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Abstract

Decades of research have helped establish the positive relationships between species richness and ecosystem biomass. However,
species richness or related taxonomic metrics do not fully capture the functional differences between species, nor are they
sufficient to reflect overall stand complexity. Further, the relative importance of structural diversity, functional trait dominance
and diversity for stand biomass is still controversial, especially in multispecies stands with differential intra- and interspecific
functional and structural patterns. In this study, we used plot level floristic and functional trait data in mixed-species plantations
in West Africa, to examine the relationship between multiple diversity metrics and AGB. Multi-model inference and subset
regression analyses were performed to identify the most important diversity metrics for AGB. Structural equation models were
also used to evaluate both direct and indirect responses of AGB. Overall, 23 species were enumerated in the mixed species
stands, plot level values ranging from 1 to 12 species. AGB was in average 15.5 Mg/plot, and varied from 9.3 to 23.1 Mg/plot.
The relationship between taxonomic diversity and AGB varied with specific metric. Among taxonomic diversity metrics, only
species richness correlated positively with AGB. Neither the single trait-functional diversity nor the functional dominance played
a significant role in predicting AGB. In contrast, functional evenness and structural diversity showed positive effects on AGB,
and mediated its positive response to species richness. This work reveals that functional evenness showed a significant advantage
in predicting and mediating AGB response to species richness, when compared with structural diversity. It also suggests that
niche complementarity plays a crucial role in enhancing AGB in mixed plantations, and operates through functional evenness
and structural diversity. Maintaining high structural diversity and functional diversity would contribute to preserve biodiversity

and enhance stand biomass stock in mixed species plantations.

Introduction

Mixed species plantations with high value species attract increased interest as they may provide a broader
supply of ecological and socio-economic benefits (Felton et al., 2016; Gamfeldt et al., 2013; Heinrichs et al.,
2019; Isbell et al., 2011). Mixed species stands have particularly been reported to provide higher biomass
production (Erskine, Lamb, & Bristow, 2006) and to be more productive, stable and climate resistant than
the average monocultures of the same species (Bauhus et al., 2017; H. Pretzsch et al., 2015; H Pretzsch et
al., 2019).

As compared to monoculture, higher biomass production in mixed species stands can be attributed to several
factors, including greater species diversity, greater stand structuring and canopy packing (H Pretzsch et al.,
2019), facilitation and better resource utilization (Jactel et al., 2018; Hans Pretzsch, Forrester, & Bauhus,
2017). For instance, species rich stands may allow coexistence of functionally different species (species
of different functional trait or attributes) that therefore efficiently access and utilize limiting resources,



thereby enhancing biomass production through efficient resource-use. It is further possible that in mixed
species stands, certain species (e.g. nitrogen-fixing species) improve growing conditions for others, thereby
enhancing overall production through facilitation (Erskine et al., 2006). This is consistent with the niche
complementarity and facilitation mechanisms (Loreau & Hector, 2001), and have important implications
for silviculture, as well managed mixed, more diverse and uneven-aged plantations would have higher net
primary production than monoculture stand (Kelty, 1992, 2006). On the other hand, occurrence of dominant
and highly productive tree species (with dominant traits) can positively influence biomass production, i.e.
one or two species in mixed species plantation can largely explain increase in biomass production if they
are dominant. This lends support to the sampling/selection effect hypothesis which posits that biomass
production is enhanced through functional traits of the dominant species. Although the selection effects may
seem more evident, because few larger trees often contain large portion of the stand aboveground biomass
(Bastin et al., 2015; Fotis et al., 2018; Lin et al., 2016; S. Mensah, Veldtman, Du Toit, Kakal, & Seifert, 2016;
Sylvanus Mensah, Veldtman, & Seifert, 2017), studies have also lent support to both mechanisms, which are
demonstrated to be non-mutually exclusive (Cavanaugh et al., 2014; Hooper, Chapin III, & Ewel, 2005; S.
Mensah, du Toit, & Seifert, 2018; S. Mensah, Veldtman, Assogbadjo, Glele Kakai, & Seifert, 2016; Ruiz-
Benito et al., 2014; Ruiz-Jaen & Potvin, 2010; Wu et al., 2015), but can have different relative importance in
different contexts (Fargione et al., 2007; Potvin & Gotelli, 2008), as a result of differences in functional traits
among species, resource allocation and resource use efficiency (Huston, 1997; Tilman, Lheman, & Thomson,
1997). For instance in a recent study, we showed that both mechanisms operate through competitive exclusion
imposed by dominant species (selection effects) and complementary use of resources by weak competitors
(S. Mensah, du Toit, et al., 2018). Therefore both mechanisms may also prevail for mixed species stands,
and understanding their relative contribution may inform about appropriate silvicultural options for their
management.

