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There is still considerable debate about the relative importance of resource heterogeneity
and resource quantity in the maintenance of species diversity in a community. The
resource heterogeneity hypothesis proposes that spatial heterogeneity of limiting
resources and inter-specific differences in resource requirements will determine species
richness. In contrast, the resource quantity hypothesis predicts that average resource
supply rates contribute to species richness by their effects on plant density and
stochastic population dynamics. However, the evaluation of the two hypotheses
in observational studies is associated with a major methodological challenge as
average resource supply rate often covaries with resource heterogeneity. Using a
novel approach derived from the relationships between average resource supply rate,
resource heterogeneity (calculated as the standard deviation of environmental factors)
and plant density in the resource hypotheses, we evaluated the relative importance
of resource quantity and resource heterogeneity with a variation partitioning model in
Gutianshan (GTS) forest plot, China, and Barro Colorado Island (BCI) forest plot, Central
Panama. We found that resource quantity explained much less of the variation in species
richness than resource heterogeneity in both GTS and BCI (44.5% vs. 4.9% in GTS
and 20.4% vs. 0.8% in BCI at the 20 x 20 m scale, 57.5% vs. 3.4% in GTS at the
40 x 40 m scale, and 34.5% vs. 2.6% in BCl at the 50 x 50 m scale). We also
found that resource heterogeneity governed species richness in GTS, whereas spatial
processes dominated species diversity in BCI. Moreover, most of the effect of resource
heterogeneity and resource quantity on species richness overlapped with that of spatial
processes. This result indicates that most effects of resources could also be explained
by spatial processes, such as dispersal limitation. Therefore, resource heterogeneity and
spatial processes, but not resource quantity, played an important role in determining
species diversity in these two old-growth forests. This is in contrast to the results
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of several manipulative studies, which found that resource quantity governed species
diversity when one or a limited number of resources were considered. This suggests that
the processes determining species richness along ecological gradients are complicated
and determined by the interaction of various processes.

Keywords: resource quantity, resource heterogeneity, variation partitioning, species richness, ecological niche,

plant density, spatial covariation

INTRODUCTION

Disentangling the importance of different processes in
determining the species diversity of biotic communities has
been an enduring challenge for ecologists (Ricklefs and Schluter,
1993; Abrams, 1995; Barot, 2004). For example, at opposite ends
of a spectrum, the resource quantity hypothesis proposes that
the species richness is determined by the average supply rates
of limiting resources, through stochastic population dynamics
(Wright, 1983; Stevens and Carson, 2002), while the resource
heterogeneity hypothesis suggests that species richness is a
function of the spatial heterogeneity in resource supply and
inter-specific differences in resource requirements (Ricklefs,
1977; Huston, 1979; Stein et al., 2014). The importance of these
two hypotheses for regulating plant species richness has been
evaluated experimentally in grasslands (Stevens and Carson,
2002; Bakker et al., 2003; Baer et al., 2004; Eilts et al., 2011),
where it was found that patterns of resource quantity (Stevens
and Carson, 2002; Bakker et al., 2003) or resource heterogeneity
(Eilts et al., 2011; Yang et al., 2015) or both (Questad and Foster,
2008; Cardinale et al., 2009) played crucial roles in shaping
species richness. However, observational studies have rarely
examined the relative contributions of resource quantity and
resource heterogeneity to the maintenance of species richness in
natural communities.

Testing the two resource hypotheses in observational studies
is associated with a major methodological obstacle. Variation in
resource supply rates among sites not only includes variation
in the imbalance in resource supply rates among sites with
different limiting resources (i.e., resource heterogeneity) but
also contains the variation of resource quantity among sites
with the same limiting resources. Hence, assessment of resource
heterogeneity using solely within-site heterogeneity will lead to
underestimation, whereas assessment of resource heterogeneity
using both within-site heterogeneity and among-site resource
supply rate will result in an inflated estimation (Lundholm, 2009).
The close spatial covariation of resource quantity and resource
heterogeneity has presented an enduring challenge in measuring
their separate effects on species diversity (Stevens and Carson,
2002) and has hampered our ability to draw general conclusions
regarding the mechanisms of diversity maintenance.

