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ABSTRACT: Global climates are rapidly changing and future climates are predicted to be characterized 
by extreme climatic events, especially prolonged drought and hot weather. In this study, we explored the 
effects of manipulated low and high soil water availability and soil temperature on soil food webs (as 
indicated by soil nematode communities) from contrasting soil habitats. Soils were collected from a 
relatively arid karst mountain peak, a relatively moist karst piedmont, and a mixed soil of these two was 
also tested. The results showed that water availability was the primary factor influencing the soil food web. 
Soil food web structures were mature under low water availability in mountain peak soils and under high 
water availability in piedmont soils. In the mountain peak soils, high water availability decreased the 
maturity index and structure index of soil nematodes, which was mainly due to marked increase in the 
absolute and relative abundances of low trophic level organisms (i.e., bacterivores and fungivores). In the 
Piedmont soils, high water supply increased the maturity index and structure index of soil nematodes, which 
mainly due to the increases in the absolute and relative abundances of higher trophic level nematodes, such 
as omnivores and predators. However, the nematode maturity index and structure index showed no 
significant response to variations in water availability when soils from the mountain peak and piedmont 
were mixed and cultured together. Although the overall effect of temperature on the soil nematode 
community was weaker than that of water availability, temperature exerted significant context-dependent 
effects. Particularly, moderate temperatures increased fungivorous nematode abundance under drought 
conditions in mountain peak soils but decreased it under moist conditions in piedmont soils. Notably, plant-
parasitic nematodes showed no significant response to either soil moisture or temperature treatments across 
all soil types, indicating a high degree of stability in this trophic group under short-term fluctuations in 
water and temperature. Our results suggest that changes in precipitation may have stronger effects on soil 
nematode communities than increases in temperature. However, the interaction between temperature and 
moisture should not be overlooked, as it can shape nematode community composition in habitat-specific 
ways. In addition, drought-tolerant soil organisms may be available for improving the resistance of soil 
food webs to prolonged drought under climate change conditions. 
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1. Introduction 

The devastating consequences of global warming caused by rising global greenhouse gas emissions 
are detailed in the Sixth Assessment Report released by the IPCC (2023). Global temperatures have already 
risen by 1.1 °C, and all regions of the world are facing unprecedented changes in the climate system, such 
as frequent extreme weather events. Further increases in temperature will further exacerbate these changes. 
Extreme heat, heavy rainfall, and regional droughts are the main forms of global climate change. 

Recently, the relationship between soil nematodes and global change has been receiving increasing 
attention. The impacts of climate change on soil nematodes are complex and sensitive, covering multiple 
dimensions, including community structure, trophic levels, and species diversity [1]. Precipitation has been 
demonstrated in numerous studies to be the primary factor determining soil nematode properties, including 
structure, abundance, and population [2–4]. Guan et al. (2023) conducted a field survey at six representative 
sites along a precipitation gradient ranging from 300 to 900 mm across northeastern China, and the results 
showed that precipitation was positively correlated with soil nematode abundance [5]. In the experiment with 
increased precipitation, a 100 mm increase in mean annual precipitation resulted in a 149% increase in total 
soil nematode abundance. This finding was confirmed by another study showing that soil nematode 
abundances increased with increasing mean annual precipitation in forest ecosystems in New Jersey, USA, and 
that nematodes were more sensitive to changes in mean annual precipitation than soil microorganisms [6]. 

Karst landscapes account for about 15% of the world’s total land area [7], and are mainly concentrated 
in low-latitude regions, including Southeast Asia, the Mediterranean in Europe, the east coast of North 
America, the west coast of South America, and the fringes of Australia. In particular, southwestern China 
has the largest concentrated and continuous karst area [8,9]. Karst areas are characterized by serious rock 
desertification, a high degree of exposed bedrock, a weak capacity for self-regulation and resistance to 
disturbance, shallow and discontinuous soils, and low vegetation cover, which is highly susceptible to soil 
and water erosion in southwest China [10,11]. The special conditions of geomorphic topography (especially 
slope), vegetation, climate, and anthropogenic disturbances have also led to karst peaks exhibiting a high 
degree of habitat heterogeneity at small scales [12,13]. For instance, the soil on karst mountain peak 
experiences rapid wet-dry cycles due to frequent rainfalls and great evapotranspiration in summer, and the 
soil of karst piedmont can still maintain a relatively constant and high soil moisture level due to low 
evapotranspiration under thick soil and high vegetation cover conditions [14]. The soil moisture dynamics 
have significant impacts on soil communities [15,16]. On karst mountain peaks, intermittent drought has 
filtered out biological taxa with low tolerance to water deficits, resulting in a community composition 
exhibiting relatively high drought resistance [14]. Thus, the differences in water supply stability between 
mountain peak and piedmont soils may be one of the key ecological drivers shaping their distinct soil food 
web structure. 

