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A B S T R A C T   

A long-standing paradigm in ecology is that species diversity in a community accrues over succession. Central to 
this process are the mechanisms that regulate neighbourhood diversity around species of different functional 
groups such as early vs late-successional species. However, there is poor understanding of the accumulation of 
this neighbourhood diversity and its contribution to community diversity. We calculated neighbourhood species 
and phylogenetic diversities for adult trees of 10 species belonging to three groups: early-, mid-, and late- 
successional species in a 25-ha forest stem-mapping plot in subtropical China. We compared these diversities 
with homogeneous and heterogeneous Poisson null models to assess the roles of individual species and habitat 
heterogeneity in community assembly. We also calculated the neighbourhood species composition to quantify 
beta diversity turnover across different species groups. We observed that species richness, phylogenetic diversity 
and beta diversity all decreased from early- to mid- and late-successional species. Compared with homogeneous 
Poisson null model, early-successional trees had higher neighbourhood species but a lower phylogenetic di-
versity. Mid-successional trees showed no significant departure in richness and phylogenetic diversity from the 
null model. In contrast, late-successional trees had lower neighbourhood species richness and also a lower 
phylogenetic diversity than the null model. Both neighbourhood richness and phylogenetic diversity of all three 
species groups were well fitted by the heterogeneous Poisson model, indicating that environmental filtering 
predominated neighbourhood diversity. Our results underscore the importance of the early successional species 
in the accumulation of neighbourhood diversity and their contributions to diversity of plant communities. We 
suggest that secondary forests, which are mostly composed of early successional species, warrant a due attention 
in biodiversity conservation.   

1. Introduction 

A general prediction of successional theory is that species diversity 
increases over succession, as driven by the change in abiotic conditions, 
e.g., light and soil factors (Capers et al., 2005; Myster, 2007), and biotic 
interactions, e.g., facilitation (Connell & Slatyer, 1977; Pickett et al., 
1987) and competition (Connell & Slatyer, 1977). During forest suc-
cession, fast-growing pioneer tree species first colonize and dominate 
the early successional stage. Over time, with the closing of the canopy, 

shade-intolerant species are gradually replaced by shade-tolerant spe-
cies. The canopy-closure process increases the heterogeneity of micro-
habitat and light conditions, allowing the co-existence of species with 
different life forms (e.g., shrubs and trees) and functional traits (e.g., 
species with a variety of light requirements) (Chazdon et al., 2010; Das 
et al., 2018). Even though late-successional forests are commonly pre-
dominated by shade-tolerant species, the forests are still rather mixed 
with considerable elements of early successional species. The mixture 
nature of species composition in forests, regardless of successional stage, 
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is an inevitable outcome of disturbances and gap dynamics that occur 
throughout forest succession (Hubbell et al., 1999; Chazdon et al., 
2010). Although species diversity may accrue over succession, how 
species of different functional attributes, e.g., early successional species 
versus late-successional species, accumulate neighbourhood diversity is 
little known, primarily because neighbourhood species composition has 
not typically been considered in successional studies. Answering this 
question is important for understanding and predicting the successional 
change in species diversity and the contributions of different species to 
the overall forest diversity at the community and landscape levels. 

Neighbourhood diversity of a species can be affected by many fac-
tors, including neighbourhood interaction, density, functional traits and 
phylogenetics of neighbours, and microhabitat conditions (Poulson & 
Platt, 1989; Capers et al., 2005; Lieberman & Lieberman, 2007; Myster, 
2007; Potvin & Dutilleul, 2009; Das et al., 2018). For example, facili-
tation plays an important role in establishing pioneering species in early 
successional stage (Glenn-Lewin & van der Maarel, 1992; Koffel et al., 
2018), as evidenced by the observation that pioneer species are often 
found to be nitrogen fixing organisms in primary succession (Walker, 
1993). Such positive interaction could further ameliorate the environ-
ment and nurse the colonization of latter species (Whittaker, 1970; 
Connell & Slatyer, 1977; Berkowitz et al., 1995), leading to an increase 
in species diversity around large pioneers, especially the thriving juve-
niles of competitive non-early successional species. As succession pro-
ceeds and the canopy closes, competition for light under large-stature 
late-successional species intensifies and limits neighbourhood re-
cruitments, and can exclude species that cannot survive shading, thus 
potentially decreasing neighbourhood diversity (Pickett et al., 1987; 
Chazdon et al., 2010). In addition to the change in species interactions, 
stem density could also change over succession, e.g., resulting from 
thinning (Peet & Christensen, 1980). A reduction in stem density tends 
to reduce neighbourhood diversity due to competitive exclusion (Huston 
& Smith, 1987; Lieberman & Lieberman, 2007) or simply due to sam-
pling effect — fewer trees typically represent fewer species (Hubbell 
et al., 1999). 