Decades of research have helped establish positive relationships between species richness and ecosystem
biomass or carbon storage, as the most dominant pattern. Across scales and biomes, several studies have
reported positive effects of species diversity on stand biomass (Barrufol et al., 2013; Cheng, Zhang, Zhao,
& von Gadow, 2018; Huang, Su, Li, Liu, & Lang, 2019; Liang et al., 2016; Liu et al., 2018; S. Mensah,
Veldtman, Du Toit, et al., 2016; Paquette & Messier, 2011; Ruiz-Benito et al., 2014; Vila et al., 2007),
although neutral and negative patterns also exist (An-ning, Tian Zhen, & Jian Ping, 2008; Ruiz-Jaen &
Potvin, 2011; Szwagrzyk & Gazda, 2007). While the positive relationship between species richness and
biomass production can be used as a persuasive argument for the conservation of biodiversity and encourage
more diverse plantations (Erskine et al., 2006), many previous studies have focused on species richness or
related taxonomic indexes, which do not fully capture certain functional differences or similarities between
species (Cardinale et al., 2006), nor are they sufficient to reflect the complexity of the stand community
(Morin, Fahse, Scherer-Lorenzen, & Bugmann, 2011). Much research is still needed across scales of the
analysis (global, national or subnational), and in relation to the measure of biodiversity.

Apart from species richness or related taxonomic indices such as Shannon index, Pielou evenness and Simpson
index, functional trait diversity (richness, evenness, dispersion and divergence), functional trait dominance
or identity (community-weighted mean of a given functional trait) or structural diversity have been reported
to predict stand aboveground biomass or productivity (Y. Li et al.; 2019; Lin et al., 2016; S. Mensah, du
Toit, et al., 2018; S. Mensah, Veldtman, Assogbadjo, et al., 2016; S. Mensah, Veldtman, Du Toit, et al.,
2016; Prado-junior et al., 2016; Thom & Keeton, 2019; Wen et al., 2019; Zhang & Chen, 2015). Because
species may differ in functional traits that drive differences in resource capture, rates of photosynthesis and
biomass allocation (Falster, Duursma, & FitzJohn, 2018; Poorter et al., 2012), functional trait diversity,
dominance or identity would better capture the degree of functional redundancy and niche overlap (Lasky et
al., 2014; Prado-junior et al., 2016; Ruiz-Benito et al., 2014). Further, structural diversity (tree size variation
and inequality) reflects how different species occupy different vertical and horizontal layers, and therefore
may indicate the degree of complementarity (e.g. light-adapted and shade-tolerant species), competition and
resource utilisation. Nevertheless, some recent studies showed controversy in the relationship between these
structural and functional diversity /dominance metrics (Finegan et al., 2015; Lin et al., 2016; Prado-junior et



al., 2016; Xu et al., 2019). For instance, Lin et al. (2016), after accounting for topographic variables and tree
stem density, found that functional dominance was the main driving factor for forest aboveground carbon,
while functional diversity had negligible effects. The authors argued that this could have been due to the fact
functional traits that relate strongly to plant complementary resource use were not included in the analysis.
However, even after using five functional traits (maximum tree height; leaf carbon content; leaf nitrogen
content; leaf area; and specific leaf area), Xu et al. (2019) reported that neither the functional nor the phylo-
genetic diversity showed a significant advantage in predicting aboveground biomass and biomass production
when compared with species richness in old-growth temperate forests. Further, Fotis et al. (2018) recently
reported limited effect of functional diversity on aboveground biomass in mixed mesophytic temperate forests
of the eastern USA, whereas Szwagrzyk and Gazda (2007) found that negative effects of functional diversity
on aboveground biomass in Central Europe. Consequently, the relative importance of functional dominance
(selection effects), functional diversity and structural diversity (niche complementarity) for stand biomass is
still controversial, and requires further investigation, especially in mixed species stands that harbor species
occupying different positions across the vertical layer, possibly favoring a better use of resources (e.g., light)
and reduced competition.

