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In this study, the community structure and diversity of macroinvertebrate benthic animals in the 18 streams, Cangshan, Dali City, Yunnan Province, were investigated in detail. The main water environment factors driving the changes in these communities were analyzed, and the effects of the wet and dry seasons were explored. There were significant differences in the characteristics of the water environment and the community structure of benthic animals between the wet and dry seasons. In particular, the precipitation, water flow, and water temperature increased in the wet season, and the species diversity and functional diversity of benthic animals were significantly greater than those in the dry season. Through the analysis of the linear mixed effect model, in the wet season, the rainfall increases greatly, leading to the acceleration of the flow velocity and the increase in turbidity; rich nutrients and suspended particles enter the water, and a relatively high water temperature provides a relatively suitable habitat. The combined effects of these factors improve the species diversity and functional diversity of benthic animals. Moreover, the wet season coincides with the agricultural farming period in the area, and the increase in organic matter and nutrients in agricultural runoff also provides food for the reproduction of some benthic animals, leading to an increase in their diversity. These results suggest that the combined effects of such significant seasonal changes and human activities (agricultural development) need to be considered when protecting and managing aquatic ecosystems in regions with distinct wet and dry seasons. This study provides a key basis for the scientific formulation of water resource management policies, which not only helps maintain the health and stability of the ecosystem of the 18 streams in Cangshan but also provides a valuable reference for the seasonal protection and management of similar water ecosystems around the world.
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1 Introduction

Stream ecosystems play a crucial role in global biodiversity, providing important support for a wide range of aquatic and terrestrial organisms and offering invaluable ecological services to humanity (Chen et al., 2023; Kazikina, 2022). However, despite their significance for human progress, stream ecosystems face severe threats globally due to several factors, including climate change, land use patterns, geographical location, and human activities. These environmental pressures have profound impacts on aquatic biotic communities, altering their composition, structure, and ecological functions (Farooq and Siddiqui, 2020; Hroch and Brabec, 2022). Among these communities, benthic macroinvertebrates require special attention due to their sensitivity toward environmental changes and stressors as well as their important role in aquatic food webs (Golovatyuk et al., 2023; He et al., 2021).

Benthic organisms, such as insects, crustaceans, and worms, primarily inhabit the sediments of streambeds, feeding on various algae, organic particles, and litter (Kesti et al., 2024; Oyeku et al., 2023). They also serve as a crucial food source for fish in streams (Sun et al., 2022). Benthic organisms are important biological indicators for evaluating the health of streams, which is attributed to their quick response to changes in water quality (Varadinova et al., 2023). Investigating the diversity and structure of benthic communities can help us understand the influence of pollution and habitat destruction on stream ecosystems (Zemo et al., 2023). Such studies are vital for understanding how stream ecosystems respond to external stress, thus guiding stream conservation, utilization, and management (He et al., 2021). Given their sensitivity to environmental fluctuations, benthic macroinvertebrates are particularly susceptible to changes driven by seasonal dynamics. Therefore, understanding how seasonal variation affects their habitats and communities is essential for comprehensive ecological assessment and management.

Seasonal variation plays a fundamental role in shaping freshwater ecosystems, particularly in stream environments where hydrological and physicochemical conditions fluctuate markedly throughout the year (Gao et al., 2023; Miernik et al., 2023). In regions with distinct wet and dry seasons, these changes can lead to significant alterations in flow regimes, nutrient concentrations, temperature, and habitat stability (Liu et al., 2024). These fluctuations directly affect resource availability and reshape aquatic habitats (Okoro et al., 2024). They often result in habitat fragmentation, increased environmental stress during dry periods, and enhanced nutrient input during wet seasons. These factors profoundly influence the composition, diversity, and functionality of benthic macroinvertebrate communities (Gusmao et al., 2024). Despite increasing attention to seasonal dynamics in freshwater systems, highland streams in subtropical monsoon regions remain underrepresented in current research, particularly those with strong seasonal contrasts and complex land-use gradients (Liu et al., 2023b; Magni et al., 2023).

The 18 streams of the Cangshan Mountain region in Yunnan Province, China, represent a distinctive highland stream system characterized by steep elevation gradients, diverse land use patterns, and pronounced seasonal hydrological contrasts (He et al., 2020). These streams flow through varied ecosystems and exhibit typical regional microclimate features, with no extreme heat in summer or severe cold in winter. The climate is defined by distinct wet (May–October) and dry (November–April) seasons (Li et al., 2024). During the wet season, increased precipitation, water flow, and water temperature create dynamic and nutrient-rich aquatic habitats. In contrast, the dry season is marked by reduced rainfall, lower flow velocity, and cooler water temperatures, leading to increased environmental stress (Ni et al., 2023). Such seasonal variations have been shown to significantly affect hydrological conditions and influence the structure and diversity of benthic macroinvertebrate communities. For example, high flow and warmer water in the wet season typically support greater species richness and functional diversity, while low flow and cooler conditions in the dry season tend to limit habitat suitability and reduce biodiversity (Yang and Yang, 2019). However, it remains unclear which specific environmental drivers—such as nutrient concentrations, turbidity, dissolved oxygen, and flow velocity—are most influential in mediating these seasonal effects on benthic community composition and function (Zemo et al., 2023). Addressing this knowledge gap is essential to assess the resilience and vulnerability of highland stream ecosystems like those in Cangshan, particularly in the context of ongoing climate variability and human pressures (Li et al., 2024). The unique environmental conditions of these streams make them an ideal model system for investigating the ecological consequences of seasonal changes.

