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Abstract
Aim: Ecological uniqueness is an essential component of biodiversity. However, the 
mechanisms underlying patterns of ecological uniqueness remain unresolved. This 
study aims to assess the relative importance as well as interactive roles of four hypoth-
esized processes (regional climate filtering, local environmental filtering, biotic hetero-
geneity and disturbance intensity [DI]) in shaping ecological uniqueness across three 
forest plant life-forms (trees, shrubs and herbs) in a large temperate forest region.
Location: Northeast China.
Methods: We quantified ecological uniqueness as abundance and incidence-based 
local relative contributions to beta diversity (i.e. LCBD indices) in the study region. 
Multiple beta regression analyses and piecewise structural equation models were 
used to determine the relative direct and interactive effects of four processes in shap-
ing ecological uniqueness across forest plant life-forms.
Results: The southern area of the region exhibited consistently greater LCBD val-
ues across plant life-forms, highlighting its importance for conservation. All four 
processes jointly affected ecological uniqueness but their relative importance var-
ied across plant life-forms. Generally, regional climate had the dominant effect on 
tree LCBD while biotic heterogeneity was the most important process driving shrub 
and herb LCBDs. Local environmental filtering was less important in driving LCBD 
of all life-forms. The significant direct effect of DI was only found in the herb group. 
Despite its weak direct effect, DI could indirectly shape tree and shrub LCBDs via 
biotic heterogeneity.
Main Conclusions: Our study suggests that current patterns of ecological uniqueness 
(i.e. LCBD) across forest plant life-forms result from multiple processes, with regional 
climate filtering and biotic heterogeneity having the strongest effects on uniqueness 
patterns across all life-forms. Meanwhile, DI is more critical for shaping ecological 
uniqueness of herbs than trees or shrubs. We highlight the interactive roles of biotic 
and abiotic filtering in shaping biologically distinct communities important for biodi-
versity conservation.
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1  |  INTRODUC TION

A central issue in ecological research is to understand the mecha-
nisms underlying spatial patterns of biodiversity at local and regional 
scales (Chesson, 2000; Ricklefs, 1990) and their applications to bio-
diversity conservation strategies (Socolar et  al.,  2016). Traditional 
biodiversity conservation mainly focuses on the number of spe-
cies in particular locations (Kier et  al.,  2009; Li et  al.,  2015; Zhao 
et al., 2016). However, the ecological uniqueness of local communi-
ties—quantified as their local contributions to beta diversity (LCBD) 
in a region—has received increasing attention as a key indicator of 
biodiversity (Legendre & De Cáceres,  2013; Tonkin et  al.,  2016). 
Understanding spatial patterns of ecological uniqueness is essential 
for achieving conservation goals because sites with high uniqueness 
may often harbour functionally unique and/or valuable endemic 
species that contribute to regional biodiversity (Harper et al., 2022; 
Hill et  al.,  2021; Vilmi et  al.,  2017). Yet the mechanisms that de-
termine spatial patterns of ecological uniqueness remain unclear 
and controversial, especially in forest ecosystems (Legendre & De 
Cáceres, 2013; Yao et al., 2020).

Four mechanistic processes have been hypothesized to explain 
spatial patterns of ecological uniqueness. First, the local environ-
mental filtering hypothesis posits that ecological uniqueness is as-
sociated with local environmental conditions (e.g., topography, soil 
nutrients) that determine fine-scale variation in forest structure and 
composition (Costa et al., 2005; Yao et al., 2020). Previous studies 
have found that patterns of ecological uniqueness are influenced by 
distinct hydrological and temperature conditions along elevational 
gradients that determine the presence of rare species or variation 
in species richness (Punchi-Manage et al., 2014; Qiao et al., 2015; 
Yao et al., 2020). In addition, soil properties may influence the com-
petitive advantages or niche creation, thus determining uniqueness 
through altering the abundance of rare species in the communities 
(Paoli et al., 2006; Suding et al., 2005).

Second, the regional climate filtering hypothesis posits 
that regional climate conditions over time influence ecological 
uniqueness by shaping species range sizes, richness patterns or 
species pool size (Guo et al., 2022; Jiménez-Alfaro et al., 2018; 
Tang et al., 2012). Accumulating evidence suggests that current 
climate conditions (e.g., temperature and precipitation season-
ality [PS]) emerge as a strong driver of changes in vegetation 
diversity across large regions, which are likely to shape ecolog-
ical uniqueness by increasing compositional variations among 
communities (Xing & He, 2019; Zhang et al., 2020). In addition, 
historical climate fluctuations (i.e., palaeoclimate) could impose 
long-lasting effects on species pool via their effects on habitat 
refugia, migration, range shifting or extinction events (Svenning 
& Skov,  2007). For instance, areas of high climatic instability 
may select for species with high dispersal abilities that enable 
them to track rapid spatial displacement of climatic condi-
tions, resulting in species with broader distributions (Jansson 
& Dynesius,  2002; Qian et  al.,  2020). Importantly, increased 
stability of long-term climate conditions should generate more 

distinct species assemblage (i.e., higher ecological uniqueness) 
(Zuloaga et al., 2019). However, the role of regional climate over 
time frames in determining patterns of ecological uniqueness re-
mains largely unexplored.