The resolution to the challenge in separating the effects
of resource quantity and resource heterogeneity appears to
lie with how resource supply rate covaries with plant density
and how plant density influences species richness. It is widely
appreciated that resource quantity and resource heterogeneity
have a qualitatively different impact on species richness. The
resource quantity hypothesis predicts that as the resource supply

rates increase, the productivity and the density of plants in
a community are either a monotonically increasing function
(but may level off, more individuals hypothesis) (Srivastava
and Lawton, 1998) or a unimodal function of resource supply
rate (assemblage-level thinning hypothesis) (Stevens and Carson,
1999). Thus, species richness should also appear to be a
monotonically increasing or a unimodal function of average
resource supply rate, because increased plant density leads
to a reduced risk of stochastic extinction for rare species
(Stevens and Carson, 1999; Cardinale et al., 2009). Thus, the
variation of species richness in natural communities explained by
resource quantity should largely overlap with that explained by
plant density. In contrast, the resource heterogeneity hypothesis
predicts that spatial turnover in species composition will increase
when resource heterogeneity (spatial niche dimensionality)
increases within the same species pool and species differ in
resource utilization (Questad and Foster, 2008; Eilts et al., 2011).
The resource heterogeneity hypothesis does not necessarily
rely on assumptions about the relationship among resource
supply rate, plant density, and species richness. Therefore, it
is possible to separate the effects of resource quantity and
resource heterogeneity among sites using the joint effect of
plant density and resource supply rate to estimate the effect of
resource quantity.

Using a novel approach, we examined the relative importance
of resource heterogeneity and resource quantity in explaining
species diversity in two large-scale species-rich forest plots in
Gutianshan (GTS) Nature Reserve, Southeast China, and Barro
Colorado Island (BCI), Central Panama. The two plots are
ideal for testing the relative importance of the two hypotheses,
because the rugged terrain of GTS and relatively uniform
topography of BCI represent two extreme ends of resource
heterogeneity (Harms et al., 2001; Legendre et al.,, 2009), and
the soil resources and species distribution in the two plots
have been mapped at high resolution (John et al, 2007;
Zhang et al, 2011). To test the two hypotheses, we first
partitioned the variation of species richness into components
explained by resource quantity, resource heterogeneity, and
plant density. We further evaluated the relative importance of
resource quantity and resource heterogeneity by accounting for
the effect of space.

MATERIALS AND METHODS
Study Site

We conducted research at two species-rich sites: (i) the 24-
ha subtropical forest plot in GTS (29.25°N, 118.12°E, alt.
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446-715m), Zhejiang Province, East China; (ii) the 50-ha
forest plot on BCI (09.15°N, 79.84°E, alt. 120-160 m), Central
Panama. GTS is a subtropical evergreen broad-leaved forest
supporting 159 species and 140,700 individuals (DBH > 1cm).
Castanopsis eyrei (Fagaceae), Schima superba (Theaceae), and
Pinus massoniana (Pinaceae) are dominant species in this forest
(Zhu et al.,, 2008). The soil is a subtropical red soil (equivalent to
Ultisols in United States soil taxonomy).

Barro Colorado Island forest is a lowland semi-deciduous
moist forest sustaining 299 species and 208, 400 individuals in
the sixth census carried out in 2005. The soils in BCI are mostly
well-weathered Kaolintic Oxisols (John et al., 2007).

Soil Sampling and Analysis

Soils were sampled and analyzed at GTS and BCI following the
same protocol of soil survey but with different grid sizes (John
et al., 2007; Zhang et al., 2011). The soils of the BCI plot were
sampled in a previous study (John et al, 2007) using a grid
of 50 x 50 m, and one additional point was added to each
intersection point at 2 m, 8 m, or 20 m in a random compass
direction from the grid. Soils in GTS were sampled with a regular
grid of 30 x 30 m in an area of 390 x 600 m. Each regular point
was associated with two additional sampling points at 2 m, 5 m,
or 15 m in a random compass direction. The remaining area was
divided into 10 x 30 m grid and sampled the cross points. Thus,
893 points in GTS and 300 points in BCI were sampled. The soil
sampling and analysis methods are available in John et al. (2007)
and Zhang et al. (2011).