Combining information on taxonomic, functional, and structural diversity would provide additional insights
into our understanding of mechanisms behind diversity-biomass relationships in mixed species stands. Howe-
ver, it is unclear how each particular metric would predict AGB, and whether some have significant advantage
in mediating AGB response. Therefore, in this study, we used taxonomy-, structure-, and functional trait-
based diversity to examine the relationships between AGB and multiple diversity metrics. First we sought
to determine the most important taxonomic diversity measure among species richness, Shannon diversity,
Pielou evenness and Simpson index, for predicting AGB. Second we tested for clear effects of multiple trait-
functional diversity, single trait-functional diversity, functional dominance, and structural diversity on AGB.
Finally, we retained the most important structure-, and functional trait-based diversity metrics, and tested
for their mediation role in predicting AGB response to species richness.

Materials and methods
Study area and forest inventory

The present study was carried out in mixed species stands located in the Sudano-Guinean ecological transition
zone in Republic of Benin. The transition zone is characterized by a unimodal rainfall regime (one rainy
season and one dry season of unequal durations), with an annual rainfall of 1200 mm, and average daily
temperature of 28°C (Adomou, 2005). There is little or no variation in the type of soil, which is mainly
ferruginous. The plantations were established in the Bellefoungou Forest Reserve (9°46’40” - 9°49°00” N and
1°42°00” - 1°45°00” E), to restore the forest cover in degraded areas subject to high anthropogenic pressure.
They were initially established using exotic species (Tectona grandis L., Gmelina arborea Roxb.), but did
not receive silvicultural and management interventions, hence, evolved into mixed species stands with the
occurrence of many other native species including Vitellaria paradoza (Gaertn C. F.), Isoberlinia doka Craib
& Stapf, Pterocarpus erinaceus Poir. Like most tropical sudanian vegetation, these stands exhibit a well-
structured, multi-storey woody vegetation, consisting of sub-canopy, canopy and emergent tree species. The
most dominant species in these stands is

T. grandis.

The dataset used in the analyses was collected from 30 inventory plots of 0.18 ha (Houeto et al., 2014; Salako
et al., 2013), and consisted of floristic information (tree species names, density, and diameter at breast height
— dbh and tree height) and functional trait data (maximum plant height and specific wood density). In each
plot, all individual of dbh [?] 5 cm were measured for their dbh and tree height, and identified at species
level. The number of primary branches at crown base level was also recorded for each individual to account
for variability in the crown structure. Data on functional traits important to plant growth (maximum plant
height and specific wood density) were obtained from field inventory and publicly available sources. The
data on maximum plant height was obtained from the inventory data, while that of species wood density



was obtained from the Global Wood Density Database (Zanne et al., 2009). We used wood density and plant
maximum height because they are known to relate with light capture, stem growth and plant investment
in biomass. For instance, plant maximum height enhance light capture and facilitate higher growth, while
wood density indicates whether a tree species favors a fast growth whereby conductive tissues are rapidly
built in lower wood density species (Falster et al., 2018; Prado-Junior et al., 2016).

Quantification of aboveground biomass stock

We used the multispecies allometric biomass equation developed by (Chave et al., 2014) to calculate the
aboveground biomass (AGB) for all individual trees present in the plots. The formula for the multispecies
allometric biomass equation is: AGB = 0.0673 x (p x DBH? x Ht) %976 where AGBis the aboveground
tree biomass in kilograms, p the species-specific wood density (g[?Jcm™), DBH the diameter at breast height
(cm), and Ht the total height (m).

