatively, increased C. odorata
cover may also result from a lesser presence of rapid growing pioneer
species, as this herb degenerates in older fallows where trees provide
shade (de Rouw, 1991a, 1991b).

Elsewhere, soil quality is another important determinant of species
composition in fallows, favoring species that can copewith low nutrient
availability (Jakovac et al., 2016). The significantly correlated error term
between soil fertility and CWMmax height growth rate (Table A.5) sug-
gests that also in our study system reduced soil fertility could have been
a cause of the observed change in functional identity. We could not de-
termine causality, as changes in litter quality and quantity due to lower
biomass growth of pioneers could also have affected soil fertility.

Surrounding forest cover did not affect the functional identity of the
fallow fields (Fig. 3). Even in minimally disturbed landscapes with
ample old growth forest, proximity to old growth forest has been ob-
served to affect plant species richness and diversity (Jakovac et al.,
2015; Klanderud et al., 2009; Norgrove and Beck, 2016; Robiglio and



Fig. 3. Path analysis of drivers of annual biomass increment in 5 to 10 years old fallows. (A) Schematic representation of entities and pathways included in themodel. Black (full lines) and
red (dashed lines) paths represent hypothesized positive and negative influences. (B) Resulting pathmodel. Path thickness is proportional to the standardized effect size, reported next to
the arrows. Paths which were non-significant, and variables which did not significantly contribute in explaining ABI, are represented in grey. Significantly correlated errors (Stem
density~FRic, β = 0.25; Stem density~CWM max height growth, β = 0.33; Stem density~Soil fertility, β = 0.33, Soil fertility~CWM max height growth, β = 0.26; Soil
fertility~C. odorata cover, β = 0.28) not shown for simplicity. Reported R2 values are conditional R2 (including random village effect). Effects of current fallow age was only significant
on C. odorata cover and are not shown for simplicity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Sinclair, 2011), although in other studies, the effect has not been signif-
icant (for example, Kupfer et al., 2004). Given that deforestation follows
a radiating pattern from the village, surrounding forest cover was corre-
lated to the number of slash-and-burn cycles (Spearman's r =−0.54, p
b 0.001), which was a much better predictor of functional identity.
However, we did not detect any effect as the role of landscape composi-
tion in overcoming seed-dispersal limitation is most obvious at later
stages of succession.

4.2. Effect of management history on stem density

Management history also affected the fallow vegetation structure
(Fig. 3). We observed important decreases in stem density after three
and four slash and burn events (Fig. 4) and with increasing C. odorata
cover (Fig. 3, Table A.7). Lower stem densities can result from
(i) reduced regeneration chances from seed, (ii) reduced regeneration
chances from resprouting, (iii) increased mortality of seedlings or
shoots after establishment in the cropping phase or (iv) increasing in-
tensity of harvesting of fuel and construction wood (Fig. B.4) as third
and fourth cycle fallow fields are generally located closer to the village.
Here, we observed both a reduction in seedlings and a reduction in
resprouting ability (Fig. B.9), in line with observations in Ivory Coast
(de Rouw, 1993). The main decline in stem density in the third and
fourth cycle fallow fields was due to a decrease in individuals, but also
the number of multi-stemmed individuals and shoots decreased from
the second fallow onwards (Fig. B.9). As a result, in the fourth cycle al-
most half of the stems were resprouters, but in contrast to findings by
Jakovac et al. (2015), total stem density declined with an increasing
number of cycles. Although some of the individual stems might also
be single-stemmed resprouts, the main trend is that repeated burning
and weeding resulted in a strong decline in number of seedlings (see
the decline in density of stems with DBH b 10 cm, Fig. B.8). The decline
could be either due to lower germination, higher mortality or through
harvesting (as the number of cycles and wood harvesting were corre-
lated, Fig. B.4). This supports observations in the Amazon of an in-
creased proportion of sprout-dependent regeneration and a decreased
seed-dependent regeneration due to (i) repeated burning and weeding
(Jakovac et al., 2015), leading to depletion of the soil seed bank (de
Rouw, 1993; Lawrence et al., 2005; J.M. Tucker et al., 1998) and (ii)
weeding of weak-rooted seedlings (as opposed to better established
sprout roots). Additionally, the strong effect of C. odorata cover on
stem density suggests that germination and/or survival of pioneer spe-
cies were severely compromised. Establishment of pioneers has been
found to suffer from the invasion of fast-spreading weeds such as
C. odorata in other shifting cultivation systems (de Foresta and
Schwartz, 1991; Ngobo et al., 2004; Styger et al., 2007), either through
their out-shading capacity (te Beest et al., 2014) or allelopathic effects.
The lower stem density in Bawi was partially explained by higher
C. odorata cover, and could further be explained by more intense fuel
and construction wood harvesting in the fallows, shorter (historic) av-
erage fallow durations, or less seed dispersion by animals because of
higher hunting and trapping pressure. Remnant biomass did not affect
stem density (Fig. 3), potentially because we did not distinguish be-
tween the effect of remnants on late-successional species and pioneer
species, whose establishment is expected to be affected differently
(Carrière et al., 2002b). Further unexplained variation in stem density
might be due to the severity of the burn (de Rouw, 1993; Norgrove
and Hauser, 2015).

