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seasonal rainforests on steep karst hillslopes in southwestern 
China: implications for conservation
Qingling Pang1* , Cong Hu1* , Chaohao Xu1 , Chaofang Zhong1 , Zhonghua Zhang1,2,3 , Gang Hu1,2,3

1	 Key Laboratory of Environment Change and Resources Use in Beibu Gulf, Ministry of Education, Nanning Normal University, Nanning 530100, China
2	 Guangxi Key Laboratory of Earth Surface Processes and Intelligent Simulation, Nanning Normal University, Nanning 530100, China
3	 Key Laboratory of Wildlife Evolution and Conservation in Mountain Ecosystem of Guangxi, Nanning Normal University, Nanning 530100, China
Corresponding authors: Zhonghua Zhang (zzh@nnnu.edu.cn); Gang Hu (hugang@nnnu.edu.cn)

Copyright: © Qingling Pang et al.  
This is an open access article distributed under 
terms of the Creative Commons Attribution 
License (Attribution 4.0 International – CC BY 4.0).

Research Article

Abstract

Tropical karst seasonal rainforests (TKSR) in southwestern China have high levels of 
biodiversity and a significant number of endemic species. However, understanding the 
distribution of plant diversity and the mechanisms driving community assembly in these 
diverse and heterogeneous karst forests remains limited. This study examined the spe-
cies and phylogenetic diversity of the herb, shrub, and tree layers in the TKSR along 
steep hillslopes within karst peak-cluster depressions in southwestern China. Species 
richness in the herb, shrub, and tree layers showed an inverted U-shape pattern, with 
richness lower in the middle and higher on the sides of the hillslope. The upper slope 
had a higher level of species richness than the depressions and the lower and middle 
slopes. The phylogenetic structures of the herb and tree layers tended to be clustered, 
whereas the shrub layer exhibited a divergent phylogenetic structure. These findings 
indicate that community assembly in the TKSR is influenced by habitat filtering and 
competitive exclusion. Soil total phosphorus (STP) and soil available phosphorus (SAP) 
were identified as significant factors affecting species diversity across the three layers, 
whereas the rock outcrop rate was a significant factor affecting the phylogenetic struc-
ture. In the shrub and tree layers, STP and SAP were important determinants of phylo-
genetic diversity. These results highlight the impact of environmental heterogeneity on 
species and phylogenetic diversity in the TKSR. Furthermore, depressions and upper 
slopes with high species and phylogenetic diversity were identified as priority areas for 
conservation in the karst peak-cluster depressions of southwestern China.

Key words: Community assembly, karst forest, phylogenetic structure, plant diversity, 
slope position

Introduction

Changes in plant diversity along environmental gradients are important in the field 
of vegetation ecology (Liu 2017). Slope, as a topographical factor, plays a crucial 
role in controlling the spatial distribution of water, light, heat, and soil nutrients, and 
influences the abundance, distribution, and diversity of vegetation in mountainous 
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and hilly areas (Zeng et al. 2014). Plant diversity patterns along slopes often ex-
hibit complex and non-monotonic changes that are closely related to topography, 
water, and heat conditions, as well as various life forms, including trees, shrubs, 
and herbs (Deák et al. 2021; Sharma and Kala 2022). Many studies have investi-
gated the impact of slope on vegetation in various ecosystem types (Zeng et al. 
2014; Berry et al. 2016; Zhang et al. 2020; Dong et al. 2022; Liang et al. 2024). Un-
derstanding plant diversity patterns along slopes and the underlying mechanisms 
is crucial to elucidating the relationship between vegetation and the environment.

Species diversity is a central aspect of biodiversity and ecology research, 
reflecting community structure, developmental stages, stability, and habitat dif-
ferences, and can also reveal the organizational levels of plant communities (Li 
et al. 2019). Understanding the influence of environmental factors on species 
diversity is an important ecological question (Weigel et al. 2019). Plant commu-
nities are typically composed of species with various life histories that occupy 
distinct ecological niches (Nettesheim et al. 2018). As the community envi-
ronment changes, the niches occupied by these species can change, leading 
to different patterns of heterogeneity in the community (Bagaria et al. 2019). 
Consequently, different communities often exhibit differences in species com-
position, structure, and functional traits; elucidating these differences is crucial 
to understanding how species diversity varies across different environments 
(Geng et al. 2022). Phylogenetic diversity can be used to assess the uniqueness 
of biological taxa in specific spatiotemporal contexts based on the evolutionary 
history of the species. It is also indicative of biodiversity conservation because 
it can be used to identify phylogenetic relationships and evolutionary informa-
tion among different species (Chen et al. 2021). Phylogenetic structures com-
plement phylogenetic diversity and can be used to infer the ecological process-
es affecting community assembly. When integrated, the composition, origin, 
and evolutionary processes of species can be explored from both evolutionary 
and ecological perspectives, thereby promoting the rational conservation of 
plant diversity (Ci and Li 2017). Phylogenetic diversity interprets a species’ evo-
lutionary history from a phylogenetic relationship perspective. When combined 
with species diversity, it greatly enhances our understanding of population dy-
namics and ecological niche differentiation (Zeng et al. 2014), providing a new 
perspective for biodiversity conservation. Although previous studies have fo-
cused on species patterns and phylogenetic diversity in different forest types 
worldwide (Myers et al. 2013; Qian et al. 2014; Yang et al. 2014; Guo et al. 2018; 
Gastauer et al. 2020), understanding of vegetation distribution characteristics 
in special landforms, such as karst landscapes, remains limited.

