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The emergence of metacommunity theory has provided a framework for studying the spatial structure of biological communities. To unravel the underlying driving mechanisms of macroinvertebrate metacommunity structure and diversity, this paper evaluates macroinvertebrate data from a water body in eastern China using variance decomposition and stratified partitioning. The results suggest that spatial processes dominate macroinvertebrate metacommunity structure, while the combined effects of spatial processes, aquatic environment, and geoclimatic factors also explain part of the macroinvertebrate community structure. Spatial processes, aquatic environment, and geoclimatic factors significantly influenced macroinvertebrate alpha diversity and indirectly influenced beta diversity through alpha diversity. Therefore, the significant effects of spatial processes and geoclimatic variables cannot be ignored in biological assessments, especially biodiversity assessments. Our findings elucidate the metacommunity dynamics in the region and provide crucial information for conservation planning in riverine ecosystems.
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1 Introduction

Metacommunity theory has gained increasing popularity among biologists, particularly for its use in unraveling the mechanisms behind the assembly of biological communities (Liu et al., 2023; Siqueira et al., 2012; Zheng and Yin, 2023). Understanding these mechanisms is crucial as it can inform biological conservation about the dominant drivers of community changes from local to regional scales (Leibold et al., 2004; Thompson et al., 2020). According to metacommunity theory, community formation is influenced by four main ecological processes (Leibold et al., 2004): (1) environmental filtering by abiotic conditions, (2) interactions between organisms, (3) dispersal of organisms among patches, and (4) ecological drift due to stochastic effects. In this study, we focus on environmental filtering and dispersal because they are likely to be closely related to human disturbance.

The mechanisms of community formation can be unraveled based on metacommunity theory, but little is known about the changes and differences in community composition (Heino et al., 2015). While alpha diversity primarily reflects variation in species composition within a community (Li et al., 2019), beta diversity reflects variation in species composition between communities (Hawkins et al., 2015). There are several ways to measure beta diversity, with the division of total beta diversity into turnover and nestedness being one of the most common methods used by community ecologists (Baselga, 2010). When the turnover component of community beta diversity is large, it is assumed that more sites should be protected, whereas when nestedness is large in community beta diversity, it is assumed that species-rich sites should be prioritized for protection (Soininen et al., 2018). Nonetheless, implementation remains difficult for managers because the specific sites to be protected remain ambiguous. This problem is well addressed by the recent emergence of the Local Contribution to Beta Diversity (LCBD) approach, which allows for the identification of sites with a high contribution to beta diversity (unique species composition) that may be prioritized for restoration (Perez Rocha et al., 2023).

A large number of studies have shown (Heino et al., 2017; Li et al., 2020; Moritz et al., 2013) that environmental filtering can be a major influence on community composition and diversity. This filtering primarily involves water environment and land use reflecting anthropogenic disturbances, as well as climatic geography reflecting natural disturbances. However, this influence may diminish with increasing spatial scale; community change at intermediate to large scales may be more influenced by spatial effects (Chase et al., 2020). Therefore, it is necessary to test the accuracy of these theories across a wider range of water bodies. In this regard, most studies have primarily focused on the relative importance of environmental filtering and spatial effects on community composition and biodiversity. However, the interrelationships between drivers and their direct and indirect effects on communities are not well understood. This problem can be effectively addressed by partial least squares path modeling (PLS-PM), which measures the causal relationships between variables and then visualizes the results using directed acyclic graphs (Oliveira et al., 2019).

Macroinvertebrates play a key role in energy and material cycling in ecosystems, are easy to collect, and exhibit differences in dispersal ability and environmental tolerance among different taxa. For example, EPT taxa (Ephemeroptera, Plecoptera, and Trichoptera) are environmentally sensitive, while oligochaetes are environmentally tolerant. Additionally, aquatic insects generally have stronger dispersal abilities, whereas other taxa tend to have weaker dispersal abilities. Therefore, macroinvertebrates are among the most commonly used organisms in metacommunity and biodiversity studies (Cai et al., 2017; Firmiano et al., 2021; Siqueira et al., 2012).

