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Abstract
The pervasive pattern of aggregated tree distributions in natural communities is commonly

explained by the joint effect of two clustering processes: environmental filtering and dis-

persal limitation, yet little consensus remains on the relative importance of the two clustering

processes on tree aggregations. Different life stages of examined species were thought to

be one possible explanation of this disagreement, because the effect of environmental filter-

ing and dispersal limitation are expected to increase and decrease with tree life stages,

respectively. However, few studies have explicitly tested these expectations. In this study,

we evaluated these expectations by three different methods (species-habitat association

test based on Poisson Clustering model and spatial point pattern analyses based on Het-

erogeneous Poisson model and the jointly modeling approach) using 36 species in a 20-ha

subtropical forest plot. Our results showed that the percentage of species with significant

habitat association increased with life stages, and there were fewer species affected by dis-

persal limitation in later life stages compared with those in earlier stages. Percentage of var-

iance explained by the environmental filtering and dispersal limitation also increases and

decreases with life stages. These results provided a promising alternative explanation on

the existing mixed results about the relative importance of the two clustering processes.

These findings also highlighted the importance of plant life stages for fully understanding

species distributions and species coexistence.

Introduction
Aggregated distributions of species have widely been documented in various natural communi-
ties [1, 2]. Revealing underlying mechanisms of such aggregated pattern is of important for
understanding species coexistence [1–4], because the pattern itself can directly affect the fate of
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individuals, particular sessile plants, by determining how much abiotic resources one can
access and how strong biotic interactions one will suffer [5–7]. Many ecological processes thus
have been proposed to explain the aggregations. Environmental filtering and dispersal limita-
tion are two of the most widely acknowledged clustering processes for tree distributions [2, 8–
12]. The environmental filtering can reduce population density in unfavorable habitats, result-
ing in clustering distributions in heterogeneous environment [13, 14]. The dispersal limitation
can generate similar aggregations of trees by limiting the distributions of seedlings around
their parents [10, 15].

The two clustering processes were commonly thought to jointly contribute the aggregations
of tree [16, 17], yet there has been little consensus on the relative importance of the environ-
mental filtering and dispersal limitation on tree aggregations [9, 10, 18–21]. Several evidence
from tropical [19], neotropical [20] and subtropical forests [21] found that distributions of
most of tree species were significantly related to abiotic environmental variables (e.g. elevation
of topology and soil nutrients), thus supports the dominant role of environmental filtering on
tree aggregations. In contrast, Harms et al. found that 83.6% of species distributed indepen-
dently with habitat types in a tropical forest plot [9]. Seider and Plotkin [10] demonstrated the
extent and scale of conspecific spatial aggregation was correlated with the mode of seed dis-
persal in same Panama plot, thus supporting dispersal limitation. Valencia et al. [18] found
similar results in Amazonian forest in which tree patchiness was not significantly related to
topographic variation but was largely due to dispersal limitation of seeds.

These inconsistency of the relative importance of the environmental filtering and dispersal
limitation were usually explained by exterior reasons, such as the differences of spatial scales
[22, 23] and/or environmental complexity in different studies [11, 24–25], while the immanent
difference of trees across different life stages was largely ignored. Since both of the environmen-
tal filtering and dispersal limitation may shift their effect on species distributions across life
stages, similar mixed results on the relative importance of the two clustering processes could be
generated [2, 26].

Specifically, the effect of environmental filtering on tree aggregations may increase with life
stages simply because species’ requirement for resources generally increases with their ages and
tree size [27–30]. In early life stages of trees, environmental filtering may play a minor role,
because the nutrient requirement of seedlings can be partly met by nutrients contained in their
own seeds [28]. As dying of individuals in unfavorable habitats, the effect of environmental fil-
tering on tree distribution becomes more evident [13]. While the dispersal limitation contrib-
utes to the tree distribution mainly via limiting the dispersion of seeds. Thus the effect of
dispersal limitation might be the strongest in the early life stages of trees. In late life stages,
other processes, such as abiotic resource mediated self-thinning [31] and soil biota-mediated
negative density dependence [32–33], can limit the growth, survival and recruitment of conspe-
cifics, particular in cluster with high density of conspecifics, thus might reduce the importance
of dispersal limitation on tree aggregations [3, 34, 35]. In addition, the reduction of the impor-
tance of dispersal limitation may uneven among species because the extent and scale of conspe-
cific aggregation are different among species [10].

The possible role of life stage on the inconsistent results of the two clustering processes on
tree aggregation has been separately acknowledged by several studies, e.g. [36–39], but no
study has examined the importance of the environmental filtering and dispersal limitation
simultaneously across several life stages of trees in the same methodology framework in a sub-
tropical evergreen broad-leave forest. This forest supports a unique vegetation that stores a
large amount of biomass in the Northern Hemisphere, while other areas of similar latitude
(about latitude 25°–35° N) are desert or semi-desert [40]. In this study, we analysed the impor-
tance of the two clustering processes in different life stages of trees and shrubs for each species
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in a 20-ha subtropical forest plot. By combining detailed ground survey data on species distri-
bution, topography and edaphic variables with robust approaches for species-habitat associa-
tion and spatial point pattern analysis, we examined two expectations: (1) the importance of
environmental filtering on tree and shrub distribution increases with life stages, and (2) the
importance of dispersal limitation is expected to decrease with life stages of trees and shrubs.

