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The emergence of metacommunity theory has significantly contributed to our 
understanding of the drivers of community assembly and biome variation. The 
Network Location Hypothesis (NPH) posits that tributary communities situated at the 
source regions of a river are disproportionately susceptible to environmental filtering 
due to their remote location and consequent reduced connectivity to downstream 
reaches of the river system. However, downstream communities located in central 
parts of the river network exhibit increased connectivity to other communities, 
thereby making them more susceptible to spatial effects. Nonetheless, empirical 
studies testing this theory have been relatively scarce to date. Additionally, it is widely 
acknowledged that integrating multiple dimensions of beta diversity can enhance 
our understanding of the mechanisms driving community assembly. Based on the 
above, we collected macroinvertebrate samples from a boreal river in China to 
verify these views. Specifically, we examined the significance of network location on 
metacommunity assembly (NPH hypothesis) by utilizing a distance-decay relationship 
and simultaneously assessing multiple dimensions of ecological drivers of beta 
diversity. Our results revealed that the predictions of the NPH hypothesis were not 
supported in the study area, with the impact of environmental filtering on community 
assembly being prevalent regardless of network location. Taxonomic beta diversity 
consists almost entirely of turnover, with turnover contributing more to functional beta 
diversity than nestedness, while phylogenetic beta diversity consists of a combination 
of turnover and nestedness. We observed that a uniform species composition across 
sites led to higher taxonomic beta diversity in the study area. However, functional 
redundancy and the presence of closely related species across sites resulted in lower 
functional and phylogenetic beta diversity compared to taxonomic beta diversity. 
Although we found some correlation between phylogenetic and functional beta 
diversity, their mechanisms of variation were not consistent, with phylogenetic beta 
diversity showing greater variability than functional beta diversity. This suggests that 
differences in functional traits may be primarily driven by more distantly related 
species. Therefore, our findings do not fully support the use of phylogenetic distance 
as a surrogate for functional distance. The present study emphasizes the significance 
of incorporating multiple dimensions of beta diversity in metacommunity research, as 
they offer unique insights into beta diversity. Specifically, we found that environmental 
factors play a crucial role in shaping macroinvertebrate community composition and 
functional traits, which is associated with the higher environmental heterogeneity 
within the study area. In contrast, spatial processes, such as dispersal limitations, lead 
to variations in the evolutionary history of organisms across different locations, which 
is associated with the larger geographical extent of the study area.
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1. Introduction

The assembly of biomes and changes in biodiversity, along with 
their underlying mechanisms, have always been central to the research 
of community ecology (Willig et al., 2003; Sanders and Rahbek, 2012). 
In this regard, metacommunity theory has significantly contributed to 
our comprehension of community assemblages and biodiversity 
mechanisms. According to this theory, two primary ecological 
processes, namely ecological niche-based and spatial processes, play a 
crucial role in influencing the assembly and variation of biological 
communities (Fagan, 2002). Within this context, the impacts of these 
ecological processes on biological communities can be inferred from 
environmental and spatial factors (Leibold et al., 2004).

In recent years, an increasing amount of research has shifted its 
focus toward beta diversity, owing to its potential to provide 
complementary information for metacommunity studies (Tonkin 
et al., 2016; Rusanov et al., 2022). Beta diversity is characterized as the 
spatial variability in community membership, reflecting the biological 
response to environmental filtering and spatial processes (García-
Girón et  al., 2020). Beta diversity is comprised of two primary 
components, turnover and nestedness (Baselga, 2010). Turnover 
involves the substitution of species between different patches 
(Soininen et al., 2018), whereas nestedness refers to sites where the 
community composition or functional traits are a subset of more 
abundant sites, and where these abundant sites possess unique species 
composition or functional traits (Levesque-Beaudin and Wheeler, 
2011). However, past studies have predominantly focused on 
taxonomic beta diversity (Leibold and Mikkelson, 2002), leading to a 
limited comprehension of beta diversity (Perez Rocha et al., 2018). 
Functional beta diversity, which explains ecosystem function and 
species ecological niche relationships primarily through differences in 
functional traits between organisms (Petsch et  al., 2021), and 
phylogenetic diversity, which reflects the evolutionary processes of 
species in response to environmental and spatial effects, offer multiple 
perspectives on beta diversity and can aid in the understanding of 
community responses to ecological processes (Winter et al., 2013).

