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Introduction: Understanding the pattern of species diversity and underlying 
ecological determinants driving a forest ecosystem is fundamental to 
conservation biology and forest management. Boreal forests play an 
irreplaceable role in providing ecosystem services and maintaining the carbon 
cycle globally, yet research attention remains disproportionately limited and 
lacking throughout time.

Methods: Based on field measurement data from a large (25 ha) fully-mapped 
coniferous forest plot, the present study quantified patterns of species diversity 
and their determinants in Kanas of Xinjiang, northwest China. We applied linear 
regression analysis to test the effects of biotic and soil factors on alpha-diversity 
and local contribution of beta diversity (LCBD), and then we adopted path 
analysis to test the determinants that affected the species diversity index.

Results and discussion: Our results revealed that alpha-diversity indices did not 
vary greatly across different subplots, and richness value (between 2 and 6) was 
low in Kanas. Noteworthy is the discerned negative association between the 
average diameter at breast height (DBH) and species richness, suggesting that 
areas with smaller DBH values tend to harbor greater species richness. For beta-
diversity, a higher value was observed in the substory layer (0.221) compared to 
both the canopy layer (0.161) and the understory layer (0.158). We also found 
that the species abundance distance matrix of biological and soil environmental 
factors were significantly correlated with species geographic distance matrices. 
More importantly, our results showed that average DBH and soil pH would affect 
the alpha diversity indices, and average DBH, soil Ph, average height and soil 
total Phosphorous would affect the beta diversity indices. Soil pH also indirectly 
affected the LCBDunder, LCBDsub, and LCBDcan (p ≤ 0.001), upon mediation 
of alpha diversity indices. Overall, our results provide crucial revelations about 
species diversity patterns in boreal forests, and insights that can support the 
protection of forest biodiversity in China.
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1 Introduction

Seeking explanation on mechanisms of species coexistence, which determine the spatial 
patterns of species and dynamics of communities of a forest ecosystem (Shaheen et al., 2023; 
Haq et  al., 2023c), has been a longtime endeavor within community ecology research 
(Whittaker, 1960). Although several studies have sought to explain species coexistence and 
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community structure (Gravel et al., 2011; Levine et al., 2017), and the 
relationships between biodiversity and ecosystem functioning, it is 
still a great challenge to interpret how biotic and abiotic factors affect 
plant diversity functions (Sanaei et al., 2021). These factors are not 
exclusively influential but rather mutually correlated, rendering it 
challenging to discern the specific role of each in shaping community 
structure (Pyšek et al., 2005; He et al., 2022). Hence, a detailed study 
on the relationship between forest species diversity and environmental 
factors is vital to shed light on key influential factors and underlying 
ecological mechanisms (He et al., 2022).

Species diversity remains one of the central topics in contemporary 
ecology and the subject of various studies, from community to 
landscape-level, and in all types of ecosystems (Pyšek et al., 2005; Bhat 
et al., 2020; Legesse and Negash, 2021; Thakur et al., 2022; Haq et al., 
2023a). Understanding the patterns and determinants of species 
diversity in forest ecosystems are fundamental to our knowledge of 
ecological processes, biological conservation and forest management 
(Socolar et al., 2016; Haq et al., 2023b). In the 1960s, an ecologist 
proposed three scales to measure biological diversity - alpha-diversity, 
beta-diversity, and gamma-diversity (Whittaker, 1972). Alpha (α) 
diversity mainly explores species diversity within a community, while 
beta (β) diversity focuses on species diversity between communities 
(Socolar et al., 2016; He et al., 2022). Both alpha-diversity and beta-
diversity are crucial for understanding what species are composited 
and how biotic communities are structured (Socolar et al., 2016). 
Importantly, as a supplement to species richness, understanding the 
pattern of beta-diversity in different communities plays an important 
role in guiding conservation strategies, and determining priorities for 
regional conservation (Bergamin et  al., 2017; He et  al., 2020). 
However, most current research only recognizes patterns of alpha-
diversity (Pyšek et al., 2005; Bhat et al., 2020), whereas those of beta-
diversity has often been overlooked.