Third, the biotic heterogeneity hypothesis posits that biotic at-
tributes of local communities (e.g., richness, stand size complexity 
and vegetation quantity) are capable of determining forest ecolog-
ical uniqueness. It is supposed that species interactions and com-
petition for limited resources (e.g., light, water) can influence local 
species composition, relative abundance and richness (Hakkenberg 
et al., 2016; Yao et al., 2020). For instance, stem density (SD) or stand 
basal area could determine species richness due to competition, 
and probably impact ecological uniqueness by altering the ratio of 
common species in the communities or shared species with other 
communities (Yao et al., 2020). Additionally, stand size complexity 
provokes variations in light acquisitions at the forest floor and on 
soil conditions; it may regulate ecological uniqueness by creating 
ecological niches or gaps for rare or exotic taxa (Terborgh,  1985; 
Yuan et al., 2021). Specifically, the relationships between ecological 
uniqueness and species richness (i.e., negative, positive and non-
significant) are vital for biodiversity conservation (Legendre & De 
Cáceres, 2013), as a negative relationship suggests that it may be in-
sufficient to preserve sites with high species richness because those 
low-richness sites are more likely to contain high proportions of rare 
or endemic species which should be equally emphasized in the con-
servations (Harper et al., 2022). Hence, biotic heterogeneity might 
also play a key role in determining patterns of ecological uniqueness 
(Yao et al., 2020).

Finally, the disturbance intensity (DI) hypothesis suggests that 
the intensity of anthropogenic disturbance (e.g., fire or logging) 
influences ecological uniqueness by altering the composition, di-
versity or structure of communities (Crandall & Platt, 2012; Myers 
et  al.,  2015). For instance, if forest trees are selectively logged, 
changes in stand size complexity following stem removal would 
provide diverse biological properties or microclimatic conditions 
for some understorey species (Yuan et al., 2021), increasing spa-
tial aggregations of species and ecological uniqueness within local 
communities. In addition, increasing DI may also influence ecolog-
ical uniqueness by developing species richness, because substan-
tial amounts of previously limited resources (e.g., light, moisture 
and nutrients) become available (Danneyrolles et al., 2019; Thom 
& Seidl, 2016). However, little is known about how changes in DI 
affect ecological uniqueness.

Moreover, while aforementioned processes emphasize the roles 
of different ecological drivers in shaping ecological uniqueness, 
they are not mutually exclusive (Heino & Gronroos,  2017; Kong 
et  al.,  2017). Indeed, it has been shown that biotic heterogeneity 
and local environmental filtering could jointly determine ecological 
uniqueness (Yao et al., 2020). Furthermore, DI and local environmen-
tal filtering could strongly affect community attributes associated 
with species distributions and spatial turnover (Myers et al., 2015; 
Wang et al., 2021). Therefore, these processes are capable of shap-
ing ecological uniqueness both directly and indirectly, requiring 
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simultaneous consideration of multiple drivers of ecological unique-
ness (Yao et al., 2020). Although studies have attempted to combine 
several of these processes to explain variations in ecological unique-
ness, the comprehensive integration of all four hypothesized pro-
cesses has yet to be undertaken. Therefore, the relative importance 
of each process remains unresolved.

Plant diversity in forests consists of contributions from various 
life-forms (e.g., canopy trees, shrubs and the herbaceous ground 
layer), which could be assembled according to different ecolog-
ical processes (Murphy et  al.,  2016). Previous studies suggest 
differences in the processes that shape species diversity across 
different forest plant life-forms (Wang et  al.,  2021). However, 
the role of these processes in determining patterns of ecological 
uniqueness across plant life-forms is still not well understood. 
The importance of these hypothesized processes is expected to 
differ in determining patterns of ecological uniqueness across 
life-forms. For instance, the effect of regional climate filtering 
may be more pronounced for tree and shrub groups given strong 
effects of climate change on woody plant species compositions 
and range size (Wang et al., 2012). In addition, the distributions of 
herbaceous species have been shown to correlate strongly with 
overstorey characteristics (e.g., tree size structure; SD) and local 
habitat conditions; thus, it is likely that biotic heterogeneity and 
local environmental filtering would have relatively greater roles 
in shaping ecological uniqueness of herb group than other pro-
cesses (Machado & de Almeida, 2019; Murphy et al., 2016). Hence, 
a comprehensive understanding of these underlying processes on 
forest ecological uniqueness requires the considerations of differ-
ent plant life-forms.

In this study, we use an extensive dataset of permanent forest 
plots distributed over a large region in northeast China to better 
understand how multiple processes (i.e. regional climate filtering, 
local environmental filtering, biotic heterogeneity and DI) reg-
ulate spatial patterns of ecological uniqueness, and examine the 
relative role of the four processes across plant life-forms. We use 
local contribution to beta diversity (i.e. LCBD indices) to quantify 
the ecological uniqueness of local communities and integrate the 
above-hypothesized processes into a single conceptual model 
(Legendre & De Cáceres,  2013). We hypothesize that all these 
processes would directly regulate ecological uniqueness across 
plant life-forms, while the regional climate, local environmental 
filtering and DI would shape ecological uniqueness indirectly via 
biotic heterogeneity (Figure 1). The conceptual model leads to the 
following predictions: (I) The regional climate filtering has a larger 
influence on the ecological uniqueness of tree and shrub groups 
than herbs since regional climate plays a major role in affecting 
woody species compositions and distributions (Qian et  al.,  2020; 
Ulrich et al., 2014). (II) The effect of DI and biotic heterogeneity on 
ecological uniqueness would be more pronounced for understorey 
shrub and herb groups since both of them have substantial impacts 
on overstorey forest structure or resource availability which in-
fluence the performance and distributions of understorey species 
(Chu et al., 2019; Wang et al., 2021).

