
Science of the Total Environment 656 (2019) 45–54

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Tree crown complementarity links positive functional diversity and
aboveground biomass along large-scale ecological gradients in
tropical forests
Arshad Ali a, Si-Liang Lin a, Jie-Kun He a, Fan-Mao Kong b, Jie-Hua Yu a, Hai-Sheng Jiang a,⁎
a Spatial Ecology Lab, School of Life Sciences, South China Normal University, Guangzhou 510631, Guangdong, China
b Guangzhou Qimao Ecological Technology Co., Ltd., Guangzhou 510631, Guangdong, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
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tional diversity promoted each other
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• Structurally-complex stand can increase
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Most of the previous studies have shown that the relationship between functional diversity and above-
ground biomass is unpredictable in natural tropical forests, and hence also contrary to the predictions of
niche complementarity effect. However, the direct and indirect effects of functional diversity on above-
ground biomass via tree crown complementarity in natural forests remain unclear, and this potential eco-
logical mechanism is yet to be understood across large-scale ecological gradients. Here, we hypothesized
that tree crown complementarity would link positive functional diversity and aboveground biomass due
to increasing species coexistence through efficient capture and use of available resources in natural tropical
forests along large-scale ecological gradients. We quantified individual tree crown variation, functional di-
vergence of tree maximum height, and aboveground biomass using data from 187,748 trees, in addition to
the quantifications of climatic water availability and soil fertility across 712 tropical forests plots in Hainan
Island of Southern China.We used structural equationmodeling to test the tree crown complementarity hy-
pothesis. Aboveground biomass increased directly with increasing functional diversity, individual tree
crown variation and climatic water availability. As such, functional diversity enhanced individual tree
crown variation, thereby increased aboveground biomass indirectly via individual tree crown variation. Ad-
ditional positive effects of climatic water availability and soil fertility on aboveground biomass were
accounted indirectly via increasing individual tree crown variation and/or functional diversity. This study
shows that tree crown complementarity mediates the positive effect of functional diversity on aboveground
biomass through light capture and use along large-scale ecological gradients in natural forests. This study
also mechanistically shows that tree crown complementarity increases species coexistence through main-
tenance of functional diversity, which in turn enhances aboveground biomass in natural tropical forests.
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Fig. 1. A conceptual model for linking multivariate relatio
biomass in tropical forests of Hainan Island in Southern C
dividual tree crown variation is attributed to a latent varia
hypothesized path, the expected anticipation (A1), hypoth
troduction section for detail).
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Hence, managing natural forests with the aim of increasing tree crown complementarity holds promise for
enhancing carbon storage while conserving biodiversity in functionally-diverse communities.

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

Exploring themultivariate relationships between abiotic (i.e. climate
and soils) and biotic (i.e. biodiversity, tree crown variation and stand
structure) drivers of aboveground biomass is important for understand-
ing ecosystem productivity (Ali et al., 2019; Michaletz et al., 2018;
Poorter et al., 2017; Ratcliffe et al., 2017). In forest ecosystems, themul-
tivariate relationships among environmental factors, biodiversity and
ecosystem functioning such as aboveground biomass and productivity
are well documented under the niche complementarity and mass
ratio hypotheses (Ali and Yan, 2017a; Poorter et al., 2017; Prado-
Junior et al., 2016; Yuan et al., 2018). Yet, few studies provide empirical
evidence of the tree crown complementarity mechanism that underlies
the positive effects of biodiversity on aboveground biomass through the
partitioning of vertical physical space among component species and
interacting individuals (Jucker et al., 2015; Sapijanskas et al., 2014;
Williams et al., 2017), and this ecological mechanism along large-scale
ecological gradients is yet to be understood (Fig. 1).

A number of ecological mechanisms have been put forward to ex-
plain why the relationship between biodiversity and aboveground bio-
mass might be context-dependent in natural forests (Ratcliffe et al.,
2017). Here, in addition to the niche complementarity and resource
availability effects (Ali et al., 2019; Poorter et al., 2017; Ratcliffe et al.,
2017), we focus on the tree crown complementarity effect for
explaining aboveground biomass in natural forests along large-scale
ecological gradients (Fig. 1). For example, species complementarity in
space may explain the positive effects of biodiversity on aboveground
biomass by describing how much the coexisting species, having a vari-
ety of functional traits, can efficiently utilize the available resources in
nships among climatic water availab
hina. Functional diversity is character
blewhich incorporated X (east to wes
esis (H1) and predictions (P1, P2, and
space such as light (Tilman, 1997; Williams et al., 2017; Yachi and
Loreau, 2007). As such, variations in plant architectural traits (e.g.
crown widths of individual trees) has been recognized to enhance
light capture and usewithin a community through high canopy packing
and leaf area index, and hence may also provide explanation for above-
ground biomass (Jucker et al., 2015; Schmid and Niklaus, 2017; Seidel
et al., 2013; Williams et al., 2017). In this context, the tree crown com-
plementarity hypothesis predicts that biodiversity enhances ecosystem
functioning through light capture and use by the coexisting species and
interacting individuals, i.e., the complementarity use of vertical physical
space among trees increases productivity due to variations in tree
crown architecture among and within species in a community
(Schmid and Niklaus, 2017). We, therefore, anticipate that greater indi-
vidual tree crown variation, i.e., the crownwidths variations among and
within species, is associated with greater crown complementarity in
complex natural tropical forests (A1 in Fig. 1).

