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Abstract

The underlying drivers of b-diversity along latitudinal gradients have been unclear. Previous stud-
ies have focused on b-diversities calculated at a local scale and shed limited light on regional
b-diversity. We tested the much-debated effects of range size vs. environmental filtering on the
b-gradient using data from the US Forest Inventory Analysis Program. We showed that the dri-
vers of the b-gradient were scale dependent. At the local scale species spatial patterns contributed
little to the b-gradient, whereas at the regional scale spatial patterns dominated the gradient and a
U-shape latitudinal relationship for the standardised b-diversity deviation was revealed. The rela-
tionship can be explained by spatial variation in climate and soil texture, thus supporting the envi-
ronmental filtering hypothesis. But it is inconsistent with Rapoport’s rule about the effect of
range size on b-gradient. These results resolve the debate on whether species spatial distributions
contribute to b-gradient and attest the importance of environmental filtering in determining regio-
nal b-diversity.
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INTRODUCTION

The spatial variation in species composition, or b-diversity, is
an important concept in ecology and plays a significant role
both in testing ecological theories (Condit et al. 2002; Harte
2011) and informing conservation practices (Groves 2003;
Ferrier et al. 2007). One promising, yet controversial, problem
is identifying the causes of b-diversity patterns observed
across ecological gradients, such as the global-level latitudinal
gradient (Willig et al. 2003). While recent studies generally
agree that b-diversity is negatively related to absolute latitude
(Koleff et al. 2003; Qian & Ricklefs 2007; Soininen et al.
2007; De C�aceres et al. 2012), insignificant relationships have
also been observed (e.g. Gaston et al. 2007). Moreover, there
is little consensus on whether community assembly processes
contribute to the latitudinal gradient of b-diversity (Kraft
et al. 2011; Qian et al. 2012, 2013; Tuomisto & Ruokolainen
2012; Myers et al. 2013; Xu et al. 2015).
Variation in species range size and habitat heterogeneity are

considered two major mechanisms invoking gradients of
regional scale b-diversity. According to Rapoport’s rule,
which has seen empirical support across many taxa (Stevens
1989; Brown et al. 1996; Morin & Lechowicz 2011), average
species range size is positively related with absolute latitude
(but see Weiser et al. 2007). As a consequence, b-diversity is
predicted to be higher at lower latitude (due to smaller range
size) than at higher latitude (Rodr�ıguez & Arita 2004; Jan-
kowski et al. 2009). Besides this range size variation hypothe-
sis, the environmental filtering hypothesis has also been
invoked to explain the latitudinal gradient of b-diversity by
hypothesising that there is a negative relationship of habitat
heterogeneity with latitude (Pianka 1966) and the higher
b-diversity at the lower latitude is caused by stronger

environmental filtering (Ricklefs 1977; Qian & Ricklefs 2007).
In contrast to these hypotheses, recent work has found that
after correcting for the sampling effect of the regional
community species abundance distribution (SAD) using an
individual-based null model, standardised b-diversity deviation
(b-deviation) for an empirical set of global forest plots shows
no latitudinal gradient (Kraft et al. 2011). This resulted in
rejection of both the range size variation and the environmen-
tal filtering hypotheses and led to a suggestion that ‘there is
no need to invoke differences in the mechanisms of commu-
nity assembly in temperate vs. tropical systems to explain
these global-scale patterns of b-diversity’ (Kraft et al. 2011),
or a more precise conclusion that ‘latitudinal differences in
SADs, rather than spatial aggregation, explain b-diversity
along latitudinal gradients’ (Xu et al. 2015).
A major problem with these studies is that the spatial extent

(at < 500 m in distance) that was used to define ‘regional’ spe-
cies pool was too local and small to be relevant, as criticised
by Qian et al. (2012) and Tuomisto & Ruokolainen (2012).
With few exceptions, species’ distribution ranges are typically
much larger than the ‘region’ as defined in Kraft et al. (2011).
More importantly, species spatial patterns and the processes
that generate the patterns are scale dependent. Species interac-
tions, local habitat heterogeneity and demographic stochastic-
ity have often been shown to be more important at finer
scales, whereas long-range environmental gradients and dis-
persal limitation are more prevailing at broader scales (Wiens
1989; Shipley et al. 2012; Xing et al. 2014). Although analyses
using local community data could capture fine-scale species
aggregation, such analyses are unlikely able to reveal latitudi-
nal patterns of regional b-diversity, nor relevant to testing
their underlying hypotheses. Therefore, it remains an unan-
swered question how local community assembly mechanisms
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may contribute to latitudinal gradient of regional b-diversity
(Tuomisto & Ruokolainen 2012).
Here we test the range size variation and the environmental