4.3. Effects of vegetation properties on biomass productivity

Our results indicate that in early successional stages, the abundant
presence of individuals that can capture the abundantly available re-
sources (e.g. light) and use them for rapid growth is the main driver
of biomass productivity. The six tested CWM trait values were all signif-
icant predictors of ABI in bivariate analyses, but only CWMmax height
growth and CWM mean DBH growth explained more than a third of
the variance and were found plausible based on ΔAICc (Table A.5).
Community-weighted mean of specific leaf area has been found to pos-
itively affect biomass productivity in fallows (Ali et al., 2017; Lohbeck
et al., 2015) and forests (Finegan et al., 2015) in the humid tropics, sug-
gesting a positive effect of domination of species that effectively capture
light and resources. While we find a positive relation between ABI and
the CWM of leaf traits associated with acquisitive strategies (leaf N
and SLA) (Table 4), only SLAwas a significant predictor of ABI when ac-
counting for stem density (results not shown). Economic traits that lead
to greater light harvesting (SLA) and great photosynthetic potential
(N) generally lead to greater C uptake (Reich, 2014), but given that



Fig. 4.Mean annual biomass increment (ABI) in 5 to 10 years old fallows (N= 58) in function of CWMmax height growth (panel A) and stem density (B). CWMmax height growth in
function of thenumber of previous slash andburn cycles (C) and the biomass of remnant trees (D). Stemdensity (withDBH N5 cm) in function of thenumber of cycles (E) andChromolaena
odorata cover (F). Colors correspond to the number of cycles (1 cycle: blue; 2:green; 3:orange; 4+: red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

110 P.C.J. Moonen et al. / Science of the Total Environment 659 (2019) 101–114
they are often correlated with lowerWD relationswith biomass are not
consistently found. However, the significant effects of the CWM of DBH
growth and height growth rates (and negative relation with wood den-
sity) clearly suggests that the dominance of rapid growth species is an
important driver of ABI in these fallow fields, thus giving support to
the mass ratio hypothesis.

The second strongest effect of the vegetation properties on ABI was
the stem density of stems with DBH N5 cm (Fig. 3), meaning that ABI
also varied with the number of seedlings and resprouts. Density of
trees with DBH N10 cm was also found to be an important driver of
ABI in fallows following different numbers of prior cultivation cycles
(Lawrence, 2005). Other studies found lower ABI or basal area associ-
ated with higher stem densities (Jakovac et al., 2015; Williamson
et al., 2014) due to a shift to sprout-dependent regeneration mecha-
nisms resulting in many small stems, but these studies included stems
up to or below 1 cm in diameter. As the resultant rather than the initial
stem density was used in our models, the causality of the relation be-
tween stem density and biomass productivity could be questioned.
Both the recruitment of new stems and stem mortality during the suc-
cession from field abandonment to the moment of field measurement
could have altered the stem density with time. However, in line with a
chronosequence study in secondary forests in the Amazon
(Williamson et al., 2014), no clear evolution in stem density was ob-
served (Fig. B.10), indicating that for the given age class (5–10 years)
the measured stem density is a good indication of initial stem density.
We did not find support for an effect of functional diversity, as the effect
of functional richness on ABI was small and non-significant (Table A.7,
Fig. 3). This is probably because stands dominated by a fast-growing
species aremore productive thanmore diverse communities comprised
of both fast growing pioneers and other, less productive species. In con-
trast, positive diversity–Δbiomass correlations were found in early suc-
cessional forests (Lasky et al., 2014), but these stands were N10 years
old.

Although in our study functional identity was most important, the
dominant effects of functional identity and of vegetation quantity on
biomass productivity and the lesser effect of functional diversity are in
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line with findings of a study in tropical wet forest in Mexico (Lohbeck
et al., 2015). However, as the time-scale of our study and the definition
of vegetation quantity differed from Lohbeck, more studies are needed
to compare the relative importance of vegetation properties on biomass
growth in fallows.
4.4. Main pathways linking management history to biomass productivity

Biomass productivity in fallows has been found to be driven byman-
agement history, by changes in soil (Delang and Li, 2013) and vegeta-
tion properties (Ali et al., 2017; Finegan et al., 2015; Lohbeck et al.,
2015), and by landscape configuration. Here, we compared the relative
importance of these drivers.We found thatmanagement historymainly
affected biomass productivity through a change in functional identity
and structure of the vegetation. In line with our hypothesis, the stron-
gest pathway in the path model was a negative effect of the number
of previous slash and burn cycles on ABI through a reduction in the
CWM max height growth rate (Fig. 3). The second strongest effect of
management on ABI was through a reduction in stem density of stems
with DBH N5 cm (Fig. 3). We thus demonstrate, for the first time, that
fallow biomass decline in successive slash and burn cycles is due to
changes in fallow functional identity. This can explain unexplained var-
iance in similar studies (Lawrence et al., 2010; Wood et al., 2017).