It is theoretically well-understood that niche complementarity can
be quantified by among or between and within component species or
interacting individuals within a community (de Bello et al., 2011;
Mason et al., 2005; Yuan et al., 2018). Consequently, previous empirical
studies have suggested that niche complementarity is a mechanism for
species coexistence, which, in turn, leading to the positive relationships
between biodiversity and ecosystem functioning due to the niche or re-
source partitioning (Loreau andHector, 2001; Tilman, 1997). For exam-
ple, variations in plant physiological, architectural, chemical and
morphological functional traits within and among species help link
community-scale properties (e.g. niche complementarity) and
ecosystem-scale functioning (e.g. aboveground biomass) (Ali et al.,
2017; Conti and Díaz, 2013; Lutz et al., 2018; Prado-Junior et al.,
ility, soil fertility, functional diversity, individual tree crown variation, and aboveground
ized by the functional divergence of a single trait (i.e. tree maximum height), whereas in-
t direction) and Y (north to south direction)widths of the individual tree crowns. For each
P3) along with expected positive (+) effects are shown in the conceptual model (see in-
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2016). Furthermore, it is expected that individual tree crown variation
is also important for species coexistence through greater variation in
tree maximum height for efficient light capture and use (Jucker et al.,
2015;Williams et al., 2017). For example, niche partitioning or differen-
tiation requires a variety of coexisting species having greater variation
in functional or architectural traits that enable them to capture and uti-
lize available resources in different ways (Díaz and Cabido, 2001;
Ratcliffe et al., 2017).

At both global and regional scales, climate and soils have important
influences on biodiversity, stand structural complexity and above-
ground biomass (Ali et al., 2019; Paquette and Messier, 2011; Poorter
et al., 2017; Ratcliffe et al., 2017). For example, along large-scale climatic
gradients, the strongest positive relationships between biodiversity and
ecosystem functioning have been reported under less favorable condi-
tions for plant growth (Paquette and Messier, 2011; Ratcliffe et al.,
2016). However, it is increasingly being reported that high climatic
water availability increases the species distribution patterns (Toledo
et al., 2012), and thereby high ecosystem functioning due to the greater
length of growing season in natural forests (Ali et al., 2018; Poorter
et al., 2017). In addition, the resource availability hypothesis predicts
that greater niche partitioning is expected to be greater in resource-
limited environments (Harpole et al., 2016), whereas the soil fertility
hypothesis predicts that plant growth requires high soil nutrients
(Quesada et al., 2012). However, it is increasingly being reported that
forest communities with nutrient-poor soils have been found to show
stronger positive biodiversity effects on aboveground biomass or pro-
ductivity than forest communities on nutrient-rich soils in natural for-
ests (Ali and Yan, 2017a; Chiang et al., 2016; Prado-Junior et al., 2016).
Therefore, when the resources are limited it is predicted that positive
relationships between biodiversity and ecosystem functioning are be-
coming stronger in functionally-diverse (e.g. phenological differences)
and structurally-complex (e.g. heterogeneity in rooting or crown archi-
tectures and shade tolerance) forest communities (Jucker et al., 2015;
Ratcliffe et al., 2017; Sapijanskas et al., 2014).

This study attempts to test the tree crown complementarity mecha-
nismbased onmultivariate relationships among functional diversity, in-
dividual tree size variation and aboveground biomass along climate and
soils gradients in tropical forests. To address the aim of the study, we
used forest inventory data from 187,748 trees, in addition to climatic
water availability and soil fertility across 712 plots in tropical forests
in Hainan Island of Southern China. Specifically, we test the following
hypothesized paths using structural equation models (SEMs). First,
functional divergence in tree maximum height would have positive ef-
fects on aboveground biomass via increasing individual tree crown var-
iation (H1 in Fig. 1), probably due to the increasing niche differentiation
and tree crown complementarity effects (Jucker et al., 2015; Williams
et al., 2017). Second, greater individual tree crown variation would re-
sult in high functional divergence in tree maximum height, which in
turn would exert a positive effect on aboveground biomass (P1 in
Fig. 1), probably due to the efficient capture and use of available re-
sources by component species within a community (Conti and Díaz,
2013; Yachi and Loreau, 2007). Third, both functional divergence in
tree maximum height and individual tree crown variation would pro-
vide positive feedback to each other for higher aboveground biomass
(P2 in Fig. 1), probably due to the variations in both phenological and
crown architecture traits (Jucker et al., 2015; Sapijanskas et al., 2014).
Fourth, climatic water availability and soil fertility would enhance
aboveground biomass directly or indirectly via functional diversity
and individual tree crown variation (P3 in Fig. 1), under the predictions
of soil fertility and length of growing seasons for plant growth (Ali et al.,
2019; Poorter et al., 2017; Quesada et al., 2012).