2  |  MATERIAL S AND METHODS

2.1  |  Study area

Our study area is located in northeast China (39–48° N, 122–133° E; 
400,000 km2), covering Heilongjiang, Jilin and Liaoning provinces 
(Figure  2). This region has a temperate continental climate, and 
annual precipitation is 600–1000 mm while mean annual tempera-
ture (MAT) is about 7°C. The main forest type in this region is the 
broadleaved-Korean pine (Pinus koraiensis) mixed forest.

2.2  |  Plant data collection

We used a dataset of vascular plants across life-forms (i.e. trees, 
understorey shrubs and herbs) compiled from a total of 801 stand-
ardized forest plots of 900 m2 each (30 m × 30 m) (Wang et al., 2021; 
Figure  2). These forest plots were established and surveyed from 
2008 to 2012. Within each plot, trees with diameter at breast height 
(DBH) ≥ 1 cm in each plot were identified to species, tagged and 
measured for DBH. Each forest plot was divided into 36 5 m × 5 m 
subplots and 10 of them were randomly selected to record shrub 
species and their abundance. In each selected subplot, 10 1 m × 1 m 
quadrats were set up to record herbaceous species. Totally, 1134 
vascular plant species were recorded, including 108 tree species, 
119 shrub species and 907 herb species (including ferns), bryophytes 
were not included in our study (see Appendix S1 for details).

2.3  |  Quantifications of regional climate 
filtering, local environmental filtering, biotic 
heterogeneity and DI

We tested the four hypothesized processes using a combination of 
abiotic, biotic and disturbance variables (Table S1). To quantify the 
regional climate filtering process, we selected six predictors includ-
ing both paleoclimate and current climate conditions. Paleoclimate 
data were obtained based on the Last Glacial Maximum (LGM) tem-
perature and precipitation climate surfaces from the WorldClim 
database (https://​www.​world​clim.​org/​). Two paleoclimate vari-
ables, that is, temperature anomaly (TA) and precipitation anomaly 
(PA), were calculated as contemporary annual means of tempera-
ture and precipitation minus their respective LGM annual means 
(Loarie et al., 2009). For current climate data, we used mean an-
nual precipitation (MAP), MAT, PS and temperature seasonality 
(TS), which were extracted from the WorldClim database with 30 
arc seconds spatial resolution (Hijmans et al., 2005).

Soil and topographic variables were chosen to quantify the local 
environmental filtering. Soil variables including pH and total nitro-
gen (TN) were obtained from the National Earth System Science 
Data Center, National Science & Technology Infrastructure of China 
(http://​www.​geoda​ta.​cn) with a spatial resolution of 30 m. The topo-
graphic variables (i.e., altitude, slope and aspect) of each plot were 
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measured during the plot survey. The aspect data were transformed 
into a sine value (i.e., Sin(aspect)) to represent the eastness of each 
plot (Hirzel et al., 2002).

As for biotic heterogeneity, the total basal area (TBA), stand 
tree size variation (SV), SD and species richness across plant 
life-forms were included in the study. TBA was calculated as 
the sum of stem basal area of all trees and SV was defined as 
the coefficient of variation of tree DBH within each plot (Yuan 
et al., 2021). Meanwhile, tree species richness (TSR), shrub spe-
cies richness (SSR) and herb species richness (HSR) were calcu-
lated as the number of species within each plot across life-forms 
(Table S1).

The DI was evaluated based on records of the strength of an-
thropogenic activities (Wang et  al.,  2021). Collectively, we mea-
sured DI index using three categorical levels: (I) low intensity (code 
1), which refers to primary forests with no or slight human activity; 
(II) medium intensity (code 2), which mainly consists of second-
ary forests with obvious traces of anthropogenic disturbance; (III) 

high intensity (code 3), which represents continuous and strong 
disturbance in the secondary forests (see classification details in 
Table S2).

2.4  |  Beta diversity and ecological uniqueness

We followed the method proposed by Legendre and De 
Cáceres  (2013) to calculate total beta diversity (BDtotal) within the 
research area (Figure 2). BDtotal was computed as the total variance 
of Y defined as a site by species matrix:

where Y
[

yij
]

 is a Hellinger-transformed site-by-species data matrix, 
each element in the matrix represents the relative abundance or 
presence/absence of species j in site i (i.e. abundance-based and 
incidence-based data format). SS(Y), the total sum of squares, is es-
timated as the sum of all species and sites of the squared deviations 

BDtotal = Var(Y) = SS(Y)∕ (n − 1),

F I G U R E  1  Conceptual model of expected relationships between ecological uniqueness (i.e. local contributions to beta diversity indices) 
across plant life-forms and regional climate filtering (i.e., current and paleoclimate climate), local environmental filtering (i.e., topography and 
soil), biotic heterogeneity (i.e., forest structure consists of stem density, tree size variation, total basal area and species richness across plant 
life-forms) and disturbance intensity.
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from the species means (Yao et al., 2020), and n is the number of 
sites.