Soil nematodes are widely distributed in soil ecosystems worldwide. They are among the most 
abundant and functionally diverse metazoans and occupy multiple trophic levels ranging from primary 
decomposers to high trophic level predators, are not only involved in the regulation of microbial community 
structure and nutrient cycling processes, but also play a key role in maintaining the stability of soil 
ecosystems [17–19]. Meanwhile, they have been widely used as bioindicators of soil health and 
environmental change due to their sensitivity to soil disturbance, pollution and climate change [17,20,21]. 
Environmental factors such as elevation, temperature, and precipitation have important effects on 
controlling the composition and distribution of soil biota (including nematodes), especially at large spatial 
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scales [22–25]. Bakonyi et al. (2007) found that the structure and diversity of nematode communities are 
more sensitive to small fluctuations in soil moisture and temperature [26]. Temperature is an important 
abiotic factor for nematode growth and development because nematodes are thermophilic organisms [27]. 
Temperature changes affect nematode distribution and result in shorter generation times [28,29]. 
Furthermore, several studies have shown that soil moisture is crucial for maintaining nematode survival 
and biological activity in arid habitats [30–32]. It has also been reported that temperature is more important 
than soil moisture for the migration of nematode communities [1]. However, most of the studies employed 
correlation analyses rather than experimental manipulations to examine the relationships between 
temperature/moisture and soil nematodes. A knowledge gap persists regarding how soil moisture and 
temperature directly influence nematode communities of different ecosystems in controlled conditions. 

In the present study, soils were collected from the mountain peak and piedmont of a karst hill. The 
contrasting environmental conditions between the karst mountain peak and the piedmont areas resulted in 
significantly divergent soil nematode community compositions. A microcosm experiment was conducted 
to manipulate soil temperature and moisture conditions of the karst mountain peak and piedmont. The 
objective of this study was to explore how soil temperature and moisture affect nematode communities 
across three soil types: mountain peak soils, piedmont soils, and their mixture. We attempt to address the 
following ecological questions: (1) How do soil temperature and moisture individually and interactively 
affect soil nematode community composition? and (2) how nematode communities from different habitats 
adapt to favorable and harsh environmental changes. Accordingly, we hypothesized that: (1) Soil moisture 
exerts a stronger influence than temperature on nematode community composition, due to nematodes’ 
reliance on water for activity and survival; (2) Nematode communities from mountain peak soils are more 
tolerant to low moisture conditions than those from piedmont soils, reflecting long-term adaptation to 
habitat-specific environmental stress. 

2. Materials and Methods 

2.1. Soil Collection 

The soil used in this study was collected from the Huanjiang Observation and Research Station for 
Karst Ecosystems (107°51′–108°43′ E, 24°44′–25°33′ N), Chinese Academy of Sciences (CAS), Guangxi 
Province, China. The watershed is a typical peak-cluster depression area of karst regions in southwest China. 
The climate is subtropical monsoon, with a distinct wet season (from April to September) and a dry season 
(from October to March). The watershed is a peak-cluster depression area typical of karst regions. The 
mean annual temperature and precipitation are 18.5 °C and 1389 mm, respectively. The calcareous soil 
developed from a dolostone base [12,33]. 

In a representative karst peak-cluster depression area, we selected a hill approximately 200 m in 
elevation for soil sampling. The hill exhibits contrasting soil habitats between the mountain peak and 
piedmont, reflecting variations in topography, vegetation cover, and soil moisture regimes. Particularly, the 
karst mountain peak experiences severe dry-wet cycles and extremely high temperatures in summer (wet 
season) [14]; and its soil water content could be reduced to 9.0% in mid-August 2012, which was three to 
four times lower than that of the karst piedmont soils [14]. Therefore, the soil habitat is much drier on the 
karst mountain peak but relatively moist on the karst piedmont, leading to contrasting soil biota 
compositions between the two soil types [14,34]. 