filtering hypotheses for regional b-diversity using the compre-
hensive data set of forest tree diversity from the United State
Forest Inventory and Analysis Program. The effects of both
range size and habitat heterogeneity on b-diversity are acting
through species spatial patterns with higher degree of spatial
aggregation associated with smaller range size and greater
habitat heterogeneity. b-deviation was defined as a standard-
ised effect size to measure departure of observed b-diversity
from expected b-diversity under the random spatial distribu-
tion (Crist et al. 2003; Kraft et al. 2011; Myers et al. 2013).
Thus, b-deviation should be inversely related with mean range
size and positively related with habitat heterogeneity. Under
the range size variation hypothesis, b-deviation should show a
negative relation with absolute latitude due to Rapoport’s rule
(Fig. 1). Under the environmental filtering hypothesis, the
gradient of b-deviation should also decrease with latitude if
the hypothesized negative relationship of environmental com-
plexity with latitude is true. However, recent work has shown
that there is no simple linear pattern in global habitat hetero-
geneity (Tuanmu & Jetz 2015). Particularly, transition zones
between biogeographical regions have often been shown to
have greater habitat variability coinciding with higher species
turnover (Williams 1996; Smith et al. 2001; Williams et al.
2002; Speziale et al. 2010). Accordingly, a non-monotonic
relation of b-deviation with latitude should be expected under
the environmental filtering hypothesis when such a transition
zone is involved in the study region (Fig. 1). For instance
under the environmental filtering hypothesis, b-deviation
should decrease from the tropical-temperate transition zone to
the temperate zone, because of the decrease in habitat hetero-
geneity. When moving from the temperate area to the temper-
ate-boreal transition zone, b-deviation will increase because of
the increasing habitat heterogeneity (Fig. 1D).
In this study, we first evaluated the latitudinal gradient of

regional b-deviation. We then tested the two hypotheses pro-
posed above for their ability to explain the latitudinal patterns
in b-deviation. We showed a U-shape latitudinal relationship
of the standardised b-deviation for eastern US tree species.
The relationship can be explained by a species aggregation
index, which in turn was determined by spatial variation in
soil texture and climate seasonality. Our analyses thus show
support for environmental filtering as a dominant factor for
the regional latitudinal b-gradient.

MATERIALS AND METHODS

Data

We used plot-level data from the US Forest Service Forest
Inventory and Analysis Program (FIA; http://fia.fs.fed.us/) in
this study. Each FIA plot is composed of four circular sub-
plots of area 0.017 ha, where all free-standing woody stems
with diameter at breast height ≥ 12.7 cm were inventoried.
We used the most recent inventories (from 2005 to 2014) of
32 695 FIA plots that located in natural stands in eastern US
(east of 97° W longitude) to create samples of regional

communities following a standardised sampling procedure (see
Fig. S1.1 in Appendix S1). The whole eastern US was divided
into 1° 9 1° grid cells and one FIA plot, if present, was ran-
domly chosen in each of the cells as focal plot. The nearest n
neighbouring plots for each of the focal plots were then
selected to form a regional community together with the focal
plot. Consequently, each regional community consists of
n + 1 local plots, from which the b-diversities are calculated
(see below). Different n {1, 4, 9, 19, 49, 99}, which corre-
sponds to the size (i.e. extent) of regional communities
(Fig. S1.2) and thus is used as a measure of scale in this
study, was used to investigate the effect of the size of regional
species pool on b-deviation. The spatial extent of a regional
community increased from roughly 7 km for n = 1 to about
140 km for n = 99. For each of the six scales, the above
method generated 414 regional communities distributing
across eastern US (Fig. S1.1).
Regional communities generated by aggregating the n near-

est plots could represent different area at different location,
especially when n is large. If there is a spatial bias in the dis-
tribution of plots with latitude, the regional communities so
defined could suffer a regional bias in latitudinal b-gradients.
We tested this problem by examining the mean distance
among the FIA plots that defined a regional community along
latitude for each of the six regional scales used in this study
and found no systematic trend in this relation (Fig. S1.3).
This is not surprising because of the standard sampling proto-
col used in the FIA. Results from a more complicated method
that explicitly controlled the sampling area and the sampling
intensity for each regional community also show the robust-
ness of our findings (Fig. S1.4). In the main text we will only
report results using the n-nearest neighbour method because
of its simplicity and intuitiveness.
We extracted range size data for 134 eastern US tree species

from the digitised version of Elbert Little’s range maps (Pra-
sad & Iverson 2003). A mean range size value was calculated
for each of the regional communities created above from the
constituent species. The latitudinal gradient of this mean
range size and the relationship between this mean range size
and the b-deviation calculated below were assessed for the
range size variation hypothesis.
For each of the FIA plots, we downloaded 19 contemporary

bioclimatic variables from the WorldClim website (http://
www.worldclim.org/bioclim) (Hijmans et al. 2005) and 17 soil
properties from the Unified North American Soil Map Dataset
(Liu et al. 2013). For each of these variables, a standard devia-
tion (SD) value was calculated for each of the regional commu-
nities created above from the constituent plots. The latitudinal
gradient of the environmental variables and the bivariate rela-
tionships between the response variable (i.e. the b-deviation
defined below) and the environmental variables were assessed
to test the environmental filtering hypothesis and identify the
major factors that contribute to b-deviation.