Materials and Methods

Study area
This study was carried out in the Tiantong National Forest Park (29°48'N, 121°47'E), Zhejiang
Province, in eastern China. This region supports evergreen broad-leaved forests, in which the
tree canopy is dominated by species in the families of Fagaceae and Theaceae. Valleys and
mountain bases are dominated by deciduous broad-leaved species, mixed with evergreens in
the sub-canopy and the understory [41]. The area has a typical monsoon climate with a hot
and humid summer and a dry and cold winter [41, 42]. Annual mean temperature is nearly
16.2°C, the warmest month (July) temperature is 28.1°C, and the coldest month (January) tem-
perature is 4.2°C [42]. Average annual precipitation is 1, 374.7 mm that mainly occurs from
May to August. The parent soil materials are Mesozoic sediments and acidic intrusive rocks,
including quartzite and granite. The soil texture is mainly sandy to silty clay loam, and soil pH
ranges from 4.4 to 5.1 [41, 42]. We announce that no specific permissions were required for
these locations/activities, and the field studies did not involve endangered or protected species.

Stem-mapping data
A 20-ha (500 m × 400 m) forest dynamic plot was established within the Tiantong National
Forest Park in 2010 (Fig 1). Following the protocols from the CTFS-ForestGEO network [43],
all stems of free-standing trees and shrubs with� 1 cm in diameter at breast height (DBH)
were tagged, identified, mapped, and measured [44]. A total of 94,605 individual trees and
shrubs, belonging to 152 species, 94 genera and 51 families, were recorded in the first census.
Tree community in the plot is a typical low-elevation moist evergreen broad-leaved subtropical
forest in eastern China.

Topographic and edaphic variables
A topographic survey was completed on a 20 m × 20 m grid within the 20-ha plot using an
Electronic Total Station (Sokkia SET-4120). Three topographic variables, including mean ele-
vation, mean convexity and mean slope, were calculated for each 20 m × 20 m quadrat [9, 18,
45]. These topographic data were used to do habitat classification. Mean elevation ranges from
304.2 m to 602.8 m, with nearly 300 m difference in elevation in the plot. Mean convexity
ranges from -5.8 m to 6.9 m, and mean slope varies from 13.8° to 50.3°.

For edaphic variables, 1,292 soil samples covered the whole 20-ha plot at high resolution
were collected by both regular and random sampling schemes (S1 Fig). The soil samples were
air-dried for more than 30 days, and then were passed through a 0.149 mm sieve. Each sieved
soil sample was divided into two subsamples. One subsample of 10 mg was used to analyze
total C and total N by elemental analyzer (vario MICRO cube, Elementar, Germany). Another
sub-sample of 350 mg was used to analyze total P using flow-injection autoanalyser (SAN++,
Skalar, Netherlands). Soil pH of each soil sample was determined by Metterler Toledo pH
meter (1:2, H20). For simulating heterogeneous environment in spatial point pattern analysis,
standard block kriging was used to obtain three topographic and four soil variables for every 5
m × 5 m quadrat [46, 47].
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Habitat classification
To access species-habitat association, we categorized all 500 20 m × 20 m quadrats into seven
habitats (disturbed habitat, high valley, low valley, high ridge, low ridge, high slope, and low
slope; see Fig 1 and S1 Table). The north-eastern corner of the plot is a disturbed area where
big trees were cut 45 years ago, thus the area was defined as disturbed habitat. For easily com-
paring with results of previous studies about species-habitat association, e.g. [9, 19, 21], we sim-
ply used topographic variables to category quadrats except disturbed habitat in the plot.
Previous study in our plot also has found soil variables have strong correlation with topo-
graphic variables [48]. Valley, ridge and slope habitats were defined by convexity of quadrats,
valley habitat (convexity< -2), slope habitat (-2� convexity< 2) and ridge habitat
(convexity� 2). In our plot, the valley habitat usually has thin and humid soil with strong ero-
sion of water, and interspersed with rocky outcrops, while the ridge habitat has thick and
drought soil. The slope habitat is transitional area between ridge habitat and valley habitat. We
then chose 450 m above sea level to separate the valley habitat into high valley and low valley,
slope habitat into high slope and low slope, ridge habitat into high ridge and low ridge, because
large differences in elevation (up to 300 m in this study) can result in changes in vegetation
composition and 450 m is the approximate mid-elevation of the plot [9, 49].

Fig 1. The perspective map of topography and habitat classification of the 20-ha Tiantong forest dynamics plot
in eastern China. Each grid is a 20 × 20 m quadrat with color representing different habitat types.

doi:10.1371/journal.pone.0156326.g001
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Data analysis
To investigate the effects of environmental filtering and dispersal limitation across tree and
shrub life forms, all species in the 20-ha plot were grouped into three growth forms (shrubs,
sub-canopy trees, and canopy trees) following the Flora of China [50]. Species in each growth
form were divided into three life stages (sapling, juvenile and adult) according to their DBHs
(see Table 1 for the classification). To obtain a sufficiently large sample size for point pattern
analysis, we selected 36 species with more than 40 individuals and showing aggregated distribu-
tion by spatial point pattern analysis under complete spatial randomness (CSR) test in each of
three life stages. Aggregated distribution was considered as showing positive deviations of the
CSR test within the 0–30 m range by Goodness-of-fit test [51]. To cross verify our predictions
that relative contributions of two clustering processes change with life stages, the three follow-
ing approaches were used, including species-habitat association test, spatial point pattern anal-
ysis under the heterogeneous Poisson null model and jointly modeling method.

Species-habitat association test. The effect of environmental filtering on tree/shrub
aggregation was detected by the species-habitat association test [52]. Since the mixed effect of
the environmental filtering and dispersal limitation may bias the test of environmental filter-
ing, the Poisson clustering point process model, which can model environment-independent
aggregated distributions caused by dispersal-like process [2, 20], was used as null model in test-
ing species-habitat association.