To test the hypothesized paths, we designed four SEMs based on a
hierarchical approach. For example, we first tested the strength and di-
rection of aboveground biomass responses to functional divergence in
tree maximum height, and then used tree crown complementarity as
a linking mechanism based on the interrelationships between
functional divergence in tree maximum height and individual tree
crown variation (H1, P1 and P2 in Fig. 1) for explaining aboveground bio-
mass while considering for climate and soils (P3 in Fig. 1). Based on the
hierarchical approach in SEM, we mainly hypothesize that tree crown
complementarity is a potential ecological mechanism for linking posi-
tive functional diversity and aboveground biomass due to increasing
species coexistence through efficient capture and use of available re-
sources in natural tropical forests along large-scale ecological gradients.

2. Materials and methods

2.1. Study area and forest inventory data

We studied tropical forests including rainforest and tropical mon-
soon forest (spanned a geographical area from 18°10′–20°10′ N in lati-
tude, 108°37′–111°03′E in longitude) along climate and soils gradients
in Hainan Island of Southern China (Ali et al., 2018). The study area
has distinct dry and wet seasons including typhoons. In this study, we
used biophysical data from 712 plots distributed randomly across the
Hainan Island of Southern China (Fig. 2).

Prior to 1950s, the area occupied by forests on Hainan Island was
largely natural, whereas the non-forested area was mainly farmland.
In the history, forest area had been subjected to both anthropogenic
and natural disturbances, and hence decreased considerably due to log-
ging for timber, windthrow through typhoons, artificial plantations, and
residential expansion, with natural forest cover, reached to a minimum
level in the 1980s. In response to this dramatic loss of the natural forest
cover due to the variable intensities of the human disturbances, theHai-
nan Provincial Government implemented logging ban rules in the natu-
ral forests in 1994. The secondary forests in the region have been
protected from human activities for more than four decades, whereas
the old growth forests have been protected for centuries. Consequently,
the studied region contained both secondary and old growth forests.
Most of our studied forest plots are recovered naturally from logging
and also included old growth forests, with no visible anthropogenic dis-
turbances for more than four decades (Ali et al., 2018; Lin et al., 2017).

In each plot, during April 2009 – August 2017, all individual trees
having a diameter at breast height (DBH) ≥ 3 cm were separately mea-
sured for both DBH and height, and recognized to species-level. For the
identification of species in Latin names, Chinese Flora Database (http://
foc.eflora.cn/) was used. This forest inventory resulted in a total of
187,748 stems belonging to 994 identified species, 379 genera and
105 families across 712 plots. The size of plot ranged from 0.035 to
0.25 ha (average plot size 0.16 ha, i.e. 1600 m2 or approximately 40 m
× 40 m) where most of the plots were square in shape including 380
plots (50 m × 50 m; 0.25 ha), 322 plots (25 m × 25 m; 0.0625 ha), 7
plots (20 m × 20 m; 0.04 ha), 1 plot (30 m × 30 m; 0.09 ha), and only
two of them were almost rectangular in shape including 1 plot (30 m
× 50 m; 0.15 ha) and 1 plot (10 m × 35 m; 0.035). Note that we used
907 plots in our previous studies (Ali et al., 2018; Ali et al., 2019) but
used 712 plots in this study because crown dimensions data weremiss-
ing for the remaining plots. More details about the study area in the
Supplementary text S1 (Appendix A) and in our previous study (Ali
et al., 2018).

2.2. Variables used in the analyses

Our conceptual model (Fig. 1) included five biophysical variables:
climatic water availability, soil fertility, functional diversity, individual
tree crown variation and aboveground biomass.

2.2.1. Climatic water availability
We used climatic moisture index (CMI) to represent overall water

availability. For example, higher values of climatic moisture index indi-
cate greater water availability for plants (Hogg, 1997; Poorter et al.,
2017). The CMI for each plot was quantified as the difference between

http://foc.eflora.cn
http://foc.eflora.cn


Fig. 2.Map of vegetation cover in Hainan Island of Southern China, with the location of the 712 study plots. The amount of natural forest cover is indicated in the background. For more
information about the map and study area, see Lin et al. (2017).
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mean annual precipitation and mean annual potential evapotranspira-
tion, where mean annual precipitation and mean annual potential
evapotranspiration for each plot was extracted from a world climate
dataset (http://www.worldclim.org/) using geographical location of
the plot (Ali et al., 2018).