The effect of remnant biomass on ABI was balanced out: while we
found a directly positive effect, we found an indirect negative effect
through a reduction in the CWM max height growth rate (Fig. 3). Sur-
rounding forest cover did not significantly affect biomass productivity,
as it did not affect any of its direct predictors (Fig. 3, Sections 4.2 and
4.3). This is in line with recent observations in secondary forests in the
neo-tropics (Poorter et al., 2016) and findings that management was
more important than landscape configuration to explain biomass
growth in young fallows (Jakovac et al., 2016).

Biomass regeneration was positively correlated to soil fertility, but
the mediating effect of soil fertility on ABI was smaller than that of
stem density and functional identity (Fig. 3). The number of cycles
was the most important predictor of soil fertility, related to decline in
soil N- and C-contents (Table A.10), but the effect was only marginally
significant (Table A.7). Soil fertility declines are linked to nutrient losses
from the system due to volatilization and leaching during and after
burning (Hughes et al., 2000; Palm et al., 1996; Ribeiro Filho et al.,
2015;Wood et al., 2017). Themediating effect of a decline in soil fertility
in linking repeated slash and burn cycles with reductions in biomass re-
covery is often reported (Lawrence et al., 2007; Moran et al., 2000).
However, neither the effect ofmanagement history on declining soil fer-
tility, nor the effect of soil fertility on declining biomass recovery are
consistently found (Delang and Li, 2013; Jakovac et al., 2015).

While we did find evidence for a pathway from repeated cultivation
to decreased soil fertility to decreased ABI, more data on soil fertility at
the start of the fallow would be needed to assess the causal importance
of this pathway. Indeed, the observed soil nutrients could also have
been affected by variation in litter fall due to differences in ABI and
changes in the functional composition of the vegetation (Bauters et al.,
2017). Sufficiently long fallow periods are thought to compensate for
soil nutrient losses through aboveground (litter fall) and belowground
(biomass decomposition) inputs (Palm et al., 1996). Therefore, and be-
cause of its effect on potential yield-limiting factors such as weeds and
pests, fallow age is an important indicator for plot selection in West
and Central Africa (Norgrove and Hauser, 2016). Here, the relation be-
tween fallow duration in the previous cycle and soil fertility was nega-
tive but not significant. Our findings need not contradict the concept
that soil improves with fallow duration. However, our age range was
limited, and we did not do repeated sampling. As farmers may choose
to increase fallow duration on poorer soils (Junqueira et al., 2016), lon-
ger previous fallow ages in this case could be correlated to less favorable
soil conditions and plant growth. In general, the ratio of total cropping
duration over total fallow duration is probably a better indicator
which could further help explain residual variance in the path model.

