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Abstract. Various studies have shown that plant species richness can promote ecosystem functions such as
biomass storage. However, it is less well knownwhether this is mostly driven by the dominance of a few spe-
cies and their associated traits (functional identity), or by complementarity among species that highly vary in
their traits (functional diversity). The relative contribution of functional diversity and functional identity on
biomass and carbon storage may in part depend on the type of functional traits that are considered, and on
ecosystem type. Here, we used forest inventory data from West African semi-arid environments, and func-
tional traits (wood density and tree maximum height) to examine the effects of functional trait identity (FI or
community weighted mean; CWM) and diversity (FD or single functional divergence; FDvar) on above-
ground carbon (AGC) storage in both forests and savannas. We fitted simple linear and structural equa-
tion models to test the direct and indirect effects of functional traits on AGC, while accounting for potential
effects of vegetation stand structure such as stand density and basal area. When evaluated independently,
CWM of tree maximum height and FDvar of wood density correlated positively with AGC, in both forests
and savannas, whereas species richness was unrelated to AGC. However, structural equation models indi-
cated different mechanisms by which these biodiversity components drove AGC in forests and savannas. In
forests, species richness had an indirect, positive effect on AGC via basal area, but also an indirect, negative
effect, through a reduction in CWM of maximum height. In savannas, species richness had a direct, negative
effect on AGC, while both CWM of maximum height (through an increase in basal area) and FDvar of wood
density had positive effects. Our study suggests that integrative models are crucial for understanding the
effects of species richness, functional trait diversity, and identity on AGC across forests. Furthermore, our
study shows that relationships between biodiversity and AGC differ among ecosystem types. In both forests
and savannas, FI played an important role, as AGC was maximized in communities dominated by species
with a highmaximumheight. However, only in savannas a high FD additionally promotedAGC.
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INTRODUCTION

Community ecologists have frequently used
taxonomic or species diversity measures to draw

inference on biodiversity effects on ecosystem
functions. Across ecosystems, studies have
reportedly shown that species richness or related
taxonomic measures such as evenness or
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Shannon diversity have positive effects on bio-
mass production (Vance-Chalcraft et al. 2010,
Chisholm et al. 2013, Wu et al. 2015). However,
species richness only accounts for the number of
different species, but not necessarily for their
functional redundancy or complementarity. As
such, it may provide only limited understanding
of functional mechanisms operating at the com-
munity level. From a mechanistic perspective,
different species can be functionally equal and
therefore would likely contribute equally to
achieve the same function, while other species
that are functionally dissimilar may complement
each other in their contributions to ecosystem
functioning (Connor et al. 2016, Mensah et al.
2020c).

There is mounting evidence that information
on species functional traits therefore sheds more
light on biodiversity effects on community bio-
mass production than species richness (Díaz and
Cabido 2001, Finegan et al. 2015, Mensah et al.
2016a, 2020c, Hao et al. 2018). Accordingly, two
main community-level indicators of functional
traits have been extensively considered: trait
diversity (functional diversity) and trait identity
(functional identity). Functional diversity (FD) is
a measure of the variability of specific traits
among species in an ecosystem, and it has been
shown that it can have positive effects on ecosys-
tem functions (Mensah et al. 2016a, Gross et al.
2017, Wen et al. 2019) and that it can mediate the
positive effect of species richness on above-
ground carbon (AGC; Mensah et al. 2016a, 2018b,
2020c). This may be in part because communities
with more functionally different species ought to
have greater resource-use complementarity and
functioning compared to monoculture or com-
munities containing functionally redundant spe-
cies (Cadotte 2017, van der Plas 2019). As
opposed to FD and niche complementarity, func-
tional trait identity (FI), which describes which
traits within a community are most dominant,
and which is typically measured as the Commu-
nity Weighted Mean (CWM) of a trait, can also
have strong effects on ecosystem functions (Lin
et al. 2016, Wasof et al. 2018). Typically, signifi-
cant relationships between FI and ecosystem
functioning are interpreted as providing evi-
dence that species with certain traits provide
more to ecosystem functioning than species with
other traits.