In a forest ecosystem, the plant compartment is composed of 
canopy, substory and understory strata, which are hierarchically 
structured (Barrufol et al., 2013; Haq et al., 2022; Basham et al., 2023). 
It is generally well-known that canopy strata can shape the function 
and structure of understory strata by regulating available resources, 
including light and nutrients (Barrufol et al., 2013; Araujo et al., 2020). 
Although exploring the complex the vertical structure in a stable 
forest community is crucial, especially when linked to the partitioning 
of beta-diversity, the studies mostly overlooked the variations in the 
vertical structure (Mori et al., 2013).

It has also been widely reported that interactions between plants 
and environmental conditions are regulating community spatial 
patterns of various vegetation types in different climatic regions 
(Sanaei et al., 2021). Localized environmental conditions may further 
affect tree growth and distribution, which may determine resource 
availability for plant growth and survival (Barrufol et al., 2013; Lu 
et al., 2021). For example, nitrogen is considered as the key nutrient 
for plant survival and growth in terrestrial ecosystems, particularly in 
cold temperate soil (Liu et al., 2021; Chang et al., 2022; Chen et al., 
2022). Additionally, some studies found that soil pH can directly or 
indirectly impact plant species diversity and community composition 
(Ste-Marie and Pareâ, 1999; Ouyang et al., 2022). In summary, changes 
in soil properties caused by plants would definitely improve the 
availability of nutrient, thereby affecting plant diversity and 
performance (Pyšek et al., 2005; Sanaei et al., 2021). Furthermore, 
some studies have identified topographic variables as key explanatory 

factors for species richness, highlighting the significance of site-
specific habitat factors in driving spatial variation in species richness 
at the local scale (Irl et al., 2015; Zellweger et al., 2015). Yet the process 
of how soil factors affect plant growth and community construction is 
still unclear.

Although some ecologists have studied species diversity and its 
determinants, most of these were carried out in subtropical and 
tropical forests (Phillips et al., 1994; Japan et al., 2004; Hill et al., 2011). 
Despite boreal forests accounting for 11% of the total forested area, 
and thus represents the largest vegetation type around the world 
(Gauthier et al., 2015), research on boreal forests remain sparse. It is 
therefore crucial to study existing patterns of species diversity and its 
drivers, to help us better understand community assemblies and 
diversity maintenance under current global environmental changes 
(Liu et  al., 2021). In Kanas, forests are commonly dominated by 
diverse species, which differ from other forests in central North Asia 
that are dominated by a single canopy (Liu et  al., 2021). Yet the 
interaction between the plant species and environment in kanas forest 
is still unclear.

In this study, we  aim to explore the potential factors 
influencing species diversity through the perspective of vertical 
stratification within forest community. Specifically, we  first 
collected data-relevant variables from a 25-ha permanent forest 
plot in the Kanas National Nature Reserve (KNNR) within the 
Xinjiang Uygur Autonomous Region in Northwest China, 
calculated the alpha-diversity and beta-diversity, and partitioned 
the local contributions to beta diversity (LCBD). We then tested 
the linkages between LCBD and environment factor by regressing 
on related explanatory variables. Our study aims to answer the 
next four questions: (a) what are the alpha-diversity and beta-
diversity patterns of the boreal coniferous forest in KNNR; (b) 
what is the relationship between environmental variables and 
plant diversity; (c) do environmental factors affect the alpha-
diversity and beta-diversity patterns; and (d) how do soil 
environmental variables, topographic variables, biological 
variables and plant diversity indices interact with each other? 
what is the specific impact path process? By studying the 
potential impact factors of species diversity from the aspect of 
vertical stratification of forest communities, this study may 
present novelty in revealing the mechanism of forest biodiversity 
conservation and species coexistence.