Karst landscapes are formed by the effects of rainfall and groundwater on 
carbonate bedrock (De Waele 2017). These landscapes are widespread, occur-
ring on approximately 15%–20% of the Earth’s ice-free land surface, with the 
largest continuous area spanning roughly 0.51 million km2 in southwestern Chi-
na (Jiang et al. 2014). Owing to their high sensitivity and vulnerability, the con-
servation of biodiversity in karst areas is of great importance (Sun et al. 2020). 
Karst areas in southwestern China are recognized as one of the 25 global bio-
diversity hotspots because of their unique biomes. The distinctive landforms 
they create consist of peak-cluster depressions, characterized as closed and 
flat depressions surrounded by a series of hills. Karst peak-cluster depressions 
contribute to the complexity and diversity of landforms in karst areas (Yang et 
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al. 2014) and display rapidly changing topographical characteristics, transition-
ing from cliffs to depressions over short horizontal distances. In addition, the 
potential energy decreases dramatically from the top slope to the depression 
area, resulting in a significant potential gradient. These peak-cluster depres-
sions provide the topographic and hydrological conditions necessary for the de-
velopment of a catenary pattern of soil and vegetation (Meng et al. 2022). Karst 
peak-cluster depressions in southwestern China are generally at low elevations 
(between 200 and 500 m) but often exhibit steep slopes (greater than 30°). In 
these areas, elevation is not considered the primary factor influencing species 
diversity in communities, especially in low- and small-scale regions (Zeng et 
al. 2014). Slope position has been recognized as one of the major topographic 
factors that determine microclimates and ecological niches for species in karst 
mountain regions, as it influences various aspects such as sunlight, soil depth, 
soil moisture, and nutrient availability (Gong et al. 2008; Weintraub et al. 2015).

Mountainous and hilly areas encompassing steep environmental gradients 
in small geographic areas are outstanding natural laboratories for biodiversity 
studies because numerous environmental factors, such as temperature (Wu et 
al. 2013), productivity (Ramírez-Bautista and Williams 2019), and anthropogen-
ic disturbance (Santillán et al. 2020), can correlate with elevation and conse-
quently exert effects on biological communities. Along slope position gradients, 
karst peak-cluster depressions exhibit highly heterogeneous microhabitats due 
to variations in multiple environmental factors, resulting in significant differenc-
es in biodiversity. For example, Peng et al. (2019) reported that slope was the 
major driver of the spatial distribution of soil microbial richness and diversity 
in a karst forest due to its effects on plant characteristics (i.e., tree Shannon 
diversity and tree density) and soil properties (i.e., soil pH and available phos-
phorus). Similarly, Sun et al. (2020) revealed spatial incongruence among the 
taxonomic, functional, and phylogenetic diversity of small mammals along ele-
vation gradients in karst mountains. Other studies have focused on variations 
in soil physicochemical properties and plant–litter–soil ecological stoichiome-
try along slope position gradients in karst peak-cluster depressions (Zeng et al. 
2015; Chen et al. 2019; Hu et al. 2020). However, it remains unclear how plant 
species and phylogenetic diversity change along slope position gradients in 
karst peak-cluster depressions and the driving factors behind these changes.

The Nonggang National Nature Reserve in southwestern China is a represen-
tative of karst peak-cluster depression landforms worldwide. The tropical karst 
seasonal rainforests (TKSR) in this reserve are characterized by complex struc-
tures, rich species composition, and prominent endemic elements. This area is 
also one of the 14 key areas of terrestrial biodiversity of international significance 
in China (Huang et al. 2013). Thus, the TKSR is irreplaceable and significant for 
the restoration and protection of karst forest ecosystems (Zeng et al. 2023). Re-
cent ecological studies on the TKSR have focused on species composition, spatial 
distribution, and diversity (Ma et al. 2023). Studies have found that the diversity 
of woody plant species in the TKSR is unimodal, but there is also a bimodal pat-
tern that increases with elevation, and the diversity pattern is strongly influenced 
by topographic heterogeneity (Huang et al. 2016). Furthermore, Guo et al. (2017, 
2018) investigated the effects of deterministic and stochastic processes on com-
munity assembly in the TKSR at a 15-ha plot scale and found that both processes 
play important roles. Although it is recognized that topography influences the spa-
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tial distribution of trees in the TKSR, the dominant biotic and abiotic factors that af-
fect the distribution patterns of species and phylogenetic diversity remain unclear.

In this study, plot surveys and environmental factor measurements were 
conducted in the TKSR of the Nonggang National Nature Reserve with a focus 
on different slopes (depression, lower slope, middle slope, and upper slope). 
Gradient changes in community species and phylogenetic diversity across 
three forest strata (herb, shrub, and tree layers) and the factors influencing 
these changes were examined. The objective of this study was to reveal (1) the 
spatial patterns of species diversity, phylogenetic diversity, and structure within 
slope gradients in the herb, shrub, and tree layers and (2) the primary environ-
mental factors influencing these spatial patterns. The results provide a scien-
tific basis for improving understanding of forest community structure, ecosys-
tem functions, and ecological conservation in karst peak-cluster depressions.

Materials and methods

Study area

The Nonggang National Nature Reserve, located in the southern Guangxi Zhuang 
Autonomous Region, southwestern China (22°13'56"–22°39'09"N, 106°42'28"–
107°04'54"E; Fig. 1), covers an area of 10,080 ha. The region has a tropical mon-
soon climate, with an average annual temperature of approximately 22 °C. The 
temperature ranges from above 13 °C in January, the coldest month, to above 
28 °C in July, the hottest month. The annual accumulated temperature ranges from 
7,400 to 7,800 °C. Annual average rainfall ranges from 1,200 to 1,500 mm and is 
concentrated between May and September. The bedrock of the area is primarily 

Figure 1. Geographical location of the study area, with photographs showing tropical karst seasonal rainforests along 
steep karst hillslopes.
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composed of limestone, and the main soil types are primitive calcareous, brown 
calcareous, and black calcareous. The topography of the region is characterized 
by typical karst peak-cluster depression landforms, with depressions formed by 
clustered peaks sharing a common base and a funnel-shaped landscape. Eleva-
tion ranges from 150 to 600 m. Unique landforms, such as peak clusters, forests, 
depressions, and funnels, result in significant variations in light availability, soil 
thickness, and moisture. Other micro-landform features formed by numerous rock 
outcrops—such as stone gullies, stone surfaces, and depressions—contribute to 
the heterogeneity of small-scale habitats. The reserve contains 1,752 recorded 
species of vascular plants belonging to 810 genera and 184 families (Huang et al. 
2013). Among these, 33 species are rare and endangered in China, and 278 species 
are endemic to karst habitats (Wang et al. 2014). The dominant tree species in the 
TKSR include Excentrodendron tonkinense (A. Chev.) H.T. Chang & R.H. Miao, Ca-
mellia petelotii (Merr.) Sealy, Cephalomappa sinensis (Chun & F.C. How) Kosterm., 
Garcinia paucinervis Chun ex F.C. How, and Deutzianthus tonkinensis Gagnep.