2.2.2. Soil fertility
Soil total exchangeable bases (soil TEB; the sumof base cations Ca2+,

Mg2+, K+ and Na+, in cmol kg−1) of the topsoil (0–30 cm) and subsoil
(30–100 cm) were obtained from the HarmonizedWorld Soil Database
(FAO et al., 2012). We used a mean value of soil total exchangeable
bases of the topsoil and subsoil, as an indicator of soil fertility, for each
plot to better represent the available soil nutrients for plant growth
(Ali et al., 2018; Poorter et al., 2017). We acknowledge that soil fertility
data derived from the Harmonized World Soil Database may under- or
over-estimated the effects of soil fertility or nutrients on functional di-
versity, individual tree crown variation and aboveground biomass in
natural forests. However, this data has been confirmed by a recent
study using locally available data for some plots (Poorter et al., 2017),
and almost found the similar results that climate, soils and biodiversity
determines aboveground biomass in tropical forests across large-scale
ecological gradients (Ali et al., 2018; Ali et al., 2019).

2.2.3. Functional diversity
For the quantification of functional diversity, we used functional di-

vergence of tree maximum height. We selected the functional diver-
gence index because it reflects the realized degree of niche
differentiation towhich relative species' abundance in niche spacemax-
imizes trait divergence within the plot (Mason et al., 2005). Specifically,
forest standswith high functional divergencemay have high ecosystem
functioning because of more efficient utilization of resources (Ali et al.,
2017; Conti and Díaz, 2013). We, therefore, anticipated that functional
divergence of tree maximum height would be closely related to the
tree crown complementarity mechanism. As such, in the SEMs, we
used tree crown complementarity as a linkingmechanism for functional
diversity (based on the tree maximum height) and aboveground bio-
mass, which may be more informative for how vertical physical space
was occupied by tree crowns for higher biodiversity and ecosystem
functioning (Jucker et al., 2015). We, therefore, used plant or tree max-
imum height as an important functional trait for tree demographic pro-
cess and functional strategies under the light partitioning or space-use
effect (Poorter and Markesteijn, 2008; Wright et al., 2010), and hence
a potential driver for ecosystem functioning (Ali et al., 2017; Conti and
Díaz, 2013). Species' maximum tree height (m) was calculated as the
upper 95-percentile tree height for those trees whose height was
equal to or N10% of the observed maximum tree height of a population
(King et al., 2006; Prado-Junior et al., 2016). Functional divergence
(Eq. (1)) was quantified as the variance in tree maximum height values
weighted by the species' relative basal area in each plot (Mason et al.,
2005). Functional diversity (i.e. functional divergence of tree maximum
height) was calculated using the FD package (Laliberté and Legendre,
2010).

FDvar ¼ 2=πarctan 5Vð Þand V ¼ ∑s
i¼1pi lnxi−lnxð Þ2 ð1Þ

where FDvarx is the functional divergence of trait x, s is the number
of species in the plot, pi is the relative basal area of ith species in the
plotpi ¼ ai=

Ps
n¼1 ai, andlnx ¼ Ps

i¼1 pilnxi. FDvar values range between
0 and 1 (Ali et al., 2017).

2.2.4. Individual tree crown variation
For the quantification of tree crown complementarity or partitioning

of canopy space, we used variations in the widths of individual tree
crowns among and within species within each plot as a potential

http://www.worldclim.org/
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indicator for individual tree crown variation. Tree crown complemen-
tarity or canopy packing characterizes the extent of the true crown dif-
ferentiation via positive interacting individuals in vertical physical space
(Williams et al., 2017; Yachi and Loreau, 2007). The coefficient of varia-
tion of tree crown (Eq. (2)), the ratio of the standard deviation of all tree
crown measurements to the mean tree crown, was used to quantify in-
dividual tree crown variation within each plot, expressed as a percent-
age (Ali and Yan, 2017a).

CVj ¼
s j
x j

� 100 ð2Þ

where CVj is the individual tree crown variation, sj is the standard devi-
ation of all tree crown width (either X or Y width) measurements

within jth plot, i.e. s j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

ðx j−xjÞ
2

ni−1

r
, x j is themean tree crownwidth (ei-

ther X or Y width) of the jth plot, i.e. xj ¼
Pn

i¼1
xi

ni
, and xj is the value of

each individual tree crown width (either X or Y width) in the jth plot
being averaged.

It is noteworthy to mention that tree crown depth for individual
trees was not assessed or available, and hence we calculated the coeffi-
cient of variation for each width of the crown, separately, i.e., X-width
(east to west direction) and Y-width (north to south direction). In
SEMs, we used a latent variable for characterizing the individual tree
Fig. 3. Bivariate relationships between climatic water availability, soil fertility, functional div
regression is significant at P b 0.05 and the relationships without fitted lines are non-significa
X-width variation; CV of C-Y, coefficient of variation of tree crown Y-width variation; FD, fun
AGB, aboveground biomass.
size variation, which incorporated the coefficient of variation for both
X and Y widths of the tree crowns within each plot.