The degree of ecological uniqueness across plant life-forms 
was measured as LCBD (i.e., LCBD indices), representing each site's 
relative contributions to the total variation in species composition 
(i.e., beta diversity) among 801 plots in our study area. It should 
be noted that species contributions to beta diversity (i.e. SCBD) 
derived from BDtotal and some unique functional traits could also 
represent ecological uniqueness to some extent (Legendre & De 
Cáceres, 2013; Li et al., 2023), thus to avoid confusion, the eco-
logical uniqueness only refers to the LCBD (i.e. LCBD indices) in 
the present study. The LCBD indices are comparative indicators 
of ecological uniqueness of species assemblages in sampling sites, 
where greater values indicate a relatively larger contribution of a 
local assemblage to variation in species composition (Legendre & 
De Cáceres, 2013). It can be decomposed by the total beta diver-
sity described above and is calculated as:

where sij refers to the square of the difference between the el-
ement value yij in the matrix and the mean value of jth column; 
the LCBD indices measure how unique a site is compared with 
the centroid of all sites, that is, the average conditions of species 
composition of the entire area. The sum of all LCBD values is 1. 
Although we calculated both abundance and incidence-based 
(i.e. presence-absence) LCBD indices of each sampling plot sepa-
rately for tree, shrub and herb groups, we mainly focused on the 
abundance-based LCBD in the present study since species abun-
dance information is essential for understanding patterns and 
determinants of plant diversity as previously reported (Chisholm 
et al., 2013; Currie et al., 2004).

2.5  |  Statistical analysis

Using multiple beta regression analysis with sets of logit link func-
tion (Cribari-Neto & Zeileis, 2010), we tested the relative effects 
of four hypotheses on abundance and incidence-based ecological 
uniqueness (i.e. LCBD indices) across plant life-forms. Before mod-
elling, variable collinearity was checked using variance inflation 

LCBDi =

p
∑

j=1

sij ∕SS(Y),

F I G U R E  2  Location of the study region (a) and sampling plots (b) in northeast China. The location of the study region is indicated in dark 
red and tree sampling plots (30 m × 30 m) are indicated in black dots. Within each tree plot, 10 squares are randomly selected as shrub plots 
(5 m × 5 m), each of which includes a nested herb plot (1 m × 1 m).
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factor (VIF) statistics (Table S3), and predictors with VIF >10 were 
removed. Hence, 14 variables were retained in our analysis for 
predicting ecological uniqueness across all groups, including: (I) 
five regional climate variables (TA, PA, MAT, PS and TS); (II) four 
local environmental variables (pH, altitude, slope and Sin(aspect)); 
(III) four biotic community attributes (TBA, SV, SD and SR); (IV) 
and one DI variable. All continuous predictors were standardized 
by subtracting the average value and dividing by the standard 
deviation. We also performed all subsets regression analysis and 
selected the optimal model that had the lowest AICc (i.e., Akaike 
information criterion). We used ΔAICc = 2 as the cut-off point 
and obtained the standardized regression coefficient (β) of each 
uniqueness predictor using a model averaging approach based on 
those model subsets with ΔAICc < 2 (Burnham & Anderson, 2004). 
The relative importance of predictors in the multiple beta regres-
sion analysis was estimated as the ratio of the standardized re-
gression coefficient to the sum of all absolute coefficients in the 
above-averaged model (Yuan et al., 2021). The obtained relative 
importance of predictors was then grouped into four identifiable 
variance fractions based on the hypothesized processes above 
(i.e., regional climate filtering, local environmental filtering, biotic 
heterogeneity and DI).

Finally, we constructed piecewise structural equation mod-
elling (pSEM) to investigate direct and indirect effects of these 
hypothesized processes on both abundance and incidence-based 
ecological uniqueness across life-forms (Lefcheck,  2016). In the 
pSEM analysis, we used explanatory variables retained in the 
model selection processes described above. Among those model 
subsets with ΔAICc < 2, we selected the model with the highest 
weight (see Tables  S4 and S5 for details) as the optimal model. 
In addition, we kept DI in the combinations of variables although 
it was not retained in optimal models for abundance-based tree 
and shrub LCBDs as well as incidence-based LCBDs across all 
life-forms (Tables  S4 and S5), because our previous study has 
found the significant role of DI on biotic heterogeneity (Wang 
et  al.,  2021), which greatly indirectly shaped ecological unique-
ness. These variables were then combined to represent the four 
processes from the full multiple beta regressions. We assumed 
that biotic heterogeneity directly affected ecological unique-
ness, while regional climate, local environmental filtering and DI 
imposed both direct and indirect effects via biotic heterogeneity 
on ecological uniqueness (Figure  1). The model fit of pSEM was 
assessed using the Fisher's C statistic, it was considered to have an 
adequate model fit when the model had a Fisher's C statistic with 
p-value > 0.05 (Shipley, 2009). Meanwhile, indirect effects of mul-
tiple processes were calculated as the product of the correspond-
ing path coefficients, and total effects were the sum of direct and 
indirect effects derived from pSEM models (Yuan et al., 2021). It is 
difficult to use beta regression under the current version of pSEM 
analysis (Lefcheck, 2016), we thus alternatively used generalized 
linear models (GLMs) with the distribution of beta family, in order 
to treat LCBD values as conforming to a beta distribution in the 
analysis. However, R2 of the beta family-based GLMs is also hard 

to calculate in the current pSEM systems (Lefcheck, 2016); there-
fore, we calculated pseudo-R2 based on fitting identical combina-
tions of variables in the beta regression analysis to represent the 
variations of ecological uniqueness explained by these processes 
(Cribari-Neto & Zeileis, 2010).