Data collection

During the peak growing season from July to September 2020, forest plots were 
established at different slope positions based on elevation variations in the karst 
peak-cluster depressions in the study area (Fig. 1). There were 10 plots, each 
with an area of 20 × 20 m, at four slope positions—depression (DE), lower slope 
(LS), middle slope (MS), and upper slope (US)—with a spacing of more than 30 m 
between plots. A total of 40 plots were established along steep karst hillslopes 
in the study area. Tree-layer investigations included species names, diameters 
at breast height (DBH), and heights. Within each plot, two 5 × 5 m subplots were 
randomly established to investigate the shrub layer, including species names, av-
erage heights, coverages, and numbers. Additionally, four 1 × 1 m subplots were 
randomly established to investigate the herb layer, including species names, 
numbers, heights, and coverages. All vascular plants in each plot and subplot 
were inventoried, with species identifications verified by two plant taxonomy ex-
perts. Furthermore, latitude and longitude coordinates, elevation, aspect, slope 
position, and rock outcrop rate were recorded. Three experienced observers vi-
sually estimated the slope position and rock outcrop rate, and a handheld GPS 
(Garmin GPSMAP 60CSx) was used for all other measurements. Slope positions 
were represented by categorical variables 1, 2, 3, and 4, corresponding to depres-
sion, lower slope, middle slope, and upper slope, respectively (Qiu and Zhang 
2000). The slope aspect was converted from a range of 0–360° azimuth to a val-
ue ranging from 0 to 1 using a previously documented formula (Yu et al. 2013).

Within each plot, soil samples were collected at depths of 0–20 cm using the 
five-point sampling method (Lu et al. 2023). The collected soil samples were 
mixed and returned to the laboratory. After air-drying and sieving, the soil samples 
were subjected to chemical analyses to determine various soil parameters. The 
measured indicators included soil pH, exchangeable calcium (ECa), exchange-
able magnesium (EMg), available phosphorus (AP), available potassium (AK), 
ammonium nitrogen (NH4

+-N), nitrate nitrogen (NO3
--N), organic matter (SOM), 

total nitrogen (TN), total phosphorus (TP), and total potassium (TK). Soil pH was 
determined in a suspension with a 1:2.5 soil-to-water ratio. ECa and EMg were 
measured using atomic absorption spectrophotometry (AA-7000, Shimadzu, 
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Kyoto, Japan). NH4
+-N was quantified using the indophenol blue colorimetric 

method, and NO3
--N was measured using the cadmium reduction method fol-

lowed by a sulfanilamide–NAD reaction. SOM content was determined using the 
traditional potassium dichromate oxidation method. TN was measured using the 
semi-micro Kjeldahl method. AP and TP levels were determined using the molyb-
denum–antimony colorimetric method. AK and TK levels were measured using 
the sodium hydroxide fusion flame photometry method. The surface soil water 
content (SWC) of each plot was measured using a portable three-parameter soil 
tester (WET-2, Delta-T Devices Ltd., United Kingdom) following the five-point 
sampling method (Lu et al. 2023). These methods for measuring soil properties 
were described in detail by Lu (1999) and Bao (2000). Environmental variables 
(mean ± SD) in four slope positions are presented in Suppl. material 1: table S1.

Data analysis

Species diversity

The plant species names, along with their family and genus information within 
the study plots, were verified according to the APG III system using the plant-
list package (Zhang 2018). Species richness (S), Simpson index (D), Shannon–
Wiener index (H), and Pielou index (J) were calculated to assess species di-
versity in the plant communities (MacDonald et al. 2017). These indices were 
computed using the vegan package in R version 4.2.2 (Oksanen et al. 2019). 
The formulae used for the calculations are as follows:

	 (1)

	 (2)

J = H / lnS	 (3)

where S represents the species richness within the community plot and Pi rep-
resents the importance value of species i in the community.

Phylogenetic structure and diversity

A phylogenetic tree of vascular plants was constructed using the V.PhyloMaker 
package (Jin and Qian 2019), incorporating evolutionary branch lengths based 
on the “GBOTB.extended.tre” framework following the methodological ap-
proach of scenario S3. This scenario employs average distances to constrain 
phylogenetic tip positions, thereby reducing bias introduced by polytomies. The 
“GBOTB.extended.tre” tree integrates the evolutionary branches of seed plants 
from GBOTB (Smith and Brown 2018) and ferns from the updated, revised, and 
expanded phylogenetic system of Zanne et al. (2014).

The Faith Diversity Index (PD) was used to measure phylogenetic diversity (Faith 
1992). The net relatedness index (NRI) and nearest taxon index (NTI) were used 
to determine the phylogenetic structure. NRI and NTI represent the standardized 
values of the mean pairwise distance (MPD) and mean nearest taxon distance 
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(MNTD), respectively. The NRI primarily describes the overall phylogenetic rela-
tionships among species in a community, whereas the NTI focuses on phyloge-
netic relationships at the terminal branches of the phylogenetic tree. Compared 
with NRI, NTI places greater emphasis on describing the phylogenetic distances 
between neighboring species (Webb et al. 2002). MPD and MNTD were calculat-
ed using the comdist and comdistnt functions in the picante package (Kembel et 
al. 2008). The actual values for each community were compared using an uncon-
strained null model (Kembel and Hubbell 2006), in which the terminal branches 
of the phylogenetic tree were randomly permuted 999 times for all species in the 
community. The differences were then calculated, and the NRI and NTI values for 
each community were obtained (Webb et al. 2002; Swenson et al. 2007).

PD = ∑Lb	 (4)

	 (5)

	 (6)

where Lb represents the branch length connecting the species on the tree. MP-
Dobserved and MNTDobserved are the observed values of the average pairwise 
phylogenetic distance and mean nearest taxon distance, respectively, for each 
plot. MPDrandomized and MNTDrandomized are the average pairwise phylo-
genetic distance and mean nearest taxon distance, respectively, obtained by 
randomly generating null models for the community. sdMPDrandomized and 
sdMNTDrandomized are the standard deviations of the average pairwise phylo-
genetic distance and mean nearest taxon distance obtained from the randomly 
generated null models for the community, respectively. If the NRI (or NTI) > 0, the 
phylogenetic relationships among individuals in the community are closer than 
those expected from a randomly generated null model, suggesting phylogenetic 
clustering. Conversely, if the NRI (or NTI) < 0, it suggests phylogenetic overdis-
persion, indicating that the phylogenetic relationships among individuals in the 
community are more divergent than expected from the null model (Webb et al. 
2002). If the NRI (or NTI) < −1.96, it indicates significant phylogenetic evenness 
compared with the null model, whereas an NRI (or NTI) > 1.96 indicates signifi-
cant phylogenetic clustering compared with the null model (Vamosi et al. 2009).