2.2.5. Aboveground biomass
For the estimation of aboveground biomass of each individual

trees, we used the best-fit pantropical allometric equation, AGB =
0.0673 × (ρ × DBH2 × H)0.976, which is based on tree DBH, height and
species' wood density (Chave et al., 2014).We collected wood densities
of all studied species in the wood density databases (Reyes et al., 1992;
Zanne et al., 2009), following a previous critical study (Jucker et al.,
2018).

2.3. Statistical analyses

In this study, we first constructed an SEM without individual tree
crown variation for the purpose to evaluate the known theoretical mul-
tivariate relationships among climatic water availability, soil fertility,
functional diversity and aboveground biomass. We, then, tested three
SEMs based on our three hypothesized paths between individual tree
crown variation and functional diversity in the conceptual model
(Fig. 1). Indicators for the best fit of SEM to the data critically included
a nonsignificant Chi-square (χ2) test statistic (P N 0.05), standardized
root mean square residual (SRMR) b 0.08, and both goodness of fit
index (GFI), comparative fit index (CFI) N 0.95. We critically used the
χ2 test for the selection of SEM. The relative contribution of each
ersity, individual tree crown variation, and aboveground biomass (see Table S2). Fitted
nt at P N 0.05 (n = 712). Abbreviations: CV of C-X, coefficient of variation of tree crown
ctional diversity; CMI, climatic moisture index; Soil TEB, soil total exchangeable bases;



Table 1
Model-fit statistics of structural equation models (SEMs) for linking multivariate relationships among climatic water availability, soil fertility, functional diversity, individual tree crown
variation (a latent variable of crown X and Y widths), and aboveground biomass in tropical forests of Hainan Island in Southern China.
Abbreviations: CFI, comparative fit index; GFI, goodness-of-fit index; SRMR, standardized root mean square residual; df, degree of freedom;χ2, Chi-square test; R2, coefficient of determi-
nation (for aboveground biomass; a variable of interest in this study).

Hypothesized model df Model fit statistics summary Model remarks SEM

CFI GFI SRMR R2 χ2 P-value

Model without individual tree crown variation 0 1.000 1.000 0.000 0.12 0.00 NA Saturated Fig. 4a
Model with individual tree crown variation as the linking mechanism 3 1.000 0.998 0.005 0.15 3.33 0.343 Accepted Fig. 4b
Model with effect of individual tree crown variation on functional diversity 3 1.000 0.998 0.005 0.15 3.33 0.343 Accepted Fig. 4c
Model with feedback between functional diversity and individual tree crown variation 3 1.000 0.998 0.005 0.15 3.33 0.343 Accepted Fig. 4d
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predictor to the explained variance in the response variable (i.e. above-
ground biomass) was calculated as the ratio between the beta coeffi-
cient of a given predictor and the sum of beta coefficients of all
predictors, and expressed in %. In order to keep consistency with
our conceptual model and tested SEMs, we used the total standardized
effect or beta coefficient (i.e. direct + indirect effects) of a given predic-
tor, and those cases where there are no indirect effects, we then used
the direct effects only. For the complementarity results to SEMs, we
also evaluated the bivariate relationship for each hypothesized path,
as shown in our conceptual model (Fig. 1). The matrix of Pearson's cor-
relation coefficients between pairs of variables used in the SEMs is
shown in Fig. S1. The SEMs were employed using the lavaan package
(Rosseel, 2012).

In addition, the Spearman's rho revealed no or very weak correla-
tion for plot sizes with each of aboveground biomass (r = 0.08),
functional diversity (r = 0.04), and individual tree crown variation
(r = −0.15), indicating that plot size heterogeneity had no strong
influences on the multivariate relationships among these variables.
The possible assumptions of normality and linearity of the tested
variables were assessed and transformed by natural-logarithm func-
tion while standardizing at the mean of zero (Zuur et al., 2009). The
summary of variables used in SEMs is presented in Table S1. All
Fig. 4. Structural equation models for linking multivariate relationships among climatic wate
variable of crown X and Y widths), and aboveground biomass in tropical forests. Solid arrows
(P N 0.05). For each path, the standardized regression coefficient is shown (see Table 2 for stat
ecological and statistical analyses were conducted in R 3.4.2
(R Development Core Team, 2017).

3. Results

The simple bivariate regressions relationships showed that individ-
ual tree crown (X and Ywidths) variation and aboveground biomass in-
creased significantly with climatic water availability and soil fertility. As
such functional diversity increased significantly with soil fertility but
not with climatic water availability. Aboveground biomass increased
significantly with individual tree crown variation and functional diver-
sity, and that functional diversity had significant positive relationships
with individual tree crown (X and Ywidths) variation (Fig. 3; Table S2).