Two critical points are emphasized in this study.
The first is that while many studies have provided
evidence that FD and FImeasures underlie species
diversity effects on biomass, the relative impor-
tance of their effects may vary with both the func-
tional traits that are measured (Conti and D�ıaz
2013, Finegan et al. 2015) and with habitat types.
For example, Conti and D�ıaz (2013) reported that
unlike leaf traits, CWMand functional diversity of
wood traits (height and wood density) best pre-
dicted aboveground standing biomass and pro-
ductivity in semi-arid forests. Meanwhile, other
studies found that CWM of specific leaf area and
CWM of leaf nitrogen content are important for
biomass increments and carbon storage and
sequestration (Finegan et al. 2015, Mensah et al.
2018b). Further, in a study conducted in a natural
evergreen broad-leaved forest in southeast China,
Lin et al. (2016) found a negative association
between CWM of wood density (WD) and AGC
(see their Fig. 2a), whichwas also observed in nat-
ural Mistbelt forests in South Africa (Mensah et al.
2016a). In opposition to these findings, Prado-
Junior et al. (2016a) found that CWM of WD posi-
tively influenced aboveground biomass in dry
tropical forests. These different findings suggest
that functional trait effects are controlled by
ecosystem type and environment, which govern
plant plasticity, longevity, growth rate, and bio-
mass retention. For instance, in semi-arid environ-
ments, some plants may benefit from a high
longevity, even if this is associated with a slow
growth, while pioneer species may profit more
from a fast growth rate and high competitive abili-
ties (Wright et al. 2004, Chave et al. 2009). As such,
biomass and carbon storage may be driven either
by the effects of ecological adaptations of conser-
vative species (e.g., high wood density) or by the
effects of fast-growing acquisitive species (e.g.,
high specific leaf area; Fortunel et al. 2014, Fine-
gan et al. 2015, Prado-Junior et al. 2016a). Because
species growth habits and resource use strategies
vary across environment and habitat, there is a
need for more studies to understand functional
diversity and identity effects on biomass and car-
bon storage, particularly across ecosystems.
The second important issue is that many stud-

ies have not considered different directions of
causality regarding relationships between spe-
cies richness, FD and FI, and AGC, nor have they
explicitly accounted for stand structural
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attributes as potential covariates of FD and FI. In
many studies, the assumption is that FD and FI
are driven by taxonomic diversity and that FI
and FD underlie relationships between taxo-
nomic diversity and carbon storage (Paquette
and Messier 2011, Vil�a et al. 2013, Hao et al.
2018). However, it is possible that FI and FD do
not respond to variation in species richness, but
drive variation in species richness. For example,
in communities dominated by many tall trees
(and which consequently have a high CWM of
maximum height), interspecific competition for
light may be intense, which can decrease species
richness through competitive exclusion of weak
competitors or shade intolerant species. In
benign and productive environments, it is
expected that a (few) strong competitor(s) will
outcompete inferior ones, thereby resulting in
low diversity (Carroll et al. 2011, Kim and Ohr
2020). As such, increasing FI values of traits
related to competitive ability (e.g., tree maximum
height) may lead to a reduced species richness
(i.e., few dominant and other species that can tol-
erate low levels of light). On the other hand,
because traits determine how an organism
extracts resources from its environment (McGill
et al. 2006), a high diversity in plant traits (i.e.,
increasing FD) would promote resource parti-
tioning and species coexistence and thereby spe-
cies richness, as species can reduce interspecific
competition by using resources differently
(Cadotte et al. 2011, Mensah et al. 2018b). Such
alternative directions in the causality of relation-
ships between species richness, FD and FI may
also have consequences for the interpretation of
relationships between species richness and AGC
and may, for example, imply that observed corre-
lations between species richness and AGC are
not necessarily causal, but driven by FD or FI.
Finally, AGC is expected to increase with stand
structural attributes such as tree stock density
and/or stand basal area (Mensah et al. 2016b,
2020a). However, as growth traits underpin
stand vegetation structures, the effect of func-
tional traits on AGC may also overlap with that
of stand structural attributes, which if not
accounted for, can obscure the magnitude of the
influence of functional traits diversity.

Here, we focus on the vegetation in West
Africa, largely underrepresented in the current
literature on biodiversity and ecosystem

functioning relationships (van der Plas 2019). The
vegetation in West Africa is known to be remark-
ably diverse in terms of its physiognomy, from
the Guinean littoral forests to the southern Sahel.
Among its diverse forms, the forest–savanna
mosaic lies within the semi-arid transitional zone
between the Guinean littoral forests (in the south)
and the Sudanian savannas (in the north). Using
forest inventory data from a 10-ha sampled area,
we investigated the effects of FI and FD on AGC
in West African semi-arid forests and savannas.
In particular, we had two specific objectives: (1)
evaluate AGC response to individual effects of
species richness, stand structure (stand density
and basal area), FI (community weighted means
of trait values), and FD (divergence of trait val-
ues) in both gallery forests and savannas; and (2)
determine how species richness, FD, FI, and stand
structures interact to maintain AGC. We tested
four hypotheses: (1) FI and FD promote AGC in
both forests and savannas after accounting for the
effects of stand structure; (2a) species richness
effects on AGC operate through non-mutually
exclusive mediations by stand structure, FI and
FD. Alternatively, we also tested whether (2b) FI
would influence both species richness and AGC;
and (2c) FD would increase species coexistence
(and thus richness) and AGC through a greater
complementarity in resource use.