Numerous studies of rivers indicate that changes in beta diversity 
are mainly driven by ecological niche-based processes and spatial 
interactions (Frota et al., 2022; Rusanov et al., 2022). Environmental 
filtering, a phenomenon that selects species based on their adaptation 
to specific environmental conditions, generates unique community 
compositions across sites. This process ultimately results in the 
maintenance of species that can thrive in a given set of environmental 
conditions, thus producing variations in community structure among 
locations (Daniel et al., 2019). However, high dispersal rates (e.g., mass 
effects) can create homogeneous communities that obscure the effects 
of environmental filtering (Heino et  al., 2015b). Conversely, low 
dispersal rates (e.g., dispersal limitation) may impede the response of 
organisms to environmental gradients, resulting in the absence of 
certain species in ecologically suitable locations (Heino et al., 2015b). 
Distance-decay relationships (DDRs) represent associations between 
organisms and ecological drivers (Morlon et  al., 2008), and they 
suggest that beta diversity increases with geographical or 

environmental distance. DDRs can disclose the impact of both 
ecological niche-based and spatial processes on community assembly 
and change (Lentendu et al., 2018; Wang Y. et al., 2021).

The structure of a river’s dendritic network (Campbell Grant et al., 
2007) provides new opportunities for studying metacommunities. For 
instance, the Network Position Hypothesis (NPH; Schmera et  al., 
2018) has recently emerged, which suggests that species sorting 
dominates the communities of tributaries due to their remote location 
and lack of connection with other communities (Doretto et al., 2020). 
In contrast, downstream mainstream communities are more 
influenced by spatial factors, specifically mass effects, because they are 
centrally located or connected to the river network (Brown and Swan, 
2010). However, there is a scarcity of empirical studies that test NPH 
predictions, and several recent studies lack supporting evidence 
(Schmera et  al., 2018; Tonkin et  al., 2018b). Consequently, the 
immediate priority is to test the NPH hypothesis in more rivers.

In this research, we  conducted an analysis of metacommunity 
dynamics based on beta diversity in a boreal river basin in China, 
examining three aspects: taxonomic, functional, and phylogenetic. Our 
study aimed to investigate the potential correlation between community 
differences and beta diversity measures with environmental and spatial 
gradients. We have the following hypotheses: (1) we first assume that 
communities at mainstream sites are assembled depending on niche-
based and spatial processes (Schmera et  al., 2018). In contrast, 
communities at tributary sites are primarily driven by environmental 
filtering (Brown and Swan, 2010). (2) There exists a strong correlation 
between functional traits and the environment, leading us to predict that 
environmental filtering, rather than spatial processes, is the primary 
driver of functional beta diversity (Wang J. et al., 2021). (3) We predict 
that both environmental filtering and dispersal limitation affect 
macroinvertebrate taxonomic beta diversity (Ning and Beiko, 2015; Jiang 
et  al., 2021), as species composition should be  affected by both 
environmental and dispersal limitation (Perez Rocha et al., 2018; Frota 
et al., 2022). (4) Furthermore, we predict that an increase in phylogenetic 
dispersion corresponds to an increase in the dispersion of traits (Yang 
et al., 2015). In other words, phylogenetic beta distance serves as a proxy 
for functional distance, and changes in phylogenetic beta diversity are 
therefore largely influenced by environmental filtering (Hardy et al., 
2012). (5) Finally, based on previous studies (Kadmon, 1995; Condit 
et al., 2002; Graham and Fine, 2008; Hardy et al., 2012; Schneider et al., 
2019; Hu et  al., 2022), we  predict that changes in the turnover 
components of different aspects of beta diversity can be influenced by 
both environmental filtering and dispersion limitation. However, 
changes in the nested components of the three aspects of beta diversity 
are likely to be primarily influenced by dispersion limitation.