Themodel-fit statistics (Table 1) showed that the SEMwithout indi-
vidual tree crown variation as a linking mechanism was saturated, but
functional diversity (β = 0.29, P b 0.001), climatic water availability
(β = 0.19, P b 0.001) and soil fertility (β = 0.03, P = 0.433) had ex-
plained 12% of the variation in aboveground biomass (Fig. 4a;
Table 2). Soil fertility had a positive direct effect on functional diversity
(β = 0.10, P = 0.009), and hence a positive indirect effect on above-
ground biomass via functional diversity (Table 2). Functional diversity
was not significantly related to climatic water availability, and hence a
r availability, soil fertility, functional diversity, individual tree crown variation (a latent
represent significant paths (P b 0.05) and dashed arrows represent non-significant paths
istics).



Table 2
The direct, indirect, and total standardized effects of climaticwater availability, soil fertility, functional diversity, individual tree crown variation (a latent variable of crown X and Ywidths)
on aboveground biomass, based on the structural equation models (SEMs). The SEMs are presented in Fig. 4. Significant effects (P b 0.05) are indicated in bold.

Predictor Pathway to aboveground biomass Model 4a Model 4b Model 4c Model 4d

Effect P-value Effect P-value Effect P-value Effect P-value

Climatic water availability Direct effect 0.19 b0.001 0.17 b0.001 0.17 b0.001 0.17 b0.001
Indirect effect via functional diversity 0.00 0.688 0.00 0.689 −0.01 0.719 0.00 0.689
Indirect effect via individual tree crown variation – – 0.02 0.016 0.02 0.016 0.02 0.016
Total effect 0.19 b0.001 0.19 b0.001 0.18 b0.001 0.19 b0.001

Soil fertility Direct effect 0.03 0.433 0.01 0.838 0.01 0.838 0.01 0.838
Indirect effect via functional diversity 0.03 0.013 0.02 0.015 0.02 0.109 0.02 0.015
Indirect effect via individual tree crown variation – – 0.02 0.009 0.03 0.004 0.03 0.004
Total effect 0.06 0.130 0.05 0.159 0.05 0.198 0.06 0.130

Functional diversity Direct effect 0.29 b0.001 0.24 b0.001 0.24 b0.001 0.24 b0.001
Indirect effect via individual tree crown variation – – 0.05 b0.001 – – – –
Total effect 0.29 b0.001 0.29 b0.001 0.24 b0.001 0.24 b0.001

Individual tree crown variation Direct effect – – 0.18 b0.001 0.18 b0.001 0.18 b0.001
Indirect effect via functional diversity – – – – 0.06 b0.001 – –
Total effect – – 0.18 b0.001 0.24 b0.001 0.18 b0.001
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non-significant indirect effect of climatic water availability on above-
ground biomass via functional diversity (Fig. 4a; Table 2). This result
suggested that aboveground biomass increased directly with functional
diversity and climatic water availability, and that functional diversity
was directly influenced by soil fertility (Fig. 5a).

The full SEM including individual tree crown variation as a linking
mechanism had a good fit to the data (Table 1), explained for 15% of
the variation in aboveground biomass, and provided support to the
tree crown complementarity effect. Functional diversity had a strongest
positive direct effect on aboveground biomass (β = 0.24, P b 0.001),
followed by individual tree crown variation (β = 0.18, P b 0.001) and
climatic water availability (β = 0.17, P b 0.001) (Fig. 4b; Table 2). As
such, the direct effect of functional diversity on individual tree crown
variation (β= 0.26, P b 0.001) and indirect effect on aboveground bio-
mass via individual tree crown variation (β=0.05, P b 0.001) were sig-
nificantly positive (Table 2; Fig. 4b). While the positive direct effect of
climatic water availability on aboveground biomass remained, the addi-
tional positive effect of climatic water availability was accounted indi-
rectly via increasing individual tree crown variation (Table 2; Fig. 4b).
Similarly, the non-significant direct effect of soil fertility on above-
ground biomass remained, the additional positive effect of soil fertility
was accounted indirectly via increasing individual tree crown variation,
aswell as via functional diversity (Table 2; Fig. 4b). This result suggested
that individual tree crown variation is a potential ecological mechanism
linking positive functional diversity and aboveground biomasswhile ac-
counting for the effects of soil fertility and climatic water availability
(Fig. 5b).