MATERIALS AND METHODS

Study area and data
We used forest inventory data from our previ-

ous study, which was carried out in the Belle-
foungou Forest Reserve located in the Sudano-
Guinean transition zone in the northern part of
the Republic of Benin. The forest reserve is situ-
ated between 1°42’00’’ and 1°45’00’’ E longitude
and 9°46’40’’ and 9°49’00’’ N latitude and is a
complex of woodlands, gallery forests, savannas,
and plantations, occurring at low elevation of
405 m asl. The climate is of Sudano-Guinean
type, with average daily temperature of 28°C
and annual rainfall of 1200 mm. The rain occurs
between April and October and has its peak
between July and August. Additional informa-
tion about the study area can be found in Men-
sah et al. (2020a).
We used a dataset from a 10 ha sampled area

in West African semi-arid gallery forests
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(hereafter referred to as forests) and tree/shrub
savannas (hereafter referred to as savannas) and
collected using a stratified random sampling
scheme. We sampled a total of 54 plots of 0.18 ha
each across two vegetation types: forests (24
plots) and savannas (30 plots). For forest inven-
tory, all individual trees with a diameter at breast
height (dbh) ≥5 cm were measured for their dbh
and total height and identified at the species and
genus levels following the flora of Benin
(Ako�egninou et al. 2006). Plot-level species rich-
ness varied from 8 to 24 in forests and from 8 to
14 in savannas. As the study was conducted at a
local scale, these plots were quite homogenous in
terms of climate, soil, and topography within
each vegetation type. Nonetheless, it is important
to mention that gallery forests, as opposed to
tree/shrub savannas, have better plant growing
conditions (e.g., higher water and nutrient avail-
ability) induced by the presence of running sur-
face water. These growing conditions make it
possible for a wide range of species to reach lar-
ger diameter size in the forests, while compara-
tively unfavorable conditions of drought and
low soil humidity in savannas, in addition to
higher evapotranspiration caused by their open
vegetation canopy, tend to limit the prevalence of
large-size trees (Mensah et al. 2020a). Additional
information on stand structure (tree density and
basal area) and AGC are summarized in
Appendix S1: Table S1.

Quantification of stand structure and
aboveground biomass carbon

We calculated plot-level species richness, tree
density, and basal area, using the abundance and
tree diameter data for each vegetation type. We
applied the multispecies allometric biomass
equation developed by Chave et al. (2014) for all
individual trees present in the plots to determine
each tree biomass. The formula for the multi-
species allometric biomass equation is as follows:
AGB = 0.0673 9 (q 9 DBH2 9 H)0.976, where
AGB is the aboveground tree biomass (kg), q the
species-specific wood density (g/cm3), DBH the
diameter at breast height (cm), and H the total
height (m) measured for each individual tree.
The plot-level aboveground tree carbon (AGC)
was then calculated by summing up the above-
ground biomass of each individual tree mea-
sured within a plot and applying a carbon

fraction of 0.5 (Lung and Espira 2015, Mensah
et al. 2020a).
While data on wood density were used in our

calculation of AGC, due to the non-linearities in
our equations, observed relationships between
FD or FI values of wood density and AGC are
likely primarily driven by ecological processes
rather than by methodological choices. Further-
more, while the quantification of AGC directly
depends on stand structure (tree density and
basal area), given that we were primarily inter-
ested in the consequences of tree diversity and
functional attributes on AGC, we did not deem
this as problematic.