It has long been understood that functional traits of constituent 
species change from, e.g., short-lived to long-lived species, large leaves 
to small leaves, fast growth to slow growth, early seed production to late 
production, small seeds to large seeds over succession (Bazzaz, 1979; 
Huston & Smith, 1987; Glenn-Lewin & van der Maarel, 1992). Recent 
studies have also shown that early successional species are generally 
more phylogenetically related to one another than late-successional 
species (Letcher & Chazdon, 2012; Norden et al., 2012). However, 
how the changes in traits and phylogeny may in return affect the 
accumulation of species diversity is unclear. For example, do shade- 
tolerant species accommodate higher neighbourhood diversity than 
shade-intolerant species, or in reverse? In other words, do species of 
different life-history traits have different neighbourhood diversity? For 
phylogenetic diversity, early successional species are expected to have 
lower neighbourhood phylogenetic diversity than late-successional 
species because of the closer phylogenetic relatedness of early succes-
sional species than late-successional species (Letcher & Chazdon, 2012; 
Norden et al., 2012), or higher neighbourhood diversity than late suc-
cessional species if they are surrounded by more phylogenetically 
distant juveniles of late-successional species (Chazdon et al., 2010). 
However, the mechanisms contributing to the variation in the neigh-
bourhood phylogenetic diversity are not well understood. If habitat 
filtering is the driving factor, neighbourhood phylogenetic diversity is 
expected to be clustered (Uriarte et al., 2010). However, if pathogen- 
mediated neighbourhood interactions act over succession, neighbour-
hood phylogenetic diversity could be overdispersed. This would be 
particularly so given that strong phylogenetic conservatism in pathogen 
host-specificity has been widely documented (Webb et al., 2006; Liu 
et al., 2012; Jiang et al., 2022). Although phylogenetic analysis can 
provide novel insights into neighbourhood diversity, it is not until 
recently that studies started to pay attention to the phylogenetic 

relatedness of neighbouring species in succession (Uriarte et al., 2010). 
It is necessary to integrate phylogenetic analysis with spatial patterns of 
species to quantify the change in neighbourhood diversity over 
succession. 

In this study, we aimed to quantify the variation in local neigh-
bourhood diversity of species at different successional stages to under-
stand the contribution of the local neighbourhood diversity to forest 
diversity. We took advantage of a 25 ha stem-mapped plot in a sub-
tropical forest in China composed of a mosaic of old-growth and sec-
ondary forests to analyse how early-, mid- and late-successional species 
accumulated their neighbourhood diversity. We used the individual 
species–area relationship (ISAR; Wiegand et al., 2007) for the analysis. 
The ISAR integrates spatial point pattern analysis with the species–area 
relationship and is particularly useful for quantifying variation in 
neighbourhood diversity surrounding a focal tree. It allows detection of 
the effects of local habitats and species interactions on the accumulation 
of neighbourhood diversity (Wiegand et al., 2007; Punchi-Manage et al., 
2015). Our specific interest was to quantify and test the difference in 
neighbourhood species richness, phylogenetic diversity and species 
composition surrounding early-, intermediate- and late-successional 
focal species. This study would contribute to understanding the pro-
cess of diversity accumulation over succession and scaling up local 
neighbourhood diversity to community- and landscape-level diversity. 
Our finding that early-successional species accumulated higher neigh-
bourhood diversity than late-successional species highlights the value of 
secondary forests and the importance of maintaining a mosaic of forests 
comprising stands of different age classes for conserving biodiversity in 
landscapes. 