2 Materials and methods

2.1 Study area

The study area is located in the middle of Altai Mountain (48° 
35′-49° 11′ N, 86° 54′-87° 54′ E) at KNNR (Figure 1), which has a 
temperate continental climate, with temperature extremes between 
summer and winter. The temperature ranges from −37°C to 29.3°C 
with an annual average at −0.2°C, and mean annual precipitation at 
about 1,000 mm. Elevation within the KNNR ranges from 1,241 m to 
4,381 m. The Forest cover in the Altai mountains of China is 
considered typical of boreal forests found regionally, with coverage 
dominated by over four plant species, including Larix sibirica Ledeb., 
Picea obovata Ledeb., Pinus sibirica (Loud.) Mayr, and Betula pendula 
(Loud.) Mayr (Liu et al., 2020).
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2.2 Data collection

In the summer of 2019 and 2020, we collected data from a 
25 ha (500 m*500 m) permanent forest plot, established in a 
coniferous forest of northwest China. We inventoried the plants in 
our study area according to the standard field protocol of the 
Center for Tropic Forest Sciences (CTFS; Condit 1998). Marking 
the southwest corner as the origin of the coordinates, the 25-ha 
plot was divided into 625 subplots at 20 m*20 m, and each subplot 
was then subdivided into 16 quadrats at 5 m*5 m. Within each 
quadrat, we recorded all living species with a diameter at breast 
height (DBH) ≥ 1 cm (Bagchi et al., 2011).

After removing litter and stones, the top soil (0–15 cm) of these 
plant species was taken to laboratory and soil characteristics were 
analyzed. We also measured nine soil environmental factors, which 
included soil pH value, bulk density, alkaline hydrolysable nitrogen 
(AHN), soil organic carbon (SOC), total nitrogen (N), total 
phosphorus (P), C:N ratio, C:P ratio and N:P ratio for each subplot. 
Soils were sampled both at the center and at the four quadrat corners 

(Bao, 2000). For each soil property, the mean of all five samples (center 
and four corners) was calculated. We also calculated four topographic 
traits for each subplot, including aspect, convexity, elevation and slope 
(He et al., 2022).

Within the plot at KNNR, the number of species increased rapidly 
during initial stages when the sampling area was small, and gradually 
plateaued with further increase in sampling area (Figure  2). This 
indicated that the 625 subplot is sufficient to explain the species 
composition in KNNR.

In total, we  recorded 28,321 plant individuals for analysis. 
Based on the 10 cm DBH intervals, the forest vertical stratum was 
divided into three categories, the understory layer (0-10 cm), 
substory layer (10-20 cm) and canopy layer (>20 cm) (He 
et al., 2022).

2.3 Measures of alpha-diversity and 
beta-diversity

We calculated four alpha-diversity indices in each of the 625 
subplots across the KNNR forest plot, including species Richness, 
Shannon entropy, Simpson index and Pielou evenness indices. The 
alpha-diversity indices calculations were conducted using the ‘vegan’ 
R package in R 4.0.3 software (Oksanen et al., 2018). The species 330 
richness is the total count of species types within a subplot, while the 
331 specific calculations for the other three alpha-diversity indices are 
as follows (Eqs. 1–3):

 
Shannon entropy P P

i

S
i i = − ( )

=
∑

1

log

 
(1)

where Ni represents the abundance of species i, and N0 is the sum of 
the individual number of all species.

FIGURE 1

The location and Digital elevation map (DEM) of the study area in the Altay Mountains, north-west China.

FIGURE 2

Species–area curve for woody plants in KNNR 25  ha forest dynamics 
plot.
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Simpson index P
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 Pielou evenness H logS = /  (3)

On beta diversity, as the total variance of the Hellinger-
transformed community composition, the beta-diversity statistic 
(BDTotal) was calculated (Eq. 4). We than partitioned Beta-diversity 
into Local Contribution to Beta Diversity (LCBD, Eq. 5). The beta-
diversity calculation was performed using the ‘adespatial’ R package 
in R 4.0.3 software (Dray et al., 2012).

 
BD Var Y SS

nTotal Hel Total= ( ) = −( )1  
(4)

where SSTotal refers to the total sum of the squared deviations from the 
column means of the whole YHel matrix, and BDTotal represents the 
unbiased form of the total variance.

 LCBD LCBD SS SSi i i Total= = /  (5)

where SSi represents the sum of squares corresponding to the ith 
subplot (i.e., the contribution of subplot i  to the overall beta-
diversity). LCBDi is the reflection of the degree of the 
compositional uniqueness of the subplots which can be compared 
with each other.