This study aims to comprehensively examine the seasonal dynamics of benthic macroinvertebrate communities in 13 representative perennial highland streams within the Cangshan region of Yunnan Province, China. Specifically, it investigates how spatiotemporal variations in key environmental drivers—including water temperature, flow velocity, and nutrient concentrations—associated with distinct wet and dry seasons influence community composition, taxonomic richness, and functional trait diversity. By integrating seasonal environmental variability with ecological responses, this study seeks to elucidate the underlying mechanisms governing biodiversity patterns in subtropical highland stream ecosystems. The outcomes are expected to contribute critical insights into the resilience and functioning of these systems under seasonal and anthropogenic pressures. Furthermore, the findings will provide a scientific foundation for evidence-based stream management and biodiversity conservation strategies, offering broader implications for comparable highland freshwater ecosystems facing similar environmental challenges globally.




2 Methods



2.1 Study area and sampling point setting

The 18 streams of the Cangshan Mountain (Figure 1) watershed are located in Dali City, Dali Bai Autonomous Prefecture, Yunnan Province, China. It spans a narrow area between 99°54’30″E to 100°12’12″E and 25°33’30″N to 25°59’48″N. Situated on the eastern slope of the Cangshan Mountain Range and the western coast of Erhai Lake, it originates from Cangshan Mountain and flows into Erhai Lake from west to east. The following 13 streams were selected for study: Wanhua stream (WHX), Yangxi stream (YX), Mangyong stream (MYX), Jinxi stream (JX), Lingquan stream (LQX), Baishi stream (BSX), Zhenhe stream (ZHX), Baihe stream (BHX), Heilong stream (HLX), Qingbi stream (QBX), Mocan stream (MCX), Tingming stream (TMX) and Yangnan stream (YNX). These 13 streams were selected because they traverse a range of land-use types—including primary forests, farmlands, villages, and roads—providing heterogeneous benthic habitats. In addition, they are the 13 perennial streams among the 18 streams in the Cangshan Mountain area, ensuring continuous flow conditions throughout the year for consistent seasonal sampling. The Shiba Xi region experiences a low-latitude plateau monsoon climate with a total length exceeding 90 km. The average annual runoff is approximately 2.331 billion m3/year, covering an area of about 352.62 km2 with an average natural water resource quantity of around 2.331 billion m3 over multiple years. The watershed includes five townships, namely Xiaguan, Dali, Yinqiao, Wanqiao, and Xizhou, with a population of approximately 380,000 people.


[image: The map shows the geographical context of Erhai Lake within Dali City, China, highlighting sampling locations for ecological research. Panel (A) indicates the broader location of China, while panel (B) zooms in on Dali City and the lake, displaying rivers and elevation gradients. Panel (C) features detailed sample sites around Erhai Lake, labeled with codes (e.g., WHX, YX) and marked as red dots. The inset illustrates a stream flowing through a forest ecosystem, indicating four notable points for sample collection. Orientation and scales are provided to facilitate spatial understanding.]

Figure 1 | Geographical location and sampling point layout of the 18 streams of the Cangshan watershed.



Sampling sites were selected to capture a representative range of ecological conditions, including upstream forested reaches, midstream agricultural zones, and downstream areas influenced by human activities. Site selection also considered factors such as perennial flow, accessibility, and substrate diversity, ensuring both spatial coverage and comparability across environmental gradients (Bhaumik et al., 2023).At each site, five replicate samples of water quality and benthic macroinvertebrates were randomly collected within the sampling area to ensure representativeness and reduce spatial variability (Figure 1). In total, 52 sampling sites were established across the 13 streams, covering upstream (headwaters), midstream sections (villages and farmlands), and downstream estuaries. Sampling was conducted in July 2022 (wet season) and March 2023 (dry season).




2.2 Collection and identification of habitat factors and benthic organisms

To mitigate potential disruption to habitat data during benthic animal sample collection, a systematic approach was used. Five sampling points were selected within a 100-m stream reach centered around each transect for the comprehensive assessment of habitat conditions. Randomness was ensured by dividing the reach into equal segments and randomly selecting one sampling spot within each segment using a stratified random sampling approach. Water depth (Dep, m) was evaluated using standard rulers, whereas flow velocity (Vel, m/s), temperature (Temp, °C), DO mg/L), electrical conductivity (EC, µS/m), turbidity (Tur, NTU), and pH were measured in situ using a portable water quality analyzer (YSI EXO, USA). Furthermore, 1 L of water sample was obtained from each sampling point and quickly transported to the laboratory for post-lab analysis of total phosphorus (TP, mg/L), total nitrogen (TN, mg/L), and chemical oxygen demand (COD, mg/L). TP was determined using the ammonium molybdate spectrophotometric method after potassium persulfate digestion (HJ 670-2013); TN was analyzed via alkaline potassium persulfate digestion–UV spectrophotometric method (HJ 636-2012); and COD was measured using the dichromate reflux method (HJ 828-2017), following the protocols outlined in current national standards. The selection of environmental variables such as electrical conductivity (EC), total nitrogen (TN), and others was based on their ecological relevance and frequent use in freshwater ecological assessments. These variables are known to be sensitive to both natural variability (e.g., hydrological conditions) and anthropogenic pressures (e.g., agricultural runoff), and thus were considered suitable indicators for characterizing the physicochemical environment influencing benthic macroinvertebrate communities (Wilden et al., 2024).

Benthic macroinvertebrates were collected using Sobek nets measuring 30 × 30 cm with a pore size of 250 µm to ensure thorough coverage of their respective habitats at each sampling point. For each location, a 100-m stream section was divided into five equal segments, and one sample was randomly collected from each segment using the kick-sampling method, resulting in five replicate samples per site. The substrate retrieved by the net was thoroughly cleaned before being placed in white plastic bags labeled with unique identifiers. These samples were then preserved in 75% alcohol upon subsequent evaluation. On the collection days, in the laboratory, collected samples were carefully washed and transferred into designated white porcelain dishes. Large benthic macroinvertebrates were visually identified from these dishes and thoroughly sorted into containers corresponding to their specific sampling points. The benthic macroinvertebrates were taxonomically identified and quantified using a stereomicroscope according to relevant literature (Wang and Wang, 2025). Thus, we obtained taxonomic classification at the genus or species level.