Eastern China is the most developed region in the country, with significant economic status, and is geographically located in the Lower Yangtze River Basin. Understanding the assembly mechanisms of biomes in this region is therefore of paramount importance. Specifically, we collected macroinvertebrate samples from the region in 2023 to address the following questions: (1) to determine the assembly mechanisms of macroinvertebrate communities, and (2) to identify the key drivers affecting macroinvertebrate communities diversity. We hypothesize the following: (1) Macroinvertebrate communities are determined by a combination of water environment, land use, climate, and spatial factors, but given the large spatial extent of the study area, the influence of spatial factors is likely to dominate (Heino et al., 2015). (2) Macroinvertebrate community alpha diversity is primarily influenced by localized aquatic environmental factors, whereas the contribution of a location to beta diversity (LCBD) is mainly influenced by spatial effects, as dispersal constraints increase the ecological uniqueness of locations (Heino, 2013; Wu et al., 2020). (3) Additionally, macroinvertebrate alpha diversity is expected to show a negative correlation with LCBD because sites with unique species compositions tend to have low species richness (da Silva et al., 2018).




2 Materials and methods



2.1 Study area

The Yangtze River is the third longest river in the world and the longest river in China, with a total length of over 6,300 km. Its basin covers an area of approximately 1.8 million km², accounting for about 18.8% of China’s land area (http://www.cjw.gov.cn/zjzx/lypgk/zjly/). The lower reaches of the Yangtze River extend for 938 km, with a basin area of 120,000 km2. This region includes the urban agglomeration of the Yangtze River Delta, where Shanghai, China’s largest national center city (Chen et al., 2022; Luo et al., 2024; Yang et al., 2023).




2.2 Macroinvertebrate data

A gradient of human disturbance in the study area was fully considered, and from this, 27 spatially randomly distributed points were selected for field sampling during the spring and fall of 2023 (Figure 1). Macroinvertebrate samples were collected at each site after preparation was complete, with five different habitats set up in wadeable streams to be sampled by two people using a Surber net. These samples were then combined into one composite sample. In non-wadeable streams, five habitats were sampled by two people using Peterson collectors, and these samples were similarly combined into one composite sample. The collected substrate or silt samples were washed through a sieve and sorted in the field for macroinvertebrates. Insect samples were placed in wide-mouth bottles, while larger samples, such as Mollusca, were placed in ziplock bags and preserved in a 75% alcohol solution. To ensure consistency in the identification and classification of samples by different personnel, we used a uniform reference book to identify samples at the family or genus level (Liu et al., 1979; Merritt and Cummins, 1996; Morse et al., 1994).




Figure 1 | Geographic location and land use types in the study area.






2.3 Environmental filtering

Water quality data were directly downloaded for subsequent analysis from the National Water Ecology Monitoring Business Application and Data Sharing Platform (https://106.37.208.244:40002/login?redirect=%2Findex). The water quality indicators include water temperature, conductivity, pH, dissolved oxygen, permanganate index, ammonia nitrogen, total phosphorus, total nitrogen, turbidity, and other related data. The monitoring times for these indicators are consistent with those of the biological samples.

We extracted the land use types (forest, cropland, water body, grassland, impervious surface, wasteland) in the upstream catchment of each sampling site and calculated the corresponding percentages based on the 2022 Chinese 30-meter land cover data (https://zenodo.org/records/8176941).

Elevation, slope direction, and slope were extracted using ArcGIS Pro based on downloaded DEM data (https://www.gscloud.cn/). Twenty-one climate factors (April minimum temperature, September minimum temperature, annual mean minimum temperature, April maximum temperature, September maximum temperature, annual mean maximum temperature, April precipitation, September precipitation, annual mean precipitation, April radiation, September radiation, annual mean radiation, April barometric pressure, September barometric pressure, annual mean barometric pressure, April mean temperature, September mean temperature, annual mean temperature, April wind speed, September wind speed, annual mean wind speed) were downloaded from WorldClim (https://worldclim.org/) and extracted using ArcGIS Pro.