Statistical analysis

Assuming that the data were normally distributed and satisfied the assumption 
of homogeneity of variances, one-way ANOVA was used to compare differenc-
es in environmental variables among the different slope positions. For multiple 
comparisons of plant diversity between slope positions, the least significant 
difference (LSD) method was applied if variances were equal; however, if vari-
ances were not equal, the Games–Howell test was used. Pearson correlation 
analysis was conducted to examine relationships between species, phylogenet-
ic diversity, and environmental variables. Factors with r > 0.6 were removed. The 
remaining factors were then included in multiple stepwise regression analyses, 
along with diversity indices and phylogenetic structures, to identify the main 
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factors influencing species and phylogenetic diversity. The stepwise regression 
procedure was based on the Akaike Information Criterion (AIC), in which vari-
ables were added or removed by selecting the model with the minimum AIC 
value. Residual analysis confirmed that the model satisfied the assumptions 
of normality, linearity, and homoscedasticity, thereby validating the use of a re-
gression model based on the Gaussian distribution. The factors retained in the 
regression equations were quantified using the rdacca.hp package (Lai et al. 
2022) in R 4.2.2 to determine their explanatory power for the diversity indices 
through hierarchical partitioning analysis. One-way ANOVA and Pearson cor-
relation analysis were performed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA).

Results

Species and phylogenetic diversity at different slopes

Species diversity in the herb, shrub, and tree layers initially decreased and then in-
creased with slope position (Fig. 2). In the herb layer, species richness in the mid-
dle slope was significantly lower than that in the lower and upper slopes (p < 0.05), 
and the Pielou index showed an increasing trend, with values for both the middle 
and upper slopes significantly higher than those in the lower slopes (p < 0.05). 
There were no significant differences in species diversity in the shrub layer among 
the different slope positions. In the tree layer, species richness initially decreased 
and then increased with slope position, whereas the other indices showed an over-
all increasing trend, with no significant differences among slope positions.

Figure 2. Changes in species diversity at different slope positions. Different lowercase letters indicate a significant dif-
ference between communities at different slope positions (p < 0.05). DE, depression; LS, lower slope; MS, middle slope; 
US, upper slope.
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Phylogenetic diversity in the herb, shrub, and tree layers initially decreased 
and then increased with slope position (Fig. 3). Specifically, phylogenetic di-
versity in the lower and upper slopes was significantly higher than that in the 
middle slope in the herb layer (p < 0.05). In contrast, there were no significant 
differences in phylogenetic diversity among slope positions in the shrub and 
tree layers. Across the three layers, phylogenetic diversity was highest in the 
tree layer, followed by the herb and shrub layers.

The NRI and NTI in the herb, shrub, and tree layers showed inconsistent 
patterns in community species phylogenetic relationships across the slope 
positions (Fig. 4). In the herb layer, both NRI and NTI indicated phylogenetic 
clustering across the four slope positions. In the shrub layer, both NRI and NTI 
exhibited phylogenetic divergence on the lower and upper slopes, whereas 
the middle and depression slopes showed a coexistence of phylogenetic di-
vergence and clustering, with significant differences in NRI among the slope 
positions (p < 0.05). In the tree layer, both NRI and NTI exhibited an overall 
pattern of phylogenetic clustering on the lower and upper slopes. In contrast, 
the depression and middle slopes showed a coexistence of phylogenetic di-
vergence and clustering. Overall, the herb and tree layers showed phylogenetic 
clustering, whereas the shrub layer exhibited phylogenetic divergence.

Species and phylogenetic diversity in relation to environmental variables

Correlation analysis revealed that species diversity in the herb layer was signifi-
cantly and negatively correlated with NO3

--N, SOM, and SWC, and significantly 
and positively correlated with SP, SA, and SD (p < 0.05). The phylogenetic struc-
ture was significantly and positively correlated with AK, TP, and BA (p < 0.05). 
Phylogenetic diversity was significantly and negatively correlated with NO3

--N 
and SOM contents (p < 0.05; Fig. 5).

In the shrub layer, species diversity was significantly and negatively correlat-
ed with TP and BA and significantly and positively correlated with SA and pH 

Figure 3. Phylogenetic diversity at different slope positions. Different lowercase letters 
indicate a significant difference between communities at the various slope positions 
(p < 0.05). DE, depression; LS, lower slope; MS, middle slope; US, upper slope.
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(p < 0.05). The phylogenetic structure was significantly and positively correlat-
ed with NH4

+-N, NO3
--N, pH, and CD (p < 0.05). Phylogenetic diversity was sig-

nificantly and positively correlated with SA and negatively correlated with TP (p 
< 0.05; Fig. 5).

In the tree layer, species diversity was significantly and positively correlated 
with SP and CD and significantly and negatively correlated with soil TK, TP, and 
BA (p < 0.05). The phylogenetic structure was significantly negatively correlat-
ed with SP, SD, and SWC, and significantly positively correlated with SD, ROR, 
ECa, EMg, TK, TN, TP, SOM, and SWC (p < 0.05). Both NRI and NTI showed 
different responses to SD and SWC. Phylogenetic diversity was significantly 
negatively correlated with soil TK, TP, and BA (p < 0.05; Fig. 5).

In the herb layer, the environmental variables retained in the regression equa-
tion collectively explained 24.5%, 13.6%, 19.6%, and 22.1% of the variance in 
species richness, Simpson index, Shannon–Wiener index, and Pielou index, 
respectively (Table 1). Among these, SA, SP, and SOM had high explanatory 
powers for species diversity (Fig. 6). The retained environmental variables in 
the regression equation collectively explained 14.0% and 16.8% of the variance 
in NRI and NTI, respectively (Table 1), with BA, ROR, and soil pH contributing 
significantly (Fig. 6). The environmental factors retained in the regression equa-
tion collectively explained 14.6% of the variance in the PD index, with SOM as 
the main influencing factor (Fig. 6).