Quantification of functional trait diversity and
identity metrics
In this study, we investigated FI and FD based

on two functional traits that are relevant to tree
growth and biomass production: specific wood
density and tree maximum height. Species wood
density reflects the strategy of a species to allocate
resources into fast growth or slow growth, such
that low wood density species exhibit fast growth
as opposed to denser wood species which have
slow-growing habit. Maximum height reflects the
species longevity and life-history strategy as well
as its potential for light capture. Data on species-
specific wood density were obtained from our
previous investigation in the study area (Mensah
et al. 2020a). Tree maximum height was deter-
mined for each species from empirical measure-
ments at the study site. To quantify functional
trait diversity, we computed for each plot two sin-
gle functional trait variability metrics: FDvar
(Mason et al. 2003) for wood density and tree
maximum height. For functional identity metrics,
we computed the plot-level CWM for each func-
tional trait (Garnier et al. 2004), as the mean of
each species trait value weighted by the relative
abundance of the species. Both functional trait
diversity and identity metrics were calculated
using the values of the species functional traits in
the FD package (Lalibert�e et al. 2015).

Statistical analyses
All statistical analyses were performed in the R

statistical software package, version 4.0.0 (R Core
Team 2020). We built Pearson-based correlation
matrix heat maps to explore the correlation
between all the variables used in this study
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(Appendix S1: Fig. S1). In addition, we fitted mul-
tiple linear models with species richness, stand
structure (stand density and basal area), FDvar,
and CWM for wood density and tree maximum
height as predictors of AGC. We then tested for
multicollinearity by means of variance inflation
factor (VIF), with values higher than 5 indicating
that there is multicollinearity (Appendix S1:
Table S2). We found overall weak correlations
between most predictors (Appendix S1: Fig. S1),
with all VIF values being lower than 5 for both
forests and savannas (see Appendix S1: Table S2).
Shapiro-Wilks statistics also indicate that the
residuals of the multiple linear models are nor-
mally distributed (W = 0.96, P = 0.474 in forests
andW = 0.97, P = 0.550 in savannas).

Our first objective was to evaluate the response
of AGC to individual effects of species richness,
vegetation stand structure (stand density and
basal area), functional identity (CWM of trait val-
ues), and functional diversity (divergence of trait
values) in both forests and savannas. We did so
by testing for individual effects of stand struc-
tures and functional trait diversity and identity
on AGC using simple linear models. In particu-
lar, we explored the bivariate relationships of
AGC with species richness, stand density, basal
area and functional diversity and functional
identity metrics as defined above (Appendix S1:
Table S3). All variables were standardized to a
mean of zero and unit variance to allow for equal
weight so that their relative effects could be com-
pared. The standardized slope coefficients of
these bivariate relationships were plotted for bet-
ter visualization of the effects. One aspect that
we considered in this study was that stand struc-
tural attributes can mediate the effects of func-
tional diversity and identity on AGC across
ecosystems. As vegetation structure (particularly
stand basal area) is often related to biomass and
productivity, it was important to account for the
possible confounding effects of vegetation stand
structure when assessing functional identity and
diversity effects. To do so, we removed the
potential effect of stand density and basal area
on AGC with a simple linear regression (using
the standardized plot-level values for each vege-
tation type) and repeated the simple linear mod-
els with the residuals of the AGC against stand
structure, replacing AGC as the response vari-
able (Appendix S1: Table S4).

Our second objective was to assess the direct
and indirect effects of species richness, as well as
how stand structural attributes, functional diver-
sity and identity interact to maintain AGC.With a
separate dataset for forests and savannas, we fit-
ted Structural Equation models (SEMs) to test
whether and how (1) stand structural attributes (s-
tand density and/or basal area) and functional
identity and diversity influence AGC (Fig. 1); and
(2) species richness influences AGC directly or
indirectly through its influence on vegetation
stand structural attributes and functional trait
metrics (Fig. 1). We acknowledge that environ-
mental factors (climate, soil, and topography)
could also influence AGC, but these factors would
have minor impacts here due to the scale of the
studyand the homogeneity in our plots. The SEMs
were fitted separately for forests and savannas.
We started by fitting a full mediation SEM (i.e.,
Fig. 1; all paths minus the direct path between
species richness and AGC; see also Appendix S1:
Table S5, Fig. S2) for each vegetation type. Using
the path modification indices, we then improved
the model fit, by performing a step-by-step inclu-
sion of additional significant paths leading to par-
tial mediation SEMs. We compared the full
mediation and partial mediation models based on
the goodness-of-fit statistics and AIC values
(Grace and Bollen 2005). When fitting these SEMs,
we only considered stand structure and functional
diversity and identity measures that significantly
influencedAGC (Fig. 2).
While functional traits canmediate species rich-

ness effects on AGC, the dominance of species
with certain traits can have a negative feedback on
stand species richness through competitive selec-
tion effects, whereas trait diversity can promote
biomass carbon stock by facilitating a diversified
community assemblage and greater complemen-
tarity in resource use. Thus, for each vegetation
type, we further constructed two SEMs testing
separately for functional identity and diversity
feedbacks on species richness, while accounting
for stand structure (both tree density and basal
area; see Appendix S1: Table S6, Fig. S3). All SEMs
were fitted using the lavaan package (Rosseel
2012).We evaluated the overall fit of themodels to
the data using chi-square (P > 0.05 indicating
good fit to the data), the comparative fit index
(CFI), the goodness-of-fit index (GFI), and the
standardized rootmean square residual (SRMR).
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RESULTS