Measures of b-diversity

Although there are many measures of b-diversity, a consensus
of using Hill’s number or the effect number of species as a
proper diversity measure to partition c-diversity into a and b
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components was recently reached (Ellison 2010). Most other
b-diversity measures could be unified under a q-th order diver-
sity framework where the order q (≥ 0) represents sensitivity
to species abundance (Jost 2007; Chao & Chiu 2016). We
employed this framework and calculated a-, b- and c-diversity
of different orders for each regional community. Specifically,
we used the following formulae (Chao & Chiu 2016):
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where qDa,
qDb and qDc are the q-th order a, b and c diversity

respectively; zik is the abundance of the i-th species in the k-th
local community; zi+ and z++ are the total abundance of the
i-th species and all species, respectively, in the regional com-
munity; S and N are the number of species and local commu-
nities (or plots), respectively, in the regional community.
In this framework, qDb measures ‘the effective number of

equally large and completely distinct communities’, ranges
from 1 to N, the number of local communities, and is related
to neither a nor c diversity (Chao & Chiu 2016). 0Db is Whit-
taker’s multiplicative beta and can be simply transformed to

the proportional species turnover (bP = 1 � 1/0Db) used by
Kraft et al. (2011). In addition to bP, we also calculated two
monotonic nonlinear transformations of qDb that normalise
the dependence of b-diversity on N and facilitate comparison
across regional communities containing different numbers of
local communities (Chao & Chiu 2016). The first one gives a
class of local (Sørensen-type) differentiation measures that
quantify the effective average proportion of non-shared spe-

cies in a local community:
1� 1=qDbð Þq�1

1� 1=Nð Þq�1 . The second gives a class

of regional (Jaccard-type) differentiation measures that quan-
tify the effective proportion of non-shared species in the regio-

nal community:
1� 1=qDbð Þ1�q

1� 1=Nð Þ1�q . Beyond results for bP for direct

comparison with previous studies, we also present results for
these differentiation measures for orders q = 0, 1 and 2. To
avoid confusion with our focus on local- vs. regional-scale
species aggregation, in the rest of the paper these two mea-
sures are called Sørensen and Jaccard differentiations.

Null model and standardised b-diversity deviation

We used the same individual-level null model as Kraft et al.
(2011) to calculate the standardised b-diversity deviation
(hereafter abbreviated as b-deviation). Specifically, for each
regional community all individual plants were randomly shuf-
fled across the constituting local plots while the abundance of
each species in the regional community and the number of
individuals in each local plot were preserved. This randomisa-
tion was repeated 999 times to obtain a mean and standard
deviation (SD) for bP and each order (q = 0, 1 and 2) of both
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Figure 1 Conceptual graphs showing latitudinal patterns of both the raw b-diversity (A) and the b-deviation (B). The b-deviation is defined following Kraft

et al. (2011): bdev = (bobs – bexp)/SDbexp, where bobs (solid line in A) is the observed b-diversity, bexp (dotted line in A) and SDbexp are the expectation and

standard deviation of b-diversity under an individual-based null model respectively. The dashed line in (B) shows the expectation under the hypothesis that

patterns of b-diversity are fully determined by species abundance distribution (SAD), whereas the solid line shows that b-gradient is affected by factors

beyond SAD. b-deviation should decrease monotonically with increasing absolute latitude if range size is the dominant factor (i.e. the Rapport’s rule as

shown in C). However, a non-monotonic relationship is expected if environmental filtering is the factor dominating b-diversity because the latitudinal

gradients of habitat heterogeneity are not monotonic (D). The shaded area indicates the latitudinal range covered by this study.
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Sørensen and Jaccard differentiations. The b-deviation was
then calculated as (observed – mean)/SD for all corresponding
indices. The latitudinal gradient of this b-deviation and its dri-
vers were further studied using variation partitioning (see
below).
This null model has been criticised that it confounds c

diversity with SADs (Qian et al. 2013). The resulting b-devia-
tion is also found to depend on both sample size (i.e. the
number of local communities sampled for a regional commu-
nity) and c-diversity (Bennett & Gilbert 2016; Ulrich et al.
2017). However, under the condition that sampling effort is
constant across communities as argued by Bennett & Gilbert
(2016) (see also Appendix S2), b-deviation can effectively
identify and validly compare non-random b patterns across
assemblages. Thus, if we associate the b-deviation explicitly
with species spatial pattern rather than the general ‘mecha-
nisms of community assembly’ suggested by Kraft et al.
(2011), the null model is valid and patterns observed in the b-
deviation are useful for inferring processes underlying diver-
sity patterns (Crist et al. 2003). In this study, b-deviation was
used so that to make our work comparable to others in the
debate (Kraft et al. 2011; Qian et al. 2012, 2013; Tuomisto &
Ruokolainen 2012; Myers et al. 2013; Xu et al. 2015), but to
minimise the possible sensitivity of b-deviation to sampling
effort we kept sampling effort constant across each calculation
of b-deviation.