2.2. Experimental Design 

In April 2022, soils were collected from the peaks and piedmont of the karst hill, respectively, and a 
microcosm experiment was conducted using 50-mL clear plastic centrifuge tubes, each containing 100 g of 
soil. The experiment was conducted in a randomized complete block design (n = 4) with 12 treatments, 
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including three soil sources, two temperature treatments (high and moderate), and two water treatments 
(high and low), resulting in a 3 × 2 × 2 factorial complete set. Thus, there were 48 samples in total. The 
three soils are mountain peak soil, piedmont soil, and a 1:1 mixture of these two soils. This design aimed 
to simulate the ecotonal transition zone that may exist between contrasting habitats in karst landscapes. 
Moreover, the mixed soil served to explore whether environmental effects on soil nematode communities 
were additive, synergistic, or buffered in heterogeneous substrate conditions. The high temperature 
manipulating treatment (HT) was implemented via placing the microcosms outside to obtain natural 
sunlight irradiation and ambient temperature, resulting in an average soil temperature of 45 °C throughout 
the experiment time. The moderate temperature manipulating treatment (LT) was implemented via placing 
the microcosms in an air-conditioned greenhouse to control daytime temperature and obtain sunlight 
irradiation, resulting in an average soil temperature of 20 °C throughout the experiment time. The high 
water manipulating treatment (HW) was implemented by adding distilled water every 2–3 days to maintain 
a relatively high soil moisture (65% soil water content). The low water manipulating treatment (LW) was 
implemented by adding distilled water to the microcosms according to the rainfall amount after each rainfall 
event. All the microcosms (i.e., the 50-mL clear plastic centrifuge tubes) were sealed with nylon mesh (1 
mm mesh size). Prior to formal incubation, a temperature logger iButton (Dallas Semiconductor Corp., 
Dallas, TX, USA) was buried in soil in a microcosm representing a treatment. A total of twelve temperature 
logger iButtons were buried. All microcosms were placed in the dark at 25 °C for 1 week to restore 
biological activity. The soil culture experiment lasted 162 days from 5 April through 15 September. On 16 
September, all soil in each microcosm was collected for soil nematode analysis and soil moisture analysis. 

Nematodes were extracted from 50 g of fresh soil using the Baermann funnel method. After nematodes 
were fixed in 4% formalin solution, they were counted at low magnification (100×) using an inverted 
microscope (Eclipse Ts100, Nikon, Yokohama city, Japan). The nematodes were then identified at the 
genus level using a DIC microscope (Eclipse 80 i, Nikon, Yokohama city, Japan) at high magnification 
(400×) [35–37] and categorized by trophic groups and ecological life strategy [18,20,38]. The functional 
guild is defined by the nematode’s trophic behavior and by its ecological life strategy as a colonizer or 
persister (as indicated by its “cp” value). 

The soil nematode ecological indices: Simpson Dominance Index (λ), Richness of genera (S), Pielou 
evenness index (J), Enrichment index (EI), structure index (SI), maturity index (MI) and plant parasitic 
index (PPI) were computed based on the weighted composition of the nematode community [19,39–41]. 
The EI reflects the degree of food availability and nutrient enrichment; lower SI may indicate greater 
disturbance of the soil food web, whereas a higher MI suggests a lesser impact of the disturbance; PPI is a 
plant parasitism index that reflects the structure and complexity of the soil food web. 

2.3. Data Analysis 

Before analysis, data for the abundances of total nematodes and different trophic groups were log(x+1) 
transformed when required to improve normality and homogeneity of variance. Two-way ANOVA was 
used to investigate the main and interaction effects of soil temperature and moisture on soil nematode 
variables of each soil type. One-way ANOVA followed by the least significant differences (LSD) post hoc 
test was employed to explore the effects of the four treatments on soil nematode variables of each soil type. 
Tamhane’s T2 post hoc test was used to test differences among treatments when the variances of 
transformed data were not equal. Statistical significance was determined at p < 0.05. The ANOVA was 
performed with R version 4.2.0 (R Core Team, 2022, Vienna, Austria). 

Variation partitioning was employed to distinguish the contributions of water and temperature to the 
explained variation in soil nematode assemblages. This approach is based on redundancy analysis (RDA) 
[42,43]. For each nematode assemblage and soil type, three separate RDAs were conducted. The total 
variation explained (VETotal) was obtained from an RDA in which both water and temperature variables 
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constrained the nematode assemblage. The variation uniquely explained by water (VEWater) was derived 
from an RDA constrained by water, with temperature included as a covariable. Similarly, the variation 
uniquely explained by temperature (VETemperature) was obtained from an RDA constrained by temperature, 
with water treated as a covariable. The variation jointly explained by water and temperature was then 
calculated as VETotal − VEWater − VETemperature, while the unexplained variation was computed as 100 − 
VETotal. All RDA analyses were carried out using Canoco 5.0 software (Microcomputer Power, Ithaca, NY, 
USA). Prior to analysis, all variables were log10-transformed, and the significance of the canonical axes 
was tested with 999 unrestricted Monte Carlo permutations under the reduced model. 