Bivariate relationships between biodiversity
indicators and AGC
AGC was consistently and positively associ-

ated with stand basal area, CWM of maximum
height, and FDvar of wood density in both for-
ests and savannas (Fig. 2; Appendix S1:
Table S3). CWM of wood density and FDvar of
maximum height did not have any significant
influence on AGC. Similarly, tree density and
species richness had no significant effects on
AGC (Fig. 2). Together, tree density and basal
area explained 70.63% of the variation of AGC in
forests and 92% in savannas. When accounting
for both the stand density and basal area effects
on AGC, we found that only CWM of maximum
height promoted AGC in forests while only
FDvar of wood density had a marginally positive
effect on AGC in savannas (Appendix S1:
Table S4).

Structural equation models
The initial full mediation SEM did not fit well

with the forest plots data (P = 0.011;
Appendix S1: Table S5), unlike that of savannas
(P = 0.066; Appendix S1: Table S5), which

Fig. 1. A conceptual model testing the interplay between functional diversity, functional identity and stand
structures and their influence on aboveground carbon (AGC). Paths a, b, and c tested the indirect influence of
species richness through functional identity whereas paths d, e, and f tested the indirect influence of species rich-
ness through functional diversity. We also tested how AGC is influenced directly by species richness (path h),
and indirectly through stand structure (paths g and i). Abbreviations are Spp Rich, species richness; CWM, com-
munity weighted mean; FDvar, functional diversity; Stand Struct., stand structures.

CWMHm

CWMWD

FDvarHm

FDvarWD

TreeG

TreeN

Spp

0.0 0.5 1.0
Standardized effect

Forest

Savanna

Fig. 2. Slope coefficients of the bivariate relation-
ships of stand aboveground carbon (AGC) with stand
structure, functional trait diversity, and identity mea-
sures. Abbreviations are CWM, community weighted
mean; FDvar, functional diversity; Hm, tree maximum
height; WD, wood density; TreeG, basal area; TreeN,
tree density; Spp, species richness.
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showed significant positive effects of CWM of
maximum height on basal area and of basal area
on AGC (P < 0.05; Appendix S1: Table S5,
Fig. S2). Nevertheless, both full mediation SEMs
had higher AIC compared to the improved par-
tial mediation SEMs, which showed better fits in
forests and savannas, with P > 0.05 and CFI,
GFI, and SRMR values all within the acceptable
range (Fig. 3).

In forests, CWM of maximum height had a
positive direct effect on AGC (b = 0.38,
P < 0.001; Table 1; Fig. 3A) and a positive
indirect effect through basal area (b =
0.50 9 0.73 = 0.37, P = 0.004; Fig. 3A). Thus,
effects of CWM of maximum height operated
partially through basal area, and directly to
AGC, with a total standardized effect (i.e., direct
plus indirect) of b = 0.75 (P < 0.001). Meanwhile,
CWM of maximum height significantly
decreased with species richness (b = �0.42,
P = 0.010; Table 1; Fig. 3A), which also increased
stand basal area (b = 0.36; Fig. 3A; Table 1).
Therefore, species richness had two indirect
effects on AGC: one positive effect via basal area
(b = 0.36 9 0.73 = 0.26; Table 1), and a negative
effect via CWM of maximum height. Unlike
CWM of maximum height, FDvar of wood den-
sity did not significantly influence basal area and
AGC in forests (P = 0.268; Fig. 3A; Table 1) and
was not correlated with species richness
(b = 0.05, P = 0.794). These results indicate that
AGC stocks in forests were shaped by three main
variables: basal area (direct effect), CWM of max-
imum height via a direct effect and an indirect
effect through an increase on basal area, and spe-
cies richness via mediation through basal area
and CWM of maximum height. Further, when
we compared the direct, indirect, and total effect
of functional identity and diversity, we found
that only CWM of maximum height had a signif-
icant and positive total effect on AGC in forests
(Fig. 3B).