2.3 Data statistics and analysis

Species density, dominance (species with dominance > 0.02 were defined as dominant species), indicators species (identified using Indicator Species Analysis with indicator values > 25 and P < 0.05 based on the method of Dufrêne and Legendre (1997)), Shannon–Wiener index (H’), Margalef diversity index (dM), Pielou evenness index (J), functional richness index (FRic), functional evenness index (FEve), the functional diversity index (FDiv), functional dispersion index (FDis), and Rao’s quadratic entropy index (RaoQ) were calculated using the “FD” package of R statistical software (He et al., 2021; Hu et al., 2024; Lv et al., 2016; Sun et al., 2024).

After standardizing the data, appropriate statistical tests were selected based on the data structure and sampling design. Since the same sites were sampled during the dry and wet seasons, paired t-tests were performed to compare the differences in physical and chemical indicators and benthic invertebrate community metrics between seasons. To assess differences among streams, the Kruskal–Wallis test was applied. If significant differences were detected, Mann–Whitney U tests were further conducted for pairwise comparisons (Arcifa et al., 2023; Liu et al., 2024; Varadinova et al., 2023). Pearson correlation analysis was performed to assess the correlations among all measured environmental factors (Gusmao et al., 2024; Kazikina, 2022; Miernik et al., 2023). Principal component analysis (PCA) was performed to rank the samples and identify key physicochemical gradients influencing streams during different seasons (Alves et al., 2024; He et al., 2020; Liu et al., 2023a). A linear mixed-effects model was established to determine the synergistic effect of multiple environmental factors on a specific community indicator of benthic invertebrates (Sun et al., 2024). In the model, all measured environmental variables (e.g., T, DO, Cond, Tur, pH, TN, TP, COD, Dep and Velocity) and season (wet/dry) were included as fixed effects, while stream was treated as a random effect to account for spatial variability among sampling sites. All analyses were conducted in R (Lin et al., 2022; Wang et al., 2023; Xiang et al., 2022).

All statistical analyses were performed in R version 4.3.3, using well-established packages tailored for ecological and multivariate data analysis. Prior to analysis, data standardization and normality checks were conducted using the scale(), shapiro.Test(), and qqnorm() functions. Paired t-tests were implemented using t.test(paired=TRUE), while non-parametric tests such as the Kruskal–Wallis test and Mann–Whitney U test were conducted with kruskal.Test() and wilcox.Test(), respectively. Pearson correlation coefficients among environmental variables were calculated using the cor() function, and visualized with the corrplot package. Principal Component Analysis (PCA) was performed using the prcomp() function with scaled variables, and results were visualized with ggbiplot or factoextra to aid interpretation of key environmental gradients. The linear mixed-effects model (LMM) was fitted using the lme4 package (lmer() function), where environmental variables and season were included as fixed effects, and stream identity as a random effect. Model summaries and effect significance were extracted using summary(), anova(), and the lmerTest package for p-values. Residual diagnostics were conducted using the DHARMa package to ensure model assumptions (e.g., normality, homoscedasticity) were met.





3 Results



3.1 Physicochemical properties of streams



3.1.1 Seasonal dynamics of habitat factors

The seasonal dynamics of habitat factors are shown in Figure 2. Almost all environmental factor data showed a general trend of increasing during the wet season. Additionally, the COD of LQX; EC of WHX, YX, MYX, and JX; TN levels of MYX and MCX; and TP levels in YNX exhibit significantly higher values during the dry season compared with the wet season. Notably, nearly all factors exhibited significant seasonal variations and inter-stream differences (Table 1). According to the national water quality standards for surface waters (GB 3838-2002), the measured values of DO, pH, TN, and TP mostly fell within Class II–III thresholds. This indicates that the overall water quality in the 18 streams is relatively good.


[image: Panels (a) to (j) present various environmental measurements categorized by dry (gray) and wet (red) seasons. (a) depicts water velocity in milliseconds, with trends observed across sampling dates. (b) illustrates water depth in centimeters, while (c) showcases temperature in degrees Celsius. Further, (d) shows turbidity in NTU; (e) records pH levels; (f) measures conductivity in µS/cm. Nutrient concentrations are represented in (g) as total phosphorus (TP, mg/L), (h) total nitrogen (TN, mg/L), and (i) COD (mg/L). Lastly, (j) highlights dissolved oxygen (DO, mg/L) measurements.]

Figure 2 | Seasonal dynamics of stream habitat factors: (a) velocity, (b) depth, (c) temperature, (d) turbidity, (e) pH, (f) conductivity, (g) TP, (h) TN, (i) COD, and (j) DO.




Table 1 | The results of paired t-tests for environmental factors of each stream in dry and wet seasons.






3.1.2 Correlation between environmental factors

Figure 3 shows a heat map of the correlation between environmental factors. During the dry season, a significant positive correlation was found between water depth and DO (0.6). Additionally, there was a relatively strong positive correlation between DO and flow velocity (0.48) and DO and water temperature (0.47). The correlation between EC and TN was moderate and positive (0.42). Conversely, there was a stronger negative correlation between DO and water temperature (−0.45), a moderate negative correlation between TP and TN (−0.36), and a moderate negative correlation between DO and turbidity (−0.32). The correlation in the wet season was different, with EC and TP exhibiting a significant positive correlation (0.57). The correlation between flow velocity and DO was also significantly positive (0.52). Additionally, TN and turbidity also exhibited a significant positive correlation (0.50). While a positive correlation between water depth and DO was found (0.44), its strength was weaker than in the dry season. Additionally, DO and COD showed a moderate negative correlation (−0.47). The negative correlation between TP and TN remained the same as in the dry season (−0.36). However, EC and TN exhibited an opposite negative correlation (−0.36) compared with the dry season. Furthermore, EC showed moderate negative correlations with turbidity and pH (−0.35 and −0.33), respectively. To summarize, seasonal changes significantly impact the positive and negative correlations between these environmental factors.