Specifically, the first step was to estimate the parameters of Poisson cluster process model
based on an observed spatial distribution of each species in each life stage. Spatial range of sum-
mary statistics used in parameter estimation was from 0 to 100 m. The parameters contained
the information of the number of clumps (kappa), the number of points in each clump (mu)
and the range of clump area (sigma) (S2 Fig). A larger kappa indicates a larger number of
clumps, and a larger mu indicates a larger number of points in each clump. A larger sigma indi-
cates a larger clump area, and therefore a less clumped distribution. The performance of Pois-
son cluster model of each species at each life stage were tested by goodness-of-fit method [46,
51, 53], and 88.9% species at sapling stage, 94.4% species at juvenile stage and all species at
adult stage were testified that the model reasonably described the pattern of species at the
examined scales. The second step was to simulate population distribution for 999 times based
on the fitted model in the first step. The last step was to compare the density of observed popu-
lation with the densities predicted by the fitted model in each habitat [9]. If the observed den-
sity of a population is significantly above 99% confidence interval of simulated densities in
particular habitat, it means the population significantly associates with the habitat. In order to
facilitate comparisons of habitat associations at the three different life stages, we only focused
on positive associations [54].

Spatial point pattern analysis under the heterogeneous Poisson null model. The effect
of dispersal limitation on tree/shrub aggregation was approximately detected by comparing the
observed spatial distribution of species and the simulated distributions under the

Table 1. Life stage classification of 36 plant species in the 20-ha Tiantong forest dynamic plot.

Growth form DBH Range (cm) Richness Abundance

Sapling Juvenile Adult

Canopy trees [1.0, 5.0) [5.0, 15.0) � 15.0 16 18,681

Sub-canopy trees [1.0, 2.5) [2.5, 5.0) � 5.0 14 13,029

Shrubs [1.0, 1.5) [1.5, 2.5) � 2.5 6 54,613

Total 36 86,323

doi:10.1371/journal.pone.0156326.t001

Mechanisms of Aggregation Change with Tree and Shrub Life Stages

PLOS ONE | DOI:10.1371/journal.pone.0156326 May 26, 2016 5 / 16



heterogeneous Poisson null model [55, 56], in which the effect of environmental filtering from
the observed environmental variables on tree/shrub aggregation was included in the simulated
population.

For a given life stage of a species, we considered the following log-linear heterogeneous Pois-
son model:

logðrðuÞÞ ¼ mþHðuÞβT

Where ρ(u) is a intensity function to describe tree/shrub distribution at any local u (e.g. u =
(x,y)) in two-dimensional space in our plot. μ is an intercept, β is a vector of regression parame-
ters of length p andH(u) denotes a vector of habitat variables at the spatial location u.

The fitted heterogeneous Poisson null model is commonly used to control major effect from
environmental filtering in detecting the footprint of dispersal limitation processes on tree/
shrub distributions [16, 17]. Any significant clustering found in the observed populations was
approximately considered as the effect of dispersal limitation on tree/shrub aggregation.

Specifically, the first step was to precisely estimate the effect of environmental filtering on
the observed distribution of species. This step was archived by fitting the Heterogeneous Pois-
son point process model to the observed distribution for each life stage of each species. Seven
topographic and edaphic variables were initially included the model. To reduce the influence of
multicollinearity among the environmental variables, we firstly transformed environmental
variables into seven independent variables by Principal Component Analysis (PCA). Then a
step-wise polynomial regression analysis was used to select significant PCA variables to achieve
the ‘best’ heterogeneous Poisson model. Goodness-of-fit tests in S3 Fig showed that the hetero-
geneous Poisson model was able to control major large scale (e.g.� 50 m) spatial structure of
tree species. The second step was to simulate population distribution for 199 times according
to the best model found in the first step. The last step is to compare the spatial structure of the
observed population with the simulated populations by the inhomogeneous pair correlation
function [57, 58]. If the pair correlation function of the observed population of one species is
significantly above the 95% confidence interval of the simulated populations between 0–20 m,
it means non-habitat clustering processes, mainly dispersal limitation, have detectable effect on
the tree/shrub aggregation on that scale.

Spatial point pattern analysis under jointly modeling method. Since the above two tests
independently examined how environmental filtering or dispersal limitation changes with life
stage, we adopted a recently developed method [11] that can evaluate the relative importance
of these two clustering processes in the same framework. The ability of this method was
archived by jointly modeling environmental filtering and dispersal limitation using a heteroge-
neous Cox point process model [59] and its associated spatial variance decomposition method
[60].

For a given life stage of a species, we considered the following log-linear model:

logðLðuÞÞ ¼ mþHðuÞβT þ DðuÞ

Where Λ(u) is a random intensity function to describe tree/shrub distribution at any local u
(e.g. u = (x,y)) in two-dimensional space in a plot. Given a realization of Λ(u), the trees/shrubs
distribute independently with each other. μ is an intercept, β is a vector of regression parame-
ters of length p andH(u) denotes a vector of habitat variables (aforesaid independent PCA var-
iables transformed from real environmental variables) at the spatial location u. The term D(u)
is a random, zero-mean, and spatially correlated “residual effect”modeled by the Matérn
covariance function, which can describe different clustering behavior like various dispersal ker-
nels of tree/shrub species. This structure of the model makes it possible to incorporates effect
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of environmental filtering (theH(u)βT term) and dispersal limitation (the D(u)) simulta-
neously, and to evaluate the relative importance of two clustering processes on tree/shrub
aggregation.

