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a b s t r a c t

The importance of terrestrial ecosystems for carbon sequestration and climate regulation is
acknowledged globally. However, the underlying structural drivers are still not well un-
derstood, particularly across distinct tropical forest ecosystems where trees species have
different growth habits and potential to reach different maximal size. In particular, how
important are different tree size classes in contributing to stand aboveground carbon
(AGC) remains unclear across forest ecosystems. Here, we hypothesized that (i) tree size
classes would contribute differently to stand AGC across forest ecosystems; and (ii) few
species, possibly dominant, would determine most of stand AGC. We tested these hy-
potheses using a 17-ha sampled inventory data from gallery forests, woodlands and sa-
vannahs in the Republic of Benin. We examined (i) how AGC stocks vary among small-
(<20 cm), medium- (20e40 cm) and large-size (>40 cm diameter at breast height - dbh)
trees; (ii) how the large size class and its individual species contribute to AGC; and (iii)
how size class-based taxonomic and structural variables influence AGC?
Stand AGC was 23 ± 5, 30 ± 8 and 42 ± 12 MgC ha�1 in savannah, woodland and gallery
forest, respectively. There were significant main and interaction effects of vegetation types
and size classes. As expected, medium and large-size classes contained more of the AGC,
irrespective of the vegetation type. However, gallery forests had the lowest AGC in the
<20 cm dbh class, but higher values in medium- and large-size classes as compared to
woodlands and savannahs. The top 10 species contributed 82%, 89% and 91% of AGC in
gallery forests, woodlands and savannahs, respectively. In addition, five of the top 10
dominant species were shared by the three vegetation types and alone contributed 70
e76% of AGC. Tree basal area was the most constant structural attribute influencing AGC;
however, its influence shifted with vegetation type and size class, with greater effects of
large-size tree basal area in gallery forests, and of medium trees and small trees’ basal area
in woodlands and savannahs, respectively. The study shows that (i) AGC allocation to size
class varied across vegetation types, and (ii) small and medium trees are also important in
predicting AGC, especially in semi-arid environments dominated by high densities of
small-size trees (e.g. woodlands and savannahs). It also highlights the importance of few
dominant species in contributing a large proportion of AGC stocks. The conservation of
these dominant species is essential to avoid substantial decline of AGC stock.
nsah).
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1. Introduction

Tropical forest ecosystems are habitats for a considerable number of plant and animal species that contribute to ecosystem
functioning and sustainability of livelihoods around the globe. They are source of non-timber forest products (Belcher and
Schreckenberg, 2007; Mensah et al., 2017a; Ticktin, 2004), provide floral resources to wild insect pollinators (Goulson,
1999; Mensah et al., 2017b), facilitate soil formation (Krishna and Mohan, 2017) and regulate local and global climate and
its adverse effects by storing tons of atmospheric carbon (C) in their soil and living biomass (Malhi et al., 2002).

The importance of tropical forests for C sequestration and climate regulation cannot be overemphasized. They play a
substantial role in the global carbon cycle by accounting for 55% of the current C stock of the world’s forests (Pan et al., 2011).
They sequester high quantity of C within the biomass of their living or non-living tree organs such as trunks, branches, leaves
and roots (Malhi et al., 2002). Considering the increasing global CO2 emissions, C storage is perceived as regulatory and vital
function of tropical forest ecosystems for the benefits of humankind. Despite the widely acknowledged importance in
reducing CO2 emissions, there are still significant data gaps and uncertainties in forest C monitoring and accounting (Pan
et al., 2011). This is particularly remarkable for most of West Africa, where C stock potential of many ecosystems has
remained highly understudied, not only preventing their inclusion in global analyses, but also limiting our understanding of
potential drivers of C stocks and dynamics. Whereas existing literature underlines the need for accurate and reliable infor-
mation on biomass C stocks in less studied environment, e.g., West African ecosystems, it is crucial that we also advance our
understanding of drivers controlling vegetation biomass C stocks, particularly across different types of ecosystems, as well as
their implications for implementation of vegetation-based climate mitigation strategies (Goetz et al., 2015).