All statistical analyses were performed in R 4.1.0 (R Core 
Team,  2021). We used the ‘beta.div’ function available from the 
‘adespatial’ package (Dray et al., 2018) to calculate total beta diversity 
and ecological uniqueness (i.e., LCBD indices). Beta regressions were 
conducted using ‘betareg’ function in the ‘betareg’ package (Cribari-
Neto & Zeileis, 2010), and model subset procedures were performed 
using ‘dredge’ function in the ‘MuMIn’ package (Bartoń,  2020). 
pSEM analyses were conducted using the ‘piecewiseSEM’ package 
(Lefcheck, 2016). The link function of beta family used in the GLMs 
was available in the ‘glmmTMB’ package (Brooks et al., 2017).

3  |  RESULTS

Overall, results from the incidence-based analyses were similar to 
those from the abundance-based analyses (Figures 3–5; Figures S3–
S5). So, we mainly showed the abundance-based results since spe-
cies abundances provide important quantitative insights into the 
determinants of ecological uniqueness. The incidence-based results 
were provided in the Supporting Information (see Figures  S2–S5; 
Tables  S7, S11–S13). In addition, differences between incidence-
based and abundance-based results were highlighted in the last sec-
tion (i.e., 3.4).

3.1  |  Beta diversity and spatial patterns of LCBD 
across forest plant life-forms

Total beta diversity (BDtotal) of tree, shrub and herb groups in the 
area are 0.73, 0.75 and 0.86, respectively. Spatial patterns in LCBD 
(i.e. LCBD) differed across plant life-forms (Figure S1). Among all 801 
plots, a total of 107, 90 and 106 plots showed significantly higher 
abundance-based LCBD values relative to mean species composi-
tion for tree, shrub and herb groups, respectively (Figure S1).

3.2  |  Drivers of LCBD across forest plant life-forms

The four hypothesized processes jointly influenced LCBD, but their 
relative effects varied across life-forms (Figure 3). The multiple beta 
regression models explained 21.0%, 33.0% and 37.0% of variations 
in tree, shrub and herb LCBD respectively (i.e. R2 = 0.21, 0.33, 0.37 
respectively; Figure 3). For tree group, regional climate filtering had 
the dominant effect, accounting for 60.0% of the explained varia-
tions of abundance-based LCBD, followed by biotic heterogeneity 
(34.2%) and local environmental filtering (5.6%), DI had weak effect 
size (<1.0%). Specifically, TA, MAT and PS had significantly positive 
effect while TS had negative effect (Figure 3a; Table S6). Tree LCBD 
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    |  7CHEN et al.

showed significantly negative associations with TSR, tree SV and 
SD. No significant effect was detected for local environmental vari-
ables, and tree LCBD was also not significantly correlated with DI 
(Figure 3a; Table S6).

For shrubs, regional climate and biotic heterogeneity had simi-
lar effects, accounting for 38.6% and 38.1% of explained variations 
in LCBD respectively, followed by local environmental filtering 
(23.2%), with little effect for DI (<1.0%). Shrub LCBD was positively 
associated with TA, PS and altitude, while negatively associated with 

TS, pH and SSR. DI also had no significant effect on shrub LCBD 
(Figure 3b; Table S6).

For herbs, biotic heterogeneity explained the largest frac-
tions of variations in LCBD (55.2%), followed by regional climate 
(15.6%), local environmental conditions (14.7%) and DI (14.6%). 
Herb LCBD significantly decreased with increasing TS, SV, SD, 
HSR and DI. Meanwhile altitude had significant positive ef-
fect. Moreover, the effects of TA and PA were not significant 
(Figure 3c; Table S6).

F I G U R E  3  Explanatory power of predictor variables for (a) tree, (b) shrub and (c) herb abundance-based ecological uniqueness (i.e. local 
contributions to beta diversity indices) from multiple beta regression models. Each continuous predictor is standardized by subtracting 
the average value by dividing the standard deviation. Filled circles indicate significant effects (p < 0.05), and hollow circles indicate 
non-significant effects. The relative importance of each factor (expressed as the percentage of variance explained) is shown where the 
contribution of regional climate filtering is drawn in lilac, local environmental filtering in brown, biotic heterogeneity in green and DI in 
red. PA and TA indicate the magnitude of change in mean annual precipitation or MAT, respectively, between the Last Glacial Maximum 
(LGM) and present-day; DI, disturbance intensity; HSR, herb species richness; MAT, mean annual temperature; pH, soil pH; PS, precipitation 
seasonality; SD, stem density; SSR, shrub species richness; SV, tree size variation; TBA, total basal area; TS, temperature seasonality; TSR, 
tree species richness.
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8  |    CHEN et al.

3.3  |  Interactive drivers of LCBD

The final pSEMs revealed that variations of LCBD across life-forms 
were jointly explained by these four hypothesized processes (Figure 4). 
The tree pSEM explained 21.0% of the total variation in abundance-
based LCBD (R2 = 0.21; Figure  4a). TA, MAT and PS had significant 
positive direct effect while TS, SD and TSR showed significant nega-
tive direct effect. For indirect effects, TA, MAT, PS and TS had nega-
tive indirect effects while DI imposed positive indirect role via biotic 
heterogeneity (Figures 4a and 5a; Table S8). The relative contributions 
of total effects derived from the tree pSEM showed regional climate 
filtering occupied the largest relative importance (54.0%) in affecting 

tree abundance-based LCBD, followed by biotic heterogeneity (36.9%), 
while local environmental filtering and disturbance showed little effect 
(4.0% and 5.1%, respectively) (Figure 5d).