Given the environmental maps and the observed spatial distribution of individuals in a life
stage for each species, parameters of the above Cox process model were estimated by the two-
step approach of Waagepetersen and Guan [61]. The model selections (e.g. which habitat vari-
able should be included inH(u) and whether there was a significant clustering D(u) in the
model) were conducted by step-wise model reduction and Loosmore’s goodness-of-fit test
[51]. More details of parameter estimation, model selection and goodness-of-fit test of Cox
model can be found in Shen et al. [11]. Based on the best-fitting Cox point process model for
each life stage of each species, the proportion of variance explained by environmental filtering
(PVE) and the proportion of variance explained by other clustering processes, such as dispersal
limitation, (PVD, note that PVD = 1-PVE) were estimated by the spatial variance decomposi-
tion method [11, 60]. To compare the relationship between PVD variation and dispersal syn-
drome, we further calculated the increment of PVE for each species (the value of later stage
minus the value of early stage, such as PVEjuvneile−PVEsapling) in three dispersal groups (grav-
ity-ballistic, animal and wind dispersal based on their fruit anatomy and morphology following
Seider & Plotkin [10]).

All analyses were conducted in R 3.1.1 [62]. The analyses for Poisson cluster model and het-
erogeneous Poisson model were carried out by R Package Spatstat [63], and the analyses for
Cox point process model were conducted by the same methods in Shen et al. [11]. The border
correction for all the three null model we used was set the option “correction = best” in the R
function “envelope” of R package Spatstat [63]. All the R scripts for these analyses were avail-
able in S1 File.

Results

The importance of environmental filtering across life stages
As we expected, the importance of habitat heterogeneity generally increases with life stages.
There was a clear trend that the percentage of species with significantly positive habitat associa-
tions increased from 61.1% in the sapling stage to 83.3% in the adult stage. Among the 36
examined species, one third of species were independent of habitat in their sapling stage, but
had significantly positive habitat association in their later life stages (S2 Table). Most of the
remaining species (22 out of 24 species) were significantly and positively associated with at
least one of seven habitat types in one or more life stages (S2 Table). Only 3 species showed a
decreasing importance of habitat heterogeneity along life stages (S2 Table).

The importance of dispersal limitation across life stages
The percentage of species significantly impacted by dispersal limitation was as high as 94.4% in
the sapling stage, and quickly decreased to 88.9% and 75.0% in the juvenile and adult stages,
respectively. This decreasing trend held on most of neighborhood scales (e.g. from 0 m to 20
m, Fig 2). In addition, there were 9 species regulated by dispersal limitation in earlier life stages
and became independent of dispersal limitation in later life stages (S2 Table).

Relative contributions of environmental filtering and dispersal limitation
along life stages
Using the joint modeling approach, 28 species at sapling stage, 32 species at juvenile and 33
species at adult stage were significantly affected by environmental variables (S3 Table). The
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percentages of species that were significantly affected by environmental filtering and dispersal
limitation (Table 2) were highly consistent with the above results from the previous analyses.
The average percentage of variance explained by environmental heterogeneity increased from
0.21 at the sapling stage to 0.41 at the adult stage (Fig 3), suggesting that the importance of
environmental heterogeneity increases with life stages. Moreover, the increment of the impor-
tance of environmental heterogeneity was significantly greater in species with wind-dispersal
mode than other seed dispersal modes, e.g. gravity and ballistic (Fig 4).

Discussion
In this study, we tested our predictions about the changes of environmental filtering and dis-
persal limitation along different tree/shrub life stages in a diverse subtropical forest. Supportive
evidence for the predictions arose from a convergence of three different analyses, which consis-
tently showed that the relative importance of environmental filtering and dispersal limitation
have opposite changes with life stages from saplings, juvenile to adults. The former increased
with life stages and the later decreased with life stages (Figs 3 and 4, S2 Table). This trend of
stronger effect of environmental filtering in later life stage is partially related to adults having
larger cluster size (e.g. large fitted sigma) and fewer number of clusters (e.g. smaller fitted

Fig 2. Results of spatial point pattern analysis under heterogeneous Poisson null model. Proportion of
species in three life stages showed significant aggregation over different spatial scales.

doi:10.1371/journal.pone.0156326.g002
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kappa) in the Poisson Cluster models (S2 Fig). The larger cluster size and fewer number of clus-
ters in the adults compared to juveniles or saplings also hint that environmental filtering might
work at a relative larger spatial scale than dispersal limitation does, at least for the examined
species in our plot. Results of goodness-of-fit tests on heterogeneous Poisson model in S3 Fig
also supported this inference because much more aggregations can be fitted at large spatial
scales (e.g.� 50 m).

Our results were consistent with several studies in tropical forests. For instance, Paoli et al.
[64] found floristic variation of juvenile sub-community (1–10 cm DBH) was more strongly
related to geographical distance (dispersal limitation) than edaphic factors in Indonesia, while
the converse held for established trees (� 10 cm DBH). Hu et al. [65] found dispersal limita-
tion, which represented by a neighbourhood index, played the most important role in deter-
mining the distributions of small trees, and environmental variables played the most important
role in determining the distributions of large trees (DBH� 10 cm). For many studies without
explicitly considering life stages, the overall effects of environmental filtering and dispersal lim-
itation on tree aggregations has been extensively reported [16–18, 22, 34, 66, 67], but contradic-
tory conclusions about the relative importance of the two types of processes existed for a long
time. As examples in introduction, some studies support dispersal limitation [10, 18] and other
support environmental filtering [19, 20]. From our analyses, an important reason of these
inconsistence may attributed to life stage difference among different communities. Our study
provided a promising explanation on the existing mixed results about the relative importance
of the two clustering processes.

In addition to the community level of changes in the importance of two clustering processes
along life stages, our study also revealed a lot of interspecific differences in the change of the
effect of environmental filtering and dispersal limitation across life stages. Notably, there was a
significant difference between wind-dispersed and non-wind dispersed (e.g. gravity and ballis-
tic seed dispersal) species on the change of the relative importance of dispersal limitation across
life stages (Fig 4). Compared to the gravity-ballistic-dispersed species, more proportion of
wind-dispersed species loss effect of dispersal limitation at later life stage (Table 2). From the
parameter of Poisson cluster model, the cluster size (sigma) of wind-dispersed species large
than animal-dispersed or gravity-ballistic-dispersed species (S4 Fig). Previous study based on
data of 187 seed trap in our plot showed similar trend that the seed of wind-dispersed species

Table 2. Percentages of species whose spatial distributions were significantly (P� 0.05) affected by environmental filtering only, dispersal limita-
tion only, jointly affected by both environmental filtering and dispersal limitation at three tree/shrub life stages and three dispersal modes in the
plot by the jointly modeling approach.