A different pattern was observed in savannas
(Table 1; Fig. 3C); in addition to the positive
indirect effect of CWM of maximum height on
AGC via basal area (b = 0.50 9 0.88 = 0.44,
P < 0.001; Fig. 3C), FDvar of wood density pro-
moted AGC directly (b = 0.11, P = 0.043). Fur-
ther, both CWM of maximum height and FDvar
of wood density were not significantly influ-
enced by species richness (P > 0.05), which was

found to influence AGC through a negative
direct effect (b = �0.11, P = 0.010; Table 1). Thus,
in savannas, both CWM of maximum height
and FDvar of wood density promoted AGC
(Fig. 3D).
The alternative SEM (Appendix S1: Table S6,

Fig. S3) testing for functional identity and diver-
sity feedback on species richness, while account-
ing for stand structure also confirmed that CWM
of maximum height and FDvar of wood density
were strongly correlated with basal area in both
forests and savannas (Appendix S1: Fig. S3).
However, in forests, CWM of maximum height
had a significant negative feedback on species
richness while influencing positively AGC
(Appendix S1: Fig. S3). FDvar of wood density
did not show any significant association with
AGC or species richness in forests, in accordance
with the SEM in Fig 3A. In savannas, FDvar of
wod density and not CWM of maximum height
exhibited a positive direct effect on AGC
(Appendix S1: Fig. S3). It is important to note
that the conceptual SEMs where species richness
influenced FD and FI (and not vice versa) (Fig. 3)
were the best fitting models, as the alternative
SEMs showed higher values of AIC
(Appendix S1: Table S6), indicating that richness
drove FI and FD.
Overall, the results showed that stand basal

area correlated strongly with both CWM of max-
imum height and FDvar of wood density, with
only the former substantially increasing AGC in
both forests and savannas.

DISCUSSION

Various studies reported that species richness
effects on aboveground biomass or productivity
are mediated by stand basal area and/or tree
density in natural forests (Chisholm et al. 2013,
Vil�a et al. 2013). For instance, the effect of species
richness on biomass or productivity is attributa-
ble to local variation in stem density at small spa-
tial scales (Chisholm et al. 2013), or to higher
species richness promoting stocking density
(Mensah et al. 2020b) or basal area (Vil�a et al.
2013). From a functional perspective, the effect of
stand structural attributes could potentially
obscure that of species richness or functional trait
diversity on stand AGC because functional traits
contribute to individual tree growth. In this
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study, when evaluated independently, both func-
tional identity of tree maximum height (CWM of
maximum height) and divergence of wood den-
sity (FDvar of wood density) had positive effects

on AGC in both forests and savannas. However,
when the effects of stand structural attributes
were accounted for, only CWM of maximum
height influenced AGC in forests and only FDvar

Fig. 3. Summary of the final partial mediation SEMs paths relating species richness and aboveground carbon
(AGC) through functional identity (CWMHm), functional diversity (FDvarWD), and stand structure (basal area)
in forests (A) and savannas (C). In (B) and (D), we showed the direct, indirect, and total effects of functional iden-
tity and diversity on AGC for forests and savannas, respectively. The values without parentheses on the SEM
graph are the standardized path coefficients. The values with parentheses are the coefficients of determination (R
square), shown for the dependent variables. The single-pointed arrows are the causal paths. The double-pointed
arrows are non-causal correlations. The dotted lines are the non-significant paths that were excluded to fit a non-
saturated partial mediation SEM. The black arrows indicate significant effects and the gray arrows
non-significant effects. Significance of standardized path coefficients is also given in Table 1. Spp Rich, species
richness; CWM, community weighted mean; FDvar, functional diversity; Hm, tree maximum height; WD, wood
density; AGC, aboveground carbon; df, degree of freedom; P, probability associated with chi-square test
(P > 0.05 indicates absence of significant discrepancy between the data and the model); CFI, comparative fit
index; GFI, goodness-of-fit index; SRMR, standardized root mean residual; AIC, Akaike information criteria.
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of wood density marginally influenced AGC in
savannas (Appendix S1: Table S4). While these
results support our first hypothesis on the consis-
tent effects of FD and FI on AGC, they further
reveal that the magnitude of these effects is
reduced when accounting for stand structural
attributes. The smaller positive effect of FD and
FI on AGC after accounting for stand structural
attributes suggests that FD and FI may not neces-
sary influence AGC directly and may have an
indirect effect through stand basal area and tree
density (Chisholm et al. 2013, Vil�a et al. 2013,
Mensah et al. 2020b). This result further suggests
that a failure to account for vegetation stand
structure across ecosystems can potentially
obscure the relative importance of FD and FI of
wood traits as drivers of AGC storage. Thus,
integrative models could provide a significant
advantage in understanding the effects of FD, FI,
and stand structural attributes on AGC across
forests.