Intraspecific aggregation

We used the Morisita index as the measure of intraspecific
aggregation following Crist et al. (2003). For each regional
community, we first calculated the mean of the Morisita index
across the common species that have more individuals than
the number of constituting local communities. These mean
Morisita values (x) were then standardised by using the 999
runs of the null model described above. These standardised
effect sizes were used to represent the departure from random-
ness for each regional community (i.e. the regional-community
level degree of intraspecific aggregation) and to explain the b-
deviation. We also tried some other methods to represent the
regional-community level degree of aggregation, including the
mean of the Morisita index across all non-singleton species,
the mean of the Morisita index across the dominant species
that accumulate the first 50% of total abundance and the
Morisita index for the most abundant species. The mean
across the common species performed the best, whereas the
mean across the dominant species and the index for the most
abundant species showed qualitatively similar results. The
mean across all non-singleton species did not capture patterns
reported here for the FIA data, suggesting that latitudinal
patterns of b-diversity are mainly shaped by spatial patterns
of common species. In the following we only report results
using the mean Morisita index across the common species.

Variation partitioning

We used a series of partial regressions to partition the varia-
tion in b-deviation into four components (Legendre & Legen-
dre 2012): (1) uniquely explained by species aggregation, (2)

uniquely explained by latitude, (3) jointly explained by species
aggregation and latitude and (4) the unexplained portion. By
replacing the species aggregation index with the variation in
environmental variables, we also performed a second variation
partitioning procedure to partition the variation in b-deviation
into: (1) uniquely explained by habitat heterogeneity, (2)
uniquely explained by latitude, (3) jointly explained by habitat
heterogeneity and latitude and (4) the unexplained portion. A
forward selection was performed on the environmental vari-
ables (i.e. the aforementioned 19 bioclimatic and 17 soil vari-
ables) and only those selected variables were used in the
variation partitioning.
All analyses were conducted in the statistical program R

(https://www.r-project.org/). Code and data are available from
figshare (https://doi.org/10.6084/m9.figshare.7264670) to
reproduce our results.

RESULTS

Results for different measures of b-diversity (bP and the
Sørensen and Jaccard differentiation of different orders q = 0,
1 and 2) are qualitatively the same. Thus in the main text we
only present results for bP. Full results for the Sørensen and
Jaccard differentiation can be found in Appendix S1.
Raw b-diversity showed a significant negative relationship

with latitude (Fig. 2A) as consistent with other studies (Koleff
et al. 2003; Qian & Ricklefs 2007; Soininen et al. 2007; De
C�aceres et al. 2012). After correcting for the sampling effect
of the regional community SAD, b-deviation showed a U-
shaped pattern with latitude with b-deviation decreased first
until ~39° N, then it began increasing towards the temperate-
boreal transition zones of north-eastern US (Fig. 2B). These
relationships were significant at all studied scales (i.e. different
sizes of regional communities) and became stronger at larger
scales (Fig. S1.5). The b-deviations were strongly positively
correlated with the regional-community level aggregation
index across all scales (r = 0.54–0.85, P < 0.001), which itself
showed a significant unimodal relationship with latitude
(Fig. S1.6).
Latitude and the aggregation index together explained

roughly 50–80% of variation in the b-deviation across all
studied scales (Fig. 3 and Fig. S1.7). The proportion
accounted for by aggregation was relatively stable across both
the scale of regional communities and different measures of b-
diversity, whereas the proportion accounted for by latitude
only increased with the scale. However, a large proportion
(over 2/3) of the explained variation associated with latitude
was confounded by the effect of species spatial aggregation,
regardless of the measure or the indices used to calculate b-
diversity. The variation in b-deviations explained by the latitu-
dinal gradients of spatial aggregation (i.e. jointly explained by
latitude and the aggregation index) also increased with
increasing spatial scale of regional communities, from less
than 5% for regional communities constituting of only two
local plots to > 20% for regional communities constituting of
100 local plots (see the [b] component in Fig. 3).
Mean range size showed a monotonic positive correlation

with latitude (Fig. 4A), unsupportive of the U-shape pattern
observed for b-deviation. In contrast, the variation (or
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heterogeneity) of several climatic and soil variables showed
close U-shape relationship with latitude, in consistent with the
pattern of b-deviation (Fig. 4B–C). Two groups of variables
were identified to significantly contribute to b-deviation
(Table S1). The first is a set of climate variables representing
climate seasonality including the precipitation seasonality
(BIO15, Fig. 4B) and the temperature annual range (BIO7,
not shown) that showed the strongest effect. The second is a
set of soil variables describing soil texture with the topsoil
sand fraction as a key variable (Fig. 4C). The variation in b-
deviation accounted for by the habitat variables showed a
similar scale-dependent pattern as that for the variation
explained by latitudinal gradient of spatial aggregation, that is
the variation accounted for by the habitat variables was larger
at broader scales (Fig. 5 and Fig. S1.8).