In the shrub layer, the environmental variables retained in the regression 
equation collectively explained 15.1%, 16.9%, 17.0%, and 20.9% of the variance 
in species richness, Simpson index, Shannon–Wiener index, and Pielou index, 
respectively (Table 1). Among these, BA, SA, and soil pH had high explanatory 
powers for species diversity (Fig. 6). The retained environmental variables in 
the regression equation collectively explained 36.3% and 35.6% of the variance 
in NRI and NTI, respectively (Table 1), with soil pH, NH4

+-N, and CD exerting 
strong influences (Fig. 6). The environmental factors retained in the regression 
equation collectively explained 21.5% of the variance in the PD index, with SA 
and soil NO3

--Nhaving strong impacts (Fig. 6).

Figure 4. Changes in phylogenetic structures at different slope positions. Different lowercase letters indicate significant 
differences between communities at the various slope positions (p < 0.05). DE, depression; LS, lower slope; MS, middle 
slope; US, upper slope.
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In the tree layer, the environmental variables retained in the regression equa-
tion collectively explained 30.1%, 32.7%, 32.1%, and 29.3% of the variance in 
species richness, Simpson index, Shannon–Wiener index, and Pielou index, 
respectively (Table 1), with BA, CD, and SP showing the highest explanatory 
power for species diversity (Fig. 6). The retained environmental variables in the 
regression equation collectively explained 41.1% and 24.7% of the variance in 
NRI and NTI, respectively (Table 1). SP, soil EMg, ECa, and pH also had high ex-
planatory powers (Fig. 6). The environmental factors retained in the regression 
equation collectively explained 32.0% of the variance in the PD index, with SP, 
ROR, and BA making significant contributions (Fig. 6).

Discussion

Changes in species diversity along karst hillslopes

Plant community distributions result from the combined effects of various en-
vironmental factors (climate, soil, topography, and biology) operating at multi-
ple scales. In this study, noticeable differences were observed in topographic, 
soil, and biological factors along the slope gradient (see Suppl. material 1: table 
S1), resulting in habitat heterogeneity at different slope positions, which subse-

Figure 5. Pearson correlation analysis between diversity metrics and environmental factors. HS, HD, HH, HJ, HNRI, HNTI, and 
HPD indicate the species richness, Simpson index, Shannon–Wiener index, Pielou index, net relatedness index, nearest 
taxon index, and phylogenetic diversity of the herb layer, respectively; SS, SD, SH, SJ, SNRI, SNTI, and SPD indicate the species 
richness, Simpson index, Shannon–Wiener index, Pielou index, net relatedness index, nearest taxon index, and phylo-
genetic diversity of the shrub layer, respectively; TS, TD, TH, TJ, TNRI, TNTI, and TPD indicate the species richness, Simpson 
index, Shannon–Wiener index, Pielou index, net relatedness index, nearest taxon index, and phylogenetic diversity of the 
tree layer, respectively. SP, slope position; SA, slope aspect; SD, slope degree; ROR, rock outcrop rate; ECa, exchangeable 
calcium; EMg, exchangeable magnesium; AP, available phosphorus; AK, available potassium; NH4

+-N, ammonium nitro-
gen; NO3

--N, nitrate nitrogen; pH, soil pH; TK, total potassium; TN, total nitrogen; TP, total phosphorus; SOM, soil organic 
matter; SWC, soil water content; CD, canopy density; BA, basal area of woody species. * p <0.05; ** p <0.05.
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quently affected species diversity in the plant communities. Terrain influences 
species distribution and diversity by spatially redistributing resources such as 
soil nutrients, light, heat, and water (Du et al. 2015). Slopes integrate various 
environmental factors, including light, soil thickness, moisture, and nutrient con-
ditions, which in turn significantly influence plant diversity (Liu et al. 2018). In 
this study, as slope increased, the species diversity of the herb and shrub layers 
first decreased and then increased. Species richness in the tree layer showed a 
similar trend, whereas other diversity indices, such as the Simpson, Shannon–
Wiener, and Pielou indices, generally showed a gradual increase (Fig. 2). The 
elevation of the karst peak-cluster depression is relatively low (<600 m), and 
there are substantial topographic differences in soil and water availability on the 
mountainside (Zhang et al. 2021). Conditions in the depression are favorable for 
plant community species diversity. In contrast, the mountainside contains vari-
ous microhabitats (rock cliffs, gullies, and open soil) that provide living spaces 
for plants with different preferences (Zhang et al. 2013). Huang et al. (2016) sug-
gested that conditions on the mountainside may be harsh due to factors such as 
water scarcity, thin soil, and strong solar radiation, which can make it difficult for 
any one species to become dominant, thus promoting higher species diversity.

Soil is an essential component of terrestrial ecosystems and is responsible 
for many ecological processes; therefore, it is a critical factor in research on the 
renewal and succession of plant communities (Daunoras et al. 2024). In karst 

Figure 6. Contribution rates of the environmental variables to the explained variation in species and phylogenetic diversity 
and structure using hierarchical partitioning analysis. HS, HD, HH, HJ, HNRI, HNTI, and HPD indicate the species richness, Simpson 
index, Shannon–Wiener index, Pielou index, net relatedness index, nearest taxon index, and phylogenetic diversity of the herb 
layer, respectively; SS, SD, SH, SJ, SNRI, SNTI, and SPD indicate the species richness, Simpson index, Shannon–Wiener index, Pielou 
index, net relatedness index, nearest taxon index, and phylogenetic diversity of the shrub layer, respectively; TS, TD, TH, TJ, 
TNRI, TNTI, and TPD indicate the species richness, Simpson index, Shannon–Wiener index, Pielou index, net relatedness index, 
nearest taxon index, and phylogenetic diversity of the tree layer, respectively. SP, slope position; SA, slope aspect; ROR, rock 
outcrop rate; ECa, exchangeable calcium; EMg, exchangeable magnesium; AP, available phosphorus; NH4