We applied Ordinary Kriging to obtain average values of soil
variables for 10 x 10 m, 20 x 20 m, 40 x 40 m quadrats (in
GTS), and 50 x 50 m quadrats (in BCI). We chose 40 x 40 m
quadrats in GTS instead of 50 x 50 m quadrats at larger scale due
to sufficient sample size at 40 x 40 m (150 quadrats at 40 x 40 m
vs. 96 quadrats at 50 x 50 m).

Data Analysis

Plant Richness and Density

Species richness was the number of species in a sampled
quadrat. We used the number of individuals (plant density) in
each quadrat as an explanatory factor due to the relationship
between species richness and plant density predicted by the
resource quantity hypothesis (Srivastava and Lawton, 1998;
Stevens and Carson, 1999).

Environmental Factors

Environmental factors used in the analysis included soil nutrients
and topographic variables. Available ions (Al, B, Ca, Cu, Fe,
K, Mg, Mn, N, Na, Si, Zn), N mineralization rate (Nmin), pH,
moisture, Total C (TC), Total N (TN), Total P (TP) for GTS,
and available ions (Al, B, Ca, Cu, Fe, K, Mg, Mn, P, Zn, N),
Nmin, pH for BCI were included in the analysis. Topographic
variables (mean elevation, convexity, slope, and aspect) of both
GTS and BCI were also included in the analysis. Topographic
variables were calculated from elevation data following methods
in Harms et al. (2001) and Legendre et al. (2009). Before the
analysis, the soil nutrient except pH value was standardized
by dividing the maximum value of each soil nutrient in the

plot; pH value, mean elevation, convexity, and slope were
centralized, while aspect was sine and cosine transformed
to express east and north (Harms et al., 2001; John et al,
2007; Legendre et al.,, 2009). To assess the effects of resource
heterogeneity and resource quantity on species diversity patterns,
we combined soil nutrients and topographic variables as resource
variables, because topographic factors can partly represent
the light availability, soil temperature, or soil moisture in
local communities.

Spatial Factors

Spatial structure of species richness among quadrats was
represented by dbMEM (distance-based Moran’s eigenvector
mapping) (Borcard and Legendre, 2002; Dray et al, 2006),
which has also been called PCNM (principal coordinate of
neighbor matrices). A truncated geographic distance matrix
among quadrats was computed using the coordinates of quadrats,
then principal coordinate analysis (PCoA) was employed to
transform this matrix to dbMEMs (Borcard and Legendre, 2002).
The dbMEMs were employed as explanatory variables to model
spatial structures of species richness. Details of dbMEMs have
been demonstrated in Legendre et al. (2009). Using function
forward.sel() in R package packfor (Dray et al., 2012), we perform
forward selection to choose significant dbMEMs representing
spatial factors.

Statistical Analysis

We used a variation partitioning method (Borcard et al,
1992; Peres-Neto et al., 2006; Cao et al, 2019) to partition
the variation of species richness into fractions that were
explained by resource heterogeneity, resource quantity (mean
resource level), and spatial structure. We used function varpart()
in R package “vegan” to calculate the variation fractions
(Oksanen et al., 2007).

We used the standard deviation of environmental factors in
4 and 16 sub-quadrats of 10 x 10 m to represent resource
heterogeneity within a 20 x 20 m or a 40 x 40 m quadrat
(within-quadrat resource heterogeneity) for GTS, respectively.
Similarly, we used the standard deviation of environmental
factors in 4 and 25 sub-quadrats of 10 x 10 m to represent
within-quadrat resource heterogeneity within a 20 x 20 m or
a 50 x 50 m quadrat for BCI (Tilman, 1982; Stevens and
Carson, 2002). To estimate average resource supply rate, we used
the mean values of environmental factors at the same scales
(Stevens and Carson, 2002).