The shrub pSEM explained 32.0% of the total variation in the 
abundance-based LCBD (R2 = 0.32; Figure 4b). TS, pH and SSR had 
significantly negatively direct correlations with LCBD, whereas TA, 
PS and altitude had positive direct effect in the pSEM. Negative in-
direct effect was found for TA and positive indirect effect was found 
for pH, altitude and DI (Figures 4b and 5b; Table S9). Collectively, 
biotic heterogeneity had dominant relative contributions (39.1%), 
followed by regional climate (29.7%), local environmental filtering 
(22.5%) and DI (8.7%) (Figure 5d).

F I G U R E  4  Piecewise structural equation models linking abundance-based ecological uniqueness (i.e. local contributions to beta diversity 
indices) to regional climate filtering, local environmental filtering, biotic heterogeneity and disturbance intensity across (a) tree, (b) shrub 
and (c) herb group. Solid black lines represent significant (p < 0.05) positive relationships and solid blue lines represent significant negative 
relationships, while paths with non-significant relationships are shown in dashed grey lines. Model fit statistics (i.e. Fisher's C statistics and 
p-value) are given in each panel. All abbreviations follow the legend to Table S1, and annotations of legend indicating each process follow 
Figure 3. The * indicates p < 0.05, while ** and *** indicate p < 0.01 and p < 0.001 respectively.
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    |  9CHEN et al.

The herb pSEM showed that 36.0% of the variance was explained 
by multiple processes (R2 = 0.36; Figure 4c). TS, SV, HSR and DI had 
significant negative direct effects, whereas altitude had positive di-
rect effect in the model. For indirect effects, altitude and DI yielded 
negative indirect effects while MAT showed positive indirect effect 
(Figures 4c and 5c; Table S10). In summary, biotic heterogeneity had 
largest contributions (47.0%) on herb LCBD, while DI showed larger 
relative importance (22.5%) than regional climate (20.5%) and local 
environmental filtering (10.0%) (Figure 5d).

3.4 | Differences between drivers of abundance and 
incidence-based LCBD across plant life-forms

Some incidence-based LCBD results were found to be differed 
from the abundance-based results. For instance, we found mul-
tiple processes explained much larger proportions of variations in 
incidence-based tree LCBD than abundance-based LCBD in the beta 
regression model and pSEM (49.0% vs. 21.0%; Figures  3a and 4a; 
Figures  S3a and S4a). For herb group, the relative effect of DI in 
the abundance-based beta regression model was much larger than 
that in the incidence-based model (14.7% vs. <1.0%; Figure  3c; 

Figure S3c). DI had significant negative direct effect on abundance-
based herb LCBD but non-significant effect on incidence-based 
herb LCBD (Figure  3c; Figure  S3c). Moreover, results from pSEM 
showed that regional climate had much lower relative contribution 
to the incidence-based tree LCBD than to the abundance-based tree 
LCBD (25.1% vs. 54.0%) (Figure 5d; Figure S5d).

4  |  DISCUSSION

4.1  |  Relative roles of four hypothesized processes

Our study provides the first and critical insight into the distinct 
roles of four hypothesized processes (i.e., regional climate, local 
environmental filtering, biotic heterogeneity and DI) in shaping 
spatial patterns of ecological uniqueness (i.e. LCBD) across life-
forms. However, the relative effects of these processes vary in 
direction and magnitude depending on plant life-forms. We found 
regional climate had major effect on tree ecological uniqueness 
among the four hypothesized processes, which is consistent with 
our expectation (Figure 3a). However, weak effects of climate on 
ecological uniqueness have also been reported in northern Europe 

F I G U R E  5  Direct and indirect effects of multiple hypothesized processes on abundance-based ecological uniqueness (i.e. local 
contributions to beta diversity indices) across (a) tree, (b) shrub and (c) herb group and (d) their relative contributions. The solid colour-filled 
bar represents a direct effect whereas pattern colour filled bar represents an indirect effect. Note that only those variables with indirect 
associations to ecological uniqueness show indirect effects. All abbreviations follow the legend to Table S1, and annotations of legend 
indicating each process follow Figure 3.
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10  |    CHEN et al.

(e.g., Niskanen et al., 2017). Such discrepancy in climate–unique-
ness relationships may result from the differences in climatic vari-
ables and spatial extent among studies. For example, Niskanen 
et  al.  (2017) examined the effects of accumulated temperature 
and water balance, while our study considered the effects of cli-
mate conditions over time frames. In addition, our study region 
spanned a much wider spatial extent, where variations in climate 
conditions were supposed to capture larger explanation power on 
ecological uniqueness of species assemblages. Paleoclimate (i.e., 
TA) had a significant effect on tree and shrub ecological unique-
ness while no significant effect was found for herb LCBD, which 
indicates the major role of long-time scale climate fluctuations in 
shaping woody species compositions (Xu et  al.,  2021). The gen-
eration time of herbaceous species is generally shorter than that 
of woody plants which may lead to a higher evolutionary rate (Qi 
et  al.,  2014; Smith & Donoghue,  2008) and in turn allow herba-
ceous plants to have a faster micro-evolutionary adaptation (Liu 
et  al.,  2019). Due to the short life history, herbaceous species 
are capable of adapting to new environments and therefore are 
more likely to respond rapidly to changes in the current climate 
(Albuquerque et al., 2011; Liu et al., 2019).