Dispersal mode Life stage Environmental filtering only (%) Dispersal limitation only (%) Both clustering processes (%)

Animal Sapling 4.0 12.0 84.0

Juvenile 8.0 8.0 84.0

Adult 4.0 8.0 88.0

Wind Sapling 0.0 75.0 25.0

Juvenile 0.0 0.0 100.0

Adult 50.0 0.0 50.0

Gravity & Ballistic Sapling 0.0 28.6 71.4

Juvenile 0.0 28.6 71.4

Adult 28.6 14.3 57.1

Total Sapling 2.8 22.2 75.0

Juvenile 5.6 11.1 83.3

Adult 13.9 8.3 77.8

doi:10.1371/journal.pone.0156326.t002
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can be collected at longer distance traps than other species [68]. Species with long dispersal dis-
tance may have a large increment of the relative importance of the environmental filtering
along the life stages, because species with large dispersal distance always have a less clustered
spatial distributions [1, 4], which make it much easier for other processes in the later life stages
to reduce the footprint of dispersal limitation. Several other species had no effect of dispersal
limitation at later life stages, or affected by dispersal limitation at all three life stages (S2 Table).
These interspecific differences can further contribute to the mixed results of community-level
importance of environmental filtering and dispersal limitation. Communities with different
proportions of wind-dispersed species can easily end up with different relative importance of
the two clustering processes on tree aggregation.

It is worth to note that although the importance of the environmental filtering on tree and
shrub aggregation is increasing with life stages, the measured environmental data only
explained less than 50% of the variation in tree distribution (Fig 4). Frist, we acknowledged
that the data accessibility on environmental variables in our study might be result in such rela-
tive low importance of environmental filtering, but similar results were also observed in other
two forest plots using more comprehensive environmental data [11]. Second, the extent of

Fig 3. Proportions of variance explained by environmental factors for each species plotted against its
rank for species in each life stage by the jointly modeling approach. The solid circle and solid line
(green), solid square and dotted line (yellow) and solid triangle and dashed line (red) are mean proportions of
variance explained by environmental filtering in the sapling, juvenile and adult life stages, respectively.

doi:10.1371/journal.pone.0156326.g003

Mechanisms of Aggregation Change with Tree and Shrub Life Stages

PLOS ONE | DOI:10.1371/journal.pone.0156326 May 26, 2016 10 / 16



environmental heterogeneity may affect the relative importance of environmental filtering. For
example, our plot and other plots [19, 21] with highly heterogeneous topology showed a higher

Fig 4. The increment of proportion of variances explained by environmental filtering (PVE) across life
stages for different types of dispersal syndrome in the jointly modeling approach.

doi:10.1371/journal.pone.0156326.g004
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ratio of species with significant species-habitat association than the BCI plot with a relative flat
topology [9]. Therefore, another alternative explanation is that dispersal limitation is really
strong, particular in relative homogeneous environment, in formatting the whole spatial struc-
ture of tree and shrub species in our plot, even if its importance is decreasing with life stages.

As a summary, we found the importance of the two clustering processes in affecting species
distributions varied with life stages in the Tiantong subtropical forest plot. The relative impor-
tance of environmental filtering on species aggregation increased with life stages while that rel-
ative importance of dispersal limitation decreased with life stages. Such results provided a
promising alternative explanation on the existing mixed results about the relative importance
of the two clustering processes. It also highlighted the importance of tree and shrubs life stages
for fully understanding species distributions and species coexistence. Therefore, it is not quite
proper to ask questions like which process, environment filtering or dispersal limitation, is
more important for species distributions in a plant community. Better questions about the rela-
tive importance of the two clustering processes should explicitly consider the average life stage
of species in the plant community, or the particular life stage of the given population. Further-
more, the difference between the two processes along life stages suggests that life stage itself is
worth to be explored more closely, and has great potential to be incorporated widely into spe-
cies coexistence theories in the future.

Supporting Information
S1 Fig. Soil sampling map in the 20-ha Tiantong forest dynamics plot.
(TIF)

S2 Fig. Boxplot of three parameters of Poisson cluster model (sigma, kappa, mu) shift with
life stages.
(TIF)

S3 Fig. Performance test of the heterogeneous Poisson model in controlling large scale (e.g.
� 20 m) structure of species. Almost all species showed significant aggregation above 20 m
under the complete spatial random null model (total height of red and blue bar), while these
proportions dropped dramatically under the heterogeneous Poisson model (height of blue bar)
in all large scales, especially at large spatial scales above 50 m.
(TIF)

S4 Fig. Boxplot of cluster size (sigma of Poisson cluster model) of different dispersal syn-
dromes.
(TIF)

S1 File. R scripts of the analyses in this paper.
(TXT)

S1 Table. Mean and standard error for topographic (elevation, convexity and slope), floris-
tic (species richness) and structural (density and basal area) characteristics for each
20 × 20-m quadrat among habitats in the 20-ha Tiantong forest dynamics plot.
(DOCX)

S2 Table. Results of species-habitat association test and spatial pattern analysis (Goodness-
of-fit test at 0–20m scale) for 36 species in categories of sapling, juvenile and adult trees in
the 20-ha Tiantong Forest Dynamics Plot.
(DOCX)

Mechanisms of Aggregation Change with Tree and Shrub Life Stages

PLOS ONE | DOI:10.1371/journal.pone.0156326 May 26, 2016 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s007


S3 Table. Significant associated environmental factors (represented by PCA axis) based on
Cox model for each species at different life stages.
(DOCX)

Acknowledgments
We are grateful to Fangliang He and Scott Chang for constructive comments and suggestion
on the revision of the manuscript. The authors also thank Jianhua Chen, Haibo Yang, Zemei
Zheng, Zhiguo Zhang, Ping Li, Yubin Xie, Na Zhang, Dali Wang, Bo Wang, Xiaofeng Ruan
and others for their helps in the establishment and census of Tiantong forest plot. We appreci-
ate the permission and help for this study from Tiantong Forest Farm of Ningbo. This work
was supported by the National Natural Science Foundation of China (Grant No. 31210103920
to XHW and 31470487 to GCS).