[image: Panels (a) and (b) display correlation matrices for water quality parameters during the Dry Season and Wet Season, respectively. Each matrix lists parameters such as Depth, Velocity, Temperature (T), Dissolved Oxygen (DO), Conductivity (Cond), pH, NTU, Total Phosphorus (TP), Total Nitrogen (TN), and Chemical Oxygen Demand (COD). Values range from -1 to 1, with colors indicating positive (red) to negative (blue) correlations. Notable differences between seasons reveal variations in the strength and direction of correlations among the measured parameters. The matrices serve as a visual tool for comparing seasonal aquatic ecosystem dynamics.]

Figure 3 | Heatmaps of Pearson correlation coefficients among habitat factors for (a) the dry season and (b) the wet season.






3.1.3 PCA

As shown in Figure 4, we determined the contributions of various environmental factors to principal component 1 (PC1) and principal component 2 (PC2) during dry and wet seasons. In the dry season, PC1 accounted for 27.7% of the data variability, whereas PC2 accounted for 15.9% of the variability. Together, PC1 and PC2 explained 43.6% of the total variance. Cond, TN, Dep, and Temp exhibited strong positive correlations with PC1, with Cond and TN showing longer vectors, revealing their dominant role in site-to-site variation. The primary variables for PC2 included COD and TP, as shown by their vectors pointing toward the positive direction of PC2, highlighting their significant variation across different sites. In the wet season, PC1 and PC2 accounted for 26.6% and 16.8% of the data variability, respectively. On the PC1 axis, Vel and pH exhibited strong positive correlations with PC1, whereas Cond and COD exhibited negative correlations with PC1, indicating their main directions of variation within the dataset. Conversely, on the PC2 axis in this season, water Dep and DO primarily exhibited variation in the positive direction, whereas TP and pH mainly exhibited variation in the negative direction. Comparatively, between both seasons, Temp, Cond, and Vel exhibited significant positive correlations with PC1, indicating that these factors greatly affect water quality throughout both seasons. The difference is attributed to the predominant influence of TP on PC2 during the dry season compared with its stronger negative correlations with PC1 during the wet season. Additionally, turbidity exhibited notable positive correlations with PC1, specifically during the wet season but less during the dry period. While Pearson correlation analysis provided insights into the seasonal shifts in pairwise relationships among environmental factors, PCA helped to identify the major gradients structuring stream conditions across space and time. These analyses complement each other and together provide a comprehensive understanding of seasonal environmental dynamics.


[image: Panel (a) displays a PCA biplot for the dry season, indicating relationships among water quality parameters (e.g., COD, TN) with arrows representing their contributions to PC1 and PC2. Different colored points signify various sampling sites. Panel (b) provides a bar graph showing the contribution of each parameter to the PCA in the dry season. Panel (c) represents a similar PCA biplot for the wet season, reflecting shifts in relationships among parameters. Panel (d) illustrates the contributions of these parameters to the PCA during the wet season, showcasing changes in significance.]

Figure 4 | Principal component analysis (PCA) of habitat factors and their contributions: (a) PCA ordination plot for the dry season, (b) contribution rates of habitat factors in the dry season, (c) PCA ordination plot for the wet season, and (d) contribution rates of habitat factors in the wet season.







3.2 Composition and diversity of large benthic invertebrate communities



3.2.1 Species composition, dominant species, and indicator species

During the sampling process, 13,521 benthic invertebrates were collected, which belonged to three classes, six orders, ten families, 28 genera, and 56 taxonomic units. Table 2 shows the dominant species and their relative abundance in the 18 streams of Cangshan. In the wet season, Baetis and Gammarus were the two main dominant species in most streams, particularly in the TMX stream, where the relative abundance of Baetis was as high as 78.31%, which exceeded other streams. In the YX stream, the relative abundance of Gammarus was also relatively high, reaching 71.63%. Their dominance may be attributed to their adaptability to strong current, their generalist feeding strategies, and their reproductive efficiency under nutrient-rich and well-oxygenated conditions. Other species, including Epeorus sp., Haplotaxis, and Simuliini, became dominant species in certain specific streams. However, their abundance was generally lower than that of Baetis and Gammarus. In the dry season, Baetis and Gammarus remained the dominant species in most streams, with some streams showing a slight decrease in their relative abundance but still maintaining relatively high levels. Notably, Rheotanytarsus emerged as a key dominant species in the JX stream during the dry season (26.04%) but was absent during the wet season. This seasonal shift may reflect its adaptation to reduced flow, finer sediment, or lower dissolved oxygen typical of dry-season conditions.


Table 2 | Dominant species and their dominance in the 18 streams of the Cangshan Mountains.



Table 3 shows the seasonal indicator species. Baetis and Gammarus were indicator species in both seasons, with relatively high indicator values in LQX and YNX, respectively. Rheotanytarsus, on the other hand, was identified as a significant dry-season indicator in LQX (IV = 26.04, p = 0.044), while Lumbriculus was a wet-season indicator in BSX (IV = 25.00, p = 0.049), highlighting spatial and seasonal specificity. These distribution patterns suggest that dominant and indicator taxa are closely linked to stream-specific environmental drivers. The persistent dominance of Baetis and Gammarus across seasons indicates high ecological tolerance, whereas the appearance/disappearance of other species reflects sensitivity to seasonal environmental shifts.