+-N, ammonium 
nitrogen; NO3

--N, nitrate nitrogen; pH, soil pH; SOM, soil organic matter; CD, canopy density; BA, basal area of woody species.
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areas, plant roots are widely distributed in surface soil, the quality of which deter-
mines its favorability for plant growth (Yan et al. 2022). Numerous studies have 
demonstrated that the physicochemical properties of soil have a significant im-
pact on plant diversity (Sheng et al. 2015; Guo et al. 2018; Gastauer et al. 2020). 
In this study, the diversity of the herb, shrub, and tree layers was influenced by 
multiple soil factors. The species diversity of the herb layer was significantly 
negatively correlated with soil NO3

--N, SOM, and SWC. However, in the shrub lay-
er, it was negatively correlated with soil TP but positively correlated with pH. In 
contrast, diversity in the tree layer was negatively correlated with soil TK and TP. 
Although nitrogen and phosphorus are widely recognized as the primary limiting 
nutrients for terrestrial plants globally (Borer et al. 2015), our study site in the 
tropical karst region aligns with findings identifying phosphorus and potassium 
as key limiting elements (Tan et al. 2019). This difference highlights the unique-
ness of the karst ecosystem and suggests that potassium limitation may replace 
nitrogen as a key constraint alongside phosphorus in this environment. Borer et 
al. (2015) detected widespread phosphorus limitation at the tree species level 
in tropical forests, suggesting that intense competition for soil phosphorus may 
be a common phenomenon at the species scale. Han et al. (2021) indicated that 

Table 1. Stepwise multiple regression equations between species, phylogenetic diversity, structure, and environmental factors.

Stepwise multiple regression equations R2 P

HS = 8.426 + 1.598 SA + 0.02 AP − 0.187 SOM 0.245 0.004

HD = 0.655 + 0.019 SP + 0.043 SA 0.136 0.025

HH = 1.459 + 0.087 SP + 0.173 SA + 0.004 AP − 0.018 SOM 0.196 0.019

HJ = 1.266 + 0.033 SP + 0.004 NO3
--N − 0.073 pH 0.221 0.007

HNRI = 4.098 + 0.976 ROR − 0.624 pH + 0.250 BA 0.140 0.038

HNTI = 4.68 + 0.006 AP + 0.032 NO3
--N − 0.67 pH + 0.238 BA 0.168 0.033

HPD = 1490.0 + 189.1 SA − 27.2 SOM 0.146 0.020

SS = 7.247 + 2.026 SA − 0.032 ECa − 0.023 NH4
+-N 0.151 0.031

SD = 0.695 + 0.071 SA − 0.07 BA 0.169 0.012

SH = 1.412 + 0.308 SA − 0.193 BA 0.170 0.012

SJ = −0.001 + 0.119 pH − 0.043 BA 0.209 0.005

SNRI = −9.409 + 1.1924 ROR + 0.013 NH4
+-N + 1.095 pH 0.363 <0.001

SNTI = −11.97 − 0.269 SP − 0.012 ECa − 0.01 AP + 1.459 pH + 0.061 SOM + 2.671 CD 0.356 0.002

SPD = 667.73 + 182.39 SA − 9.05 NO3
--N − 76.44 BA 0.215 0.008

TS = 9.542 + 5.798SA − 14.392 ROR − 0.092 NH4
+-N + 0.444 SOM − 4.216 BA + 30.01 CD 0.301 0.006

TD = 0.426 + 0.021 SP − 0.055 BA + 0.531 CD 0.327 0.001

TH = 0.882 + 0.162 SP − 0.641 ROR − 0.185 BA + 2.142 CD 0.321 0.001

TJ = 0.3344 + 0.0517 SP − 0.002 ECa + 0.001 AP + 0.479 CD 0.293 0.003

TNRI = −2.985 + 0.588 ROR + 0.012 ECa + 0.108 EMg + 0.007 NH4
+-N + 0.423 pH − 0.034 SOM − 1.751 CD 0.411 0.001

TNTI = −8.140 − 0.441 SP + 0.131 EMg − 0.032 NO3
--N + 1.249 pH − 0.257 BA 0.247 0.011

TPD = 1376.9 + 248.4SP − 1324.3 ROR − 159.7 BA + 1444.5 CD 0.320 0.001

HS, HD, HH, HJ, HNRI, HNTI, and HPD indicate the species richness, Simpson index, Shannon–Wiener index, Pielou index, net relatedness 
index, nearest taxon index, and phylogenetic diversity of the herb layer, respectively; SS, SD, SH, SJ, SNRI, SNTI, and SPD indicate the species 
richness, Simpson index, Shannon–Wiener index, Pielou index, net relatedness index, nearest taxon index, and phylogenetic diversity of 
the shrub layer, respectively; TS, TD, TH, TJ, TNRI, TNTI, and TPD indicate the species richness, Simpson index, Shannon–Wiener index, Pielou 
index, net relatedness index, nearest taxon index, and phylogenetic diversity of the tree layer, respectively. SP, slope position; SA, slope 
aspect; SD, slope degree; ROR, rock outcrop rate; ECa, exchangeable calcium; EMg, exchangeable magnesium; AP, available phosphorus; 
AK, available potassium; NH4

+-N, ammonium nitrogen; NO3
--N, nitrate nitrogen; pH, soil pH; TK, total potassium; TN, total nitrogen; TP, 

total phosphorus; SOM, soil organic matter; SWC, soil water content; CD, canopy density; BA, basal area of woody species.
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soil potassium is a major nutrient-limiting factor in the subtropical karst areas 
of Guangxi, China. Our study provides further evidence that soil phosphorus and 
potassium are key factors limiting plant species diversity in karst areas.

Plants interact with their local environment, leading to changes in community 
species composition and distribution, which, in turn, affect community species di-
versity (Gaiarsa et al. 2025). In this study, species diversity in the shrub and tree 
layers was significantly negatively correlated with BA, whereas CD primarily affect-
ed species diversity in the tree layer. You et al. (2016) found that basal area was 
the most significant factor influencing the composition of shrub layer species in 
the community. An increased basal area, reflecting a higher presence of large-di-
ameter trees, suppresses the growth of small-diameter plants, leading to negative 
interactions at a small scale. As the forest naturally thins, community species di-
versity decreases accordingly (Chen et al. 2023). Canopy closure is a key factor 
in studying understory plant diversity (Jules et al. 2008; You et al. 2016) because 
it limits light availability, thereby mitigating plant competition for resources within 
the community. Consequently, competition has a less significant impact on the 
tree layer, resulting in reduced interspecific competition, which increases the di-
versity of tree layer species (Jules et al. 2008; Chen et al. 2023). This study reveals 
that biological, topographic, and edaphic factors have important effects on the dis-
tribution patterns of community species diversity across three forest strata (herb, 
shrub, and tree layers) in the TKSR. The divergent responses of these plant layers 
to both biotic and abiotic environmental factors result in measurable variations in 
species diversity along slope gradients. Nevertheless, the coupled effects of these 
factors on the pattern of community species diversity require further exploration.