2. Materials and methods 

2.1. Study site and data collection 

The study site is located in Baishanzu Nature Reserve, in southeast 
China (27◦46′N and 119◦12′E). The vegetation is subtropical evergreen 
broad-leaved forest with considerable deciduous elements. A 25 ha (500 
× 500 m) stem-mapped plot (hereafter the BSZ plot), with altitude 
ranging from 1407 m to 1646 m, was established in 2014 following the 
field protocol of the ForestGEO network (https://forestgeo.si.edu/). 
Every free-standing stem with diameter at breast height (DBH) ≥ 1 cm 
was measured, mapped and identified to species. There were in total 
209,314 stems of 150 species belonging to 85 genera and 41 families. 

Part of the reserve was selectively logged and clear-cut (i.e., trees 
larger than a certain size were either selectively or all cleared) in the 
1950’s for shiitake mushroom and timber production. Part of the logged 
area was located in the northeast corner of our 25-ha plot with elevation 
lower than 1500 m (Fig. 1). Two native pioneer species, Chinese fir 
(Cunninghamia lanceolata (Lamb.) Hook.) and Huangshan pine (Pinus 
taiwanensis Hayata.), were planted in these logged areas in the 1950’s 
and 1960’s. Over the 60–70 years of successional change, the forest in 
the plot has developed into a complex mosaic of stands with a diverse 
species composition. 

Based on species’ successional status given in the Flora of China 
(http://www.iplant.cn/frps) and previous studies (Yu et al., 2003), we 
selected ten tree species to represent species at different successional 
stages in BSZ plot. Two were early successional species (C. lanceolata and 
P. taiwanensis; Fig. 1), three intermediate successional species (Rhodo-
dendron fortunei, Schima superba, Sorbus folgneri), and five late- 
successional species (Camellia cuspidata, Cyclobalanopsis multinervis, 
Cyclobalanopsis stewardiana, Lithocarpus brevicaudatus, Fagus lucida). 
These ten species were dominant and codominant species in the plot and 
their importance values, defined as the sum of relative abundance and 
relative basal area here, are given in Table S1. Given that saplings are 
considered to have little influence on neighbours (Lebrija-Trejos et al., 
2014), we were only interested in the neighbourhood diversity sur-
rounding large individuals for each of these ten species. Large trees in 
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this study were defined as trees with DBH > 10 cm following previous 
studies (Wiegand et al., 2007; Potvin & Dutilleul, 2009; Wang et al., 
2013). 

2.2. Quantifying neighbourhood species richness 

The neighbourhood species richness for a given focal individual in a 
circular area with radius r was estimated by the ISARf(r) function 
(Wiegand et al., 2007) as 

ISARf (r) =
∑s

m=1
δfmDfm(r) (1)  

where Dfm (r) is the bivariate probability that species m is present in the 
circular area with radius r around the trees of focal species f, and δfm is 
an indicator function with value of zero if f = m and one otherwise. 

Variations in the ISAR across species can arise simply because of 
variations in individual density: species that live in high-density habitats 
typically have higher ISARs because more individuals comprise more 
species. To examine whether observed differences in the ISAR across 
species are driven mainly by stem density, we calculated a rarefied ISAR 
for each species by subsampling a fixed number of individuals in each 
neighbourhood for all species at each radius (Hubbell et al., 1999). 
Specifically, for a given radius r that is a multiple of 5, we sampled k =
8
25r

2 individuals from each neighbourhood, counted the richness of these 
samples, and used these values to plot the rarefied ISARs. For example, 
for a radius 5 m, k = 8 individuals are sampled from each neighbour-
hood to calculate the rarefied richness. Any differences in the rarefied 
ISAR across species are attributable to factors other than the variation in 
tree density. 

2.3. Measuring neighbourhood phylogenetic diversity 

To quantify neighbourhood phylogenetic diversity of focal trees, δfm 

in Eq. (1) is replaced by the pairwise phylogenetic distance δphy
fm , denoted 

as PISARf(r), which is an index measuring phylogenetic dissimilarity 
between species f and m (Wiegand & Moloney, 2014). Because function 
PISARf(r) is dependent on the species richness within the neighbour-
hood, we followed Wiegand and Moloney (2014) to use rISARf(r), 
defined as PISARf(r) divided by ISARf(r), to assess the neighbourhood 
phylogenetic diversity, as given below. 