Author Contributions
Conceived and designed the experiments: QSY GCS XHW. Performed the experiments: QSY
XHWHML ZHW ZPM XFF. Analyzed the data: QSY GCS. Contributed reagents/materials/
analysis tools: QSY GCS HML. Wrote the paper: QSY GCS JZ XHW.

References
1. Condit R, Ashton PS, Baker P, Bunyavejchewin S, Gunatilleke S, Gunatilleke N, et al. Spatial patterns

in the distribution of tropical tree species. Science. 2000; 288(5470):1414–1418. PMID: 10827950

2. Plotkin JB, Chave J, Ashton PS. Cluster analysis of spatial patterns in Malaysian tree species. Am Nat.
2002; 160(5):629–644. doi: 10.1086/342823 PMID: 18707513

3. He F, Legendre P, LaFrankie JV. Distribution patterns of tree species in a Malaysian tropical rain forest.
J Veg Sci. 1997; 8(1):105–114.

4. Li L, Huang Z, YeW, Cao H, Wei S, Wang Z, et al. Spatial distributions of tree species in a subtropical
forest of China. Oikos. 2009; 118(4):495–502.

5. Hubbell SP, Foster RB. Biology, chance, and history and the structure of tropical rain forest tree com-
munities. In: Diamond J, Case TJ, editors. Community Ecology, Harper and Row, New York, USA.
1986. pp. 314–329.

6. Chave J, Muller-Landau HC, Levin SA. Comparing classical community models: theoretical conse-
quences for patterns of diversity. Am Nat. 2002; 159(1):1–23. doi: 10.1086/324112 PMID: 18707398

7. Law R, Illian J, BurslemDFRP, Gratzer G, Gunatilleke C, Gunatilleke I. Ecological information from spa-
tial patterns of plants: insights from point process theory. J Ecol. 2009; 97(4):616–628.

8. Hubbell SP. The unified neutral theory of biodiversity and biogeography. Princeton, New Jersy, USA:
Princeton University Press; 2001.

9. Harms K, Condit R, Hubbell S, Foster R. Habitat associations of trees and shrubs in a 50-ha neotropical
forest plot. J Ecol. 2000; 89(6):947–959.

10. Seidler TG, Plotkin JB. Seed dispersal and spatial pattern in tropical trees. PLoS Biol. 2006; 4(11):
e344. PMID: 17048988

11. Shen G, He F, Waagepetersen R, Sun IF, Hao Z, Chen ZS, et al. Quantifying effects of habitat hetero-
geneity and other clustering processes on spatial distributions of tree species. Ecology. 2013; 94
(11):2436–2443. PMID: 24400495

12. Kraft NJB, Adler PB, Godoy O, James EC, Fuller S, Levine JM. Community assembly, coexistence and
the environmental filtering metaphor. Funct Ecol. 2015; 29(5):592–599.

13. Jabot F, Etienne RS, Chave J. Reconciling neutral community models and environmental filtering: the-
ory and an empirical test. Oikos. 2008; 117(9):1308–1320.

14. Edwin LT, Lourens P. Functional traits and environmental filtering drive community assembly in a spe-
cies-rich tropical system. Ecology. 2010; 91(2):386–398. PMID: 20392004

15. Hubbell SP, Foster RB, O'Brien ST, Harms K, Condit R, Wechsler B, et al. Light-gap disturbances,
recruitment limitation, and tree diversity in a neotropical forest. Science. 1999; 283(5401):554–557.
PMID: 9915706

Mechanisms of Aggregation Change with Tree and Shrub Life Stages

PLOS ONE | DOI:10.1371/journal.pone.0156326 May 26, 2016 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156326.s008
http://www.ncbi.nlm.nih.gov/pubmed/10827950
http://dx.doi.org/10.1086/342823
http://www.ncbi.nlm.nih.gov/pubmed/18707513
http://dx.doi.org/10.1086/324112
http://www.ncbi.nlm.nih.gov/pubmed/18707398
http://www.ncbi.nlm.nih.gov/pubmed/17048988
http://www.ncbi.nlm.nih.gov/pubmed/24400495
http://www.ncbi.nlm.nih.gov/pubmed/20392004
http://www.ncbi.nlm.nih.gov/pubmed/9915706


16. Shen G, Yu M, Hu XS, Mi X, Ren H, Sun IF, et al. Species-area relationships explained by the joint
effects of dispersal limitation and habitat heterogeneity. Ecology. 2009; 90(11):3033–3041. PMID:
19967859

17. Lin YC, Chang LW, Yang KC, Wang HH, Sun IF. Point patterns of tree distribution determined by habi-
tat heterogeneity and dispersal limitation. Oecologia. 2011; 165(1):175–184. doi: 10.1007/s00442-
010-1718-x PMID: 20640861

18. Valencia R, Foster RB, Villa G, Condit R, Svenning JC, Hernández C, et al. Tree species distributions
and local habitat variation in the Amazon: large forest plot in eastern Ecuador. J Ecol. 2004; 92(2):214–
229.