Changes in phylogenetic diversity along karst hillslopes

High phylogenetic diversity suggests that spatial habitats can support the coexis-
tence of species with relatively high levels of evolutionary diversity and variation, 
as well as longer evolutionary histories (Zeng et al. 2018). In this study, the phylo-
genetic diversity of the herb, shrub, and tree layers initially decreased and then in-
creased with increasing slope position, exhibiting significant differences in phylo-
genetic diversity across the slope gradient in the herb layer. Plant communities in 
the depressions and upper slopes exhibited higher species diversity, correspond-
ing to longer evolutionary histories and higher levels of evolutionary diversity and 
variation. Conversely, plant communities on the lower and middle slopes showed 
opposite trends. Xiao et al. (2019) suggested that the different phylogenetic di-
versity responses of species with different life forms to slope variation are relat-
ed to their adaptive strategies to different environments. The species richness of 
woody plant communities is primarily determined by climatic factors such as low 
winter temperatures (Watanabe et al. 2024), whereas microenvironmental fac-
tors such as light intensity, soil moisture, and nutrient status in the understory are 
the main determinants of herbaceous plant community composition (Reich et al. 
2012). This may explain why the phylogenetic diversity of the herb layer changed 
significantly with an increase in slope position in the peak-cluster depression. In 
contrast, the phylogenetic diversity of the shrub and tree layers did not show a 
significant trend. In this study, SA and SOM both had significant effects on the 
phylogenetic diversity of the herb layer; SA, NO3

--N, and BA significantly affected 
the phylogenetic diversity of the shrub layer; and SP, ROR, BA, and CD significantly 



87Nature Conservation 60: 73–97 (2025), DOI: 10.3897/natureconservation.60.162595

Qingling Pang et al.: Plant diversity on steep karst hillslopes

influenced the phylogenetic diversity of the tree layer. Generally, sunny slopes with 
favorable light conditions promote plant growth, whereas relatively low levels of 
soil moisture on shaded slopes can inhibit plant growth. Thus, slope aspect may 
either promote or restrict community species richness (Liu et al. 2018; Zhang et 
al. 2020). In this study, communities on sunny slopes had greater species rich-
ness and higher phylogenetic diversity than those on shaded slopes in the herb 
and shrub layers, possibly due to the relatively favorable habitat conditions on 
sunny slopes, which enabled plants to reproduce more rapidly. Species continu-
ously evolve and diversify to occupy suitable ecological niches, thereby increasing 
the phylogenetic diversity of their communities. Previous studies have indicated 
that species with different life forms respond differently to the same habitat con-
ditions (Ding et al. 2015), and similar results were obtained in this study. Phyloge-
netic diversity research can help determine which communities should be prior-
itized for conservation within a region, as communities with higher phylogenetic 
diversity have greater evolutionary potential and a stronger ability to cope with 
risks associated with global change (Devictor et al. 2010). The results indicate 
that communities in depressions and on upper slopes have higher conservation 
value because of their greater species and phylogenetic diversity.

Changes in phylogenetic structure along karst hillslopes

Community phylogenetic structures result from the interactions among ecological 
factors, environmental filtering, and historical evolution, and they can reveal the pri-
mary ecological processes influencing species diversity (Zhang et al. 2016). Based 
on the assumption of phylogenetic niche conservation, environmental filtering 
leads to the coexistence of species with similar physiological tolerances, resulting 
in an aggregated relationship among phylogenetic lineages within the community. 
Interspecific competition enables distantly related species to coexist within a com-
munity, resulting in divergent relationships among phylogenetic lineages (Webb et 
al. 2002). In this study, the overall phylogenetic structures of the herb and tree layer 
communities tended to be aggregated, whereas that of the shrub layer community 
tended to be divergent. This suggests that the herb and tree layer communities 
were primarily composed of closely related species and that environmental filter-
ing was the main ecological process influencing community assembly. In contrast, 
the species in the shrub layer community were more distantly related, and the pri-
mary ecological process influencing their community assembly was competitive 
exclusion. This may be associated with spatial scale, as interspecific competition 
often occurs when resources within a habitat are limited. In this study, the relatively 
small sampling area of the shrub layer may have exacerbated competition among 
species owing to restricted space and resources, leading to the coexistence of 
different species occupying different niches (Zhu et al. 2018). On a larger scale, 
environmental filtering leads to the coexistence of species with similar resource 
utilization, resulting in a more aggregated phylogenetic structure within the com-
munity. Studies have shown that closely related species are unlikely to coexist at 
small scales, leading to significant phylogenetic divergence within the community 
(Silva and Batalha 2009). As spatial scale increases, phylogenetic structures in 
communities gradually shift from divergent to aggregated (Jin et al. 2020), a trend 
that is particularly evident in tropical rainforests (Hubbell 2006). Furthermore, 
strong environmental filtering in karst habitats results in various phylogenetic 
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structural patterns within plant communities, which are influenced by multiple en-
vironmental factors at different levels. Specifically, phylogenetic aggregation in the 
herb layer was associated with increases in soil AK, TP, and BA. In the shrub layer, 
aggregation was driven by elevated soil NH4

+-N, NO3
--N, pH, and BA. Conversely, 

the tree layer responded to increases in soil ECa, EMg, TK, TN, TP, SOM, and ROR. 
However, an increase in SD promoted an overall aggregation trend in the phylo-
genetic relationships of tree layer species, whereas SOM had the opposite effect, 
increasing the phylogenetic distance between adjacent species and affecting the 
phylogenetic structure of the tree layer. The phylogenetic structure of plant com-
munities is closely related to the response of plants to their environment, which in 
turn affects the ecological processes that dominate community assembly.