PISARf (r) =
∑S

m=1
δphy

fm Dfm(r). (2)  

rISARf (r) =

∑s

m=1
δphy

fm Dfm(r)
∑s

m=1
δfmDfm(r)

. (3) 

In this study, we calculated neighbourhood diversities from 2 m up to 
the maximum radius of 50 m with intervals of 2 m which gives sufficient 
points to show the smooth phylogenetic diversity–area relationships. To 
avoid potential biases caused by edge effects, we excluded those focal 
trees that had part of circular areas lying outside the 25 ha plot, i.e., we 
only included focal trees within the plot that were at least r m away from 
the boundary of the plot. The resultant buffer zone ranges from 2 to 50 m 
with steps of 2 m. 

We compared the observed neighbourhood species richness and 
phylogenetic diversity of ten focal species from the three successional 
groups at each radius. Because results were qualitatively similar at 
different radii, in this study we only presented the results of radius 6 m. 
This radius was chosen because it approximates the distance between 
neighbouring crowns of canopy trees in subtropical forests, i.e., the 
radius of crown size of canopy trees is about 3 m (Matsumoto et al., 
2017). This radius was also used for comparing neighbourhood species 
composition introduced in section 2.5 below. 

2.4. Null models 

We assessed the departure of the observed ISAR and rISAR from two 
null models, the homogeneous Poisson null model and the heteroge-
neous Poisson null model (Wiegand et al., 2007). The homogeneous 
Poisson model randomizes the locations of the trees of the focal species, 
which removes both the effect of interactions of focal species with other 
species and the effect of habitats on neighbourhood diversity. For the 
heterogeneous Poisson model, the individuals of the focal species are 
distributed in accordance with an intensity specified by an Epanechni-
kov kernel with a bandwidth of 50 m, which removes all potential 
spatial structure around the focal individuals at the bandwidth scale but 
maintains the spatial structure at scales larger than the bandwidth. This 
is designed to create a null model that preserves the effects of habitat 
heterogeneity (which operate at a large scale) while controlling for the 
effects of species interactions (which operate at a small scale) (Wiegand 
et al., 2007). If the ISAR (or rISAR) of a focal species is consistent with 
the null model, this suggests little role for species interactions (or habitat 
heterogeneity) in neighbourhood assembly. If the ISAR or rISAR of a 
focal species deviates from the heterogeneous Poisson model, it in-
dicates species interactions play roles in assembling the neighbourhood 
diversity. If the ISAR or rISAR of a focal species is consistent with the 
heterogeneous Poisson model but deviates from the homogeneous 

Fig. 1. The distribution of C. lanceolata and P. taiwanensis in the BSZ plot. Note although all C. lanceolata in the plot were planted, that was not the case for 
P. taiwanensis. The 25 ha plot is within the distributional range of the pine (which is with elevation > 800 m). Some of the pines in the plot could naturally occur, but 
it is not possible to distinguish them from those planted. 
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Poisson null model (or if the deviation between the data and the ho-
mogeneous null model is much larger than the heterogeneous null 
model), this suggests that habitat heterogeneity is important in assem-
bling the neighbourhood diversity. We used 50 m as the bandwidth of 
the Epanechnikov kernel in the heterogeneous Poisson model as it is 
commonly used in studies of similar spatial extent (Wiegand et al., 2007; 
Wang et al., 2013). 

We simulated a null model (either the homogeneous Poisson or the 
inhomogeneous Poisson) 999 times for each focal species to generate a 
null distribution of the neighbourhood diversities. We then calculated 
the 95% confidence interval of the null model of ISAR and rISAR to 
determine whether the observed neighbourhood diversity was lower or 
higher than the null expectations. If the observed value of neighbour-
hood diversity was larger than the 97.5th percentile, it indicated higher 
neighbourhood diversity than that expected from the null model. If the 
observed value was lower than the 2.5th percentile it represented lower 
neighbourhood diversity than the null expectation. 