Table 3 | Indicator species and their indicator values in the 18 streams of Cangshan Mountains (only species with IV>25 and P<0.05 are shown).



To summarize, the dominance of Baetis and Gammarus across streams indicates their broad ecological plasticity. In contrast, the seasonal appearance of taxa such as Rheotanytarsus illustrates species turnover shaped by hydrological variability. These findings highlight the role of environmental filtering in structuring benthic communities and reinforce the importance of linking biological patterns with habitat conditions, which aligns with the study’s objective of identifying seasonal drivers of stream biodiversity.




3.2.2 Characteristics of community structure

Figure 5 shows the community structure and diversity of sublittoral animals in the 18 streams of the Cangshan Mountains. Species abundance and density, as shown in Figures 5a, b, indicate the number of individuals in the community. In most streams, we found that species abundance and density were lower in the dry season than in the wet season. Nevertheless, some streams, namely YX and YNX, still had relatively high species abundance and density during the dry season, with species abundance reaching up to 589 and 590 ind and density reaching 327.22 and 327.78 ind/m2. This was significantly higher than the species abundance and density in BHX and MYX during the wet season. Species richness, particularly that of sensitive groups like Ephemeroptera, Plecoptera, and Trichoptera (EPT), is widely used as an indicator of stream health. Figures 5c and d show that species richness and EPT richness in most streams are higher in the wet season than in the dry season. The richness of EPT taxa across the streams ranged from 1 to 20. Nevertheless, some streams, including ZHX and BHX, have similar or slightly higher EPT richness in the dry season than in the wet season. Altogether, significant differences in community structure were observed between dry and wet seasons, with the wet season generally exhibiting better conditions. The changes in community structure are distinct among different streams.


[image: Panels (a) to (m) display various ecological metrics across dry and wet seasons. Panel (a) shows abundance, with higher values in the wet season. Panel (b) illustrates density, revealing a pronounced fluctuation between seasons. In panel (c), richness exhibits slight seasonal variation, while (d) details EPT richness, highlighting increased values during wet conditions. Further metrics across panels (e) to (m) include diversity indices and functional metrics, with consistent trends indicating seasonal differences in community structure, as highlighted in the corresponding violin plots.]

Figure 5 | shows the community structure and diversity of benthic invertebrates in the two seasons of each stream catchment. (a) shows abundance, (b) shows density, (c) shows richness, (d) shows EPT Richness, (e) shows the Pielou index, (f) shows the Margalef index, (h) shows the Shannon–Wiener index, (h) shows the Simpson index, (i) shows the FDis index, (j) shows the FDiv index, (k) shows the FEve index, (l) shows the Fric index and (m) shows the RaoQ index.






3.2.3 Biodiversity of benthic communities

The functional diversity of benthic macroinvertebrate communities in the 18 streams of the Cangshan Mountains was assessed using five indices: functional dispersion (FDis), functional differentiation (FDiv), functional evenness (FEve), functional richness (FRic), and RaoQ. Correspondingly, taxonomic diversity was described using the Shannon–Wiener index (H’), Margalef diversity index (dM), and Pielou evenness index (J). Across all streams, H’ ranged from 0.23 to 2.94, dM from 1.61 to 5.72, and J from 0.12 to 0.94. Functional diversity metrics showed similar variation, with FDis ranging from 1.14 to 4.29, FDiv from 0.01 to 0.36, FEve from 1.01 to 0.54, FRic from 2.27 to 24.69, and RaoQ from 0.27 to 1.98 (Figure 5). Seasonal comparisons revealed that H’, dM, and J were generally higher in the wet season than in the dry season, indicating increased species richness, taxonomic diversity, and community evenness under wetter hydrological conditions. Notably, some streams such as JX and WHX maintained relatively high diversity and evenness values even during the dry season, based on visual trends, suggesting localized environmental stability or buffering capacity. These patterns support the interpretation that seasonal hydrological fluctuations play a critical role in shaping the structure and function of stream macroinvertebrate communities.

FDis indicates the distribution range of the functional traits of a species in the niche space. As shown in Figure 5i, most streams exhibit a higher FDis index in the wet season than in the dry season. Additionally, WHX, LQX, and HLX exhibited the opposite trend, whereas JX and BSX maintained a high FDis index in both wet and dry seasons. FDiv indicates the distribution range of species’ functional traits in the niche space. In contrast, Figure 5j shows that the values between the two seasons are not significantly distinct for most streams; all streams except TMX exhibited a slightly higher FDiv index during the wet season. FEve reflects the relative richness and even distribution of species’ functional traits. Another pattern emerged in Figure 5k, FEve indicates a more complex seasonal pattern among different streams, with MYX, JX, and BSX exhibiting a higher FEve index in the dry season. FRic indicates the size of the functional feature space occupied by the community. Unlike the previous indices, Figure 5l illustrates that most streams exhibit significant differences between the wet and dry seasons, with the functional richness index generally higher in the wet season. However, some streams, such as YX, ZHX, and QBX, have a higher FRic index in the dry season. The RaoQ index, a diversity index based on the functional trait distance between species, indicates the average level of species functional trait diversity in a community. Figure 5m, meanwhile, shows that most streams have higher RaoQ values in the wet season than in the dry season. However, WHX, JX, BHX, and TMX exhibited an opposite trend.

Taken together, the five functional diversity indices indicate that most streams exhibited higher diversity indices in the wet season, suggesting that the wet season is more conducive to the expression of functional diversity and species-level functional differentiation (Table 4). Nevertheless, each stream has its unique situation, indicating that the complexity of environmental factors, species interactions, and ecological adaptation strategies affects the functional diversity of a community.


Table 4 | The results of paired t-tests for biological factors of each stream in dry and wet seasons.