2.4 Data analysis

We first adopted the mantel test to identify whether there a 
relationship between species diversity indics and environmental 
factors. Mantel test was carried out using the ‘LinkET’ R package in R 
4.0.3 software (Huang, 2021).

We used general linear models (LM) to analyse how soil 
environment factors affected the species diversity indices. 
We identified Richness index (model 1), Shannon index (model 2), 
Simpson index (model 3), Pielou evenness index (model 4), LCBDlayer 
(model 5), LCBDund (model 6), LCBDsub (model 7) and LCBDcan 
(model 8) as response variables. In order to assess multicollinearity 
among the predictor variables in the model, we  conducted VIF 
(Variance Inflation Factor) tests using the ‘car’ package in R (Fox and 
Weisberg, 2019). The results indicated that all VIF values were below 
10, suggesting the absence of severe multicollinearity issues within the 
model. The model selection process produced 33 and 40 top-ranked 
models (ΔAIC≤2), respectively, which we averaged into a final model. 
Model selection was performed using the ‘MuMIn’ R package (Barto, 
2023), whereas the LM analysis was conducted using the ‘lme4’ R 
package in R 4.0.3 software (Bates, 2005).

Furthermore, we used path analysis to explore influences from 
the constructs of the species diversity. We  selected significant 
variables from the LM models, and subsequently tested for 
relationships between biological variables, soil environmental 
variables, alpha diversity indices and LCBD. Path analyses were 
carried out using the ‘Lavvan’ R package in R 4.0.3 software 
(Rosseel, 2012).

3 Results

3.1 The patterns of alpha-diversity and 
beta-diversity

A total of 28,321 woody individuals, representing 4 families, 7 
genera, and 7 species, were recorded and analyzed in this study. 
We mapped the spatial distributions of the alpha-diversity value for 
each subplot (Figure 3). The range of species richness for each subplot 
varied between 2 and 6 with a coefficient of variation (CV) at 19.42%, 
whereas the range of the exponential of Shannon entropy for each 
subplot varied from 0.229 to 2.152 (CV = 19.18%). The average 
Simpson and Pielou value for each subplot was 0.604 and 0.779, 
respectively, (CV = 17.92) (Figure 3).

Our results showed that there were higher values for species 
composition in the substory layer than the other two forest layers, 
which corresponded to the observed higher beta-diversity value in the 
substory layer (0.221) relative to the canopy (0.161) and understory 
layers (0.158) (Table 1). We found the highest beta-diversity value for 
the substory layer, which reflected the greatest compositional 
dissimilarities between its sampled subplots.

LCBD measures the contribution of local environmental factors 
to beta diversity, indicating how much species composition differs 
between neighboring locations within the forest. In our result, 
we observed the highly predictable pattern of LCBD value. The value 
of LCBD among three layers were different across the three forest 
vertical strata, with an average value of 1.77*10−3 in the understory 
layer, 1.60*10−3 in the substory layer, and 1.76*10−3 in the canopy layer 
(Figure  4). This highlighted variations in  local environmental 
conditions and species composition across these strata.

3.2 Relationship between species diversity 
indices and soil environmental variables

We used the Mantel test to explore the relationship between 
species diversity indices values and soil environmental factors. The test 
results showed that the distance matrix on alpha-diversity and beta-
diversity in the community had a significant positive correlation with 
the distance matrix of soil pH, soil SOC, total N, AHN, N:P and C:P 
(p < 0.001), and also a significant positive correlation between average 
DBH and average height of tree plants (p  < 0.001; Figure  5). In 
addition, total N, C:N ratio, aspect, convexity, elevation, and slope 
showed no significant correlation with biodiversity indices. 
Specifically, soil pH, SOC, total N, AHN, N:P ratio, and C:P ratio were 
significantly positively correlated with species Richness, Shannon, 
Simpson, and Pielou indices, while they were significantly negatively 
correlated with LCBD, LCBDund and LCBDsub; The average DBH were 
significantly positively correlated with species richness, while they 
were significantly negatively correlated with LCBDund.