An alternative SEM (Fig. 4c) with the effect of individual tree crown
variation on functional diversity had a similar good fit to the data
(Table 1) and accounted for 15% of the variation in aboveground bio-
mass. Like the SEM in Fig. 4b, functional diversity, individual tree
crown variation and climatic water availability had strong positive di-
rect effects on aboveground biomass. Individual tree crown variation
had a positive direct effect on functional diversity, and hence indirect
positive effect on aboveground biomass via functional diversity
(Fig. 4c; Table 2). In this alternative SEM, it was noted that the strength
and magnitude for the effects of soil fertility and climatic water avail-
ability on individual tree crown variation, functional diversity and
aboveground biomass were slightly changed (Fig. 4c; Table 2). As
such, another alternative SEM (Fig. 4d), having positive feedback be-
tween individual tree crown variation and functional diversity, had
also a similar good fit to the data (Tables 1and 2). These results from al-
ternative models suggested that individual tree crown variation and
functional diversity are simultaneously maintaining each other for en-
hanced aboveground biomass while providing positive responses (in
most cases) to the climatic water availability and soil fertility in tropical
forests (Fig. 5c and d).

4. Discussion

This study reveals that tree crown complementarity in natural trop-
ical complex forests is strongly and positively related to both functional
diversity and aboveground biomass, as well as to soil fertility and cli-
matic water availability across large-scale ecological gradients. These
findings provide new insights for the tree crown complementarity
mechanism by which component species having a variety of functional
traits (e.g. tree maximum height in this study) cause greater resource
capture and utilization for higher species coexistence in niche space
through maintenance of functional diversity within the community
(Ali et al., 2016; Jucker et al., 2015; Morin et al., 2011; Wright, 2002).

Previous studies in natural forests have showed that species richness
does (Jucker et al., 2015) or does not (Seidel et al., 2013) explain canopy
packing, whereas a recent experimental study has suggested that tree
crown complementarity through resource partition in space is crucial
for high aboveground biomass in young tree communities (Williams
et al., 2017). We acknowledge that our full models explained only 15%
of the variation in aboveground biomass in relation to the functional di-
versity and individual tree crown variation while accounting for the di-
rect and indirect effects of climatic water availability and soil fertility.
This result implies that even though there is a functional diversity effect,
it is not a major driver of aboveground biomass variation as shown by
previous several studies in natural forests (Conti and Díaz, 2013;
Prado-Junior et al., 2016; Yuan et al., 2018). However, we show that cli-
mate and soils are important for biotic factors (Fig. 4) (this study; Ali
et al., 2018; Ali et al., 2019) but functional diversity and individual
tree crown variation relative to climate and soils explained most of
the variation in aboveground biomass (Fig. 5). Therefore, this study sug-
gests that tree crown complementarity acting as a potential ecological
mechanism where the observed strong positive relationship between
biodiversity and aboveground biomass exists.

Themain originality of this study determines that a positive relation-
ship between functional diversity and aboveground biomass is medi-
ated via increasing individual tree crown variation through efficient
capture and utilization of available resources along large-scale ecologi-
cal gradients. Specifically, in complex species-rich and structurally-
complex tropical forests, crown complementarity increases above-
ground biomass, and that crown complementarity is positively ex-
plained by the functional diversity, climatic water availability and soil
fertility. In this study, the quantification approach for tree crown com-
plementarity in species-rich forests was variation in crown widths



Fig. 5. Beta coefficients and relative contribution (in %) of predictors on aboveground biomass, in accordancewith SEMs in Fig. 4. The solidfilled bars indicate the direct effect and the streak
filled bars indicate the indirect effect (summarized indirect effect, in case of multiple paths) of a given predictor on aboveground biomass. The relative contribution in a pie-chart indicates
the amount of variance explained by a given predictor of aboveground biomass, within a given SEM.

52 A. Ali et al. / Science of the Total Environment 656 (2019) 45–54
among and within component species and interacting individuals (Ali
andMattsson, 2017; Jucker et al., 2015;Williams et al., 2017). Although
our approach of quantifying individual tree crown variation is relatively
simple, its strong positive relationship with functional diversity is inter-
esting. This relationship is stronger than the relationship between indi-
vidual tree crown variation and aboveground biomass, or functional
diversity and aboveground biomass. These positive relationships
among individual tree crown variation, functional diversity and above-
ground biomass might be the result of increased light capture and utili-
zation by the component species and interacting individuals (Reich,
2012; Sapijanskas et al., 2014; Schmid and Niklaus, 2017; Yachi and
Loreau, 2007). Our finding suggests that tree crown complementarity
links positive functional diversity and aboveground biomass probably
due to the high light interception through greater canopy space and
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higher leaf area, and/or light-use efficiency due to the unequal re-
sponses of trees for light in the canopy (Jucker et al., 2015; Loreau,
1998; Onoda et al., 2014; Williams et al., 2017).