Quantification of taxonomic, functional and structural diversity metrics

We computed plot-level taxonomic, functional and structural diversity metrics. Taxonomic diversity was
quantified using species richness, Shannon Index, Pielou Evenness and Simpson index. Species richness was
defined at plot level, as the number of distinct species enumerated inside each plot.

To quantify functional trait-based diversity, we computed multiple- and single-trait diversity metrics and
functional dominance. Multiple-trait diversity metrics include functional richness (FRic), functional even-
ness (FEve), functional divergence (FDiv) and functional dispersion (FDis) (Mouchet, Villéger, Mason, &
Mouillot, 2010; Villéger, Mason, & Mouillot, 2008). They were calculated at plot level, using the relative
abundance of each species in each plot and the values of functional traits. We quantified the single trait
functional divergence (FDvar), as the variance of each trait value weighted by the species’ relative density
in each plot (Mason, Mouillot, Lee, & Wilson, 2005). For functional dominance, we calculated the plot-level
community weight mean (CWM) for each functional trait based on the relative density of the species. We
used CWM because it reflects functional shifts in mean trait values and species dominance in a community
(S. Mensah, Veldtman, Assogbadjo, et al., 2016; Ricotta & Moretti, 2011). Both the multiple-trait functional
diversity and dominance were calculated with “FD” package in R (Laliberté, Legendre, & Shipley, 2015).
FDvar was calculated for each trait (i.e. wood density and plant maximum height) using the FDiversity
software.

Structural diversity can be expressed with measures that relate to the horizontal and vertical extent as well
as to the internal branching pattern of the trees. Thus, we focused on tree height and diameter differentiation
across individual trees inside each plot, as well as on number of primary branches at crown base level, and
assessed structural diversity as coefficient of variation (standard deviation to mean) of each of these three
variables at plot level (S. Mensah, Pienaar, et al., 2018).

Statistical analyses

All statistical analyses were performed in the R statistical software package, version 3.3.2 (R Core Team,
2019). We used scatterplot to explore the bivariate relationship between four taxonomic diversity metrics
(species richness, Shannon Index, Pielou Evenness and Simpson index) and AGB, and tested for their si-
gnificant effects on AGB using separate simple linear models. To determine how multiple trait-functional
diversity, single trait-functional diversity, functional dominance, and structural diversity influence AGB, we
ran a multiple linear model incorporating all the 11 metrics. These metrics were functional richness (FRic),
functional evenness (FEve), functional divergence (FDiv) and functional dispersion (FDis) for the multiple
trait-functional diversity; functional divergence of wood density (FDvar WD) and of maximum plant height
(FDvar Hmax) for single trait-functional diversity; community weight mean of wood density (CWM WD)
and of maximum plant height (CWM Hmax) for functional dominance; and structural diversity [CV DBH:
tree diameter variation; CV Ht: tree height variation; CV Nbp: variation of number of primary branches].
Due to this high number of independent variables and the likelihood of autocorrelation, a Multi-model Infe-
rence followed by a full averaging procedure was performed using the package “MuMIn” (Barton, 2018) to



determine the optimal best model, which was selected based on the Akaike Information Criterion (AICc).
Between two subset models that are equally supported (AAICc <2), the most parsimonious was the one
with more independent variables. In addition to the significance fits of the predictors retained in the finally
selected models, we computed for all predictors their relative importance. For easier interpretation of the
results, bivariate relationships were also constructed.

Finally, we used Structural Equation Modelling (SEM) to assess the direct and indirect response of AGB
to diversity metrics. To simplify the analytical framework of the SEM, we only considered the independent
variables that were retained in the previous selected models. These were species richness, functional evenness,
coefficient of variation of tree diameter and of the number of branches. We tested the a-priori model that
AGB increased with increasing species richness, as result of positive mediation of functional evenness, and
structural diversity.