We first partitioned the variation of species richness into
fractions explained by resource quantity, resource heterogeneity,
and plant density as shown in Figure 1. The fraction explained
by within-quadrat resource heterogeneity is represented by
fractions [1] + [5] + [6] in Figure 1. To disentangle the
effect of resource heterogeneity and resource quantity, we used
the joint effect of average resource supply rate and plant
density to estimate the effect of resource quantity on species
richness (fractions [4] 4 [7] in Figure 1) and used the other
parts of the fraction explained by average resource supply rate
to estimate resource heterogeneity among quadrats (among-
quadrat resource heterogeneity) (fractions [2] + [5] in Figure 1).
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FIGURE 1 | Variation partitioning model for testing predictions of the resource quantity hypothesis and the resource heterogeneity hypothesis. The box
encompasses the total variation in species richness of the studied plot. Circles stands for the fractions of variation that within-quadrat resource heterogeneity,
average resource supply rate, and plant density could explain. [1]~[7] represent the fractions of variation in species richness that could be explained by different
variables. [1], [2], and [3] are the fraction of variation that could be explained by one factor controlling other factors, respectively. [4]~[7] represent the intersection of

variation that could be explained by joint effect of two or three variables.

Explained by average

N

resource supply rate

171

\ Explained by resource

quantity ([4]+[7])

Residuals

Thus, the effect of resource heterogeneity can be estimated as
the sum of within-quadrat resource heterogeneity and among-
quadrat resource heterogeneity (fractions [1] + [2] + [5] + [6]
in Figure 1).

Next, we further evaluated the effect of resource quantity
and resource heterogeneity on species richness by accounting
for the effect of space. We partitioned the variation in species
richness into fractions explained by resource heterogeneity,
average resource supply rate, plant density, and dbMEMs as
shown in Supplementary Figure S1. Similarly, the variation in
species richness explained by resource quantity is the sum of
fractions [7], [10], [12], and [15], and the fractions explained by
resource heterogeneity is the sum of fractions [1], [2], [5], [8],
[9], and [14]. The joint effect of resource quantity and space is
the sum of fractions [12] and [15], and the joint effect of resource
heterogeneity and space is the sum of fractions [8], [9], and [14].
The pure effect of space is [4].

To model non-linear relationships between species richness
and resource heterogeneity, average resource supply rate, and
plant density, a third-order polynomial equation was applied
to these factors to obtain monomials (Legendre et al., 2009).
We used forward selection (with permutation tests, at the 5%
significance level, of the increase in the adjusted R?) to eliminate
high collinearity among these variables and select a parsimonious
subset of variables that significantly affect the distribution of
species richness.

Spatial structure variables (dbMEMs) were produced by
“PCNM” package (Legendre et al., 2012), forward selection was
computed by “packfor” package (Dray et al., 2012), and variation
partitioning method was performed using the “vegan” package

(Oksanen et al., 2007). All the analysis was conducted in the
open source software R 2.15.2 (R Development Core Team,
2012), and the R code was shown in the supporting information
(Supplementary Text S1).

RESULTS

The present work asked a central question: what is the relative
contribution of resource quantity and resource heterogeneity to
species diversity maintenance? We first addressed this question
by partitioning the variation in species richness at GTS and
BCI into fractions explained by resource heterogeneity, resource
quantity, and plant density (Figures 2A,B and Table 1). In
GTS plot, 60.0% of the variation in species richness could
be explained by all variables at the 20 x 20 m scale, but
only 21.6% at the same scale in BCIL. However, we found
consistent results across both plots, in terms of the relative
importance of resource quantity and resource heterogeneity.
Resource quantity could explain very little of variation in
species richness. In GTS only 4.9% of the variation in species
richness was explained by resource quantity, which contrasted
markedly with 44.5% of the variation explained by resource
heterogeneity (including both within-quadrat and among-
quadrat resource heterogeneity) at the 20 x 20 m scale (Figure 2A
and Table 1). Similarly, in BCI only 0.8% of the variation
in species richness could be explained by resource quantity
compared with 20.4% of the variation explained by resource
heterogeneity at the 20 x 20 m scale (Figure 3A and Table 1).
We found the similar results at the 40 x 40 m scale in
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A B
[RH] [ARSR] [RH] [ARSR]
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0.036 0.017
0.005 0.013 0.003 0.017

0.106 0.042

[PD] [PD]

Residuals =0.400

plant density.

FIGURE 2 | Venn diagrams of variation partitioning results of variation in species richness explained by resource heterogeneity, average resource supply rate, and
plant density at grain size 20 x 20 m (A) and 40 x 40 (B) for GTS; “RH” is the fraction explained by within-quadrat resource heterogeneity; “ARSR” is the fraction
explained by average resource supply rate including the effect of resource quantity and among-quadrat resource heterogeneity; and “PD” is the fraction explained by

Residuals =0.349

GTS and at the 50 x 50 m scale in BCI (Figures 2B, 3B
and Table 1).