3.3 Effects of soil environmental variables 
on species diversity indices

We used LM to further explore whether the soil feature and plant 
biological factors would directly affect the alpha-diversity indices and 
LCBD value (Figure 6; Tables 2, 3). Our results showed that average 

https://doi.org/10.3389/ffgc.2024.1333232
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Wang et al. 10.3389/ffgc.2024.1333232

Frontiers in Forests and Global Change 05 frontiersin.org

DBH had significant positive impact on the Pielou index, and significant 
negative impact on the Richness (Figure 6A). Particularly, soil pH values 
had significant negative impacts on the Shannon, Simpson and Pielou 
indices values, and soil N:P had significant negative impacts on the 
Simpson index (Figure  6A). Regarding local contribution to beta-
diversity, the average DBH, average height, soil pH, soil total N and soil 
total p values were found to affect LCBD values (Figure 6B). Specifically, 
the LCBDund was significantly positively impacted by average height and 
soil pH. LCBDsub was significantly positively impacted by average DBH, 
whereas LCBDcan was significantly negatively impacted by average DBH, 
total N and soil total P (Figure  6B). Our results indicated that 
topographic variables (aspect, convexity, elevation and slope) and soil 
factors including SOC, AHN, C:N and C:P did not show any significant 
influence on the alpha and beta indices.

3.4 Determinants of the local contribution 
to beta diversity

We used path analysis to test the determinants that affected the 
species diversity index. Our path analyses showed that soil pH and 
N:P ratio had positive direct and indirect effects on the alpha-diversity 
indices and LCBD (p ≤ 0.001; Figure 7A). Specifically, N:P ratio and 
pH influenced Richness and Pielou indices by affecting average DBH, 
ultimately impacting LCBD (Figure  7A). PH directly affected the 
LCBD, mediating by the Simpson index (Figure 7A).

For LCBDund, N:P ratio and pH influence Richness and Pielou 
indices by affecting average DBH, ultimately impacting LCBDund. 
Average height directly affected LCBDund (Figure 7B). For LCBDsub, pH 
indirectly affected the LCBDsub, mediating by Shannon, Simpson and 

FIGURE 3

The distribution on alpha-diversity across 625 subplots (20  m*20  m) within the 25  ha forest plot in the KNNR.

TABLE 1 The statistical results of beta diversity in a coniferous forest of northwest China.

Size range Species Individuals Beta-diversity

Understory layer DBH ≤ 10 cm 7 10,804 0.158

Substory layer 10 cm < DBH ≤ 20 cm 7 10,292 0.221

Canopy layer DBH > 20 cm 6 7,225 0.161

Layer 7 28,321 0.247
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Pielou indices. While N:P ratio indirectly influenced LCBDsub through 
the effect of the Pielou index (Figure  7C). LCBDcan was directly 
influenced by total P, while total P, total N, N:P ratio and pH also 

indirectly influenced Richness, Shannon, Simpson Pielou and LCBDcan 
through average DBH (Figure 7D).

4 Discussion

Our results demonstrated that the species distance matric of 
biological factors and soil environmental factors were significantly 
correlated with species geographic distance matrices (Figure  5), 
suggesting that the tree species community in KNNR diverges with 
environmental conditions and biological features. Previous studies 
have shown that the colonization and extinction processes of forest 
communities are mainly determined by environmental heterogeneity 
and species competition (Lu et al., 2021; He et al., 2022; Thakur et al., 
2022). Due to the different sensitivities from species to environmental 
changes, threatened species are prone to disappearing in habitats with 
high environmental pressure by selective extinction (Socolar et al., 
2016; Legesse and Negash, 2021). In that case, if a species has high 
tolerance to environmental changes, it can survive in vary habitats 
(Xie et al., 2019; Liu et al., 2020; He et al., 2022). For the dominant 
species of Kanas, they show excellent resilience and adaptability to 
environmental changes. These species can withstand fluctuations in 
temperature, precipitation and soil conditions, their ability to tolerate 
a wide range of environmental conditions allows them to occupy 
various niches and outcompete other species (Liu et al., 2020, 2021).