3. Results 

3.1. The Abundances of Total Nematodes and Each Trophic Group 

In the mountain peak soil, nematode communities responded strongly to soil moisture, which 
significantly influenced the total abundance, bacterivores, fungivores, and omnivore-predators (Table 1). 
Total nematode abundance was significantly higher under HW-HT compared to LW-HT (Figure 1A), 
suggesting that high moisture effectively counteracts the negative impact of elevated temperature. 
Bacterivore abundance showed a similar pattern, with significantly greater values under HW-HT than all 
other treatments (Figure 1D). Fungivore abundance was also significantly enhanced by high moisture, with 
HW-HT significantly exceeding LW-HT and LW-LT (Figure 1G). Omnivore-predator abundance 
increased significantly under HW-HT compared to LW-HT (Figure 1M). In contrast, herbivore abundance 
showed no significant variation across treatments (Figure 1J). The nematode abundance results indicate 
that a shift from dry to wet soil conditions promotes higher community density in mountain peak soils. 

In the piedmont soil, moisture significantly affected total nematode abundance, bacterivores, and 
fungivores (Table 1). Total abundance was significantly higher in HW-LT than in LW-HT (Figure 1B), 
indicating that moderate temperature combined with high water availability favors nematode survival. 
Bacterivore abundance under HW-HT was significantly higher than under LW-HT and LW-LT (Figure 1E), 
while fungivore abundance under HW-HT was also significantly greater than LW-HT and LW-LT (Figure 
1H). No significant treatment differences were observed for herbivores or omnivore-predators (Figure 
1K,N). These results indicate that a shift from wet to dry soil conditions reduces community density in 
piedmont soils. 

In the mixed soil, total nematode abundance and bacterivore and fungivore abundances were all 
significantly influenced by moisture (Table 1). Total abundance was significantly greater under HW-LT 
than under LW-HT (Figure 1C). For bacterivores, HW-LT supported significantly higher abundance than 
LW-HT (Figure 1F). Similarly, fungivores under HW-LT were significantly more abundant than in LW-
HT (Figure 1I). Herbivores and omnivore-predators in this soil type showed no significant differences 
among treatments (Figure 1L,O). 
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Table 1. Summary of analyses of variance (Two-way ANOVA) of nematode variables in mountain peak soils, piedmont soils, and mixed soils of these two. Listed are F values and p values. T: 
Temperature (high and moderate temperature) and W: Water (high and low water content). T×W denotes interaction effect. 

Variables of Soil Nematodes 
Mountain Peak Soil Piedmont Soil Mixed Soil 

T W T×W T W T×W T W T×W 
F p F p F p F p F p F p F p F p F p 

Total nematode abundance 0.364 0.558 64.059 <0.001 3.736 0.077 1.202 0.296 5.727 0.036 0.720 0.414 3.643 0.081 17.197 0.001 0.308 0.589 
Bacterivore abundance 4.285 0.061 43.742 <0.001 0.422 0.528 1.363 0.268 5.158 0.044 1.735 0.215 4.086 0.066 7.177 0.020 0.002 0.961 
Fungivore abundance 0.279 0.607 82.485 <0.001 6.685 0.024 2.137 0.172 0.755 0.403 6.594 0.026 2.447 0.144 11.348 0.006 0.069 0.797 
Herbivore abundance 0.436 0.522 0.346 0.567 0.557 0.470 4.347 0.061 1.399 0.262 0.147 0.708 0.002 0.967 0.033 0.858 0.788 0.392 

Omnivore-predator abundance 0.356 0.562 4.853 0.048 1.410 0.258 1.416 0.259 3.164 0.103 0.864 0.373 0.650 0.436 4.280 0.061 0.001 0.982 
Richness of genera (S) a 0.832 0.380 23.120 <0.001 0.007 0.935 5.244 0.043 0.809 0.388 0.167 0.690 17.055 0.001 2.315 0.154 0.756 0.402 