3.3 Correlation analysis between environmental factors and benthic fauna

Figure 6 shows the significance of the linear mixed-effects model of environmental factors and biodiversity at the 95% confidence interval. As shown in Figure 6a, in the dry season analysis, water depth, conductivity, COD, and pH exhibit significant positive effects on several ecological diversity indicators. Specifically, flow velocity and COD exhibit significant positive correlations with community structure, whereas temperature, turbidity, and water depth exhibit significant positive correlations with species diversity. Additionally, pH, conductivity, and water depth exhibit significant positive correlations with functional diversity. Notably, DO in the dry season data shows a lower correlation with multiple indicators.


[image: Panels (a) and (b) present the relationships between various ecological metrics and environmental parameters during the dry and wet seasons, respectively. Each ecological metric, including RaoQ, FDis, and Richness, is plotted against standardized coefficients with 95% confidence intervals. Different colored markers represent environmental variables such as COD (orange), TN (green), and DO (purple). The y-axis lists ecological metrics, while the x-axis displays standardized coefficients ranging from -0.8 to 0.8, highlighting variable influences across seasons. Significant variations between seasons in response to environmental factors are apparent.]

Figure 6 | Correlation coefficients of the linear mixed-effects model between environmental factors and benthic community structure and diversity within a 95% confidence interval: (a) results for the dry season and (b) results for the wet season.



For the wet season, the results showed that turbidity, water temperature, flow velocity, and water depth emerge as significant positive factors affecting multiple ecological diversity indicators. Flow velocity and COD exhibit significant positive correlations with community structure, whereas turbidity, DO, water temperature, and conductivity exhibit significant positive correlations with species diversity. Additionally, TN, pH, and water depth exhibit significant positive correlations with functional diversity. Furthermore, although water temperature’s influence on ecological diversity in the wet season remains important, its influence was slightly lower than that in the dry season. Conversely, the effect of DO on biodiversity in the wet season was more significant than that in the dry season. By comparing the data of the dry and wet seasons, we found the effects of water quality parameters on ecological diversity during different seasons. The positive influence of temperature and turbidity during the dry season was more distinct. On the other hand, the wet season highlighted the importance of DO. Nevertheless, both seasons showed that pH was negatively associated with biodiversity in both seasons, suggesting that extreme pH values may adversely affect aquatic community structure. Altogether, these analyses reveal a complex relationship between biodiversity and environmental factors.





4 Discussion



4.1 Characteristics of the water environment of Cangshan streams

The 18 streams in Cangshan Mountain, located in Dali City, Yunnan Province, represent a typical plateau stream system. Their water quality and environmental characteristics are influenced by several natural and human factors. In the present study, we have performed a detailed analysis of the major factors affecting the water environment, namely water temperature, depth, turbidity, flow rate, EC, pH, TN, TP, COD, and DO. We have also reported the seasonal variations, correlations, and principal components of these factors.

We found that most environmental factors increase in the wet season than in the dry season. This may be attributed to the precipitation and changes in runoff (Alves et al., 2024; Xu et al., 2023). Particularly, indicators including COD, EC, TN, and TP exhibit significant differences between the dry and wet seasons across different streams. Streams like YX and TMX exhibited the most pronounced differences between wet and dry seasons, especially in COD and TN concentrations, which increased notably during the dry season. This pattern may be linked to lower dilution capacity, limited baseflow input, and higher pollutant accumulation due to surrounding land use (Liu et al., 2023a). In contrast, streams such as ZHX and HLX showed relatively stable water quality across seasons, possibly due to greater riparian canopy cover and reduced anthropogenic input. These contrasting patterns highlight the influence of watershed-specific factors, including land cover, elevation gradient, and streamflow regime, in mediating seasonal water quality responses (Alves et al., 2024; Baldrighi et al., 2023).

Correlation heatmap analysis showed the differences in the relationships between environmental factors in the dry and wet seasons. During the dry season, a significant positive correlation was found between water depth and DO, which decreased during the wet season. This change may be attributed to altered hydrological conditions, as increased water levels during the wet season influence the vertical mixing and diffusion of DO (Ntislidou et al., 2023). Furthermore, EC is positively correlated with TN in the dry season but is negatively correlated in the wet season. This shift highlights distinct seasonal drivers of nutrient dynamics. During the dry season, reduced flow and dilution lead to nitrogen accumulation and elevated EC, particularly in streams affected by runoff or pollution. In contrast, wet-season rainfall and surface runoff dilute solutes and redistribute nutrients, weakening or reversing the EC–TN relationship (Baldrighi et al., 2023; Kaiser et al., 2023). These changes influence benthic communities by promoting tolerant taxa under dry-season stress and enhancing biodiversity in the more favorable wet-season conditions. Understanding such patterns is key to interpreting seasonal environmental filtering effects on community structure.

Principal component analysis (PCA) was used to identify the main environmental drivers of water quality variation across seasons. In the dry season, electrical conductivity (EC) and total nitrogen (TN) were the dominant contributors to PC1, indicating that ionic concentration and nutrient accumulation are key factors shaping water chemistry under low-flow conditions. This pattern likely reflects reduced dilution and increased anthropogenic inputs, such as agricultural runoff or wastewater discharge, which are more concentrated during periods of limited hydrological connectivity (Hu et al., 2024). In contrast, PC1 in the wet season was strongly influenced by flow velocity and pH, suggesting that increased hydrodynamics and surface runoff during rainfall events become major determinants of water chemistry. For PC2, COD and TP were the primary drivers in the dry season, highlighting the influence of organic pollution and phosphorus enrichment under restricted water exchange. Meanwhile, water depth and dissolved oxygen (DO) dominated PC2 in the wet season, reflecting enhanced mixing and oxygenation due to higher water levels. These seasonal shifts indicate that the key stressors and ecological processes regulating water quality differ markedly between hydrological periods (Kesti et al., 2024; Zemo et al., 2023). Similar patterns have been reported in other subtropical stream systems, where seasonal changes in flow regime strongly modulate nutrient dynamics and physicochemical properties (Wolfe et al., 2023). While human activities such as agriculture and urbanization are known to affect seasonal water quality (Hanafi-Portier et al., 2024; Tian et al., 2020), direct land-use data were not collected in this study. However, the observed variability in nutrient concentrations among streams may be partially influenced by surrounding land use. Future studies incorporating watershed-level land cover and pollution source mapping would help clarify the specific contributions of human activities to water quality variation in the Cangshan region (Sun et al., 2022; Varadinova et al., 2023; Yang and Yang, 2019). Integrating remote sensing and GIS-based catchment analysis could further enhance spatial resolution and improve the accuracy of anthropogenic impact assessments.