DISCUSSION

Previous debates on the drivers of the latitudinal gradient of
b-diversity mostly focused on the local scale (by which the
spatial extent of the ‘regional community’ was just at the scale

of a few hundred metres in those studies) and were of limited
inference on the hypotheses for regional b-diversity. Taking
advantage of the regional scale of the FIA data, this study
proposed a more realistic construction of regional communi-
ties and showed the latitudinal pattern of b-diversity is scale
dependent.
Our results do not support the argument that the regional

community SAD solely shapes the latitudinal gradient in b-
diversity (Kraft et al. 2011; Xu et al. 2015). Different from
Kraft et al. (2011) that showed no global latitudinal gradient
of local b-deviation and Qian et al. (2013) that showed a neg-
ative gradient of local b-deviation in New World north and
China but no relation in New World south, our results
showed a strong unimodal latitudinal gradient in regional b-
deviation for the FIA data and the gradient becomes stronger
with increasing spatial scale (i.e. size) of regional communities
(Fig. 2B and Fig. S1.5). Latitudinal differences in the degree
of intraspecific aggregation are responsible for the U-shape
latitudinal pattern no matter what measures of b-deviation
are used (Fig. 3 and Fig. S1.7). These results provide support
for spatial aggregation as a dominant factor underlying the
latitudinal gradient of regional b-diversity and show the previ-
ous findings of Kraft et al. (2011) and Xu et al. (2015) apply
only at the local scale.
Our results further showed that spatial variations in climate

seasonality (as measured by precipitation seasonality BIO15,
or temperature annual range BIO7, see Fig. 4B) and soil tex-
ture are primarily responsible for the U-shape b-deviation
observed for the tree species in eastern North America, thus
supporting the environmental filtering hypothesis. These
results are consistent with the broad literature that have
demonstrated the importance of climate seasonality and soil
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in determining species distribution. Climatic seasonality is of
primary importance in determining spatial distribution of plant
species through its effects on phenology (Chuine 2010; Bykova
et al. 2012) and is among the most frequently used predictors in
modelling species distribution (Porfirio et al. 2014). It is
remarkable that in an entirely separate study Ricklefs & He
(2016) showed that temperature isothermality (BIO3), which is

a combination of mean diurnal temperature range (BIO2) and
temperature annual range (BIO7), is one of the three most
important climatic variables determining global distribution of
tree diversity. The other two climatic variables were mean tem-
perature of warmest quarter (BIO10) and precipitation season-
ality (BIO15) as identified in this study (Fig. 4B). In other
studies, Ficetola et al. (2017) found that the variation in tem-
perature seasonality is a key driver underlying biogeographical
boundaries, supporting our observation that the increased b-
deviation at higher latitudes (> 39° N) reflects the transitional
ecoclimates in the temperate forests of north-eastern US (Rick-
etts et al. 1999). It is worth noting that minimum annual tem-
perature (BIO6) is often used to explain diversity patterns in the
literature (Hawkins et al. 2014; Qian et al. 2016). Interestingly,
we also found a significant correlation between b-deviation and
the variation in BIO6 in our study although the significance was
not as strong as that of precipitation seasonality or temperature
annual range (R2 = 0.04 vs. 0.14 for BIO15 and 0.11 for BIO7;
Fig. 4B and Fig. S1.9), and BIO6 was not selected when climate
seasonality was included.
Many studies have also documented the importance of soil

texture in determining tree species distributions. For instance,
Itoh et al. (2003) reported tight relationships between soil tex-
ture and spatial distribution for two sympatric dipterocarp
species in a Bornean rainforest. van Breemen et al. (1997)
found that canopy tree species in temperate forests in south-
ern New England varied significantly with soil texture.
Robertson & Augspurger (1999) showed consistent species-
specific associations of tree recruits with soil texture across
multiple river bends along the Bogue Chitto River in Louisi-
ana. All these studies are in consistent with our observation
that soil texture is an important factor affecting tree
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distributions in eastern North America, and thus the b-devia-
tion (Fig. 4C).
Although our study does not support Rapoport’s range size

variation hypothesis for tree distribution at the regional scale of
the eastern North America, at the global scale the hypothesis
could contribute to the decreasing latitudinal b-deviation as illus-
trated in Fig. 1B. As it is clear, b-gradient is scale dependent (i.e.
change in the latitudinal range of studies). At the local scale, b-
deviation could form any relationship with latitude (positive,
negative or no relationship as characterised by habitat hetero-
geneity) (Fig. 1B). As such, b-deviation calculated from local
data could present any latitudinal trend, explaining the contro-
versy raised from the recent debate (Kraft et al. 2011; Qian et al.
2012, 2013; Tuomisto & Ruokolainen 2012). At the regional
scale, unimodal (convex or concave) relationships are revealed as
shown in this study. At the global scale, a decreasing b-deviation
with latitude could persist if the effects of range size become
more pronounced in the tropics and/or the tropics have greater
habitat heterogeneity. However, for the North American woody
plant species, Weiser et al. (2007) showed that the range size
decreases with latitude only until ~25° N, the southern boundary
of our study (Fig. 2). In addition, one of the most significant pre-
dictors of b-deviation identified in this study, the temperature
seasonality, does not vary a lot in the tropics. Both of these seem
not to support the prediction of a global decreasing b-deviation
with latitude. Nevertheless, we must acknowledge that any
extrapolation of our results should be exercised with caution and
the global gradient of b-deviation can only be fully revealed with
comprehensive global level data.
A natural question following our results of the scale-depen-