2.4 Spatial roles

The spatial factors were extracted based on the original geographic coordinates of the 27 point locations, which were first converted to Cartesian coordinates using the SoDA package for R. Subsequently, seven significant spatial variables (MEM1, MEM2, MEM3, MEM4, MEM5, MEM6, and MEM7) were extracted using the adespatial package. Spatial variables with low eigenvalues characterize large-scale spatial patterns, while spatial variables with high eigenvalues characterize fine-scale spatial patterns.




2.5 Mechanisms of macroinvertebrate community assembly

Before analyzing the data, we used the “vif” function from the car package to check for multicollinearity and retained only variables with a VIF less than 5. The macroinvertebrate community data were first transformed into Hellinger’s lattice using the “decostand” function. Following this, the “forward.sel” function was used to forward select the significant water quality, land use, natural climate, and spatial contribution factors based on RDA analysis. Only significant variables were retained. The “varpart” function was then used to decompose the variance, and the variance contributions of all factors to the macroinvertebrate community data were calculated.

To identify specific drivers affecting macroinvertebrate communities, we separately analyzed water quality, land use, physical geography, and spatial factors using the “rdacca.hp” function. To further characterize the direct and indirect effects of spatial, aquatic environmental, geoclimatic, and land use factors on macroinvertebrate communities, we first calculated macroinvertebrate alpha diversity and beta diversity using the diversity function from the vegan package and the LCBD.comp function from the adespatial package, respectively. Subsequently, partial least squares path modeling (PLSPM) was used to causally model the drivers of macroinvertebrate diversity and to identify the relationships between each latent variable (spatial, aquatic environment, geoclimatic, and land use factors) and the observed variables (alpha and beta diversity). All data analyses in this study were conducted using R version 4.3.2 (R Core Team, 2013).





3 Results



3.1 Macroinvertebrate community composition

A total of 96 species of macroinvertebrates at the family or genus level were identified in this study, including three phyla, 20 orders, and 43 families. Among them, Chironomidae had the largest number of species with 19, followed by Tubificidae with 8 species, and Unionidae with 7 species. Detailed data on macroinvertebrate species composition are provided in the Supplementary Document.




3.2 Environmental filtration and the role of space

The significant water environment variables selected for RDA-based forward selection analysis were electrical conductivity (EC), permanganate index (CODMn), biochemical oxygen demand (BOD), and total phosphorus (TP). The significant spatial variables were MEM1, MEM2, MEM3, and MEM5. The significant land-use variables were forests and impervious surfaces, and the significant geo-climatic variables were April radiation, September mean temperature, and longitude. Variance decomposition results showed that environmental, spatial, land-use, and geo-climatic factors collectively explained 22.86% of the variance in the macroinvertebrate community, leaving 77.14% of the variance unexplained (Figure 2). Specifically, the spatial factor had the largest pure contribution (0.020) to macroinvertebrate community variance. The shared effect explained by environmental, spatial, and geo-climatic factors was the largest (0.073), followed by the shared effect of spatial and geo-climatic factors (0.068).




Figure 2 | Variance decomposition of macroinvertebrate communities by water environment (env), land use (land), natural geography (nat), and spatial action (spa).



The results of the hierarchical partitioning showed (Figure 3) that among the water environmental factors, the permanganate index (CODMn) had the strongest sole effect on macroinvertebrates, followed by biochemical oxygen demand (BOD), total phosphorus (TP) and electrical conductivity (EC). Among the spatial factors, MEM1 had the strongest unique effect, followed by MEM3 and MEM5. Within the land use factors, forest had the strongest unique effect, followed by impervious surfaces. Among the geoclimatic factors, longitude had the strongest unique effect, followed by the mean temperature in September and April radiation.




Figure 3 | Hierarchical partitioning of macroinvertebrate communities was conducted based on water environment, spatial factors, geoclimate, and land use.



PLS-PM analyses showed that the model had a GOF of 0.55, indicating that the results were reliable. The variance explained by the model for macroinvertebrate alpha diversity and beta diversity was 0.44 and 0.65, respectively, suggesting that the latent variables accounted for most of the variation in macroinvertebrate diversity. Specifically, alpha diversity was directly influenced by spatial factors, geoclimatic factors, and aquatic environments (standardized path coefficients: -1.33, 0.73, and 0.72, respectively). Beta diversity was directly influenced by macroinvertebrate alpha diversity (standardized path coefficient: -0.92) (Figure 4).