Previous research studies have largely explored biodiversity aspects (Cavanaugh et al., 2014; Liang et al., 2016; Lin et al.,
2016; Mensah et al, 2016a, 2018a; Satdichanh et al., 2019; Sullivan et al., 2017) or site/environnement influence (Gairola et al.,
2011;Wu et al., 2015) on biomass C stocks. Other studies have further investigated the influence of stand structure on biomass
and C over the last three decades (Fotis et al., 2018; Wang et al., 2011). Stand structures (tree density, basal area and height)
have been shown to substantially influence stand productivity and biomass C (McNicol et al., 2018; Mensah et al., 2016b;
Yoshida et al., 2017). Furthermore, few larger trees irrespective of their density and richness, have been reported to contain
large portion of the stand basal area and aboveground biomass (Bastin et al., 2015; Mensah et al., 2017c), and strongly predict
stand-level aboveground biomass and C (Lung and Espira, 2015; Mensah et al., 2016b; Slik et al., 2013). On the other hand, it
has been reported that several small- and medium-size trees may not contribute equivalent biomass as a few large-diameter
trees, despite their substantial contribution to carbon cycling (Lutz et al., 2018; Meakem et al., 2018). These insights suggest
differential biomass allocation across small-, medium- and large-size trees, but it remains unclear whether the patterns of
biomass C allocation hold or vary across different vegetation types. The change in patterns of species dominance and asso-
ciated changes in C stock across vegetation types makes the quantification of biomass C critically important, especially in
support to future climate mitigation actions. While it is expected that species richness, tree density and basal area or stand
density are primary stand structural variables affecting biomass C stocks, the insights could be further advanced by incor-
porating size class related perspective.

In West Africa, forest habitats are differentiated by a variety of vegetation types from the Guinean littoral forests to the
southern Sahel, with tropical rainforests occurring at 1500e3000 mm annual rainfall, forest-savannah mosaics
(1200e1500 mm), woodland-savannahs (800e1200 mm), Sahel (200e500 mm), and desert (<200 mm) (Atsri et al., 2018;
White, 1983). There are considerable contrasts among these vegetation types. Some (e.g., savannahs) exhibit lower diversity
and low level structure and complexity owing to the sets of trophic groups and environmental gradients compared to others
(Adomou, 2005), thereby reinforcing the need to improve our general understanding of biomass C allocation across vege-
tation types and size classes, and their underlying drivers.

In this study, we used forest inventory data from a semi-arid zone of the Republic of Benin, to examine howaboveground C
stocks vary across three natural vegetation types (i.e. gallery forests, tree/shrub savannahs and woodlands) and diameter
classes (small-size, medium-size and large-size trees). In particular, we (1) investigated how small-size, medium-size and
large-size tree species richness, density, basal area and AGC stock varied among gallery forests, tree/shrub savannahs, and
woodlands; we tested for significant main and interaction effects of vegetation types and size classes. We (2) assessed the
patterns of dominance in terms of large size class and species contribution to C stocks in each vegetation type. Finally, we (3)
assessed size class-based structural variables that influence AGC.

2. Material and methods

2.1. Study area and data collection

This study was undertaken in the Bellefoungou Forest Reserve (BFR; Fig. S1), which is a complex of gallery forests,
woodlands and tree/shrub savannahs, located in the commune of Djougou in the Republic of Benin. The BFR is situated
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between 1�4200000 and 1�4500000 E longitude, and 9�4604000 and 9�4900000 N latitude, and occurs at low elevation of 405 m asl.
The reserve experiences the Sudano-Guinean transition zone climate of northern Benin. The average daily temperature is
28 �C. The rainfall regime is unimodal with an annual rainfall of 1200 mm. The rain falls mostly between April and October,
with one peak occurring between July and August (Adomou, 2005). More information about the BFR can be found in our
previous studies (Mensah et al., 2020; Ago et al., 2016).