To determine the individual mediation role of functional evenness, coefficient of variation of tree diameter
and number of branches, we fitted three separate SEMs, and a fourth integrative SEM incorporating both
direct and indirect paths between species richness and AGB via functional evenness, coefficient of variation
of tree diameter and number of branches. The SEMs were fitted using “lavaan” package (Rosseel, 2012)
in the R statistical software. The goodness of fit of the SEM was assessed using the Chi square statistic,
comparative fit index (cfi), and root mean square error of approximation (rmsea) (Grace & Bollen, 2005; S.
Mensah, du Toit, et al., 2018; S. Mensah, Veldtman, Assogbadjo, et al., 2016).
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Fig. 1 Bivariate relationships of plot-level aboveground biomass with taxonomic diversity metrics

Results

Overall, 23 species were enumerated in the mixed species stands studied, with an average of 5 species per
plot, and range value of 1 to 12 species. AGB was in average 15.5 Mg across all plots, and varied from 9.3
to 23.1 Mg per plot. The relationship between taxonomic diversity and AGB varied with specific metric.
Among the four taxonomic diversity metrics, only species richness influenced positively AGB (Figure 1), and
the effects were shown by significantly higher values of AGB in plot with more species (r2=0.16; p<0.05;



Figure 1). As for Shannon diversity, Pielou evenness and Simpson index, they showed no clear pattern with
AGB (1? < 0.04; p>0.05; Figure 1). As such, species richness was the only taxonomic diversity metric
predictor of AGB.

From the Multi-Model Inference results, single trait-functional diversity and functional dominance metrics
were not retained in the final selected optimal model (Table 1; Figure 2). Only FEve and structural diversity
metrics were retained as predictors for AGB (Table 1), and their effects were shown by increasing plot-level
AGB with higher FEve and structural diversity, especially CV DBH and CV Npb (Figure 2). Although
being retained in the final model, CV Ht showed positive but nonsignificant effect on AGB (Figure 2). These
results were confirmed when examining the relative importance variable for all the diversity metrics included
in the model (Figure 3), which indicated that the most important predictors of AGB were FEve, CV DBH
and CV Npb.

Table 1. Model selection table resulting from the multiple linear models of diversity metrics effects on AGB

Component model df logLik AlCc delta weight
FEve 3 -267.41 541.81 0 0.35
CVxpb / FEve 4  -266.6 542.94 1.13 0.2
CVpeu / CVa: / CVnp, / FEve 6 -263.66 543.31 1.5  0.17
CVpgu / CVuy / FEve 5 -265.43  543.58 1.77  0.14
CWMHmax / FEve 4 -266.96 543.65 1.84 0.14
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Fig. 2 Bivariate relationships of aboveground biomass with multiple-trait functional diversity [Fric: func-
tional richness; FEve: functional evenness; FDiv: functional divergence; FDis: functional dispersion], single-
trait functional diversity [FDvar WD: functional divergence of Wood Density; FDvar Hmax: functional
divergence of Plant maximum height]; functional dominance [CWM WD: community-weighted mean trait
value of Wood Density; CWM Hmax: community-weighted mean trait value of Plant Maximum Height];
and structural diversity [CV DBH: tree diameter variation; CV Ht: tree height variation; CV Nbp: variation
of number of primary branches]
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Fig. 3 Relative importance of structural diversity, functional dominance, multiple- and single-trait functional
diversity metrics used as predictors in the multiple linear model. Statistical fit summaries are presented in
Table 1

We analysed the direct and indirect response of AGB to diversity metrics by considering only independent
important variables for AGB, as retained in the previous selected model. The outputs of the SEM testing
for species richness effect on AGB via functional evenness and structural diversity revealed chi-square values
ranging from 0.08 to 1.72 andP > 0.05 (Table 2), indicating good fit of the SEM to the data. The values of
cfi (close to 1), and rsmea (<0.16) also demonstrate good fits of the models (Table 2).

Table 2. Summary of fit statistics for the SEMs relating species richness, functional evenness and functional
diversity metrics to AGB; cfi: comparative fit index; and rmsea: root mean square error of approximation

SEM  cfi rmsea df Chi2 P Remarks

Fig.4a 1.000 0.000 0.083 0.774  Accepted
Fig.4b 0.994 0.155 1.724  0.189 Accepted
Fig.4c 1.000 0.000 0.193 0.661 Accepted
Fig.ad 1.000 0.014 1.005 0.316 Accepted
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Chi?:Chi-square test (P > 0.05 indicates absence of significant discrepancy between the data and the model);