dence of the latitudinal gradient of b-deviation and its underlying
drivers is that whether there exists a threshold of spatial scale of
regional community below which there is no latitudinal gradient
for b-deviation. The smallest scale analysed in this study that
only included two adjacent FIA plots corresponds to a spatial
scale of ~7 km (Fig. S1.2). At this scale the latitudinal gradients
of both b-deviation and the aggregation index were still signifi-
cant, though weak (R2 = 3–10%, P < 0.01; Figs S1.5A and
S1.6A). This suggests that the threshold, if existing, should be
smaller than 7 km for forest tree assemblages. Studies from a
global network of stem-mapping forest dynamic plots showed
that local-scale habitat heterogeneity could be substantial in
structuring communities at spatial extents of 500–1000 m (De
C�aceres et al. 2012; Brown et al. 2013). Indeed, a previous
reanalysis of Gentry’s data revealed a significant (though weak)
negative relationship of standardised b-deviation with latitude
for Gentry’s New World north plots (Qian et al. 2013). We
found this weak relationship can also be accounted for by the lat-
itudinal gradient of intraspecific aggregation as defined in this
study (not shown). But no similar results were found in Gentry’s
New World south plots. These inconsistent results reinforce the
need to test the strength of local-scale habitat heterogeneity in
shaping diversity patterns, thus aiding to identify the aforemen-
tioned threshold.
We conclude that latitudinal b-diversity gradient is scale

dependent, and intraspecific aggregation due to habitat hetero-
geneity primarily drives the latitudinal gradient of the regional b-
deviation for tree species in eastern US. Our results highlight the
critical importance of the scale at which a regional community is

defined, and the impact of that scale on findings about the under-
lying drivers of b-diversity. At the subcontinental extent, this
finding resolves the recent debate on whether community assem-
bly processes in general, and species spatial aggregation in partic-
ular, are contributing to latitudinal gradients of b-diversity.
Future studies on the problem should aim to test the b-gradient
at the global extent and to disentangle the relative contributions
of environmental filtering and range size variation in shaping the
patterns of intraspecific aggregation and the b-gradient.

ACKNOWLEDGEMENTS

We thank Michael Weiser, Nathan Kraft, Hong Qian, David
Deane and two anonymous reviewers for constructive com-
ments on earlier versions of this paper. This work was sup-
ported by an NSERC (Canada) grant.

AUTHORSHIP

DX and FH conceived the study. DX performed the analyses.
DX and FH wrote the paper.

REFERENCES

Bennett, J.R. & Gilbert, B. (2016). Contrasting beta diversity among

regions: how do classical and multivariate approaches compare? Glob.

Ecol. Biogeogr., 25, 368–377.
van Breemen, N., Finzi, A.C. & Canham, C.D. (1997). Canopy tree-soil

interactions within temperate forests: effects of soil elemental

composition and texture on species distributions. Can. J. For. Res., 27,

1110–1116.
Brown, J.H., Stevens, G.C. & Kaufman, D.M. (1996). The geographic

range: size, shape, boundaries, and internal structure. Annu. Rev. Ecol.

Syst., 2, 597–623.
Brown, C., Burslem, D.F.R.P., Illian, J.B., Bao, L., Brockelman, W.,

Cao, M. et al. (2013). Multispecies coexistence of trees in tropical

forests: spatial signals of topographic niche differentiation increase with

environmental heterogeneity. Proc. R. Soc. B Biol. Sci., 280, 20130502.

Bykova, O., Chuine, I., Morin, X. & Higgins, S.I. (2012). Temperature

dependence of the reproduction niche and its relevance for plant species

distributions. J. Biogeogr., 39, 2191–2200.
Chao, A. & Chiu, C.-H. (2016). Bridging the variance and diversity

decomposition approaches to beta diversity via similarity and

differentiation measures. Methods Ecol. Evol., 7, 919–928.
Chuine, I. (2010). Why does phenology drive species distribution? Philos.

Trans. R. Soc. Lond. B Biol. Sci., 365, 3149–3160.
Condit, R., Pitman, N., Leigh, E.G., Chave, J., Terborgh, J., Foster, R.B.

et al. (2002). Beta-diversity in tropical forest trees. Science, 295, 666–
669.

Crist, T.O., Veech, J.A., Gering, J.C. & Summerville, K.S. (2003).