We further evaluated the relative importance of resource
quantity and resource heterogeneity on species richness while
accounting for the effect of space (Supplementary Table S1
and Supplementary Figure S2). We found that most of the
effect of resource quantity and resource heterogeneity on species
richness overlapped with the effect of space (Supplementary
Table S1 and Supplementary Figure S2). In GTS, we found
that 61.2% of the effect of resource quantity and 99.8% of the
effect of resource heterogeneity on species richness could be
explained by space at the 20 x 20 m scale (Supplementary
Table S1 and Supplementary Figures S2A,B). Likewise, in BCI
almost 100% of effect of both resource quantity and resource
heterogeneity could be explained by space at the 20 x 20 m scale

TABLE 1 | Results of partitioning the variation of species richness explained by
resource heterogeneity and resource quantity in Gutianshan (GTS) and Barro
Colorado Island (BCI).

Plot Grain size Resource Resource All factors (%)
quantity (%) heterogeneity (%) 1-Residuals
[4] + [7] [11+ [2] + [5] + [6]
GTS 20x20m 4.9 445 60.0
GTS 40 x40m 3.4 57.5 65.1
BCI 20 x 20m 0.8 20.4 21.6
BCI 50 x 50 m 2.6 34.5 41.7

The reported fractions are the adjusted R? statistics. [1]~[7] is the fraction of
variation in species richness explained by variables shown in Figure 1.

(Supplementary Table S1 and Supplementary Figures S2C,D).
We found the similar results at larger scales in both plots
(Supplementary Table S1 and Supplementary Figure S2).
Moreover, we found that the effect of resource heterogeneity
(44.5% for the effect of resource heterogeneity vs. 9.2% for
the pure effect of space and 3.4% for the effect of resource
quantity) governed species richness in GTS at the 20 x 20 m
scale, whereas the pure effect of space (31.4% for the pure
effect of space vs. 20.4% for the effect of resource heterogeneity
and 0.8% for the effect of resource quantity) dominated the
species diversity in BCI at the same scale (Supplementary
Figure S2 and Supplementary Table S1). Again, results at
the larger scales were similar (Supplementary Figure S2 and
Supplementary Table S1).

DISCUSSION

The resource quantity hypothesis and the resource heterogeneity
hypothesis are two contrasting views developed to explain the
maintenance of species richness in the forest ecosystems (Tilman,
1982; Wright, 1983). However, the close spatial covariation
in average resource supply rate and resource heterogeneity
in natural communities make it difficult to isolate the effect
of resource quantity and resource heterogeneity (Stevens and
Carson, 2002). Using an approach derived from the relationship
among resource quantity, resource heterogeneity, and plant
density in the resource hypotheses, we found that resource
quantity played a limited role in maintaining species diversity in
two species-rich forests.
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FIGURE 3 | Venn diagrams of variation partitioning results of variation in species richness explained by resource heterogeneity, average resource supply rate, and
plant density at grain size 20 x 20 m (A) and 50 x 50 m (B) for BCI; “RH” is the fraction explained by within-quadrat resource heterogeneity; “ARSR” is the fraction
explained by average resource supply rate including the effect of resource quantity and among-quadrat resource heterogeneity; and “PD” is the fraction explained by

B
[RH] [ARSR]
0.157
0.075 0.103
0.012
0.010 0.014
0.046

[PD]

Residuals =0.583

We found that resource quantity could explain much less of
the variation in species richness than resource heterogeneity in
both of GTS and BCIL Thus, our results confirmed the resource
heterogeneity hypothesis, but failed to support the resource
quantity hypothesis. This suggests that resource heterogeneity
may play a more important role in maintaining plant species
diversity than resource quantity, at least in these two old-
growth forests. This result is consistent with the findings that
confirmed resource heterogeneity hypothesis in heterogeneous
habitats (Bell et al., 2000; Balvanera and Aguirre, 2006; Douda
et al,, 2012; Ortega et al., 2018; Liu et al.,, 2019). In experimental
studies, Stevens and Carson (2002) and Baer et al. (2004)
showed that resource quantity contributes to species richness
in artificially created uniform niches, such as light availability.
Kumar et al. (2018) also found that mean light level was more
important than light heterogeneity in explaining the understory
species richness. Our results and above-mentioned studies
may collectively support Bartels and Chen (2010)’s hypothesis
that resource quantity determines species richness along a
particular niche, whereas resource heterogeneity dominates
species diversity across niches.