We collected data on tree species identity, individual species density, tree diameter at breast height (dbh) and total height
(Ht) from 94 plots installed across three natural vegetation types: gallery forests, woodlands and tree/shrub savannahs
(Fig. S2). We used a stratified random sampling scheme, taking into account the total area of each specific vegetation type to
allocate sampling plots: 24 in the gallery forests, 40 in woodlands and 30 in tree/shrub savannahs. Plot size and shape were
60 m � 30 m in gallery forests and 42 m � 42 m (approximately 1800 m2) in the other vegetation types. In each plot, we
measured dbh and Ht for all individual trees with dbh �5 cm, and identified trees at species and genus levels. Species
nomenclature followed the flora of Benin (Ako�egninou et al., 2006).

2.2. Aboveground carbon storage

Decades of research on forest biomass have helped document database across diversity of species and wide range of
environmental conditions, and develop biomass equations at regional, continental and global level. These equations provide
acceptable estimates of biomass for exploring several aspects. Here, the multispecies allometric biomass equation developed
by (Chave et al., 2014) was used to calculate the aboveground biomass (AGB) for all individual trees present in the plots. The
formula for the multispecies allometric biomass equation is: AGB ¼ 0.0673 � (r � dbh2 � Ht) 0.976; where AGB is the
aboveground tree biomass in kg, r the species-specific wood density (g∙cm�3), dbh the diameter at breast height (cm), and Ht
the total height (m). Data on species-specific wood density were obtained from local studies in West Africa (Amahowe et al.,
2018; Chabi et al., 2016; Nygård and Elfving, 2000), and from the Global Wood Density Database (Zanne et al., 2009) when
local species (or genus) data are not available. Aboveground tree carbon (AGC) was then determined by calculating the
aboveground biomass for each individual tree measured and by applying a carbon fraction of 0.5. Tree carbon data were
afterwards scaled up from tree to plot level.

2.3. Taxonomic and structural drivers of AGC

We computed plot-level species taxonomic and structural parameter metrics. In addition, we computed distributional
variables to better depict the patterns of differences between vegetation types. We considered three diameter size classes:
small-size (dbh < 20 cm), medium-size (20 � dbh � 40 cm) and large-size (dbh > 40 cm) classes. These classes were defined
by taking into account the diameter range of trees in our study area (see Table S1; Mensah et al., 2016b, 2014).

To quantify taxonomic diversity metric, we used species richness, estimated as the number of species inside each plot
within each vegetation type. In addition, we computed the plot-level species richness for each size class, i.e., for all trees
belonging to <20 cm, 20e40 cm and >40 cm diameter classes. For structural variables, we calculated tree density and basal
area values at plot level. Similar to species richness, we also computed for a given size class, the plot-level density and basal
area values of all trees belonging to that diameter class. Thus, a total of nine (9) quantitative structural variables were
considered for each vegetation type in subsequent analyses: species richness for small-size, medium-size and large-size
classes; tree density for small-size, medium-size and large-size classes; and basal area for small-size, medium-size and
large-size classes.

2.4. Data analyses

All statistical analyses were performed in the R statistical software package, version 4.0.1 (R Core Team, 2020). First, we
used boxplots to explore the variation in plot-level species richness, tree density, basal area and AGC among the three
vegetation types. We then tested for significant main and interaction effects of vegetation type and size class on species
richness, tree density, basal area and AGC using separate Generalized Linear Mixed effects models (GLMM). In these GLMMs,
vegetation type and size class were considered as fixed, and plot was treated as a random factor nested within vegetation, to
account for unknown heterogeneity effects (Mensah et al., 2018b; Zuur et al., 2009). Species richness and density were
analyzed as count data using Negative binomial GLMM. Basal area and AGC were modelled as continuous response variables,
by applying GLMMwith Gaussian distribution after log-transformation. Basal area and AGC were log-transformed to comply
with the normality assumptions. The parameters for the mixed-effects models were estimated using the lme4 packagewith a
restricted maximum likelihood (REML) estimator (Bates et al., 2015).