Pielou evenness index (J) 1.142 0.306 27.274 <0.001 2.771 0.122 1.312 0.276 0.055 0.819 1.310 0.277 0.071 0.795 30.149 <0.001 0.384 0.547 
Simpson dominance index (λ) 1.315 0.274 13.890 0.003 0.740 0.407 1.418 0.259 1.359 0.268 0.397 0.541 13.992 0.003 7.020 0.021 0.024 0.879 

Maturity index (MI) 0.143 0.712 9.985 0.008 1.619 0.227 1.898 0.196 5.457 0.039 1.241 0.289 1.162 0.302 0.882 0.366 0.005 0.943 
Plant-parasite index (PPI) 1.200 0.295 <0.001 1.000 1.200 0.295 3.531 0.087 0.729 0.411 0.029 0.867 0.231 0.640 0.231 0.064 0.231 0.640 

Enrichment index (EI) 0.754 0.402 17.367 0.001 10.884 0.006 0.866 0.372 1.707 0.218 12.049 0.005 0.198 0.665 12.226 0.004 0.022 0.883 
Structure index (SI) 0.373 0.553 9.865 0.009 1.725 0.214 3.355 0.094 18.290 0.001 0.796 0.391 2.065 0.176 0.632 0.442 0.198 0.664 

a The community may occasionally contain a very small number of entomopathogenic nematodes.
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Figure 1. Abundance of total nematodes (A–C), bacterivores (D–F), fungivores (G–I), herbivores (J–L), and omnivore-
predators (M–O) of mountain peak soils, piedmont soils, and mixed soils under low water high temperature (LW-HT), low water 
moderate temperature (LW-LT), high water high temperature (HW-HT), and high water moderate temperature (HW-LT) 
treatments. Bars indicate standard errors of means. Values with different letters are significantly different at p < 0.05 level by 
the LSD test. 

3.2. The Diversity of Soil Nematodes 

In mountain peak soils, soil moisture had a significant effect on the richness and composition of 
nematode communities, while temperature and the interaction between temperature and moisture showed 
limited influence (Table 1). Specifically, the richness of nematode genera (S), Pielou evenness index (J), 
Simpson dominance index (λ), and enrichment index (EI) were all significantly higher under high water 
(HW) conditions than under low water (LW) conditions, regardless of temperature level (Figure 2A,D,G). 
For example, HW-HT and HW-LT treatments both led to significantly higher genus richness and lower 
community evenness compared to LW treatments, indicating a moisture-driven shift toward increased 
diversity but decreased distributional balance within the community. Correspondingly, Simpson’s 
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dominance index was also elevated under HW treatments, suggesting that a few fast-growing genera may 
have dominated under moist conditions. These results indicate that a shift from dry to wet soil conditions 
promotes higher community diversity in mountain peak soils. 

In piedmont soils, nematode community diversity indices were generally less responsive to 
environmental treatments. While water treatment had a significant effect on the total nematode abundance 
and enrichment index, as well as marginally affected the maturity index (MI) and bacterivore abundance, 
no significant effects were observed on richness (S), evenness (J), or dominance (λ) (Table 1, Figure 
2B,E,H). This indicates that nematode communities in piedmont soils were more structurally stable and 
less sensitive to short-term fluctuations in soil moisture and temperature. 

In mixed soils, the effects of water availability were again evident. The genus richness (S) and 
enrichment index (EI) were significantly higher under HW conditions, whereas evenness (J) and dominance 
(λ) were significantly altered, particularly under HW-HT treatment (Table 1, Figure 2C,F,I). Richness 
increased notably in HW-LT, whereas HW-HT led to increased dominance and reduced evenness, 
indicating that under high water and high temperature conditions, the nematode community tended toward 
functional simplification and competitive exclusion. These results parallel the patterns observed in 
mountain peak soils, suggesting that moisture is a primary environmental filter shaping nematode diversity 
in both homogenous and heterogeneous soil systems. 