Partitioning species diversity across landscapes and regions: a

hierarchical analysis of a, b, and c diversity. Am. Nat., 162, 734–743.
De C�aceres, M., Legendre, P., Valencia, R., Cao, M., Chang, L.-W.,

Chuyong, G. et al. (2012). The variation of tree beta diversity across a

global network of forest plots. Glob. Ecol. Biogeogr., 21, 1191–1202.
Ellison, A.M. (2010). Partitioning diversity. Ecology, 91, 1962–1963.
Ferrier, S., Manion, G., Elith, J. & Richardson, K. (2007). Using generalized

dissimilarity modelling to analyse and predict patterns of beta diversity in

regional biodiversity assessment.Divers. Distrib., 13, 252–264.
Ficetola, G.F., Mazel, F. & Thuiller, W. (2017). Global determinants of

zoogeographical boundaries. Nat. Ecol. Evol., 1, 0089.

Gaston, K.J., Davies, R.G., Orme, C.D.L., Olson, V.A., Thomas, G.H.,

Ding, T.-S. et al. (2007). Spatial turnover in the global avifauna. Proc.

R. Soc. B Biol. Sci., 274, 1567–1574.

© 2018 John Wiley & Sons Ltd/CNRS

Letter b-diversity along latitudinal gradients 7



Groves, C. (2003). Drafting a Conservation Blueprint: A Practitioner’s

Guide to Planning for Biodiversity. Island Press, Washington, DC.

Harte, J. (2011). Maximum Entropy and Ecology: A Theory of Abundance,

Distribution, and Energetics. Oxford University Press, Oxford.

Hawkins, B.A., Rueda, M., Rangel, T.F., Field, R. & Diniz-Filho, J.A.F.

(2014). Community phylogenetics at the biogeographical scale: cold

tolerance, niche conservatism and the structure of North American

forests. J. Biogeogr., 41, 23–38.
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A.

(2005). Very high resolution interpolated climate surfaces for global

land areas. Int. J. Climatol., 25, 1965–1978.
Itoh, A., Yamakura, T., Ohkubo, T., Kanzaki, M., Palmiotto, P.A.,

LaFrankie, J.V. et al. (2003). Importance of topography and soil

texture in the spatial distribution of two sympatric dipterocarp trees in

a Bornean rainforest. Ecol. Res., 18, 307–320.
Jankowski, J.E., Ciecka, A.L., Meyer, N.Y. & Rabenold, K.N. (2009). Beta

diversity along environmental gradients: implications of habitat

specialization in tropical montane landscapes. J. Anim. Ecol., 78, 315–327.
Jost, L. (2007). Partitioning diversity into independent alpha and beta

components. Ecology, 88, 2427–2439.
Koleff, P., Lennon, J.J. & Gaston, K.J. (2003). Are there latitudinal

gradients in species turnover? Glob. Ecol. Biogeogr., 12, 483–498.
Kraft, N.J.B., Comita, L.S., Chase, J.M., Sanders, N.J., Swenson, N.G.,

Crist, T.O. et al. (2011). Disentangling the drivers of b diversity along

latitudinal and elevational gradients. Science, 333, 1755–1758.
Legendre, P. & Legendre, L. (2012). Numerical Ecology, 3rd edn. Elsevier,

Amsterdam.

Liu, S., Wei, Y., Post, W.M., Cook, R.B., Schaefer, K. & Thornton,

M.M. (2013). The Unified North American Soil Map and its

implication on the soil organic carbon stock in North America.

Biogeosciences, 10, 2915–2930.
Morin, X. & Lechowicz, M.J. (2011). Geographical and ecological patterns

of range size in North American trees. Ecography, 34, 738–750.
Myers, J.A., Chase, J.M., Jim�enez, I., Jørgensen, P.M., Araujo-

Murakami, A., Paniagua-Zambrana, N. et al. (2013). Beta-diversity in

temperate and tropical forests reflects dissimilar mechanisms of

community assembly. Ecol. Lett., 16, 151–157.
Pianka, E.R. (1966). Latitudinal gradients in species diversity: a review of

concepts. Am. Nat., 100, 33–46.
Porfirio, L.L., Harris, R.M.B., Lefroy, E.C., Hugh, S., Gould, S.F., Lee,

G. et al. (2014). Improving the use of species distribution models in

conservation planning and management under climate change. PLoS

One, 9, e113749.

Prasad, A.M. & Iverson, L.R. (2003). Little’s range and FIA importance

value database for 135 eastern US tree species. Available at: http://

www.fs.fed.us/ne/delaware/4153/global/littlefia/index.html. Last accessed

20 March 2018.

Qian, H. & Ricklefs, R.E. (2007). A latitudinal gradient in large-scale

beta diversity for vascular plants in North America. Ecol. Lett., 10, 737–
744.

Qian, H., Wang, X. & Zhang, Y. (2012). Comment on “Disentangling the

drivers of b diversity along latitudinal and elevational gradients”.

Science, 335, 1573.