19. Gunatilleke C, Gunatilleke I, Esufali S, Harms KE, Ashton P, Burslem D, et al. Species-habitat associa-
tions in a Sri Lankan dipterocarp forest. J Trop Ecol. 2006; 22(4):371–384.

20. John R, Dalling JW, Harms KE, Yavitt JB, Stallard RF, Mirabello M, et al. Soil nutrients influence spatial
distributions of tropical tree species. PNAS. 2007; 104(3):864–869. PMID: 17215353

21. Lai J, Mi X, Ren H, Ma K. Species-habitat associations change in a subtropical forest of China. J Veg
Sci. 2009; 20(3):415–423.

22. Legendre P, Mi X, Ren H, Ma K, Yu M, Sun IF, et al. Partitioning beta diversity in a subtropical broad-
leaved forest of China. Ecology. 2009; 90(3):663–674. PMID: 19341137

23. Pinto SM, MacDougall AS. Dispersal limitation and environmental structure interact to restrict the occu-
pation of optimal habitat. Am Nat. 2010; 175(6):675–686. doi: 10.1086/652467 PMID: 20397925

24. Chase JM, Leibold MA. Ecological Niches. Chicago, Illinois, USA: University of Chicago Press; 2003.

25. Chang LW, Zeleny D, Li CF, Chiu ST, Hsieh CF. Better environmental data may reverse conclusions
about niche- and dispersal-based processes in community assembly. Ecology. 2013; 94(10):2145–
2151. PMID: 24358699

26. Stephenson NL, Das AJ, Condit R, Russo SE, Baker PJ, Beckman NG, et al. Rate of tree carbon accu-
mulation increases continuously with tree size. Nature. 2014; 507(7490):90–93. doi: 10.1038/
nature12914 PMID: 24429523

27. Werner EE, Gilliam JF. The ontogenetic niche and species interactions in size-structured populations.
Annu Rev of Ecol Evol Syst. 1984:393–425.

28. Warner RR, Chesson PL. Coexistence mediated by recruitment fluctuations: a field guide to the storage
effect. Am Nat. 1985; 125(6):769–787.

29. Parish J, Bazzaz F. Ontogenetic niche shifts in old-field annuals. Ecology. 1985:1296–1302.

30. Quero Pérez JL, Gómez Aparicio L, Zamora Rodríguez R, Maestre Gil F. Shifts in the regeneration
niche of an endangered tree (Acer opalus ssp. granatense) during ontogeny: using an ecological con-
cept for application. Basic Appl Ecol. 2008; 9(6):635–644.

31. Murrell DJ. On the emergent spatial structure of size-structured populations: when does self-thinning
lead to a reduction in clustering? J Ecol. 2009; 97(2):256–266.

32. Janzen DH. Herbivores and the number of tree species in tropical forests. Am Nat. 1970; 104
(104):501–528.

33. Wright JS. Plant diversity in tropical forests: a review of mechanisms of species coexistence. Oecolo-
gia. 2002; 130(1):1–14.

34. Getzin S, Wiegand T, Wiegand K, He F. Heterogeneity influences spatial patterns and demographics in
forest stands. J Ecol. 2008; 96(4):807–820.

35. Zhu Y, Mi X, Ren H, Ma K. Density dependence is prevalent in a heterogeneous subtropical forest.
Oikos. 2010; 119(1):109–119.

36. Webb CO, Peart DR. Habitat associations of trees and seedlings in a Bornean rain forest. J Ecol. 2000;
88(3):464–478.

37. Yamada T, Tomita A, Itoh A, Yamakura T, Ohkubo T, Kanzaki M, et al. Habitat associations of Stercu-
liaceae trees in a Bornean rain forest plot. J Veg Sci. 2006; 17(5):559–566.

38. Kanagaraj R, Wiegand T, Comita LS, Huth A. Tropical tree species assemblages in topographical habi-
tats change in time and with life stage. J of Ecol. 2011; 99(6):1441–1452.

39. Baldeck CA, Harms KE, Yavitt JB, John R, Turner BL., Valencia R, et al. Habitat filtering across tree life
stages in tropical forest communities. Proc R Soc Lond B Biol Sci. 2013; 280: 20130548. doi: 10.1098/
rspb.2013.0548

40. Song YC. Evergreen broad-leaved forests in China. Science Press; 2013.

41. Yan ER, Wang XH, Huang JJ. Shifts in plant nutrient use strategies under secondary forest succession.
Plant Soil. 2006; 289(1–2):187–197.

Mechanisms of Aggregation Change with Tree and Shrub Life Stages

PLOS ONE | DOI:10.1371/journal.pone.0156326 May 26, 2016 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/19967859
http://dx.doi.org/10.1007/s00442-010-1718-x
http://dx.doi.org/10.1007/s00442-010-1718-x
http://www.ncbi.nlm.nih.gov/pubmed/20640861
http://www.ncbi.nlm.nih.gov/pubmed/17215353
http://www.ncbi.nlm.nih.gov/pubmed/19341137
http://dx.doi.org/10.1086/652467
http://www.ncbi.nlm.nih.gov/pubmed/20397925
http://www.ncbi.nlm.nih.gov/pubmed/24358699
http://dx.doi.org/10.1038/nature12914
http://dx.doi.org/10.1038/nature12914
http://www.ncbi.nlm.nih.gov/pubmed/24429523
http://dx.doi.org/10.1098/rspb.2013.0548
http://dx.doi.org/10.1098/rspb.2013.0548


42. Wang XH, Kent M, Fang XF. Evergreen broad-leaved forest in Eastern China: its ecology and conser-
vation and the importance of resprouting in forest restoration. For Ecol Manage. 2007; 245(1):76–87.