This study found that among the 625 sub-plots, the highest value 
of species richness was only 6, and the lowest value was only 2 
(Figure  3A), indicating that the species richness in the forest 

FIGURE 4

Scatter plots showing variation in LCBD. LCBD represents local 
contribution to beta-diversity. ***p ≤  0.001; **p ≤  0.01; *p ≤  0.05.

FIGURE 5

Species abundance related to each environmental factor, as determined by Mantel tests, and the correlation between species diversity and influencing 
factors. Edge width denotes the Mantel r statistic for the corresponding distance correlations, whereas edge color denotes the statistical significance 
based on 9,999 permutations. ***p ≤  0.001; **p ≤  0.01; *p ≤  0.05.
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community in this study area is relatively low. The Kanas region is 
overall a typical boreal forest, with forest cover mostly dominated by 
a single species (Gauthier et al., 2015; Liu et al., 2021). Although our 
research in the Kanas region has also found coverage by multiple 
species, species richness is still at a lower level compared to tropical 

and subtropical forest regions (Liu et al., 2020). This characteristic is 
largely attributed to the extreme environmental conditions prevalent 
in boreal regions, such as cold temperatures, short growing seasons, 
and nutrient-poor soils, which limit the diversity of plant species 
(Bonan, 1989; Venier et al., 2014). It suggests that the environmental 

FIGURE 6

Summary of LM averaged model estimates for (A) alpha-diversity and (B) beta-diversity values, under different forest strata (N =  625). ***p ≤  0.001; 
**p ≤  0.01; *p ≤  0.05.

TABLE 2 Summary of LM averaged model estimates for alpha-diversity. ***p ≤  0.001; **p ≤  0.01; *p ≤  0.05.

Covariate Model 1
Richness

Model 2
Shannon

Model 3
Simpson

Model 4
Pielou

Average DBH −0.26***(0.04) 0.00(0.04) 0.02(0.03) 0.26***(0.05)

Average height - −0.00(0.02) 0.00(0.01) −0.04(0.05)

C:N −0.01(0.04) −0.13(0.09) −0.13(0.10) 0.00(0.01)

N:P −0.03(0.09) −0.44(0.27) −0.48(0.30) −0.28**(0.10)

C:P −0.02(−0.09) 0.13(0.25) 0.19(0.29) 0.02(0.07)

AHN −0.01(0.03) −0.26(0.16) −0.24(0.13) −0.21(0.11)

Total N −0.01(0.02) −0.02(0.18) −0.08(0.25) 0.00(0.03)

Total P - −0.00(0.02) −0.00(0.02) −0.00(0.02)

SOC −0.00(0.02) 0.21(0.24) 0.19(0.29) 0.07(0.11)

pH 0.01(0.01) −0.15***(0.03) −0.16***(0.04) −0.16***(0.04)

Aspect 0.00(0.02) 0.03(0.05) 0.08(0.06) 0.01(0.04)

Convexity 0.00(0.01) −0.01(0.03) −0.01(0.03) −0.04(0.05)

Elevation - 0.01(0.02) 0.01(0.03) 0.09(0.04)

Slope 0.00(0.01) −0.02(0.04) −0.06(0.06) −0.01(0.04)

Intercept −0.00(0.04) −0.01(0.04) 0.00(0.03) 0.00(0.03)

The value within closed bracket represents the standard error. AHN represents the alkaline hydrolysable nitrogen, C represents the soil organic carbon, N represents the total nitrogen and 
P represents the total phosphorus.
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conditions in the Kanas region may be particularly challenging for 
supporting a diverse array of species. This can inform targeted 
conservation strategies should aim at preserving and restoring 
biodiversity in boreal forest habitats, not only in the Kanas region but 
also in similar ecosystems globally.

Generally, the values of DBH noted living individuals also infer 
on the degree of competition between species communities (Yao et al., 
2016; Lu et  al., 2021). Among the two biological feature factors, 
average DBH had the highest interpretation power across various 
species richness and Pielou indices (Figure 5), which implies that tree 
species in the boreal forest exhibit strong species competition. This 
aligns with the Janzen-Connell hypothesis, when an individual is 
surrounded by high-density homogeneous neighbors, or when an 
individual is proximate to homogeneous neighbors, the strong 
intraspecific competition of host specific natural enemies for resources 
and infections will reduce recruitment and survival rate (Janzen, 
1970). This provides more recruitment and survival space for other 
plant species, thereupon then regulating population dynamics and 
promoting species coexistence in vary plant communities (Janzen, 
1970; Volkov et al., 2005; Yao et al., 2016).