*. p<0.05; **: p<0.01; ***: p<0.001

Species richness showed significant positive direct effect on FEve (B = 0.53; P < 0.001; Table 3), which
also showed positive and significant effect (B = 0.62; P < 0.001; Table 3; Figure 4a) on AGB. Therefore,
species richness, through FEve had a positive significant effect on AGB (8 = 0.53*0.62 = 0.39). Similarly,
species richness, through structural diversity (CV DBH and CV Npb) showed positive significant effects on
AGB (Table 3; Fig. 4b-c). However, when comparing the three SEMs, we found that the variation in AGB
explained was greater for FEve (r?=0.39) than for CV DBH (r?=0.20) and CV Npb (r?=0.24). Further,
when we combined functional evenness, CV DBH and CV Npb in the integrative SEM, only FEve showed
significant mediation role in linking species richness to AGB (Table 3; Fig. 4d).

Table 3. Results of the SEMs testing the direct and indirect effects of species richness on AGB via functional
evenness and structural diversity. Fit statistics are presented in Figure 3

SEMs Est SE VA P
Testing mediation role of functional evenness Testing mediation role of functional evenness

From species richness to functional evenness  0.53 0.12 4.26  <0.0C

From functional evenness to AGB 0.62 0.11 5.51 <0.0C
Testing mediation role of CV DBH Testing mediation role of CV DBH

From species richness to CV DBH 0.47 0.14 3.48 0.001

From CV DBH to AGB 0.45 0.15 3.07 0.002
Testing mediation role of CV Npb Testing mediation role of CV Npb

From species richness to CV Npb 0.71 0.08 8.97 <0.0C

From CV Npb to AGB 0.49 0.14 3.59 <0.0C
Direct effect of species richness Direct effect of species richness

From species richness to AGB -0.16 0.22 -0.74 0.459

From species richness to functional evenness  0.53  0.12 4.26 <0.0C

From species richness to CV DBH 0.46 0.14 3.30 0.001

From species richness to CV Npb 0.71 0.08 8.84 <0.0C

From functional evenness to AGB 0.58 0.16 3.48 0.001

From CV DBH to AGB -0.03 0.19 -0.15 0.883

From CV Npb to AGB 0.35 0.23 1.52 0.129




(a) (b)[ Spp richness ] (c)[ Spp richness ]

0.53 0.47 0.71
(0.28 (0.22 (0.50)
[ FEve |
o.e|sz o.¢||5 o.tltg
0.39 (0.20) (0.24)

T ) [aw ] (A

1

1

|

1

0.53 0.71 i
o.Ie !

1

1

0.33 |
CVDBH [CVpr] !

(0.28 (021 *04%x—T050) !
1 ’ 1

-0.03 |

0.57 0.35 !
1

Fig. 4 Structural Equation Model-fit path summary relating AGB to species richness via functional even-
ness and structural diversity metrics (Significant paths (P < 0.05) are represented with solid arrows and
non-significant paths (P > 0.05) by dashed arrows. The single-pointed arrows represent causal paths and
double-pointed arrows the residual correlations. The values without parentheses are the standardized path
coefficients. The values with parentheses are the coefficients of determination. CV DBH: tree diameter
variation; CV Nbp: variation of number of primary branches. Detailed statistics are shown in Tables 2-3.

Discussion
Increasing species richness promotes tree biomass stock in mixed species stands

Plot-level aboveground biomass increased with increasing species richness, as per our expectation and in
line with several previous studies at local (Con et al., 2013; S. Li et al., 2018; Liu et al., 2018; S. Mensah,
Veldtman, Assogbadjo, et al., 2016; Wang, Lei, Ma, Kneeshaw, & Peng, 2011), regional (Ouyang et al., 2019;
Paquette & Messier, 2011; Ruiz-Benito et al., 2014) and global scales (Cavanaugh et al., 2014; Liang et al.,
2016). None of other three taxonomic diversity metrics (Shannon diversity, Pielou evenness and Simpson
index) explained variation of the biomass in these stands, suggesting that species richness was the only studied
taxonomic diversity metric predictor of AGB. Increasing plot level species richness may drive difference in
AGB through increasing stocking capacity (higher density), or co-existence of functionally different species
increasing resource partitioning (Mittelbach et al., 2001; Waide et al., 1999), for example, several canopy
strata optimising use of vertical growing space and light (S. Mensah, du Toit, et al., 2018; Morin et al., 2011;