2.5. Analysis of neighbourhood species composition 

To compare neighbourhood species composition, we used the local 
contribution to beta diversity (LCBD) approach of Legendre and De 
Cáceres (2013) to quantify the relative contribution of each of the 10 
focal species to the total variation in neighbourhood species composi-
tion, or called neighbourhood beta diversity. Let Ym×n denote the 
neighbourhood species composition matrix, where m = 10 represents 
the 10 focal species and n = 150 represents all possible neighbouring 
species of the focal species at circles of r radius. The matrix entry yij(r) is 
the presence frequency of species j in the neighbourhood of radius r 
around adults of focal species i, i.e., the number of times species j occurs 
in the neighbourhood of all adults of species i divided by the total 
number of adults. This frequency is Dfm(r) in Eq. (1). For brevity, we 
omit the notation r below. Let ȳj =

1
m
∑

iyij be the mean presence fre-
quency of species j in neighbourhoods of the ten focal species. The 
contribution of each focal species to the total neighbourhood beta di-
versity, or LCBD, can be quantified by Legendre and De Cáceres (2013): 

LCBDi =

∑n

j=1

(
yij − ȳj

)2

SStotal

(4)  

where SStotal =
∑m

i=1
∑n

j=1

(
yij − ȳj

)2 
is the total variation of the neigh-

bourhood species composition; 
∑n

j=1

(
yij − ȳj

)2 
is the variation of spe-

cies composition in the neighbourhood of focal species i. Under the null 
hypothesis that neighbourhood composition is independent of the focal 
species’ identity, we would expect the yij values to be close to ȳj for a 
given species j, leading to a small LCBD. A high LCBD value for a focal 
species means it has neighbourhood compositions different from that of 
other focal species, and it thus contributes more to the neighbourhood 
beta diversity. To test the statistical significance of the results, we con-
structed null distributions of LCBD by randomly shifting the neigh-
bourhood presence frequencies within each column of the matrix Y 999 
times, calculating a value of LCBD for each randomised matrix, and 
using these 999 values to calculate the 95% confidence interval. The null 
distribution represents values of LCBD that would be expected if the 
presence–absence of neighbouring species was independent of the 
identity of the focal species. The values of LCBD were computed by the 
function ‘beta.div’ in ‘adespatial’ package in R software (Dray et al., 
2022). 

We also calculated the pairwise dissimilarity using the occurrence 
frequency matrices to assess how the neighbourhood composition varied 
between pairs of species, including those early- vs late-successional 
species pairs, at each distance. Pairwise dissimilarity was calculated 
by “beta.pair.abund” function in “betapart” package in R (Baselga & 
Orme, 2012). 

All analyses described in the above were initially run for all neigh-
bours. To explore whether focal species differ in diversity assembly of 
neighbours differing in tree size (Potvin & Dutilleul, 2009), we also 
repeated the above analyses separately for adult neighbours (DBH ≥ 10 
cm) only and sapling neighbours (DBH < 10 cm) only. All statistical 
analyses were conducted in R 3.5.3 (https://www.r-project.org/). The 
ISAR and rISAR were computed using the ‘idar’ package (Espinosa et al., 
2016). The phylogenetic tree was constructed by ‘V.PhyloMaker’ 
package in R (Jin & Qian, 2019). 

3. Results 

3.1. Neighbourhood species richness 

Neighbourhood species richness decreased from early successional 
species to late-successional species (Fig. 2a). The pioneer tree species 
P. taiwanensis and C. lanceolata consistently had significantly higher 
ISAR than the homogeneous Poisson null expectation (Fig. 2b). The 
observed ISARs of two of the three mid-successional species (S. superba 
and R. fortunei) were not significantly different from the homogeneous 
Poisson expectation (Fig. 2b), while the ISAR of the third species 
S. folgneri was similar to the five late-successional species that had lower 
ISAR than the homogeneous Poisson expectation (Fig. 2b). When 
compared against the heterogeneous Poisson null model, most species 
did not significantly differ from the null model ISARs, except 
P. taiwanensis at distance 1–19 m, C. cuspidata at distance 1–12 m and 
Cyclobalanopsis multinervis around 10 m (Fig. 2b). 