To summarize, the dynamic changes in environmental factors between dry and wet seasons indicate the combined effects of natural conditions and human activities (Farooq and Siddiqui, 2020; Ntislidou et al., 2023; Xu et al., 2023; Zemo et al., 2023). Increased rainfall in the wet season has a favorable effect on water quality, increasing the dilution capacity of the water body and the rate of decomposition of organic matter, thereby reducing the concentration of pollutants (Liu et al., 2024). In the dry season, due to the decrease in precipitation and runoff, the dilution capacity of the water body decreases, and the decomposition rate of organic matter decreases; thus, the concentration of pollutants increases (Hu et al., 2024). These seasonal changes in water environmental characteristics not only affect water quality status but also have profound effects on the structure and function of benthic communities.




4.2 Characteristics of the benthic animal community structure in the 18 streams of Cangshan Mountains and its disturbance factors

The structure of the benthic community is a crucial indicator of the ecological health of a watershed. Its diversity and richness indicate the quality of the water environment and the stability of the ecological system (Magni et al., 2023; Okoro et al., 2024; Prayoga et al., 2023). The benthic community structure of the 18 streams of Cangshan Mountains represents a typical highland stream, which is influenced by various natural and human factors, such as seasonal changes, land use changes, increased agricultural activities, and other direct or indirect effects of human activities (Gao et al., 2023; Wilden et al., 2024).

A total of 13,521 benthic macroinvertebrates were collected, representing 3 phyla, 6 classes, 10 orders, 28 families, and 56 taxonomic units, indicating high community diversity. To elucidate the mechanisms driving seasonal community dynamics, we applied a trait-based approach, which links species-specific functional traits to environmental responses. This framework highlights how traits such as dispersal capacity, life cycle strategies, and habitat preferences shape resilience to environmental variability and serve as bioindicators of ecosystem health. Seasonal shifts in rainfall and temperature strongly influenced community composition. During the wet season, increased flow and lower water temperatures provided favorable habitat conditions that supported the dominance of species such as Baetis and Gammarus. These taxa possess traits such as high dispersal ability, rapid life cycles, and tolerance to moderate flow disturbance, allowing them to thrive in dynamic hydrological conditions (Arcifa et al., 2023). Baetis nymphs, for example, are agile swimmers and grazers that benefit from increased periphyton growth under higher nutrient conditions, while Gammarus species are detritivores capable of exploiting leaf litter and organic debris transported during rain events (Hroch and Brabec, 2022; Bae et al., 2023). In contrast, the dry season was characterized by reduced water levels and elevated temperatures, which led to a decline in the abundance of several sensitive taxa. However, species such as Rheotanytarsus became dominant, likely due to their adaptations to low-oxygen conditions, fine sediments, and stable microhabitats (Novichkova et al., 2023). These seasonal shifts reflect the role of species-specific functional traits in shaping community responses to environmental variability, emphasizing the importance of trait-based approaches in understanding benthic community dynamics.

Species abundance and density are usually higher in the wet season than in the dry season. This can be attributed to increased rainfall and water flow, which wash nutrients from farmland into the streams, increasing the growth of benthic animals and depositing more organic matter, thereby increasing species abundance and density (Liu et al., 2023b; Varadinova et al., 2023). Furthermore, abundant streambank vegetation during the wet season filters rainwater by trapping suspended sediments and reducing nutrient inputs (e.g., nitrogen and phosphorus) before it enters the stream, thereby improving water quality and supporting aquatic biodiversity (Lv et al., 2016; Wang et al., 2023). However, in the YX and YNX streams, species abundance and density were high during the dry season, which may be attributed to the good water supply or groundwater replenishment of these streams, providing a favorable habitat for benthic animals (Gao et al., 2022; Lin et al., 2022; Miernik et al., 2023; Xiang et al., 2022). EPT richness serves as an indicator of water quality health (Liu et al., 2024; Xiang et al., 2020; Zhang et al., 2019). In this study, most streams exhibited higher EPT richness during the wet season, likely due to improved hydrological conditions, increased oxygen availability, and reduced environmental stress. However, some streams, particularly ZHX and BHX, showed relatively high EPT richness even during the dry season. This may indicate that these streams experience lower anthropogenic pressure or possess stable microhabitats that buffer seasonal stress. ZHX, for example, is located in a relatively forested sub-watershed with minimal agricultural runoff, while BHX benefits from upstream vegetation cover and shading, which can help maintain cooler temperatures and higher oxygen levels in the dry season (Arcifa et al., 2023; Li et al., 2018; Wang et al., 2019). These findings suggest that high EPT richness in the dry season may reflect either effective watershed management or intrinsic environmental resilience. As such, EPT-based assessments can be a valuable tool not only for detecting broad seasonal trends but also for identifying streams with exceptional ecological conditions or conservation potential.