Yachi & Loreau, 2007), in line with the niche complementarity hypothesis. These functionally different
species may also enable plant—plant interactions such as facilitation, whereby some species could improve
growing conditions (e.g. enhancing soil fertility through fixing nitrogen) for the productivity of other species
(Erskine et al., 2006; S. Mensah, Veldtman, Assogbadjo, et al., 2016). However, increasing species richness
may also enhance biomass production through highly performing dominant species; i.e. by increasing the
likelihood of their presence in the ecosystem or by increasing the chances of having dominant species traits
that naturally favored biomass production (Fotis et al., 2018; Lin et al., 2016; S. Mensah, Veldtman, Du
Toit, et al., 2016; Wasof et al., 2018). Although our dataset reflect a local scale variation of species richness
and AGB, it must be noted that the result adds to the general evidence that species richness has a positive
effect on forest biomass.

Positive species richness effect on AGB manifested through niche complementarity

Recent studies have provided evidence for the need to explore beyond species richness, how stand biomass
and carbon relates to functional trait and structure-based diversity (Conti & Diaz, 2013; Dimobe, Kuyah,
Dabré, Ouédraogo, & Thiombiano, 2019; Finegan et al., 2015; Hao, Zhang, Zhao, & von Gadow, 2018; Lin
et al., 2016; Prado-junior et al., 2016; Wang et al., 2011; Zhang & Chen, 2015). Others researchers also
documented the importance of phylogenetic diversity (Lasky et al., 2014; Satdichanh et al., 2019; Wasof et
al., 2018). In this study, we compared the relative importance (and mediation) of functional trait, structure
and dominance metric in explaining species richness effects on biomass stock. Interestingly, none of the single-
trait functional diversity (FDvar) and dominance (CWM) metrics explained AGB variation in our stands.
Contrary to some previous studies (Conti & Diaz, 2013; Finegan et al., 2015; Fotis et al., 2018), our study
showed that FDvar and CWM of wood density and plant maximum height in these mixed species stands did
not influence AGB. Lin et al. (2016) showed that biomass carbon responds most strongly to CWM values
of wood density and maximum tree height in subtropical evergreen broad-leaved forest in China. Similarly,
Wasof et al. (2018) showed that biomass of the forest understorey was mainly related to CWM of plant traits
(leaf area and plant height) in temperate deciduous forests in Northern France. Some of our previous studies
also showed that CWM of traits correlate strongly with biomass and carbon stock (S. Mensah, du Toit, et
al., 2018; S. Mensah, Veldtman, Assogbadjo, et al., 2016; Sylvanus Mensah, Salako, Glele Kakai, & Sinsin,
2020). Although not anticipated, the conflictual result is not surprising and might be due the complexity of
these stands ecosystem structures, perhaps because of the low functional trait values (low level of functional
diversity) of the dominant species.

Nevertheless, our analyses showed that among the multi-trait functional diversity indices, functional evenness
had a significant and positive relationship with biomass, partly corroborating reports of positive relationship
between multi-trait functional diversity metrics and AGB in forest stands (Dimobe et al., 2019; Hao et al.,
2018; S. Mensah, Veldtman, Assogbadjo, et al., 2016; Rawat, Arunachalam, Arunachalam, Alatalo, & Pandey,
2019). Our finding is also in line with the general expectation that evenness should positively correlate with
biomass production (Kirwan et al., 2007; Nijs & Roy, 2000; Wilsey & Potvin, 2000). Functional evenness
reflects the evenness of species contribution to AGB (in this case) within the stand (Mason et al., 2005).
As such, our result suggests that there is homogeneity in the distribution of the relative density (i.e., lower
variance in the abundance of different species) across the multivariate trait space, reducing interspecific
competition (Tilman, 1982). Because high values of functional evenness indicate effective resource utilization
and development of productive communities (Kelemen et al., 2017) through niche complementarity and
facilitative effects (Polley, Wilsey, & Derner, 2003; Polley, Wilsey, & Tischler, 2007), the positive functional
evenness and AGB relationship (Figure 2) as well as the significant mediation role of functional evenness
(Figure 4), as observed in this study are supportive of the niche complementarity, as a mechanism driving
positive species richness effect on AGB in our mixed species stands.