We used two approaches to assess the patterns of dominance in AGC stocks in each vegetation type. First, we assumed that
large-size trees would contribute substantially to stand AGC stocks (Lutz et al., 2018). Thus we considered the large-size class
(>40 cm; Fig. S3), determined for each vegetation type the individual species contributing to that class, and computed their
overall relative density, basal area, and contribution to the stand AGC stock. Second, we computed the individual species
contribution to the stand AGC stock in each vegetation, and retained the top ten species with the highest relative contribution.

Stand variables such as stem density and basal area are expected to influence positively AGC, as they are the stand level
attributes that reflect the structures of the plant communities (McNicol et al., 2018; Mensah et al., 2016b). In a previous study,
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we have shown that plot-level species richness influenced differently AGC across vegetation types (Mensah et al., 2020). To
assess the structural variables influencing AGC in each vegetation type, we explored the bivariate relationships of AGC with
size class-based taxonomic and structural variables as defined in section 2.3 (Figs. S4eS6). The slope values of the bivariate
relationships between AGC and these variables were plotted. Further, multiple linear regressions models were used to
evaluate how AGC was influenced by taxonomic and structural variables in (i) small-size class (<20 cm), medium-size class
(20e40 cm) and large-size class (>40 cm) separately and (ii) when pooled together. We ran a model averaging procedure to
determine the optimal subset of predictor(s) for the joint effect of small-, medium- and large-size class effect (overall model).
Environmental variables were not included given the small scale of the study. All possible subsets of the regression models
were evaluated for each vegetation type usingMuMIn package (Barton, 2018). Themost optimal and parsimoniousmodel was
selected based on the lowest AICc value (i.e. Akaike Information Criterion, adjusted for small sample sizes). The relative
variable importance value was calculated for each variable in eachmodel. In addition, the percent variation explained by each
predictor was determined using the relaimpo package.
3. Results

3.1. Species richness, stand structure and AGC in gallery forests, woodlands and tree-shrub savannahs

Species richness was 46, 43 and 35 in gallery forests, woodlands and tree-shrub savannahs, respectively. The plot-level
values of species richness varied from 8 to 24 in gallery forests, 8 to 18 in woodlands and 8 to 14 in tree-shrub savannahs.
Minimum andmaximum tree density, basal area and AGC are summarized in Table S1. Overall, species richness, structure and
AGC differed significantly (p < 0.001) among gallery forests, woodlands and tree-shrub savannahs, but also between the size
classes (Table 1). In addition, we found significant interaction effects of vegetation type and size classe (p < 0.001; Table 2),
which suggests that variation of species richness, tree density, basal area and AGC among the size classes depends on the
vegetation types. As expected for the three vegetation types, species richness and tree density were significantly higher in the
small- and medium-size classes than in the large-size class (Fig. 1). Gallery forests showed the lowest density and similar
richness (as compared to savannahs and woodlands) in the small-size class, but exhibited significantly higher values for both
parameters in medium- and large-size classes (Fig. 1). As also expected, for the three vegetation types, the medium- and
large-size classes had the highest values of basal area and AGC. The patterns of interaction between vegetation types and size
classes observed for basal area and AGC were similar to that of tree density: gallery forests showed significantly lowest basal
area and AGC in the small-size class compared to savannahs and woodlands, but significantly higher values in medium- and
large-size classes (Fig. 1).
3.2. AGC stocks and species dominance patterns

Average carbon stocks of 42 ± 12 MgC ha�1, 30 ± 8 MgC ha�1 and 23 ± 5 MgC ha�1 were estimated for the aboveground
compartment in gallery forests, woodlands and savannahs, respectively. Large-size trees (dbh > 40 cm) contributed 41%, 35%
and 29% of AGC stock with 14, 4 and 4 species in gallery forests, woodlands and savannahs, respectively (Table S2). Similar
patterns were observed for the contribution to basal area. Anogeissus leiocarpa (DC.) Guill. & Perr., Isoberlinia doka Craib &
Stapf, Daniellia oliveri (Rolfe) Hutch. & Dalziel, and Isoberlinia tomentosa (Harms) Craib & Stapf are the four species making up
the large-size class diameter in both savannahs andwoodlands (Table S2). In addition, these species remain the top four in the
raking of species with dbh >40 cm that contributed to AGC in gallery forests.