When spatial factors were included into the analysis, we
found that most of the effect of resource heterogeneity and
resource quantity on species richness overlapped with the
effect of space, and the pure effects of resource quantity and
resource heterogeneity were small (Supplementary Figure S2
and Supplementary Table S1). This result indicates that most
effects of resources could also be explained by spatial processes,
such as dispersal limitation, invalidating the default assumption

in both hypotheses that all appropriate species can reach all
suitable habitats (Lundholm, 2009). On the other hand, the
spatial arrange of habitats such as mountain ridge, hillside,
or valley which related to the spatial distribution of resources
also played an important role in regulating species richness
pattern of these two forests (Harms et al., 2001; Lai et al., 2009;
Legendre et al., 2009). This paralleled findings from experimental
studies that propagule supply and resource heterogeneity jointly
determine the species diversity of a community (Questad and
Foster, 2008; Eilts et al., 2011; Myers and Harms, 2011). We also
found that the effect of resource heterogeneity governed species
richness in GTS, whereas the pure effect of space dominated
the species diversity in BCI (Supplementary Figure S2 and
Supplementary Table S1). As we included soil nutrients and
within-quadrat resource heterogeneity into analysis in GTS, we
found that the effect of resource heterogeneity on species richness
(44.5 and 57.5% at the 20 x 20 m and 40 x 40 m scales) was
larger than that found by Legendre et al. (2009) (25.8 and 36.2%
at the 20 x 20 m and 40 x 40 m scales, Table 1). It also suggested
that the positive effect of the resource heterogeneity on species
richness was more important at the larger scale. This may be
because larger units encompassed more variability and species
turnover (Stein et al., 2014).

In studies, the sum of pure effect of resource heterogeneity
and the joint of resource heterogeneity and space was interpreted
as the outcome of resource heterogeneity, while the pure effect
of space was interpreted as the effect of spatial processes such
as dispersal limitation (Jones et al., 2008; Legendre et al., 2009).
However, caution should be excised when attributing fractions of
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variation partitioning to the consequences of these processes even
though soil nutrients were measured to a high resolution in both
plots. The effect of resource quantity and resource heterogeneity
may be underestimated, because the effect space may include the
effects of unmeasured habitat factors, such as light availability;
while the effect of space may be underestimated, because limited
dispersal often correlates with spatial arrangement of habitats
(Gilbert and Bennett, 2010; Smith and Lundholm, 2010).

Additionally, it is difficult to manipulate the resource
heterogeneity and average resource supply rate to test the
related hypotheses in the forest ecosystem. However, the method
used in our study is novel, which could address this problem.
Above all, the variation partitioning was used to separate the
impacts of resources heterogeneity and resource quantity with
in situ observational data, which could be a more appropriate
way to reveal the assembly rule of the forests. Secondly, the
variation partitioning could account for the spatial effect which
is one crucial factor contributed importantly to the community
assembly of the forests, and it makes the analysis more robust
(Hu et al., 2018).

In summary, we evaluated the relative importance of resource
quantity and resource heterogeneity in determining species
richness in a subtropical forest plot in China. Using a novel
approach to partition the effects of resource quantity and
resource heterogeneity, we found that resource quantity played
a limited role in structuring species diversity in two species-
rich forests. To the best our knowledge, our study is the first
evaluation of the relative contribution of resource quantity
and resource heterogeneity in natural forest communities.
We also found that resource heterogeneity governed species
richness in GTS, whereas spatial processes such as dispersal
limitation dominated species diversity in BCI. Our results,
together with experimental and observational studies, suggest
that the processes determining variation in species richness
along ecological gradients in natural communities may be more
complicated than can be represented by a single hypothesis. In
the future, other types of forest ecosystem such as temperate
forests could be tested using this method to gain more general
results in the forest ecosystem. Moreover, the temporal pattern of
the relative importance of resource heterogeneity and resource
quantity also needs to be examined and compared, and it
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