Figure 4 | Shows the partial least squares path model, which explores the effects of spatial factors, geoclimatic factors, land-use factors, water-environmental factors, and macroinvertebrate community effects on macroinvertebrate community alpha and beta diversity. Blue and red lines indicate positive and negative significant relationships, respectively, while dashed lines represent non-significant relationships. The thickness of the lines indicates the strength of the causal relationships, supplemented by standardized path coefficients. Path coefficients are not shown for non-significant relationships. R² denotes the total variance of the dependent variable explained by the independent variables, and GOF denotes the goodness-of-fit of the entire model. *P < 0.05; **P < 0.01; ***P < 0.001.







4 Discussion

The mechanisms of macroinvertebrate community formation have been a central topic for community ecologists, and the emergence of metacommunity theory has provided a framework for this research (Heino, 2013; Heino et al., 2015; Leibold et al., 2004). Based on this, we considered the relative roles of water environment, land use, geoclimatic, and spatial factors in the mechanisms of macroinvertebrate community assembly in the water bodies of eastern China and their impacts on diversity. We found that spatial factors contributed the largest pure effect on macroinvertebrate communities and the largest common effect explained by environmental, spatial, and geoclimatic factors. Alpha diversity was directly affected by spatial, geoclimatic, and aquatic environments (with standardized path coefficients of -1.33, 0.73, and 0.72, respectively), whereas beta diversity was directly affected by macroinvertebrate alpha diversity (with a standardized path coefficient of -0.92).

Unexpectedly, we found an overwhelming dominance of the spatial factor relative to the other variables, which contrasts with results from other riverine ecosystems where environmental filtering has often been found to play a dominant role (Firmiano et al., 2021; Li et al., 2021, Li et al., 2020). This discrepancy may be related to the large spatial extent of the study area, with a maximum distance between points of around 700 kilometers. Such a geographic distance leads to the formation of macroinvertebrate communities with a diffusion-limited spatial structure (Shurin et al., 2009). Additionally, the presence of hydroelectric power plants in the study area may reduce water body connectivity and create barriers to organism dispersal (Wang et al., 2013). Despite the geographic spacing, more than half of our points are located in the main stem of the watershed, and according to the Network Position Hypothesis (NPH) (Schmera et al., 2018), they should be more closely connected to each other. In terms of community composition, the macroinvertebrate community in the study area is dominated by Chironomidae, Oligochaetes, and Mollusca. Except for Chironomidae, which has limited terrestrial dispersal ability, the other taxa are strictly terrestrial dispersers with limited dispersal capacity, subjecting them to greater dispersal constraints over large spatial scales (Heino et al., 2015).

In addition to this, the significant effects of regional variables (land use, geoclimatic) on macroinvertebrate communities are similar to those found in other freshwater ecosystems (Firmiano et al., 2021; Van Looy et al., 2017; Wu et al., 2022). Regional variables, although not directly affecting organisms like the aquatic environment, can indirectly change community composition by influencing stressors (Van Looy et al., 2017). For example, the shift from forests to intensive land use, such as farmland and urban areas, due to anthropogenic impacts, has led to poor water quality (Uriarte et al., 2011). In this study, forested and impervious surfaces were found to be the most important, representing two very different habitats—one in a natural state and the other under high anthropogenic disturbance, resulting in distinct macroinvertebrate communities (Wang et al., 2012). Rainfall leads to surface runoff that carries sediment and suspended matter, significantly impacting the hydrological situation (Fang et al., 2012). Air temperature and radiation indirectly affect benthic communities by altering water temperature (Kelly et al., 2003). The geographic variable longitude indirectly reflects the influence of climate on benthic communities, as different longitudes correspond to different climate types. This reflects the significant influence of geographic location and climatic factors on macroinvertebrate communities, as they relate to the aquatic environment. For example, there are significant differences in the physicochemical factors of the aquatic environment at different longitudes, and the effects of air temperature on water temperature and radiation on photosynthesis.