Moreover, our study area showed that the value of total beta-
diversity in the canopy and understory layers were slightly lower than 
the substory layer (Table 1), indicating that the species composition 
in the substory were more unique or distinctive compared to the 
average species composition of the entire area. The reason is the 
substory layer has access to abundant resources like light, water, and 
nutrients, compared to the shaded understory layers and resource-
limited canopy layer (Gravel et al., 2010; De Lombaerde et al., 2019). 
As our results found the value of LCBDund higher than the LCBDcan 
and LCBDsub (Figure 4), this may be owing to the chosen site itself, 
compared with other sites, which possibly result in a different species 
composition from other layers. Because the value of LCBD value 
express the level of ecological uniqueness of the site relative to other 

sites within the specific area (Hill et al., 2011; Xia et al., 2022). The 
distribution of understory species is highly hinging on the niche 
process. Some studies have proved the strong relationship between 
biological factors (i.e., DBH and height), and this had a significant 
effect on LCBD in each vertical stratum of in our study area (He 
et al., 2022).

Particularly, our results tested that DBH had a significant effect on 
the variations of LCBD values in the canopy layer and substory layer 
(Table 3; Figure 6), and that soil pH value captured significant positive 
variations of LCBDunder. This implies that subplots with complex 
environmental conditions and acidic soil conditions would increase 
the uniqueness of the species composition. Additionally, several 
studies have indicated that low soil P availability was associated with 
high species diversity, which was consistent with our findings that P 
had a significant negative correlation with LCBD in the canopy layer 
(Olde Venterink, 2011; Wu et al., 2019). This might be attributable to 
the fact that the survival of woody plants in the studied forest is 
generally nitrogen-phosphorus co-limited (Liu et al., 2021), which is 
consistent with previous studies reporting that species richness in a 
plant community under low soil fertility is primarily driven by 
competition for limited nutrient resources (Gravel et al., 2011; Sanaei 
et al., 2021; He et al., 2022).

With limited available knowledge, understanding the stability of 
both ecosystem structure and function is particularly vital for 
biodiversity conservation (Socolar et al., 2016). However, as the external 
environment (biotic and abiotic) in which biological communities live 
and exist in is not static, the spatial composition of biological 
communities will also change dynamically over time (Zhou et al., 2019; 
He et al., 2022). Therefore, abiotic factors such as soil environment and 
topography will inevitably affect biological community results, whether 
through potential direct or indirect pathways. In this study, we found 
that soil characteristics would indirectly affect the beta-diversity index 
of the community by affecting biotic variables, such as average DBH, 

TABLE 3 Summary of LM averaged model estimates for LCBD. ***p ≤  0.001; **p ≤  0.01; *p ≤  0.05.

Covariate Model 5
Layer

Model 6
Understory

Model 7
Substory

Model 8
Canopy

Average DBH – – 0.15***(0.04) −0.25***(0.05)

Average height – 0.16***(0.04) −0.00(0.02) 0.00(0.01)

C:N 0.01(0.02) 0.01(3.54) 0.11(0.06) −0.02(0.05)

N:P 0.07(0.23) 0.02(0.08) 0.19(0.12) −0.08(0.14)

C:P 0.18(0.22) 0.18(0.11) 0.07(0.11) −0.05(0.10)

AHN 0.18(0.10) 0.00(0.02) −0.00(0.02) −0.29(0.16)

Total N --0.08(0.27) 0.00(0.02) 0.00(0.02) 0.56*(0.24)

Total P −0.01(0.02) −0.01(0.03) – −0.16*(0.08)

SOC 0.05(0.23) 0.03(0.08) −0.00(0.02) 0.03(0.15)

pH 0.09* (0.04) 0.16***(0.04) 0.05(0.05) 0.01(0.02)

Aspect 0.01(0.03) 0.04(0.04) 0.00(0.01) 0.00(0.01)