Qian, H., Chen, S., Mao, L. & Ouyang, Z. (2013). Drivers of b-diversity
along latitudinal gradients revisited. Glob. Ecol. Biogeogr., 22, 659–670.

Qian, H., Field, R., Zhang, J.-L., Zhang, J. & Chen, S. (2016).

Phylogenetic structure and ecological and evolutionary determinants of

species richness for angiosperm trees in forest communities in China. J.

Biogeogr., 43, 603–615.
Ricketts, T.H., Dinerstein, E., Olson, D.M., Eichbaum, W., Loucks, C.J.,

Kavanaugh, K. et al. (1999). Terrestrial Ecoregions of North America:

A Conservation Assessment. Island Press, Washington, DC.

Ricklefs, R.E. (1977). Environmental heterogeneity and plant species

diversity: a hypothesis. Am. Nat., 111, 376–381.

Ricklefs, R.E. & He, F. (2016). Region effects influence local tree species

diversity. Proc. Natl Acad. Sci., 113, 674–679.
Robertson, K.M. & Augspurger, C.K. (1999). Geomorphic processes and

spatial patterns of primary forest succession on the Bogue Chitto

River, USA. J. Ecol., 87, 1052–1063.
Rodr�ıguez, P. & Arita, H.T. (2004). Beta diversity and latitude in North

American mammals: testing the hypothesis of covariation. Ecography,

27, 547–556.
Shipley, B., Paine, C.E.T. & Baraloto, C. (2012). Quantifying the

importance of local niche-based and stochastic processes to tropical

tree community assembly. Ecology, 93, 760–769.
Smith, T.B., Kark, S., Schneider, C.J., Wayne, R.K. & Moritz, C. (2001).

Biodiversity hotspots and beyond: the need for preserving

environmental transitions. Trends Ecol. Evol., 16, 431.

Soininen, J., Lennon, J.J. & Hillebrand, H. (2007). A multivariate

analysis of beta diversity across organisms and environments. Ecology,

88, 2830–2838.
Speziale, K.L., Ruggiero, A. & Ezcurra, C. (2010). Plant species richness–

environment relationships across the Subantarctic-Patagonian transition

zone. J. Biogeogr., 37, 449–464.
Stevens, G.C. (1989). The latitudinal gradient in geographical range: how

so many species coexist in the tropics. Am. Nat., 133, 240–256.
Tuanmu, M.-N. & Jetz, W. (2015). A global, remote sensing-based

characterization of terrestrial habitat heterogeneity for biodiversity and

ecosystem modelling. Glob. Ecol. Biogeogr., 24, 1329–1339.
Tuomisto, H. & Ruokolainen, K. (2012). Comment on “Disentangling the

drivers of b diversity along latitudinal and elevational gradients”.

Science, 335, 1573.

Ulrich, W., Baselga, A., Kusumoto, B., Shiono, T., Tuomisto, H. &

Kubota, Y. (2017). The tangled link between b- and c-diversity: a

Narcissus effect weakens statistical inferences in null model analyses of

diversity patterns. Glob. Ecol. Biogeogr., 26, 1–5.
Weiser, M.D., Enquist, B.J., Boyle, B., Killeen, T.J., Jørgensen, P.M.,

Fonseca, G. et al. (2007). Latitudinal patterns of range size and species

richness of New World woody plants. Glob. Ecol. Biogeogr., 16, 679–688.
Wiens, J.A. (1989). Spatial scaling in ecology. Funct. Ecol., 3, 385–397.
Williams, P.H. (1996). Mapping variations in the strength and breadth of

biogeographic transition zones using species turnover. Proc. R. Soc.

Lond. B, 263, 579–588.
Williams, P.H., Klerk, H.M. & Crowe, T.M. (2002). Interpreting

biogeographical boundaries among Afrotropical birds: spatial patterns

in richness gradients and species replacement. J. Biogeogr., 26, 459–474.
Willig, M.R., Kaufman, D.M. & Stevens, R.D. (2003). Latitudinal

gradients of biodiversity: pattern, process, scale, and synthesis. Annu.

Rev. Ecol. Evol. Syst., 34, 273–309.
Xing, D., Swenson, N.G., Weiser, M.D. & Hao, Z. (2014). Determinants

of species abundance for eastern North American trees. Glob. Ecol.

Biogeogr., 23, 903–911.
Xu, W., Chen, G., Liu, C. & Ma, K. (2015). Latitudinal differences in

species abundance distributions, rather than spatial aggregation, explain

beta-diversity along latitudinal gradients. Glob. Ecol. Biogeogr., 24,

1170–1180.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Editor, Lauren Buckley
Manuscript received 9 July 2018
First decision made 18 August 2018
Manuscript accepted 27 October 2018

© 2018 John Wiley & Sons Ltd/CNRS

8 D. Xing and F. He Letter

http://www.fs.fed.us/ne/delaware/4153/global/littlefia/index.html
http://www.fs.fed.us/ne/delaware/4153/global/littlefia/index.html