 

Figure 2. Nematode richness (A–C), Pielou evenness index (D–F), and Simpson dominance index (G–I) of mountain peak soils, 
piedmont soils, and mixed soils of these two under low water high temperature (LW-HT), low water moderate temperature (LW-
LT), high water high temperature (HW-HT), and high water moderate temperature (HW-LT) treatments. Bars indicate standard 
errors of means. Values with different letters are significantly different at p < 0.05 level by the LSD test. 
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3.3. The Nematode Community Maturity and Structure 

In mountain peak soils, moisture had a significant effect on multiple nematode community parameters, 
while temperature and the interaction between temperature and moisture played relatively minor roles. The 
maturity index (MI) was significantly higher under the LW-LT treatment than under HW treatments (Figure 
3A), suggesting that nematode communities were more structured and ecologically mature under dry, cool 
conditions. Similarly, both the enrichment index (EI) and structure index (SI) were significantly greater 
under LW than HW (Table 1). In the faunal profile (Figure 4A), the LW-LT treatment was located in 
quadrant III with higher SI and moderate EI, reflecting a stable, structured food web. In contrast, HW-HT 
treatments were situated in quadrant IV, indicating a disturbed system with reduced structural complexity 
and enrichment. 

In piedmont soils, moisture again emerged as the primary factor influencing nematode community 
responses. The MI was higher under HW-LT than LW treatments (Figure 3B), suggesting that lower 
moisture led to less mature communities in the piedmont. Additionally, EI and SI were significantly reduced 
under LW treatments (Table 1). The faunal profile (Figure 4B) showed LW placed in quadrant IV, 
suggesting a disturbed and poorly structured soil food web, while HW treatments were located in quadrant 
III, indicating relatively higher community stability. 

In mixed soils, nematode community responses to environmental treatments were generally less 
pronounced. Only the enrichment index (EI) showed significantly higher values under HW than LW (Table 
1), suggesting that high moisture is suitable for nematodes to acquire and use nutrients. No significant 
differences in MI were observed among treatments (Figure 3C), indicating that the mixed soils maintained 
a stable maturity level across conditions. The faunal profile (Figure 4C) showed all treatments clustering in 
quadrant III, with relatively minor differences between treatments, reflecting the buffering capacity of 
mixed soils in maintaining food web stability. 

 

Figure 3. Nematode maturity index (A–C) and plant-parasite index (D–F) of mountain peak soils, piedmont soils, and mixed 
soils of these two under low water high temperature (LW-HT), low water moderate temperature (LW-LT), high water high 
temperature (HW-HT), and high water moderate temperature (HW-LT) treatments. Bars indicate standard errors of means. 
Values with different letters are significantly different at p < 0.05 level by LSD test. 
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Figure 4. Weighted soil nematode faunal analysis of mountain peak soils (A), piedmont soils (B), and mixed soils of these two 
(C) under low water high temperature (LW-HT), low water moderate temperature (LW-LT), high water high temperature (HW-
HT), and high water moderate temperature (HW-LT) treatments. Bars indicate standard errors of means. Points with different 
lowercase and uppercase letters indicate that nematode enrichment index and structure index are significantly different at p < 
0.05 level by LSD test, respectively. 

3.4. Variation Partitioning of Water and Temperature on Nematode Trophic Groups 

In mountain peak soils, water emerged as the primary driver of genus-level community composition, 
accounting for significantly more variation than temperature across total nematodes and three trophic 
groups (bacterivores, fungivores, and omnivore-predators) (p < 0.05) (Table 2). Neither temperature nor 
water had a statistically significant effect on herbivore composition, although temperature did explain a 
marginally higher amount of variation (Table 2). In piedmont soils, water explained a greater amount of 
variations than temperature across total nematodes and bacterivores (p < 0.05) (Table 2). For fungivores, 
neither water nor temperature was a statistically significant predictor, although the RDA results did not 
reach statistical significance (Table 2). In mixed soils, temperature emerged as the primary driver of the 
total nematode community (Table 2). Temperature and water explained 20.2% and 14.8% of the variation 
in total nematode communities, respectively (p < 0.05) (Table 2). In addition, temperature explained a 
greater amount of variation than water across bacterivores, and water explained a greater amount of 
variation than temperature across omnivore-predators (Table 2). 
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Table 2. Results of variance partitioning for all nematodes and four trophic groups (i.e., bacterivores, fungivores, herbivores, and omnivore-predators) of mountain peak soils, piedmont soils, 
and mixed soils of these two in terms of the fractions of variation explained. Variation of the nematode generic data matrix is explained by two variables: temperature and water. 