The phylogenetic structures of the herb, shrub, and tree layers exhibited in-
consistent patterns along the slope gradient. The herb layers across the dif-
ferent slopes exhibited aggregated phylogenetic structures. In addition to the 
influence of microhabitat conditions, the phylogenetic structure of the herb lay-
er may be related to the life histories of herbaceous plants (Qian et al. 2014). 
Herbaceous plants have short life cycles and strong dispersal abilities, can rap-
idly occupy suitable habitats, exhibit large population fluctuations, and easily 
form aggregated phylogenetic structures (Niu et al. 2011). The dispersal of tree 
seeds may also influence the phylogenetic structure of the herb layer communi-
ty. Herb layers include woody plant seedlings, and the limited dispersal of seeds 
from parent trees in the forest leads to a clustered pattern of seedlings, result-
ing in an aggregated phylogenetic structure in the herb layer community (Niu et 
al. 2011). The phylogenetic structure of the shrub layer exhibited divergence in 
the depression and upper slope and aggregation in the middle slope communi-
ties. In contrast, the lower slope communities showed inconsistent NRI and NTI 
values for the phylogenetic relationships of community species, with NRI indi-
cating divergence and NTI indicating aggregation. In the tree-layer communities, 
the NRI and NTI of the depression and middle slopes exhibited inconsistent phy-
logenetic structures. In the depression, NRI showed divergence, whereas NTI 
showed aggregation. Conversely, the opposite pattern was observed in the mid-
dle slope communities, while the phylogenetic structures of the upper and lower 
slope communities were aggregated. In high-altitude areas, due to environmen-
tal stress, species within communities undergo convergent evolution, resulting 
in a trend toward aggregated phylogenetic structures (Kluge and Kessler 2011; 
You et al. 2013). Similarly, research has shown that the phylogenetic structures 
of evergreen broad-leaved forest communities exhibit aggregation in low-alti-
tude areas and divergence in high-altitude areas (Huang et al. 2010). In this 
study, the harsh habitat conditions on the upper slope may have caused strong 
environmental stress, promoting convergent evolution in plants and resulting in 
aggregated phylogenetic structures in the tree-layer communities. Conversely, 
competition for limited resources among plants may have caused the phylo-
genetic structure of shrub layer plants to diverge. The inconsistent changes in 
community NRI and NTI values are related to their different emphases, indicat-
ing that distinct ecological processes influence the assembly of herb, shrub, 
and tree layer communities. The different ways in which communities respond 
to the environment affect the relative importance of ecological processes in 
community assembly. The results indicate that deterministic processes (envi-
ronmental filtering and competitive exclusion) have significant impacts on com-



89Nature Conservation 60: 73–97 (2025), DOI: 10.3897/natureconservation.60.162595

Qingling Pang et al.: Plant diversity on steep karst hillslopes

munity assembly in the TKSR, while some communities may also be influenced 
by neutral processes (NRI or NTI < −1.96) (Vamosi et al. 2009).

Conservation of karst forests

Karst landscapes are crucial biodiversity reservoirs, particularly in Asia, hosting 
a wealth of endemic species (Clements et al. 2006). The steep karst regions of 
southwestern China are recognized as biodiversity hotspots, notable for their 
remarkable plant species richness and significant conservation value (Guo et 
al. 2018; Geekiyanage et al. 2019). Protecting biodiversity and rehabilitating 
degraded vegetation in these areas remain pivotal ecological priorities for the 
Chinese government and researchers (Chen et al. 2024). Conservation strat-
egies should incorporate phylogenetic diversity into assessment frameworks, 
complementing traditional species diversity metrics to reflect evolutionary rela-
tionships (Tietje et al. 2023). Consequently, areas with high and unique phyloge-
netic diversity should be prioritized for conservation efforts (Zhang et al. 2024). 
Our study demonstrates that depressions and upper slopes exhibit greater spe-
cies and phylogenetic diversity than other slope positions, highlighting their sig-
nificant conservation value for plant diversity. Karst depressions, characterized 
by deep, fertile soils, are especially susceptible to anthropogenic conversion. 
In southwestern China, this has resulted in substantial natural forest loss and 
degradation, primarily due to their conversion into agricultural and plantation 
lands (Yuan et al. 2024). Therefore, conservation efforts for forests in karst 
depressions should be prioritized. Our findings provide critical insights for plan-
ning forest reserves and developing conservation strategies in karst regions.

Conclusion

The results show that species diversity in the herb and shrub layers initially de-
creases and then increases. In contrast, species richness in the tree layer initial-
ly increases and then decreases, while the remaining indices show an overall 
increasing trend in the TKSR along steep karst hillslopes. Stepwise regression 
analysis revealed that SA, SP, and SOM all have high explanatory power for spe-
cies diversity in the herb layer. BA, SA, and soil pH explained much of the varia-
tion in species diversity in the shrub layer, whereas BA, CD, and SP had strong 
influences on species diversity in the tree layer. Phylogenetic diversity in the herb, 
shrub, and tree layers initially decreased and then increased as the slope gradient 
increased. Plant communities exhibited relatively high phylogenetic diversity in 
the depressions and on the upper slopes, suggesting longer evolutionary histo-
ries and greater evolutionary diversity and variation. In contrast, plant communi-
ties on the lower and middle slopes had relatively lower phylogenetic diversity. 
SA and SOM collectively had significant effects on the phylogenetic diversity of 
the herb layer; SA, NO3

--N, and BA significantly influenced the phylogenetic di-
versity of the shrub layer; and SP, ROR, BA, and CD had significant effects on the 
phylogenetic diversity of the tree layer. The herb and tree layers exhibited phylo-
genetic clustering, and habitat filtering was the primary ecological process influ-
encing community assembly. The shrub layer exhibited phylogenetic overdisper-
sion, and competitive exclusion was the primary ecological process influencing 
community assembly. BA, ROR, and soil pH were the primary factors influencing 
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the phylogenetic structure of the herb layer; soil pH, NH4
+-N, and CD strongly in-

fluenced the phylogenetic structure of the shrub layer; and soil EMg, ECa, pH, and 
SP had high explanatory power for the phylogenetic structure of the tree layer. 
Overall, the results show that deterministic processes (habitat filtering and com-
petitive exclusion) have significant impacts on community assembly in the TKSR; 
however, some communities are also influenced by neutral processes. Further-
more, depressions and upper slopes have higher conservation value because of 
their higher levels of species and phylogenetic diversity in southwestern China.
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