Although previous studies had detected the effects of local 
environmental conditions on ecological uniqueness in forest com-
munities (Yao et  al.,  2020), how these factors varied across plant 
life-forms remained unclear. In this study, we provided evidence that 
the effect of local environmental filtering was more pronounced for 
understorey groups (i.e., shrub and herb) than for trees (Figure  3; 
Figure S3), which was consistent with Murphy et al. (2016) that local 
environmental conditions explained a larger proportion of the vari-
ation in species composition for herb than for tree species. These 
indicate that the ecological uniqueness of understorey species as-
semblage would suffer from stronger effects of local abiotic con-
ditions (Su et al., 2022). The relatively weak effect of local abiotic 
factors on tree ecological uniqueness could partly be due to tree 
species having wider niche breadths, which were not captured by 
those local variables. Furthermore, other important local environ-
mental factors that may affect tree ecological uniqueness were not 
explicitly included in this study, such as soil nutrients (e.g., organic 
carbon, phosphorous) (Feng et al., 2021; Ulrich et al., 2014), hydro-
logical characteristics (e.g., topographic wetness index and altitude 
above channels) (Song & Cao,  2017). In summary, together with 
regional climate filtering, these results highlight the importance of 
considering the separate roles of regional and local filtering when in-
vestigating patterns of biodiversity across different plant life-forms 
(Wang et al., 2021).

Consistent with previous studies, we showed the important ef-
fect of biotic heterogeneity hypotheses on forest ecological unique-
ness (Yao et al., 2020). However, our results further revealed that 
various biotic community attributes (e.g., density and SVs) explained 
larger fractions of herb ecological uniqueness than tree and shrub, 
indicating the dominant role of biotic heterogeneity in determining 
herb assemblages. The abundance-based herb ecological uniqueness 
was significantly associated with SVs and SD (Figure 3c), suggesting 

the contribution of heterogeneity in overstorey structure to herb 
composition. The SVs and density of tree layers directly determine 
the effective light intensity under the forest which indirectly shapes 
the composition and abundance of herbaceous species (Chastain 
et  al.,  2006; Wagner et  al.,  2011). Notably, ecological uniqueness 
was strongly negatively associated with species richness across all 
groups (Figure  3; Figure  S3). Such negative associations were at-
tributed to the greater chance of sharing species with other sites 
when a community harbours relatively high proportion of common 
species (Maloufi et al., 2016). Meanwhile, the directionality of this 
relationship in forests may be highly dependent on the proportion 
of rare versus common species in the community, and it tended to 
be negative when common species predominated but positive when 
the proportion of rare species increased (Benito et al., 2020; Leão 
et al., 2020; Yao et al., 2020). However, our analysis has limitations 
in the quantification of biotic heterogeneity. Other biological inter-
action processes, such as interactions among different vertical lay-
ers (e.g. canopy vs. sub-canopy) or competition among neighbouring 
individuals (Hakkenberg et  al.,  2016), have not been reflected in 
the present research. Future studies need to take more detailed 
factors into consideration in order to better represent these biotic 
processes.

Our results showed that abundance-based rather than 
incidence-based herb ecological uniqueness significantly decreased 
with increasing DI, meanwhile, a non-significant effect was found 
for tree and shrub groups (Figure  3; Figure  S3). This suggests the 
uniqueness of herb species assemblages might be more susceptible 
to anthropogenic activities; meanwhile, the ignorance of essential 
abundance information might mask the impact of this key process. 
The unique understorey habitat conditions, such as disturbance-
induced forest gaps, would have key roles in shaping assemblages of 
herb layer abundance, potentially by altering competitive exclusions 
or intraspecific aggregations due to resource availability differences 
(Chastain et al., 2006).

4.2  |  The interactive drivers of ecological  
uniqueness

In addition to direct effects, we showed regional climate, local envi-
ronmental filtering and DI indirectly shaped ecological uniqueness 
via biotic attributes. First, for tree and shrub groups, paleoclimate 
(e.g., TA) imposed indirect effects on ecological uniqueness via the 
influence on species richness. Long-term historical factors have 
been reported to be well correlated with various aspects of diver-
sity at large geographic scales (Feng et al., 2017; Qian et al., 2020). 
Consistent with former studies, we provided evidence the present 
tree ecological uniqueness patterns to be strongly correlated with 
TA since the LGM (Svenning & Skov, 2007), highlighting the impor-
tance of biogeographic history in shaping present-day patterns of 
forest diversity components. Such a pattern may reflect a strong 
filtering on tree assemblages by climate change oscillation (Wang 
et al., 2012), which could leave a legacy effect on biodiversity via 
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speciation, extinction or dispersal events (Sandel et  al.,  2011). 
Moreover, areas that are climatically distinct from their regional sur-
roundings are supposed to select for species adapted to these condi-
tions, which in turn promote small range sizes in those localities (i.e., 
climate distinctiveness hypotheses; Ohlemüller et al., 2008). The ex-
istence of glacial refugia with relatively moist and warm conditions 
in our study area (e.g., the Changbai Mountain) may benefit the sur-
vival of some small-range sized, long-lived tree genera, potentially 
contributing to a higher degree of ecological uniqueness (McGlone 
et al., 2016).