Soil Types Nematode Variables 
Total Explained 

Variation 
p 

Value 

Temperature Water 
Joint Effect of Temperature and 

Water 
Unexplained 

Variation 
Explained 
Variation 

p 
Value 

Explained 
Variation 

p 
Value 

Mountain peak soils All nematodes 39.9% 0.002 6.0% 0.222 33.1% 0.002 0.8% 60.1% 
 Bacterivores 37.5% 0.002 8.9% 0.092 27.5% 0.002 1.1% 62.5% 
 Fungivores 56.0% 0.004 1.4% 0.812 53.9% 0.002 0.7% 44.0% 
 Herbivores 15.7% 0.586 9.5% 0.350 6.0% 0.472 0.2% 84.3% 
 Omnivore-predators 30.2% 0.026 1.5% 0.970 28.5% 0.004 0.2% 69.8% 

Piedmont soils All nematodes 27.7% 0.008 7.2% 0.314 19.5% 0.002 1.0% 72.3% 
 Bacterivores 36.3% 0.004 5.7% 0.478 28.5% 0.002 2.1% 63.7% 
 Fungivores 21.8% 0.170 5.5% 0.330 14.5% 0.110 1.8% 78.2% 
 Herbivores 20.3% 0.246 13.5% 0.148 4.5% 0.442 2.3% 79.7% 
 Omnivore-predators 12.5% 0.416 8.6% 0.308 3.1% 0.748 0.8% 87.5% 

Mixed soils All nematodes 35.8% 0.004 20.2% 0.010 14.8% 0.028 0.8% 64.2% 
 Bacterivores 38.8% 0.008 25.6% 0.006 12.6% 0.068 0.6% 61.2% 
 Fungivores 34.4% 0.040 13.2% 0.136 19.6% 0.062 1.6% 65.6% 
 Herbivores 6.0% 0.852 2.2% 0.846 3.6% 0.640 0.2% 94.0% 
 Omnivore-predators 32.8% 0.060 10.3% 0.194 21.9% 0.030 0.6% 67.2% 
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4. Discussion 

4.1. Water Is More Important Than Temperature in Shaping Soil Nematode Communities 

The present study clearly showed that the effect of soil moisture on soil nematode community 
composition was more significant than that of temperature across all three soil sources. Specifically, soil 
nematodes live in the soil water film [44], and their feeding and movement behaviors are theoretically 
restricted by soil water content. In fact, water availability is a major constraint on biological activity [6]. In 
an experiment with gradually increasing soil moisture content, the degree of response of soil 
microorganisms gradually increased from 7% to 266%, and the greater the magnitude of soil moisture, the 
greater the degree of response of microorganisms [31,45,46]. Consistent with these reports, higher soil 
water content maintained greater abundance and genus richness of soil nematodes in this study. It is 
noteworthy that different trophic groups and species of nematodes respond differently to soil moisture. 
Environments with higher soil moisture content favor the growth of bacterivorous nematodes [47]. This is 
also reflected in our study. Similarly, Ruan (2012) found that increased precipitation significantly increased 
the number of herbivorous nematodes and decreased the number of bacterivorous and omnivorous-
carnivorous nematodes in semi-arid grasslands [4]. 

Soil temperature mainly affected the nematode richness rather than nematode abundance in the present 
study. In particular, extremely high temperatures reduced nematode genus richness in piedmont soil and 
mixed mountain peak-piedmont soil. This may be due to the fact that soil nematodes can withstand the 
thermal stress (high temperature) [28,48]. However, the relationships between temperature and nematodes 
are not clear. Several previous studies have reported that elevated temperatures affect nematode growth and 
reproduction, thereby increasing the abundance of nematodes [49,50], while others have found that 
temperature increases have no significant effect on soil nematodes [26,51]. These conflicting results may 
be due to the fact that soil nematodes are tolerant to a wide range of simulated temperatures. Furthermore, 
temperature may have an indirect effect on soil biota by changing soil water content. In our study, 
interaction effects between temperature and water on fungivorous nematode abundance and enrichment 
index were detected in the mountain peak soil and piedmont soil, which may be evidence of the indirect 
effects of temperature on soil nematodes. Similarly, the impacts of temperature on soil nematode abundance 
are indirect, via modifications to soil characteristics, rather than having direct effects at a global scale [17]. 

Interestingly, plant-parasitic nematodes showed no significant response to either soil moisture or 
temperature across all soil types. This suggests that this trophic group is more resistant to short-term 
environmental changes, potentially due to their specialized plant-host associations. These results 
collectively support our first hypothesis that soil moisture has a greater influence than temperature on 
nematode community composition. Across different soils, moisture consistently affected nematode 
abundance, diversity, and functional indices, whereas temperature had more limited and indirect effects. 
This highlights the critical role of water availability as the primary environmental driver of nematode 
dynamics in karst ecosystems. 