The water environment has less explanatory power than space, land use, and geoclimate. This may be related to the dispersal capacity of species, as environmental filtration of dominant community change presupposes that the dispersal capacity of species is moderate, allowing them to respond to changes in environmental gradients (Loeuille and Leibold, 2008). Whereas the taxa in this study were predominantly mollusks and oligochaetes, and insects were dominated by Chironomidae, most of these taxa had either no active dispersal capacity or weak dispersal capacity (Sarremejane et al., 2017). Among the water environment variables, the permanganate index (CODMn), biochemical oxygen demand (BOD), total phosphorus (TP), and electrical conductivity (EC) were the significant factors affecting the macroinvertebrate community, consistent with findings from most studied riverine ecosystems (Luo et al., 2018; Qin et al., 2022; Tampo et al., 2021). Electrical conductivity (EC) reflects the salinity of a water body, and excessive conductivity can negatively impact macroinvertebrates. Higher biochemical oxygen demand (BOD), permanganate index (CODMn), and total phosphorus (TP) reflect organic pollution and eutrophication associated with anthropogenic disturbances, which can lead to a decrease in the number of intolerant taxa and an increase in the number of tolerant taxa (Friberg et al., 2010). One implication of this metacommunity-based study is the necessity to account for and potentially exclude the effects of spatial processes and natural disturbances on biological communities in bioassessment to accurately reflect the impacts of human disturbances (Birk et al., 2012; Poikane et al., 2016).

Path analysis based on PLS-PM identifies direct and indirect effects on macroinvertebrate community diversity. We found significant positive effects of spatial factors on water environment, land use, and geoclimatic factors, suggesting that these variables are spatially structured; i.e., spatial distances increase environmental differences between sites, thereby further influencing macroinvertebrate communities (Wan et al., 2015). We also found significant negative effects of spatial factors on alpha diversity, suggesting that dispersal constraints limit the movement of species between sites, thereby reducing native species diversity (Nislow et al., 2011). In contrast, there were significant positive effects of water environment and geoclimate on communities, reflecting the significant power of environmental filtering on species diversity (Cunha et al., 2019). For beta diversity, these three drivers indirectly negatively affected LCBD values, mainly through alpha diversity. Therefore, it is foreseeable that spatial variables should be the main focus of the region in terms of biodiversity conservation, followed by geoclimatic and hydroenvironmental factors. Alpha diversity’s significant negative effect on LCBD suggests lower LCBD values at sites with high alpha diversity, which aligns with the majority of studies (da Silva et al., 2018; Legendre and De Cáceres, 2013). This is because sites with many common dominant species have high alpha diversity but low contribution to beta diversity (i.e., low LCBD), whereas sites with rare species have low alpha diversity but high contribution to beta diversity (i.e., high LCBD).

Overall, we found that spatial processes significantly affect macroinvertebrate communities and their diversity, potentially masking the role of environmental filtration. Dispersal constraints can prevent organisms from responding to changes along parts of the environmental gradient because they cannot reach all sites (Heino et al., 2015). Therefore, focusing on habitat integrity and hydrological conditions at sites may be a better next step. Improving spatial connectivity could increase linkages between sites and thus reduce the effects of dispersal limitations on communities. Simultaneously, for biological assessments, adjusting evaluation indicators to identify those less affected by spatial processes and natural disturbances, and more relevant to the aquatic environment, could improve the accuracy of the evaluations.




5 Conclusion

Studies based on metacommunity theory can enhance our understanding of the ecological processes influencing biological communities. In this paper, we assessed the macroinvertebrate metacommunity structure and drivers of biodiversity in water bodies in eastern China using variance decomposition, hierarchical partitioning, and PLS-PM modeling methods. The results showed that spatial processes dominated the macroinvertebrate metacommunity structure. Additionally, land use, water environment, and geoclimatic factors significantly influenced macroinvertebrate community changes. Further analysis revealed that spatial processes, water environment, and geoclimate significantly affected macroinvertebrate alpha diversity and indirectly influenced beta diversity through alpha diversity. These findings emphasize the importance of considering spatial processes and natural disturbances in biological assessments.
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