Whenwe assessed the patterns of dominance in terms of individual species contribution to AGC stocks in each vegetation
type, we found that the top 10 species contributed at least 80% of the AGC stock (Fig. 2). In gallery forests, the top 10 species
stored 82% of the AGC stocks and the 36 remaining species contributed 18%. Inwoodlands, the top 10 species contributed 89%
of the AGC stocks and the 33 remaining species accounted for 11%. In savannahs, the top 10 species represented 91% of the
AGC stocks while the 25 remaining species contributed 9%. A common pattern for all the three vegetation types was that five
of the 10 species consistently contributed substantially (70e76%) to AGC: I. doka, I. tomentosa, A. leiocarpa, D. oliveri and
Vitellaria paradoxa C.F.Gaertn. (Fig. 2).
Table 1
Results of GLMMs testing the main and interaction effects of vegetation and size class on species richness, tree density, basal area, and aboveground carbon
(AGC) across 94 inventory plots in the Bellefoungou Forest Reserve.

Species richness Tree density Basal area AGC

F value Pr (>F) F value Pr (>F) F value Pr (>F) F value Pr (>F)

Vegetation type 21.57 <0.001 19.49 <0.001 71.23 <0.001 32.55 <0.001
Size class 183.42 <0.001 678.80 <0.001 171.55 <0.001 124.05 <0.001
Vegetation type: Size class 6.12 <0.001 28.73 <0.001 31.23 <0.001 16.08 <0.001
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Table 2
Results of the integrated size class-based regression analyses and selected optimal models of the effects of taxonomic and structural attributes on
aboveground carbon (AGC) in the three vegetation types in the Bellefoungou Forest Reserve. Size of inventory: 94 plots. RC: Relative contribution (%), Est:
coefficient estimate. P values < 0.05 are in bold. The blank cells indicate that variables were not retained in the selected models.

Gallery forests Woodlands Tree-shrub savannahs

RC Est t P RC Est t P RC Est t P

(Intercept) e 2.61 0.64 0.527 e 3.55 1.05 0.296 e 6.79 1.82 0.081

Species richness in small size class (<20 cm) 0.09 0.00 0.02
Tree density in small size class (<20 cm) 0.12 0.08 �0.06 2.41 0.016 0.20 �0.06 �2.43 0.022
Basal area in small size class (<20 cm) 0.01 0.27 5.85 4.11 <0.001 0.34 3.72 2.95 0.007
Species richness in medium size class (20e40 cm) 0.13 0.04 0.10
Tree density in medium size class (20e40 cm) 0.07 0.06 0.03
Basal area in medium size class (20e40 cm) 0.14 1.93 5.76 <0.001 0.40 4.50 4.82 <0.001 0.11 2.46 7.16 <0.001
Species richness in large size class (>40 cm) 0.06 0.09 0.02
Tree density in large size class (>40 cm) 0.03 0.02 0.00
Basal area in large size class (>40 cm) 0.34 4.10 11.41 <0.001 0.04 0.17 3.13 12.93 <0.001
Model fit statistics
F (p value) 72.5 (<0.001) 105.1 (<0.001) 79.77 (<0.001)
R Square 0.86 0.96 0.92
AICc 145.05 175.35 119.43
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3.3. AGC and size class-related taxonomic and structural drivers

The analyses of the bivariate relationships showed that the size class-related taxonomic and structural drivers of AGC
shifted with vegetation type, although some common patterns were observed for the three vegetation types. Particularly,
species richness, tree density and basal area of the largest trees (dbh > 40 cm) were individually and strongly correlated with
AGC in the three vegetation types (Figs. S4eS6; Fig. 3). AGC was also positively and significantly correlated with species
richness, tree density and basal area of medium-size trees in savannahs and woodlands only, but not with those of small-size
trees in the three vegetation types (Figs. S4eS6). These initial results also suggest that taxonomic and structural effects
increased with size class.