Consistent with the results of previous studies,
the more integrative SEMs in our study indicate
that carbon stock was positively driven by

functional identity of tree maximum height in
both forests (through direct and indirect effects)
and savannas (through an indirect effect via
basal area). Recently, Lin et al. (2016) and
Dimobe et al. (2019) showed that AGC increased
markedly with CWM of plant height in a nature
reserve in Asia and in West African semi-arid
ecosystems, respectively. Similarly, CWM of
maximum plant height reportedly had positive
effects on aboveground biomass and carbon in
Mistbelt forests (Mensah et al. 2016a) and in trop-
ical and semi-arid forests (Conti and D�ıaz 2013,
Finegan et al. 2015). Furthermore, Cadotte (2017)
also reported that the CWM of plant height was
an important predictor of biomass in established
plant assemblages. One explanation for tree max-
imum height being a potential trait with predic-
tive power for AGC is that it defines the long-
term forest vertical stratification, which plays a
crucial role in light interception and light use effi-
ciency by plants in forest ecosystems (Poorter
et al. 2006, Yachi and Loreau, 2007, Morin et al.
2011). Further, tree height is an important vari-
able that could explain the variation in growth

Table 1. Summary of fit statistics and significance of the final SEM paths relating species richness and above-
ground carbon through functional identity (CWMHm), functional diversity (FDvarWD) and stand structure
(basal area) in forests and savannas.

Predictor Response variable Est.std. SE Z P

Forests
Species richness CWMHm �0.42 0.16 �2.57 0.010
Species richness FDvarWD 0.05 0.20 0.26 0.794
Species richness Basal area 0.36 0.16 2.17 0.030
Species richness AGC . . . . . . . . . . . .

CWMHm Basal area 0.50 0.18 2.79 0.005
CWMHm AGC 0.38 0.10 3.67 <0.001
FDvarWD Basal area 0.30 0.17 1.75 0.081
FDvarWD AGC �0.11 0.10 �1.11 0.268
Basal area AGC 0.73 0.09 7.49 <0.001

Savannas
Species richness CWMHm �0.16 0.18 �0.88 0.379
Species richness FDvarWD 0.13 0.18 0.70 0.484
Species richness Basal area 0.05 0.15 0.30 0.764
Species richness AGC �0.11 0.05 �2.14 0.032
CWMHm Basal area 0.50 0.14 3.69 <0.001
CWMHm AGC 0.09 0.06 1.40 0.162
FDvarWD Basal area 0.27 0.15 1.83 0.067
FDvarWD AGC 0.11 0.06 2.02 0.043
Basal area AGC 0.88 0.05 17.64 <0.001

Notes: P < 0.05 appear in boldface. Est.std., standardized estimates; SE, standard error; CWM, community weighted mean;
FDvar, functional diversity; Hm, tree maximum height; WD, wood density; AGC, aboveground carbon; . . ., indicates the non-
significant path that was excluded to fit a non-saturated partial mediation SEM.

 v www.esajournals.org 9 June 2021 v Volume 12(6) v Article e03563

MENSAH ETAL.



and biomass because species and individuals
with the same diameter often exhibit different
tree heights and would probably have different
allometries (Mensah et al. 2018a). This insight is
also evidenced by the direct effect of CWM of
maximum height on AGC and its indirect effect
which operated through basal area (Fig. 3). Tree
maximum height often correlates strongly with
medium and large stand diameters, which
reportedly reflect stand dominance patterns and
represent a high proportion of basal area and
AGC (Lutz et al., 2018, Mensah et al. 2020a). Our
finding that high community weighted mean val-
ues of tree height promoted AGC is in line with
the idea that dominant species and their associ-
ated traits have greatest influence on ecosystem
functioning (Carroll et al. 2011, Mensah et al.
2016a). Specifically, a high CWM of maximum
height indicates the dominance of tall species,
which are likely superior in their ability to com-
pete for light in forest ecosystems (Carroll et al.
2011, Cadotte 2017).