The results differed when the neighbours were grouped into saplings 
and adults. When considering only sapling diversity, the results were 
consistent with those shown in Fig. 2b for all neighbours (Fig. S1). 
However, the species richness of adult trees around early successional 
species was significantly lower than that expected from the homoge-
neous Poisson models, while that around late-successional species was 
higher than expected (Fig. S2). 

3.2. Neighbourhood phylogenetic structure 

The observed phylogenetic diversity, as measured by rISAR, consis-
tently decreased from early-successional species to mid-successional 
species and late-successional species (Fig. 3a). For early-successional 
species, rISAR was lower than expected from the homogeneous Pois-
son model at small scales (about < 15 m), but switched to higher at a 
distance>15 m (Fig. 3b). For late-successional species, rISAR was also 
lower than expected at small scales, but converged to the homogeneous 
Poisson at about 25 m (Fig. 3b). The mid-successional species showed 
mixed patterns, but were generally closer to null expectation than the 
other species (Fig. 3b). When considering only the phylogenetic di-
versity of neighbouring saplings or adults (Fig. S3, S4), results were 
broadly similar to those shown in Fig. 3b, except that the sapling 
phylogenetic diversity of the two early-successional species followed the 
prediction of the homogeneous null model at scale < 20 m (Fig. S3). 

3.3. Neighbourhood species composition 

The comparison in neighbourhood beta diversity between different 
groups of successional species showed that the contributions of the focal 
species within the same successional group to the beta diversity were 
similar, but differed in some cases between successional groups 
(Fig. 4a). In particular, the LCBDs of the two early successional species, 
C. lanceolata and P. taiwanensis, were higher than that of mid- and late- 
successional species (Fig. 4a). Pioneer trees also had higher LCBDs than 
that calculated from randomization. By contrast, the LCBDs for mid- 
successional species were lower than the randomization, and the 
LCBDs for late-successional species were either not significantly 
different from or lower than the null expectation (Fig. 4b). When the 
neighbours were divided into saplings and adults, the results were 

F. Kong et al.                                                                                                                                                                                                                                    

https://www.r-project.org/


Forest Ecology and Management 531 (2023) 120740

5

similar to the LCBD of all neighbours (Fig. S5, S6). The main difference 
was that the contributions of the focal species to the beta diversity of 
neighbouring adults were weaker than to that of saplings. 

The pair-wise dissimilarity analysis showed that the neighbourhood 
species compositions of the ten focal species were similar among species 
within successional groups, but differed in some cases between succes-
sional groups. In particular, the neighbourhood species compositions of 
the two early-successional species, C. lanceolata and P. taiwanensis, were 
most different from that of the five late-successional species in this study 
(Fig. S7). These differences were evident at short distances (1–20 m). At 

larger scales (>20 m) neighbourhood species compositions were mostly 
similar across species regardless of functional group. 

4. Discussion 

Much of the forests in the world has become secondary forests that 
are degraded or transitional in succession, as a consequence of ever- 
increasing anthropogenic and natural disturbances due to changes in 
global environment and human land use (FAO, 2020). While secondary 
forests are often considered to be less valuable in ecosystem functioning 

Fig. 2. (a) Comparison of neighbourhood species richness among the three species groups with radius 6 m. Different letters on the boxplot indicate a significant 
difference in species richness among the focal species, and same letters represent no significant difference. (b) Neighbourhood individual species-area curves of the 
ten focal species. The panels on the first row are the two early-successional species, the middle panels are the three mid-successional species, and the bottom panels 
are the five late-successional species. The positive (+) and negative (− ) signs at the bottom of each panel represent positive and negative significant difference from 
the homogeneous null model, while the signs at the top of a panel represent positive and negative significant difference from the heterogeneous null model. No + and 
− signs are shown if an ISAR is not significantly different from a null model. Note in most cases the observed ISAR and the ISAR of heterogeneous Poisson model are 
too close to be visually separable. 