4.2. Nematodes from Contrasting Habitats Respond Differently to Water Changes 

Soil nematode communities on mountain peaks were highly structured under low moisture conditions, 
while soil nematode communities on piedmonts were highly structured under high moisture conditions 
(Figure 4). When the mountain peak soil moisture condition became better, the number of nematodes with 
low cp values increased, which led to a decrease in SI; and the increase in mountain peak soil moisture 
increased the abundances of fast-growing cp1 bacterial-feeding nematodes and cp2 fungivorous nematodes, 
which resulted in the increases in the enrichment index. When Piedmont soil moisture conditions 
deteriorated, the lower SI resulted primarily from a lower number of high cp values (omnivores and 
predators). The recovery rate of high trophic level nematodes is slower than that of low trophic level 
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nematodes [52]. Many nematodes can survive for long periods of time in unusually stressful environments 
by experiencing temporary quiescence under environmental stress and entering dehydration or other 
extreme states [28]. A number of physiological and behavioral responses make nematodes more responsive 
to environmental stress. For instance, Austin et al. (2009) found that the majority of nematodes extracted 
from the surface of granite flatrock outcrops in the eastern Piedmont region of the United States were in 
curled form (33–89%), suggesting that they use dehydration to survive in this unique environment [53]. 
Therefore, we suggest that piedmont environments are more difficult for nematode communities to recover 
when subjected to extreme rainfall or drought. In contrast, mountain peak nematodes are more tolerant to 
changes in environmental moisture. 

These observations support our second hypothesis which proposed that nematode communities from 
mountain peak soils are more tolerant to low moisture than those from piedmont soils. The higher ecological 
maturity and structure of nematode communities in peak soils under dry conditions, compared to their 
piedmont counterparts under similar stress, suggest long-term adaptation to drought. This indicates that 
summit-dwelling nematodes may possess intrinsic resilience traits shaped by the harsh microenvironmental 
conditions of karst mountain peaks. 

Moreover, we observed that nematode abundance significantly increased in mixed soils under 
moderate temperature conditions. This finding indicates that the heterogeneous substrate formed by 
combining summit and piedmont soils may buffer against environmental stress. The mixed soil likely 
provides more complementary microhabitats and resource niches, facilitating nematode activity and 
survival in otherwise less favorable conditions. Such heterogeneity might enhance system resilience 
through trophic and structural diversity. This result supports the ecological role of transitional or ecotonal 
zones in karst landscapes, where the mixing of soils from contrasting habitats can lead to greater biological 
responses under climate stress. Furthermore, the lack of response in plant-parasitic nematodes across all 
soil types, regardless of hydrothermal treatment, reinforces their functional stability and suggests a unique 
resilience mechanism within this group. Nematodes’ ability to enter cryptobiotic states also allows them to 
survive extreme environments, such as deserts, and recover rapidly [54,55]. Thus, soil nematodes may 
contribute to ecosystem resistance under climate change and serve as indicators of environmental resilience. 

5. Conclusions 

In summary, this study demonstrates that soil moisture exerts a stronger and more direct influence on 
soil nematode communities than temperature does, with moisture primarily driving abundance, richness, 
and functional indices, whereas temperature plays a secondary, often indirect role through its interaction 
with water availability. These findings highlight water as the key environmental filter in karst ecosystems, 
where projected shifts in precipitation regimes may pose greater threats to belowground biota than warming 
alone. Importantly, nematode responses were habitat-dependent. Specifically, nematode communities from 
mountain peak soils showed greater stability under low moisture, as these soils are adapted to harsh 
conditions. Piedmont communities were more vulnerable to moisture reduction and lost more high-trophic-
level taxa. Mixed soils had higher nematode abundance under moderate conditions, suggesting habitat 
heterogeneity buffers environmental stress. Notably, plant-parasitic nematodes remained unresponsive 
across all treatments, indicating strong physiological or ecological buffering that may render them useful 
as indicators of acute disturbance, though their long-term sensitivity requires further scrutiny. 

Given the short-term nature of our microcosm experiment, we caution against overgeneralization to 
long-term field dynamics, and we emphasize the need for extended, multi-factor studies that incorporate 
plant-soil interactions and biogeochemical feedbacks. Future research should also investigate the 
physiological mechanisms underlying nematode resilience across habitats and identify critical thresholds 
beyond which community structure undergoes irreversible change. Integrating such knowledge with 
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ecosystem process measurements will be essential for accurately predicting the responses of soil food webs 
to ongoing climate change. 
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