43. Condit R. Tropical forest census plots: methods and results from Barro Colorado Island, Panama and a
comparison with other plots: Springer; 1998.

44. Yang QS, Ma ZP, Xie YB, Zhang ZG, Wang ZH, Liu HM, et al. Community structure and species com-
position of an evergreen broadleaved forest in Tiantong’s 20 ha dynamic plot, Zhejiang Province, east-
ern China. Biodiversity Science. 2011; 19(2):215–223. (in Chinese with English abstract)

45. Yamakura T. Topography of a large-scale research plot established within a tropical rain forest at Lam-
bir, Sarawak. Tropics. 1995; 5:41–56.

46. Cressie N. The origins of kriging. Math Geol. 1990; 22(3):239–252.

47. Diggle PJ, Tawn J, Moyeed R. Model-based geostatistics. J R Stat Soc Ser C Appl Stat. 1998; 47
(3):299–350.

48. Zhang N, Wang XH, Zheng ZM, Ma ZP, Yang QS, Fang XF, et al. Spatial heterogeneity of soil proper-
ties and its relationships with terrain factors in broadleaved forest in Tiantong of Zhejiang Provience,
east China. Chinese Journal of Applied Ecology. 2012; 23(9):2361–2369. (in Chinese with English
abstract) PMID: 23285989

49. Xie YB, Ma ZP, Yang QS, Fang XF, Zhang ZG, Yan ER, et al. Coexistence mechanisms of evergreen
and deciduous trees based on topographic factors in Tiantong region, Zhejiang Province, eastern
China. Biodiversity Science. 2012; 20(2):159–167. (in Chinese with English abstract)

50. Wu ZY, Raven PH. Flora of China. http://www.efloras.org/.

51. Loosmore NB, Ford ED. Statistical inference using the G or K point pattern spatial statistics. Ecology.
2006; 87(8):1925–1931. PMID: 16937629

52. Plotkin JB, Potts MD, Leslie N, Manokaran N, Lafrankie J, & Ashton PS. Species-area curves, spatial
aggregation, and habitat specialization in tropical forests. J Theor Biol. 2000; 207(1):81–99. PMID:
11027481

53. Baddeley A, Diggle PJ, Hardegen A, Lawrence T, Milne RK, & Nair G. On tests of spatial pattern based
on simulation envelopes. Ecol Monogr. 2014; 84(3):477–489.

54. Comita LS, Condit R, Hubbell SP. Developmental changes in habitat associations of tropical trees. J
Ecol. 2007; 95(3):482–492.

55. Diggle PJ. Statistical analysis of point patterns. 2nd, editor. London: Arnold; 2003.

56. Illian J, Penttinen A, Stoyan H, Stoyan D. Statistical analysis and modelling of spatial point patterns:
Wiley-Interscience; 2008.

57. Stoyan D, Stoyan H. Fractals, random shapes, and point fields: methods of geometrical statistics:
Wiley, Chichester; 1994.

58. Wiegand T, A Moloney K. Rings, circles, and null‐models for point pattern analysis in ecology. Oikos.
2004; 104(2):209–229.

59. Møller J, Waagepetersen RP. Statistical inference and simulation for spatial point process. J R Stat Soc
Ser A. 2004; 168(1):258–259.

60. Jalilian A, Guan Y, Waagepetersen R. Decomposition of variance for spatial Cox processes. Scand
Stat Theory Appl. 2013; 40(1):119–137. PMID: 23599558

61. Waagepetersen R, Guan Y. Two-step estimation for inhomogeneous spatial point processes. J R Stat
Soc Ser B. 2009; 71(3):685–702.

62. R Core Team (2014). R 3.1.1. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.

63. Baddeley A, Turner R. Spatstat: An R package for analyzing spatial point patterns. J Stat Softw. 2005;
12(6):1–42.

64. Paoli GD, Curran LM, Zak DR. Soil nutrients and beta diversity in the Bornean Dipterocarpaceae: evi-
dence for niche partitioning by tropical rain forest trees. J Ecol. 2006; 94(1):157–170.

65. Hu YH, Sha LQ, Blanchet FG, Zhang JL, Tang Y, Lan GY, et al. Dominant species and dispersal limita-
tion regulate tree species distributions in a 20-ha plot in Xishuangbanna, southwest China. Oikos.
2012; 121:952–960.

66. Wiegand T, Gunatilleke S, Gunatilleke N, Okuda T. Analyzing the spatial structure of a Sri Lankan tree
species with multiple scales of clustering. Ecology. 2008; 88(12):3088–3102.

67. Jara-Guerrero A, Cruz MDL, Espinosa CI, Méndez M, Escudero A. Does spatial heterogeneity blur the
signature of dispersal syndromes on spatial patterns of woody species? A test in a tropical dry forest.
Oikos. 2015; 124(10):1360–1366.

Mechanisms of Aggregation Change with Tree and Shrub Life Stages

PLOS ONE | DOI:10.1371/journal.pone.0156326 May 26, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/23285989
http://www.efloras.org/
http://www.ncbi.nlm.nih.gov/pubmed/16937629
http://www.ncbi.nlm.nih.gov/pubmed/11027481
http://www.ncbi.nlm.nih.gov/pubmed/23599558
http://www.R-project.org/


68. Lei X, Yang QS, Liu HM, Xing JZ, Wang XH. Character of seed rain of species with different dispersal
modes in Tiantong evergreen broad-leaved forest, Zhejiang Province. Journal of East China Normoal
University (Natural Science). 2015; 2: 122–132. (in Chinese with English abstract)

Mechanisms of Aggregation Change with Tree and Shrub Life Stages

PLOS ONE | DOI:10.1371/journal.pone.0156326 May 26, 2016 16 / 16