4.5. Implications for ecosystem services in shifting cultivation landscapes

The value of secondary forests for climate change mitigation has re-
cently been highlighted (Houghton et al., 2015; Poorter et al., 2016).
However, some studies assessing carbon emissions from tropical defor-
estation (e.g. Zarin et al., 2016) incorrectly assume a stable shifting cul-
tivation system with full biomass recovery up to the level of the
previous cycle. While the carbon sequestration rates in fallow fields in
our study area are similar to averages reported from the Neotropics
and thus corroborate their (limited) potential for climate change miti-
gation, our results are also in line with observations of Akkermans
et al. (2013) noting that the carbon reservoir within the shifting cultiva-
tion system in our study region is decreasing in size. While long-term
negative carbon outcome of swiddens have been reported frequently
(review by Lawrence et al., 2010, but exceptions exist, see Wood et al.,
2017), declines observed in this study were at the higher end of the re-
ported spectrum. Recovery rateswere low from the third cycle onwards
(Table 3, Fig. 4), with ABI in the four+ cycle fallow fields being on aver-
age only 42% of ABI of the first and second cycle. For a given age (be-
tween 5 and 10 years), four+ cycle fallow fields store only about one-
third of the carbon of first cycle fallow fields. Thismeans that, given cur-
rent fallow lengths, carbon stocks within the shifting cultivation land-
scape will continue to decline, unless measures are taken to increase
biomass regeneration. These values can also inform us on the carbon
outcomes of intended agricultural sedentarization and intensification
in the DRC (RD Congo, 2015) and of shifts to perennial crops. We
found that the share of biomass in remnant trees also has a significant
effect on biomass stocks in fallows, especially in first and second cycles.
Preserving certain trees in fields is an ancient and common practice in
Central andWest Africa, which is done for deliberate purposes, is cultur-
ally determined, and is subject to change depending on factors such as
market forces, population growth and social change (see Carrière,
2002 for an overview). In our study area, some trees are deliberately
spared to perform different functions during the cropping phase, the
provision of non-timber-forest products being the most important
(Okangola Ekeli, 2007). Time-averaged carbon stocks (averaged over
the growing period, e.g. Palm et al., 1999) in first and second cycle fal-
low fields (50 Mg ha−1 obtained by a calculation assuming a linear bio-
mass growth) are slightly higher than time-averaged stocks in oil palm
plantations (around 40Mg ha−1 after 25 years (Khasanah et al., 2015)),
lower than cacao agroforests (100 Mg ha−1, (Kotto-same et al., 1997))
and higher than in permanent cropping systems (Kotto-same et al.,
1997). From the third and fourth generation onwards carbon benefits
of a shift to more permanent cropping systems become more frequent.
The increased abundance of oil palms in the four+ cycle fallow fields al-
ready partiallymakes up for the loss of regeneration in other species but
could be further stimulated. In addition, given that changes in stemden-
sity and in the functional identity of the vegetation were found to ex-
plain reduced biomass regeneration, it is worthwhile to further
investigate how stem density, especially of fast growing species, can
be maintained or improved to maintain ecosystem functioning and as-
sociated ecosystem services.

While carbon sequestration is linearly related to biomass recovery,
soil fertility restoration is more complex as it depends on the functional
identity of the vegetation community (Bauters et al., 2017), varies with
fallow age (Bartholomew et al., 1953) and is nutrient specific. In any
case, the very low soil C and N contents we find, suggest that most of
the nutrients for crop growth must come from the biomass, whose re-
generation is slowing down from the third cycle onwards. For short fal-
lows, grass fallows were observed to have faster nutrient uptake rates
than forest fallows (Bartholomewet al., 1953). A similar process is likely
playing a role with C. odorata, which is known by farmers in the study
area (personal communication) and elsewhere in West and Central
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Africa as an indicator of soil fertility (Norgrove and Hauser, 2016). Thus,
while C. odorata hampers forest succession, in situations with short fal-
low cycles its overall role might be beneficial in terms of nutrient resto-
ration (Koné et al., 2012), prevention of leaching and soil compaction
and in terms of labor efficiency (de Rouw, 1991a, 1991b; Hauser and
Mekoa, 2009; Norgrove et al., 2000).

Farmers deliberatelymanage fields to allow biomass regeneration to
suppress understory weeds and restore soil fertility by limiting the cul-
tivating period and not removing all root stumps. Given the increasing
scarcity of land, fallow duration is now shorter than the traditionally
preferred duration. However, rapid regeneration of fallow biomass is
only one of the farmers' management objectives, and these objectives
differ depending on plot history. In each of the communities, a fallow ty-
pology existswhich is predominantly determined by the number of pre-
vious cultivation cycles. These types differ in labor investment (for
slashing undergrowth, clearing trees andweeding), environmental con-
ditions (soil fertility, light, humidity) and thus crop choice and yields.
Thus, rather than aiming to maintain high biomass recovery, interven-
tions (e.g. introduction of trees or herbaceous legumes) could be chosen
in line with the functions that the different fallow types serve in
farmers' food and revenue generation (Hauser et al., 2006).

5. Conclusions

This study demonstrated how management legacies affect biomass
accumulation in fallows through changes in vegetation properties, in-
cluding composition and structure, and soil. While aboveground bio-
mass generally increased with fallow age, considerable variation was
found in succession dynamics. Biomass accumulation rates in fallow
fields aged 5–10 years varied with the number of previous slash-and-
burn cycles, with notable declines in the fourth cycle. Both the domi-
nance of species with rapid growth strategies and the density of
regenerating individuals exertedmost control on aboveground biomass
increment (ABI). The functional identity itself was determined by both
the number of cultivation cycles and biomass of remnant trees, while
stem density was determined by the number of cultivation cycles. The
effect of the number of cultivation cycles was partly through an increase
in C. odorata cover.We recommend that assessments of carbon stocks at
landscape scale in shifting cultivation systems in the humid forest zone
of Central Africa should take heterogeneity in biomass stocks and de-
crease of biomass recovery with increasing slash-and-burn cycles into
account. Our findings suggest that under currentmanagement intensity
the capacity of the shifting cultivation system in providing important
ecosystem functions such as carbon sequestration and soil fertility res-
toration is declining.
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