The seasonality of current temperature (i.e., TS) was found to 
negatively shape ecological uniqueness across life-forms, suggest-
ing the essential role of current climate variability in shaping distri-
butions of species endemism. It is suggested that greater seasonal 
variability in temperature might select for species that could tolerate 
a wider range of temperature, exhibiting larger geographical range 
sizes (Sunday et al., 2011; Zuloaga et al., 2019). Hence, communities 
experiencing higher TS tend to show lower ecological uniqueness, 
owing to the larger proportions of species with broad distributions 
which lead to the reduction in community dissimilarity or species 
turnover. It is noteworthy that the relative contribution of regional 
climate filtering to abundance-based tree ecological uniqueness 
was much lower than that to incidence-based ecological uniqueness 
(Figure  5d; Figure  S5d). This might suggest that the consideration 
of abundance information in the analysis is vital for understanding 
determinants of the observed diversity patterns. Tree species abun-
dance is usually a key indicator of dominance in forests; meanwhile, 
the species-energy hypothesis posits that climate strongly influ-
ences the energy available for individuals, thereby indirectly affect-
ing tree diversity via its key impact on the number of individuals 
that can be supported (Chu et al., 2019). Therefore, including only 
incidence-based information may, to some extent, misunderstand 
the relative importance of these hypothesized processes on ecolog-
ical uniqueness.

Local environmental conditions were also found to have an 
indirect impact across life-forms. The redistribution of light, 
temperature, water or nutrients induced by local variables (e.g. 
topography) might cater to the requirements or preferences of 
species for multiple resource conditions, thus leading to the ob-
served distinct species composition (Andersen et al., 2014; Jucker 
et al., 2018). Our pSEMs revealed that altitude was an important 
local factor determining shrub and herb ecological uniqueness 
(Figure 4b,c). Altitude regulates the richness and assemblages of 
understorey groups by affecting litter coverage, forest canopy 
density or soil properties (Feng et  al.,  2021). It is reported that 
litter coverage has a particularly significant impact on herbaceous 
layer assemblages (Mestre et  al.,  2017), while the difference in 
light transmittance under different canopy densities along alti-
tude gradients might be a key factor for understorey assemblages 
(Zhang et  al.,  2021). Additionally, altitude can significantly alter 
soil nutrients (e.g., N:P; total N, total K), which were tightly asso-
ciated with the proportions of rare species in understorey assem-
blages (Paoli et al., 2006; Suding et al., 2005).

Although little evidence was found for direct impact, DI indirectly 
shaped ecological uniqueness across plant life-forms. Our results 
showed that communities with higher DI had lower species rich-
ness across tree and shrub groups, thus increasing their ecological 
uniqueness (Figure 4a,b). A possible reason for this is that higher DI 
could induce significant changes in the microenvironment (e.g., light, 
moisture), filtering disturbance-intolerant species in particular hab-
itats due to narrow habitat breadths across environment gradients 
(Myers et al., 2015). Thus, those distinct conditions should contain 
species assemblages of a lower shared proportion with other com-
munities owing to the presence of more spatially aggregated species 
(Crandall & Platt, 2012). Moreover, the impact of DI was more pro-
nounced for herb than tree and shrub. This may be attributed to the 
fact that disturbance-induced changes in forest structure and en-
vironment heterogeneity were more important for the distribution 
and occurrence of herb layer species (Wang et al., 2021).

Finally, our study may also, to some extent, have non-negligible 
implications for biodiversity conservation. For instance, the ob-
served abundance and incidence-based ecological uniqueness 
were consistently higher in the southern area of this study region 
irrespective of life-forms (Figures S1 and S2). It is likely that more 
conservation efforts focusing on plant species are required to en-
compass this area, in order to preserve communities with relatively 
different species identities (Wang et al., 2021). As we demonstrated 
that variation in ecological uniqueness across plant life-forms was 
highly associated with biotic heterogeneity, it might be feasible for 
conservation biologists to pay more attention to maintain appropri-
ate vegetation quantity or size structure in the practical strategies. 
Moreover, our results suggest that communities with higher ecolog-
ical uniqueness tend to harbour lower richness. Under such circum-
stances, it depends on the priorities we set in the practices since 
it is difficult to protect all the areas in the whole region owing to 
the limited resources (da Silva et al., 2018; Sor et al., 2018). From 
the viewpoint of stressing distinctiveness, these communities with 
higher uniqueness should be more valuable in the conservation (Yao 
et al., 2020).

5  |  CONCLUSIONS

Our study demonstrates the roles of four hypothesized processes 
(i.e., regional climate, local environmental filtering, biotic heteroge-
neity and DI) in shaping spatial patterns of ecological uniqueness 
(i.e. LCBD) across plant life-forms. However, the relative effects of 
these processes vary in direction and magnitude depending on life-
forms. The dominant role of regional climate filtering on the ecologi-
cal uniqueness of tree group is observed, while uniqueness of herb 
group is mainly attributed to the influence of biotic heterogeneity, 
despite direct or total interactive effects are considered. For shrubs, 
regional climate and biotic heterogeneity have a similar direct effect, 
but biotic heterogeneity imposes the largest impact when both di-
rect and indirect effects are taken into account. Local environmen-
tal filtering as well as DI have relatively small effect size among all 
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12  |    CHEN et al.

hypothesized processes, local environmental filtering shows larger 
effect on the ecological uniqueness of shrub than others, while the 
impact of DI is more pronounced in herb. We thus suggest more 
detailed studies of these hypothesized processes could improve 
understanding of the ecological processes underlying patterns of 
species composition or endemism, and guide conservation practices 
that prioritize biologically distinct communities.
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