The SEM fitted to the data from savannas indi-
cated that, in addition to the positive CWMHm
effect, FDvar of wood density also promoted
AGC directly (Fig. 3C). This shows that unlike
the pattern observed in the forests, diversity in
wood density additionally promoted AGC in
savannas, supporting the niche complementarity
hypothesis. The shift in the effect of FDvar of
wood density from neutral in forests to positive
in savannas was a striking finding from the inte-
grative SEMs (Fig. 3), which is attributable to the
conditions that maintain forest and savanna veg-
etation types in the study region. In the gallery
forests, favorable conditions (e.g., high water and
nutrient availability) due to the presence of run-
ning surface water support a wider range of spe-
cies, including some fast-growing species
characterized by acquisitive traits, and capable of
reaching large diameter and high height in the
forests (Fortunel et al. 2014, Jucker et al. 2016).
This explains the greater direct and indirect
effects of CWMHm on AGC in the forests, as
compared to savannas. In contrast, unfavorable
conditions of drought and low humidity in
savannas’ soils, added to higher evapotran-
spiration due to their open canopies, may lead
to the dominance of species with conserva-
tive resource-use strategies to achieve survival
and biomass retention in resource-limited

environments (Chave et al. 2009, Fortunel et al.
2014). Such conservative strategies occur through
species-specific investments in conductive tis-
sues, which could increase variability in species
wood density. Moreover, wood density reflects a
trade-off between fast growth rate (associated
with low wood density) and low mortality (asso-
ciated with high wood density; Chave et al. 2009,
Philipson et al. 2014, Prado-junior et al. 2016b).
Therefore, our result implies that vegetation co-
dominated by species with fast growth rates and
low mortality (thereby spanning the whole gra-
dient of wood density) maximize AGC, possibly
because having both strategies allows for the
maximization of biomass production in both
good (high rainfall, few disturbances) and bad
(low rainfall, more disturbances) years.
The smaller effect of CWM of maximum height

in savannas (as compared to the patterns in for-
ests) could be attributed to (1) the generally smal-
ler density of large-size and often tall trees, and
relatively higher abundance of small-size trees,
as compared to forests, and (2) the scattered pat-
tern of trees in savannas, resulting in relatively
lower stocking density per ha and subsequent
less competition for light in these habitats com-
pared to forests. These small-size trees also often
occur within a considerable species pool with
varying growth habit and stem structure, which
also mechanistically explains the positive associ-
ation between AGC and functional divergence in
wood density in savannas. Previous studies have
inferred on niche complementarity as mechanism
driving ecosystem function by considering multi-
ple traits functional diversity metrics (Cadotte
2017, Huang et al. 2020). For instance, Cadotte
(2017) showed that niche differentiation and
complementarity effects were only explained by
multi-trait combinations. Our study, however,
shows that the niche complementarity can also
be explained by a single trait, as evidenced by
the significant effect of divergence in wood den-
sity in savannas (Fig. 3; Appendix S1: Fig. S3).
Finally, we also found that species richness did

not directly influence carbon stocks, but had an
indirect effect by significantly reducing CWM of
maximum height in forests. Importantly, model
comparisons showed that richness influenced
carbon stocks through its effects on FD and FI,
and not vice versa. Thus, while a high species
richness is important for maximizing AGC in

 v www.esajournals.org 10 June 2021 v Volume 12(6) v Article e03563

MENSAH ETAL.



both forests and savannas, its effects were mostly
indirect and operated through changes in FI (in
both forests and savannas) and FI (in savannas
only).

CONCLUSION

This study examined the relationships between
aboveground carbon, species richness, functional
diversity, and identity measures of wood density
and maximum height in forests and savannas,
while accounting for the potential vegetation
stand correlates such as tree density and basal
area. We found that basal area correlated
strongly with both CWM of maximum height
and FDvar of wood density, with the former sub-
stantially increasing AGC in forests and both
promoting AGC differently in savannas. Impor-
tantly, the study shows that integrative models
are crucial for understanding the effects of spe-
cies richness, functional trait diversity, and iden-
tity on AGC across forests and savannas and that
different mechanisms drive the effects of biodi-
versity components on AGC in forests and
savannas. For instance, the finding that AGC
stock correlates positively with CWM of maxi-
mum height in forests and savannas suggests
that AGC is maximized in communities domi-
nated by species with a high maximum height.
On the other hand, the additional effect of FDvar
of wood density on AGC in savannas supports
the mechanism of niche differentiation across the
wood density trait space, as a driver of commu-
nity tree growth and biomass carbon. Our find-
ings therefore imply that the influence of
functional diversity and identity vary with func-
tional traits, and across ecosystems, possibly
because of different species growth habit and
dynamic.
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