Most stream benthic organisms exhibit higher species and functional diversity indices during the wet season. This reflects the uniform distribution of species and increased richness during the wet season and more favorable environmental conditions for the expression of functional diversity and species-specific functional differentiation (Gusmao et al., 2024; Liu et al., 2024). The wet season rainfall provides suitable habitats, promoting increased biodiversity, whereas agricultural drainage during this period brings rich nutrients, indirectly increasing functional diversity (Bhaumik et al., 2023; Giampaoletti et al., 2023). During the dry season, water volume decreases and water temperature reduces rapidly; some species cannot adapt to this, leading to a decline in diversity indices (Miernik et al., 2023; Novichkova et al., 2023). Furthermore, agricultural activities decrease during the dry season. Additionally, some functional types of species may decrease due to nutrient deficiency (Varadinova et al., 2023; Wilden et al., 2024; Yang and Yang, 2019). Overall, the wet season is conducive to increased biodiversity, but the specific conditions of each stream vary, reflecting the complexity of environmental factors and species interactions.

The analysis of linear mixed effects model reveals the influence of environmental factors on biodiversity. Owing to the significant difference in environmental factors between the dry season and the wet season, biodiversity is affected differently (Magni et al., 2023; Tian et al., 2020). The model identified several statistically significant predictors, with different drivers dominating in dry and wet seasons. In the dry season, water depth and chemical variables such as EC, TN, and COD were significantly associated with reduced biodiversity, likely due to concentrated pollutants and habitat contraction under low-flow conditions (Alves et al., 2024; Arcifa et al., 2023; Kaiser et al., 2023; Kazikina, 2022). This suggests that nutrient accumulation and limited habitat heterogeneity are key stressors during dry periods. In contrast, the wet season was mainly influenced by physical variables, including flow velocity, turbidity, and water temperature, all of which were significantly linked to increased biodiversity. Enhanced hydrological activity during this season supports greater environmental heterogeneity and resource availability, which favors the coexistence of diverse benthic taxa (Ntislidou et al., 2023). These findings underscore the importance of season-specific biodiversity drivers and highlight the need for integrated ecosystem management. For example, reducing nutrient inputs during the dry season and maintaining riparian vegetation to buffer runoff in the wet season could help sustain benthic diversity (Farooq and Siddiqui, 2020; Liu et al., 2023a, 2024; Sun et al., 2022; Tian et al., 2020; Xu et al., 2023).

However, it should be noted that the observed positive effects of the wet season may not be consistent across all ecosystems. In other regions, increased rainfall can enhance surface runoff and introduce diffuse pollutants, such as pesticides, heavy metals, and excess nutrients, which may degrade water quality and reduce benthic diversity (Lv et al., 2016; Prayoga et al., 2023). Additionally, excessive flow during heavy rain events can destabilize streambeds, disrupt habitats, and displace organisms, resulting in lower abundance and diversity (Giampaoletti et al., 2023). Therefore, the ecological response to seasonal changes depends on a combination of local hydrological regimes, land use patterns, and watershed management practices. Recognizing these potential risks is essential to avoid overgeneralization and to inform site-specific conservation strategies.

In general, favorable environmental conditions in the wet season promoted the diversity and functional diversity of benthic communities, whereas unfavorable environmental conditions in the dry season limited the maintenance and growth of biodiversity. These results not only enhance our understanding of the dynamic changes in the water ecosystem in the 18 streams, Cangshan but also provide a scientific basis for formulating effective seasonal protection and management strategies for similar water ecosystems.

However, it is important to acknowledge that, while this study provides valuable insights into the seasonal dynamics of benthic biodiversity and its responses to environmental factors, it is based on sampling from only a single wet season and a single dry season, lacking true seasonal replication. This limitation constrains the extent to which the observed seasonal patterns can be generalized across different years. To enhance the robustness of such findings and more fully capture interannual variability in environmental conditions and community responses, future studies should incorporate multi-year seasonal monitoring.





5 Conclusion

This study systematically examined the seasonal dynamics of benthic macroinvertebrate communities across 18 plateau streams in the Cangshan Mountains and elucidated how seasonal shifts in environmental factors regulate community structure and biodiversity. The results indicated that water temperature, dissolved oxygen, electrical conductivity, and flow velocity were the primary drivers of benthic diversity, with their influence varying markedly between the dry and wet seasons. Enhanced hydrological conditions during the wet season supported higher diversity, while intensified environmental stress during the dry season led to simplified community structures dominated by tolerant taxa such as Rheotanytarsus, known for their adaptations to low dissolved oxygen, high organic content, and fine sediment substrates.

Moreover, the study identified distinct seasonal shifts in the dominant environmental drivers. In the dry season, biodiversity was mainly influenced by physicochemical factors such as water depth, electrical conductivity, and nutrient concentrations (e.g., TN and COD), whereas physical variables like flow velocity, water temperature, and turbidity played a more substantial role during the wet season. These seasonal contrasts significantly shaped the structure and composition of benthic communities. Notably, some streams (e.g., ZHX and BHX) sustained relatively high EPT richness even during the dry season, likely due to reduced anthropogenic disturbances and more stable hydrological and habitat conditions, such as dense riparian vegetation, cooler water temperatures from canopy shading, and relatively stable microhabitats. These spatial differences suggest that local environmental characteristics and land-use pressures are critical in determining ecological resilience under seasonal stress.

The findings offer valuable guidance for seasonal biodiversity conservation and stream ecosystem management. Targeted strategies such as controlling nutrient inputs during the dry season, preserving riparian buffer zones in the wet season, and implementing continuous hydrological monitoring are essential to maintaining ecosystem stability. However, this study was limited by the absence of direct land-use data and long-term temporal observations, which may constrain the interpretation of anthropogenic influences and interannual variability. Future research should incorporate land-use datasets and long-term monitoring to better understand how plateau stream ecosystems respond to the compounded effects of climate change and human activities, potentially through remote sensing or GIS-based land cover assessments.
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