Fig. 3. (a) Comparison of neighbourhood phylogenetic diversity among the three species groups with radius 6 m. Different letters on the boxplot represent significant 
difference in phylogenetic diversity among the focal species, and same letters represent no significant difference. (b) The observed neighbourhood phylogenetic 
diversity of the ten focal species and the 95% confidence intervals for the two Poisson null models. The panels on the first row are the two early-successional species, 
the middle panels are the three mid-successional species, and the bottom panels are the five late-successional species. 
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and biodiversity conservation, empirical evidence has increasingly 
shown that secondary forests can play significant roles in conserving 
global diversity (Chazdon et al., 2010; Rozendaal et al., 2019). To 
appreciate the value of secondary forests, it is necessary to understand 
how diversity is accumulated and maintained in young, secondary for-
ests. The analysis of the neighbourhood diversity of early-, mid-, and 
late-successional species in this study contributes to this understanding 
by showing the difference in diversity accumulation over different 
successional stages. 

The most significant finding of this study is that early successional 
species accumulate higher neighborhood diversity than mid- and late- 
successional species. Although this result does not follow the general 
prediction of successional theory, it could arise from the fact that 
neighborhoods of early successional species usually have better light 
conditions, less crowded niche space and stronger facilitation, thus 
allowing the co-occurrence of opportunistic species, shade-intolerant as 
well as shade-tolerant species (Turner et al., 1997). This is also sup-
ported by the observation that secondary forest can be rapidly colonized 
by mid- and late-successional species should there be old-growth forests 
nearby (Poorter et al., 2021). This was the case of our study where the 
area dominated by the two pioneer coniferous species was surrounded 
by largely intact old-growth forests (Fig. 1). In contrast, the neigh-
bourhood species richness of late-successional species in our study was 
low. This is likely caused by the exclusion of shade-intolerant species 
and the reduced stem density due to the large stature of the late- 
successional trees and their resultant shading. As a result, there was 
recruitment limitation in the neighbourhood of late-successional species 
as evidenced by the low sapling diversity (Fig. S2). 

Differences in neighbourhood diversity can be driven by habitat 
filtering and species interactions (Wiegand et al., 2007). In the BSZ plot, 
habitat effects appear to be more important, as indicated by departures 
of the ISAR from the homogeneous Poisson null model but not from the 
heterogeneous Poisson model (Figs. 2, 3). This heterogeneity could be 
well generated by disturbance-induced gap dynamics (Denslow, 1980), 
causing light heterogeneity in forests (Hubbell et al. 1999) that provides 
establishment opportunities particularly for light-demanding early 
successional species and opportunistic species (Poulson & Platt, 1989; 

Gray & Spies, 1997). We noticed the early-successional species 
P. taiwanensis was the only species that departed from the heterogeneous 
Poisson model at distance < 20 m (Fig. 2). The observed high richness 
could be caused by the ameliorative effect of P. taiwanensis on the 
habitat as it has been shown that pines can improve soil nutrients by 
increasing organic C, N and P (McPherson & Timmer, 2002; Barčić et al., 
2006), thus promoting neighbourhood diversity. To better reflect these 
results, here we would like to add a caveat that although the neigh-
bourhood diversity in our study site was adequately modelled by the 
heterogenous Poisson model (which is commonly interpreted as a 
habitat model in the literature), this does not rule out the role of species 
interactions in assembling the neighbourhood diversity, particularly of 
late-successional species where strong competitive exclusion was found 
(Prinzing et al., 2008; Luo & Chen, 2011), or where the positive in-
teractions and negative interactions might offset. Models or methods 
able to separate the effects of habitat and biotic interactions are 
currently not available. Due caution is needed to interpret the result of 
the heterogeneous Poisson model fitting. 

Our results also show that late-successional species had lower 
neighbourhood species richness than early- and mid-successional spe-
cies, while the neighbourhood diversity of the mid-successional species 
lie between. Various mechanisms could be responsible for the low 
richness of late-successional species, including reduced light availability 
(Pickett et al., 1987; Chazdon et al., 2010), increased competition 
(Huston & Smith, 1987) and reduced stand density due to the large 
stature and crowns of trees in mature stands (Capers et al., 2005). Stand 
density can be a confounding variable in analysis of neighborhood 
species richness (Chazdon et al., 1999), but in our study the effect of 
density was controlled by using rarefaction analyses (Fig. S8). 