This study shows that functional divergence of tree maximum
height, an ecological index of functional diversity, enhances individual
tree crown variation in species-rich forests. Functional dissimilarity
among tree maximum heights may first make vertical stratification
within the stand (Ali et al., 2017; Ruiz-Benito et al., 2014), especially
in species-rich and structurally-complex forests like ours, and increase
light capture (Ali et al., 2016; Yachi and Loreau, 2007). Functional diver-
gence of treemaximum heightmay then allow light partitioning within
the stand because variation in tree heights aligns with tree growth rate,
shade tolerance and functional strategy (Ali et al., 2016; Pretzsch, 2014;
Reich, 2012), and hence increase overall light-use efficiency (Yachi and
Loreau, 2007). These findings suggest that a multilayered stand struc-
ture, having a species mixture of both shade tolerant and intolerant
with contrasting functional strategies for growth, can increase species
coexistence and aboveground biomass in natural forests (Hardiman
et al., 2013; Morin et al., 2011), and hence provide support to the tree
crown complementarity effect (Williams et al., 2017). This study sup-
ports the empirical evidence that functional diversity enhances space
use (Williams et al., 2017), and the underlying ecological mechanism
seems to be dependent on the functional strategies of individual trees
in responses to available resources and interacting neighbors
(Forrester, 2014; Jucker et al., 2015).

The tree crown complementarity, i.e., the partitioning of above-
ground space and light, is a universal underlyingmechanism for linking
positive biodiversity and aboveground biomass in both experimental
and natural systems, including forests (Hardiman et al., 2013; Jucker
et al., 2015; Schmid and Niklaus, 2017; Williams et al., 2017). However,
many other abiotic factors such as soil fertility and climatic water avail-
ability may modulate the relationships among biodiversity, individual
tree crown variation and aboveground biomass along large-scale eco-
logical gradients. As expected, we found that individual tree crown var-
iation increases with climatic water availability and soil fertility, and
provides a new prospect that the tree crown complementarity effect in-
creases through efficient capture and utilization of resources, which in
turn leads to higher aboveground biomass (Ali et al., 2018). Moreover,
we found that functional diversity increases with soil fertility but not
with climatic water availability, suggesting species coexistence due to
the high variation in tree maximum heights and crown complementar-
ity on nutrient-rich soils that increases functional diversity and hence
higher aboveground biomass at the community level (Ali and
Mattsson, 2017; Poorter et al., 2017; Ratcliffe et al., 2017).

In addition, our alternative models (Fig. 4c and d) show a significant
positive effect of individual tree crown variation on functional diversity
and a positive feedback between them, indicating that tree crown com-
plementarity is critical to the coexistence of functionally-diverse spe-
cies, and hence high functional diversity and aboveground biomass in
natural complex forests. This provides a new insight into the tree
crown differentiation as an ecological underlying mechanism for the
positive effect of biodiversity on aboveground biomass, and as a species
coexistence mechanism for the improvement of functional diversity in
natural forests (Jucker et al., 2015; Seidel et al., 2013; Williams et al.,
2017; Wright, 2002). Alternatively, the greater tree crown variation
could result from greater resource availability, e.g., larger treeswith big-
ger crowns can occur where there are more resources (Ali and Yan,
2017b; Lutz et al., 2018).

Lastly, based on the limitations of this study, we recommend the in-
clusion of some other well-documented factors into our conceptual
model for further better understanding. We did not assess the crown
depth for each individual trees, whichmay limit the tree crown comple-
mentarity or canopy packing in term of crown volume, so testing the
canopy packing approach developed by Jucker et al. (2015) is needed
to further validate our findings. We also recommend to include the ef-
fects of stand age, historical disturbance intensities and other micro-
and macro-environmental factors into our conceptual model that
might influence tree crown complementarity for linking biodiversity
and aboveground biomass in natural complex forests. We recommend
to include all the above-suggested factors into our conceptualmodel be-
cause datasets for these factors were not yet available in our study area.
Nevertheless, this study provides strong support to the tree crown com-
plementarity for linking positive functional diversity and aboveground
biomass along climate and soils gradients in tropical forests.
5. Conclusions

This study, for the first time, attempts to mechanistically demon-
strate themultivariate relationships among climate, soils, functional di-
versity, tree crown complementarity and aboveground biomass in
natural forests. Together with other ecological mechanisms, such as
niche differentiation, facilitation, species coexistence, plant–soil and
plant–climate feedbacks, this study shows that tree crown complemen-
tarity is a potential underlying ecological mechanism for linking the
positive effect of functional diversity on aboveground biomass in natu-
ral forests. More importantly, this study also shows that favorable cli-
mate conditions and high soil fertility tend to increase tree crown
complementarity at the community level, which in turn links positive
functional diversity and aboveground biomass in structurally-complex
and species-rich natural tropical forests. Therefore, at the community
level, increasing individual tree crown variation, light partitioning and
stand structural complexity would be sustainable management strate-
gies for enhancing the wood productivity, carbon sequestration and
more importantly for the biodiversity conservation across large-scale
ecological gradients in natural complex forests.We conclude that main-
taining the structure of an individual tree crown at the community level
offers a simple solution towards positive biodiversity effect on forest
functioning.
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