Furthermore, the positive effects of structural diversity metrics on AGB stress the importance of niche
complementarity hypothesis, as the main mechanism operating in these stands. Particularly, we found that
CV DBH and CV Npb were the most important predictors of AGB, after functional evenness. These results
indicate that structural diversity promotes AGB, as also pointed out in previous studies (Wang et al., 2011;
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Yan, Zhang, Wang, Zhao, & Gadow, 2015). The structural diversity metrics as computed here (i.e. CV DBH,
CV Ht and CV Npb) reflect the amount of both intra and interspecific vertical and horizontal tree size and
crown variation within the plot, (Seidel et al., 2019; Wang et al., 2011), and thus are somewhat indicative
of resources capture and use by species (Yachi & Loreau, 2007). For example, greater intra and interspecific
vertical and horizontal tree size and crown variations would translate into forest vertical stratification and
crown complementarity, which allow for greater light infiltration and promote complementary use of light
by trees in the subcanopy, canopy and above canopy layer, leading to higher performance at stand level, as
previously shown in multi-storey Afromontane natural forest in South Africa (S. Mensah, du Toit, et al.,
2018). We thus argue that the positive effects of both CV DBH and CV Npb on AGB result from resource-
use efficiency and complementarity due to high structural (tree size and crown) differentiation, supporting
facilitation and niche differentiation or complementarity, as also shown in spruce-dominated forest stands in
Canada (Wang et al., 2011).

Conclusion

Information on how species diversity influences biomass production are vital to support forest management
and preserve biodiversity. In this study, we examined the relationships between AGB and multiple diversity
metrics in mixed species stands. We found that (i) AGB was positively influenced by species richness;
(ii) most important predictors of AGB were functional evenness and structural diversity; (iii) functional
evenness and structural diversity mediate aboveground biomass positive response to species richness. Our
research therefore underlines the importance of tree species richness as a primary driver of aboveground
biomass. Functionally or morphologically different species have different specialized strategies to optimize
resources uptake and use. Altogether, our results suggest that resource-use complementarity, the ability of
different species with functional and structural (tree size and crown) differentiation to efficiently use the
limited resources, is the main mechanism governing positive diversity-biomass relationship in mixed species
stands. The study further suggests that maintaining high structural diversity and functional diversity would
contribute to preserve biodiversity and enhance biomass stock.
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Figure Legend
Fig. 1 Bivariate relationships of plot-level aboveground biomass with taxonomic diversity metrics

Fig. 2 Bivariate relationships of aboveground biomass with multiple-trait functional diversity [Fric: func-
tional richness; FEve: functional evenness; FDiv: functional divergence; FDis: functional dispersion], single-
trait functional diversity [FDvar WD: functional divergence of Wood Density; FDvar Hmax: functional
divergence of Plant maximum height]; functional dominance [CWM WD: community-weighted mean trait
value of Wood Density; CWM Hmax: community-weighted mean trait value of Plant Maximum Height];
and structural diversity [CV DBH: tree diameter variation; CV Ht: tree height variation; CV Nbp: variation
of number of primary branches|

Fig. 3 Relative importance of structural diversity, functional dominance, multiple- and single-trait functional
diversity metrics used as predictors in the multiple linear model. Statistical fit summaries are presented in
Table 1

Fig. 4 Structural Equation Model-fit path summary relating AGB to species richness via functional even-
ness and structural diversity metrics (Significant paths (P < 0.05) are represented with solid arrows and
non-significant paths (P > 0.05) by dashed arrows. The single-pointed arrows represent causal paths and
double-pointed arrows the residual correlations. The values without parentheses are the standardized path
coefficients. The values with parentheses are the coefficients of determination. CV DBH: tree diameter
variation; CV Nbp: variation of number of primary branches. Detailed statistics are shown in Tables 2-3.
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