Convexity 0.00(0.01) −0.00(0.01) −0.00(0.01) 0.06(0.08)

Elevation −0.00(0.02) −0.00(0.01) 0.03(0.04) 0.07 (0.05)

Slope 0.01(0.03) −0.00(0.01) −0.00(0.01) −0.03(0.07)

Intercept −0.00(0.04) 0.00(0.04) 0.00(0.04) 0.00(0.04)

The value within closed bracket represents the standard error. AHN represents the alkaline hydrolysable nitrogen, C represents the soil organic carbon, N represents the total nitrogen and 
P represents the total phosphorus.
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species richness and evenness (Figure  7). Indeed, plants absorb 
nutrients from the soil, thus would affect the growth rate of plant 
species in the community (Chen et al., 2022). Moreover, some studies 
have reported that soil pH could correlate with plant species richness at 
both regional and local scales (Ste-Marie and Pareâ, 1999). Being that 
the soil in our study area was slightly acidic, our study observations on 
alpha indices values of species diversity showed a significant negative 
trend with the gradual acidification of soil. This is may be due to low 
pH in the soil preventing germination or establishment of plants 
species, by obstructing roots from reaching the soil (Hill et al., 2011). 
Moreover, we found the SOC and AHN no significant effect on alpha 

diversity and beta diversity indices. The influence of SOC and AHN on 
species diversity may vary depending on local site conditions and 
ecosystem characteristics (Dawud et al., 2016). Our study area may have 
specific soil and environmental conditions that influence the relative 
importance of different factors on species diversity, leading to 
nonsignificant contributions from SOC and AHN. Additionally, our 
study revealed that the influence of topographical variables on alpha 
and beta diversity was not statistically significant. This lack of 
significance could potentially be attributed to the limited spatial extent 
of our study area and the minimal variability in topographical changes 
(Japan et al., 2004).

FIGURE 7

summarizes the results of path analysis on the LCBD (N =  625). Panel A illustrates the path analysis among influencing factors for all layer LCBDs, 
Panel B is for understory, Panel C is for substory, and Panel D is for canopy. Path estimates are standardized coefficients. The solid line indicates 
significant relationship between variables, and the dotted line insignificant relationship between variables. ***p ≤  0.001; **p ≤  0.01; *p ≤  0.05.
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In addition to abiotic factors, the value of LCBD can be  also 
directly related to biotic variables, including average height, average 
DBH and alpha diversity (Figure 7). Larger DBH and height trees may 
imply an advantage in resource acquisition and ecological competition 
(Forrester, 2019). This could lead to their dominance at specific sites, 
exerting a greater influence on species composition and ecological 
processes at those locations, thereby increasing the LCBD value 
(Forrester, 2019). Previous studies have found that the values of LCBD 
are usually negatively correlated with species richness in broad-leaved 
forest ecosystem (He et al., 2022). This negative linkage indicates that 
the trade-off between species richness and ecological uniqueness can 
be take into account in conservation planning, since even species-
poor communities can make great impact on the overall beta-diversity 
(Xia et al., 2022). Future conservation planning should aim to protect 
and manage these sites to preserve their distinct biodiversity, even if 
they have lower species richness.

5 Conclusion

In conclusion, our study sheds light on the patterns of species 
diversity within the boreal forests of Kanas, Xinjiang, northwest China. 
Concretely, our findings indicated that the negative linkage between 
average DBH and species richness, suggesting that areas with smaller 
DBH tend to harbor greater species richness. Furthermore, our analysis 
of beta-diversity demonstrated higher values in the substory layer 
compared to both the canopy and understory layers. Notably, average 
DBH and soil pH were found to influence alpha diversity indices, while 
average DBH, soil pH, average height, soil total nitrogen and soil total 
phosphorous affected beta diversity indices. Soil pH also indirectly 
influenced LCBD through mediating of alpha diversity indices. These 
findings provide crucial insights into species diversity patterns in 
boreal forests and offer valuable guidance for the protection of forest 
biodiversity in China. By understanding the ecological determinants 
driving species diversity, policymakers and forest managers can 
implement targeted conservation strategies to preserve the invaluable 
ecosystem services provided by boreal forests.
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