The results of the regression analyses for the joint effects of the size classes showed that stand basal area was the most
constant structural attribute influencing AGC. However, its effects shifted with the vegetation type. Accordingly, we found
that while basal area of large-size trees had stronger effect (highest relative contribution; b ¼ 4.10; Table 2) in gallery forests,
basal area of medium-size and small-size trees had the strongest influence in woodlands and savannahs, respectively (Table
2). Apart from basal area, tree density of small-size trees was also retained, with negative effects in the final models for
woodlands and savannahs (Table 2).
4. Discussion

4.1. Patterns of tree dominance and AGC

The analysis of the structure and composition of the size classes using various forest structural attributes (Fig. 1) revealed
that the landscape of the BFR is characterized by a large number of tree species and individuals of small- (53% of the total
number of trees) and medium size (38% of the total number of trees) and a few species and individuals of large size (8% of the
total number of trees) (see also Fig. S3). This finding is consistent with the common pattern of size class distribution in most
forest and in West African Sudanian ecosystems (Dimobe et al., 2018, 2019). The dominance of small-size trees is interesting
for the long-term survival of vegetation in the BFR. However, the larger (i.e. medium and large) size classes held the greatest
proportion of basal area and AGC stock. More importantly, the few large trees (dbh > 40 cm) contributed up to 41% of the
overall AGC stock while only five of the top 10 species in terms of relative contribution to AGC stock accounted for more than
two-thirds of the total AGC stock. These findings accord with the prediction of the scaling theory (Enquist and Niklas, 2001;
West et al., 2009). The current trend of higher contribution of particularly large-size trees to aboveground biomass and AGC
thereof despite their low density and species richness has been previously reported in various vegetation types at both
regional and global scales (Bastin et al., 2015; Dimobe et al., 2019; Lutz et al., 2018; McNicol et al., 2018; Slik et al., 2013). For
instance, Lutz et al. (2018) found that the largest 1% of trees accounted for 50% of the overall forest biomass and hence AGC
stock but comprised few species and relatively abundant individuals of these species globally. Dimobe et al. (2019) reported
that large trees (dbh � 25 cm) represented 8% of the total number of inventoried trees but accounted for over two-thirds of
the total biomass across four vegetation types (i.e. gallery forest, shrub savannah, tree savannah and woodland) in the semi-
arid zone of Burkina Faso. The higher proportion of AGC stock represented by the medium- and large-diameter individuals is
likely the result of their greater height and heavier crowns, which enable them to occupy growing space not reachable by
smaller-diameter individuals and various light niches within the canopy. While our findings support the general observation
5



Fig. 1. Variation of species richness, tree density, basal area and AGC among diameter size classes (<20 cm; 20e40 cm and >40 cm) and across vegetation types in
the Bellefoungou Forest Reserve.
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that large trees are the greatest contributors to AGC stock, they also demonstrate the important contribution of medium-size
trees to the overall C pool in semi-arid natural ecosystems.

Interestingly, the overall AGC stock was strongly skewed towards five locally dominant species (I. doka, I. tomentosa, A.
leiocarpa, D. oliveri and V. paradoxa), which held over 70% of the measured AGC stock across the vegetation types. These
species are known to mature into large trees, with diameters ranging between 60 cm (I. doka) and 200 cm (D. oliveri) at
maturity (Fern, 2014). These findings suggest that most biomass and C productivity in these West African semi-arid eco-
systems is channelled through a relatively few number of large-size tree species as previously reported for seasonally dry
ecosystems in Tanzania (McNicol et al., 2018) and forests at a global scale (Lutz et al., 2018). The additional finding that the five
species were consistently dominant in the three vegetation types supports the opinion that species attaining large diameters
are members of the common species groups (Lutz et al., 2018). Together with previous findings, our results reinforce the
importance of a few larger-size tree species for C sequestration and productivity in West African semi-arid ecosystems.
4.2. AGC allocation to size class varied across ecosystem types