Given the high species richness and the heterogeneity of habitat 
conditions of early-successional species, it is not surprising to see the 
two early successional species had significantly higher neighbourhood 
phylogenetic diversity than mid- and late-successional species (Fig. 3a). 
This is also expected from the fact that the two early-successional species 
are conifers and there are only two more gymnosperm species in the 
plot. These two latter species show no habitat preference for early- or 
late-successional stands and are much less abundant, with total 

Fig. 4. (a) Comparison of beta diversity among the three species groups with radius 6 m. Different letters on the boxplot represent significant difference in beta 
diversity between the focal species, and same letters represent no significant difference. (b) The local beta diversity (LCBD) around neighbourhood of each of the ten 
focal species. Grey shaded regions show 95% confidence intervals of random permutations (for significance test). The panels on the first row are the two early- 
successional species, the middle panels are the three mid-successional species, and the bottom panels are the five late-successional species. 
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individuals less than one hundred in the whole plot. By expectation, the 
neighbourhoods of the two pioneer species had to be dominated by 
angiosperms, resulting in high phylogenetic diversity. In contrast, for 
mid- and late-successional species, their neighbourhoods were mostly 
composed of shade-tolerant species, resulting in low phylogenetic di-
versity. This low neighbhourhood phylogenetic diversity of late- 
successional species (Fig. 3a) is also predicted by the heterogeneous 
Poisson null models (Fig. 3b). 

We noticed that the phylogenetic diversity of species in the same 
succession group may not always be consistent. That could be related to 
their habitat preference and growth form of specific species. For 
example, the late-successional species, C. cuspidate, which showed a 
higher phylogenetic diversity than that expected from the heteroge-
neous Poisson model, is an understory (or sub-canopy) tree species. This 
relatively low stature of C. cuspidate trees limits their effects on their 
neighbours. In addition, saplings of C. cuspidate tend to grow in gaps 
with favorable light condition where there was a mixed composition of 
seedlings and saplings of species of light-demanding early successional 
species, opportunistic species and non-early successional species 
(Poulson & Platt, 1989; Gray & Spies, 1997), leading to the higher 
phylogenetic diversity at the neighbourhood scales. 

A previous study found no substantial relationships between species 
properties (i.e., canopy, subcanopy, understorey, or gap, shade-tolerant) 
and ISAR in two tropical forest plots, BCI in Panama and Sinharaja in Sri 
Lanka (Wiegand et al., 2007). However, in our study, we found signif-
icant differences in neighbourhood diversity among species in different 
successional groups, especially the high neighbourhood species rich-
ness, phylogenetic diversity and contribution to beta diversity of early 
successional species. The differences could be because BCI and Sinharaja 
both are primary tropical forests with little sign of early succession, 
while the northeast area of the BSZ plot was logged in the 1950′s and 
1960′s and underwent secondary succession after Chinese fir and 
Huangshan pine were planted. The early successional species dominate 
this northeast area although they rarely occur in the rest of the plot. The 
disturbance history of our plot provides us a unique opportunity to 
compare the difference in neighbourhood diversity of species with 
different successional stages. The results of this study were based on the 
neighborhood diversity of large trees. The neighbourhood diversity of 
saplings of focal species would be higher than that of large trees because 
the general high stem density around saplings. In this study, we only 
considered the neighborhood diversity of large focal trees (DBH ≥ 10 
cm) because small trees typically have little influence on their neigh-
bours and thus would not represent real effects of the species of different 
successional groups on the assembly of their neighbourhood diversity. 

In conclusion, the single overarching finding of our study is that early 
successional species are important in accruing forest diversity and pro-
visioning forest ecosystem functions. Although many of early succes-
sional species are transient in succession, they are an inherent 
component of forest diversity and play critical functional roles including 
ameliorating habitat condition thorough nutrient input and cycling, 
nursing later successional species, and supporting pollination (Finegan, 
1984; Taki et al., 2013; Paterno et al., 2016; Eckerter et al., 2021). These 
highlight the conservation value of secondary forests and the impor-
tance of maintaining a mosaic of forests comprising stands of different 
age classes for conserving biodiversity in landscapes. 
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