Among the natural vegetation types, gallery forests were species richer and denser in trees of medium and large sizes than
the woodlands and savannahs, which translated into higher basal area and AGC stock. Similar findings were reported by
previous studies, which compared species diversity and C density between gallery forests, woodlands and tree/shrub sa-
vannahs in semi-arid West Africa (Dimobe et al., 2019; Mensah et al., 2020). Conversely, woodlands and savannahs had
greater AGC stocks in the small size class than the gallery forests. These results suggest that AGC allocation to size class varied
across ecosystem types. Twomain reasons could explain the observed differential effects of size class on AGC stock among the
vegetation types: resource availability and the growth habit of tree species. On the one hand, the higher AGC stock and
associated higher tree diversity and density in the larger-size classes in gallery forests may be attributed to (i) the better plant
growing conditions (e.g. higher water and nutrient availability) induced by the presence of river and (ii) the availability of a
larger pool of species able to attain large diameters in these ecosystems. On the other hand, the higher AGC stock in the small-
6



Fig. 2. Relative contribution of the top ten species to aboveground carbon (AGC) stock in each vegetation type in the Bellefoungou Forest Reserve.

Fig. 3. Slope coefficients of the bivariate relationships of stand aboveground carbon (AGC) with size class-based species structural variables. These coefficients
were compared among tree size classes.

S. Mensah, F. Noul�ekoun and E.E. Ago Global Ecology and Conservation 24 (2020) e01331
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size class in woodlands and tree/shrub savannahs, as compared to the same class in gallery forests, likely reflects the higher
abundance of small-diameter individuals such as shrubs. Moreover, the unfavourable conditions of drought and low soil
humidity in woodlands and savannahs, induced by the prevailing semi-arid climatic conditions may limit the prevalence of
large-size trees and favour small-size trees since larger-size trees are reportedly more susceptible to drought mortality than
smaller-size trees (Allen et al., 2015; Bennett et al., 2015). The finding that the high number of small-size trees and corre-
sponding AGC stock in woodlands and savannahs did not translate into similar patterns of dominance in the medium- and
large-size classes further suggests that the recruitment of species able to reach large diameters from juvenile to adult stage
could be altered by other factors including natural and anthropogenic disturbances (Dimobe et al., 2018; Birhane et al., 2020).
For instance, wood harvesting for fuelwood and charcoal production from native woodlands and savannahs have been re-
ported as major causes of loss of trees and rarity of large-size trees in West African semi-arid areas (Dimobe et al., 2018). It is
thus likely that the lower levels of disturbances in the gallery forests compared to woodlands and savannahs may have
allowed the recruitment of trees to larger size and AGC to accrue over time. Hence, in addition to resource availability and
species growth habit, natural and human disturbances could mediate the variation of the effects of size class on AGC among
the three vegetation types as previously reported (McNicol et al., 2018).

4.3. Tree size as a driver of AGC

The relationships between AGC stock and the taxonomic and structural attributes revealed important patterns and
contrasts among size classes and vegetation types. Across the vegetation types, we found that species richness, tree density
and basal area of large-size trees positively and significantly influenced AGC stock (Figs. S4eS6). Similar trendswere observed
in the medium-size class but in woodlands and savannahs only (Figs. S5eS6), whereas the attributes of small-size trees did
not influence AGC stock across the vegetation types. These results reflect the stronger effects of larger (i.e. large andmedium)-
size trees on AGC stock, which may arise from the dominance effects (i.e. competitive constrains) of larger-size trees, thus
suggesting that the selection effect is a mechanism operating in these forests (Mensah et al., 2018a; Van Pelt et al., 2016; Yachi
and Loreau, 2007). However, our finding that medium-size tree species richness, density and basal area further promotes AGC
stock in woodlands and savannahs indicates efficient use of available resources by medium-size trees, suggesting that niche
complementarity might be operating in woodlands and savannahs, in addition to the effects of selection. This is also in line
with a previous study that reported effects of selection from emergent species and niche complementarity effects for sub-
canopy and canopy species (Mensah et al., 2018a).

Overall our findings corroborate with previous studies that showed increased AGC with increasing diversity and tree
density in Mistbelt forests in South Africa (Mensah et al., 2016b), in savannahs, woodlands and forests in South-East Tanzania
(McNicol et al., 2018) and in Burkina Faso semi-arid vegetation (Dimobe et al., 2019). Interestingly, our findings in woodland
and savannah support the increasing evidence that both niche complementarity and selection effects are non-mutually
exclusive mechanisms interacting to regulate biomass C storage. The sole significant effects of large-size trees attributes
(i.e. species richness, density and basal area) on AGC in gallery forests further suggests a greater mediation of selection effects
compared to the complementarity effects. Therefore, the importance of the selection and complementarity may vary with
forest ecosystems. As these forest ecosystems contain species of different growth habits, further studies on functional traits,
especially functional diversity and identity, may shed more light on the relative importance of the mechanisms of selection
and complementarity.

4.4. Tree size as a driver of AGC

Conclusions and implications for large-size tree species conservation and long-term forest survival
In this study, we investigated dominance patterns, size class allocation and structural drivers of aboveground tree C stocks

across forests, woodlands and savannahs in West African semi-arid ecosystems. The results showed that AGC allocation to
size class varied across vegetation types. For instance, gallery forests showed significantly lowest AGC in the<20 cm dbh class,
but higher values in medium- and large-size classes as compared to woodlands and savannahs. Few dominant species shared
by the three vegetation types contributed 70e76% of AGC. We also found that large-size trees had greater effects on AGC in
forest while medium and smaller trees’ basal area had a comparatively greater contribution to plot AGC in woodlands and
savannahs. These results indicate that small- and medium-size trees are also important in predicting AGC, especially in semi-
arid environments dominated by high densities of small-size trees (e.g. woodlands and savannahs).

The strong relationships between the large-size class attributes and AGC stock suggests that the potential of the studied
vegetation types to sequester C depends largely on the abundance and richness of trees with dbh >40 cm. However, largest
individuals were fewwith a relatively low diversity, meaning that the loss of large-size trees could alter forest function and C
cycling through reduced structural stratification (or heterogeneity) and biomass and C storage (Lutz et al., 2018; Mensah et al.,
2020; Needham et al., 2016). Moreover, the commonly dominant species are endemic to tropical Africa woodlands, where
their survival is threatened by anthropogenic disturbances due to their harvest for timber and charcoal production
(Assogbadjo et al., 2009; Fern, 2014; Gl�el�e Kakaï et al., 2011; Gl�el�e Kakaï and Sinsin, 2009). Therefore, the conservation of the
large-size trees is crucial to sustain forest ecosystem functions and services because the long time required for trees to
develop into large sizes implies that the restoration of ecosystem functions following the loss of large-size individuals may
take decades (Lindenmayer et al., 2012).
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Existing evidence suggests that global climate change will affect large-diameter trees. Larger-size trees will be more
vulnerable to increasing drought than smaller-size trees because larger trees are exposed to high radiation loads and sus-
ceptible to sapwood cavity (Allen et al., 2015; Bennett et al., 2015). Therefore, the projected increase in aridity over the
drylands of West Africa entails an increase in the future mortality rates of large-size trees. The long-term persistence of large-
size trees and tree-based ecosystems will however depend on whether the regrowth and recruitment of individuals of
functionally similar species will eventually buffer the increasing mortality rates of large-size trees (Lutz et al., 2018). The
higher overall species richness and subsequent higher diversity of large-size trees in gallery forests suggest more resilience to
climate change because different species adaptions would allow the survival and persistence of at least some species (Musavi
et al., 2017). In contrast, a decline in large-size tree density due to climate warming in woodlands and savannahs would be
exacerbated by the low diversity and abundance of large-size trees. These results highlight the need for novel management
strategies to protect the population of large-size trees and ensure the recruitment of smaller-size trees with potential of
reaching large sizes to do so.

From a conservation point of view, the finding that more C dense areas harbour greater large-size tree species diversity
across the vegetation types indicate that C and biodiversity conservation can be achieved simultaneously. Therefore, policies
and conservation schemes that target the preservation of large-size trees would yield double benefits of biodiversity con-
servation and maintenance of AGC.
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