2. Materials and methods

2.1. Location of study

The Taizi River (Figure 1) is situated in northeastern China and 
plays a crucial role in fostering economic and social progress in the 
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region. Unfortunately, the watershed ecosystem has experienced severe 
degradation in recent years owing to the deteriorating environmental 
conditions in the Taizi River and a gradual transition toward farmland 
and urban land use (Kaishan et al., 2014; Zhang et al., 2015). Despite 
the growing concern over this issue (Kong et al., 2013), the conservation 
and restoration of biodiversity and ecosystem function remain 
uncertain since there is limited understanding of the interrelationships 
between biological variation and watershed drivers (Zhang et al., 2019).

2.2. Macroinvertebrate sampling

In May 2012 and April 2018, we conducted field sampling at 92 
sites along the Taizi River. Specifically, we surveyed 42 sites in 2012 and 
50 sites in 2018. Given that the surveys were conducted 6 years apart, 
we selected the 2018 sites to be as geographically close as possible to 
the 2012 sites and have similar environmental characteristics, in order 
to reduce errors in our data. At each site, representative habitats were 
identified within 100 m of the river using a Surber-net (0.09 m2), and 
the sampling was repeated five times. Subsequently, samples were 
collected by filtering out impurities using a 60 mesh (0.25 mm pore 
size) circular sieve. The organisms were then poured into white 
porcelain trays, and macroinvertebrate samples were manually picked 
on-site using pointed forceps and placed into 500 mL wide-mouth 
plastic bottles, which were subsequently preserved in a pre-prepared 
70% ethanol solution. Macroinvertebrate samples were identified in the 
laboratory using relevant taxonomic tools to species or genus level 
(with 3.7% of individuals identified to the family level; Liu et al., 1979; 
Morse et al., 1994; Merritt and Cummins, 1996).

2.3. Functional traits of macroinvertebrates

A total of nine functional traits (including voltinism, dispersal, 
drift, respiration, rheophily, size, thermal tolerance, activity habits, 
and functional feeding group) from 32 categories were selected to 
describe the functional structure of macroinvertebrate communities 
in this study. The nine traits cover life history, resistance or resilience, 
and essential biological characteristics. In order to calculate the 
functional beta diversity of species, we classified the functional traits 
of each species using a binary “presence-absence” matrix, where 1 

indicates the presence and 0 indicates the absence of the trait. We then 
obtained a binary “presence-absence” (1–0) data matrix of functional 
traits for macroinvertebrates. The classification of species traits was 
primarily accomplished through field observations, laboratory 
measurements, literature reviews, and reference books. When 
information on certain species traits was lacking, the traits of the 
genus level were utilized (Morse et al., 1994; Merritt and Cummins, 
1996; Usseglio-Polatera et  al., 2000; Wang, 2003; Tomanova and 
Usseglio-Polatera, 2007; Barnum et al., 2017).

2.4. Proxy for phylogenetic information

Due to the lack of true phylogenetic data for the species, here 
we calculated taxonomic distances for path lengths in the taxonomic 
tree as a proxy for the phylogenetic data (Winter et al., 2013). The 
levels of the taxonomic tree include species, genus, family, order, class, 
phylum. The species classification distances are calculated using the 
“taxa2dist” function in R’s vegan package (Oksanen et al., 2013).

2.5. Environmental variables

After collecting macroinvertebrate samples, we  measured 18 
environmental factors. The YSI-85 portable water quality analyzer was 
used to determine pH, water temperature, conductivity, and dissolved 
oxygen. Elevation, latitude, and longitude were recorded on-site using 
the MAGELLAN global positioning system (eXplorist 200). 
We measured water depth and velocity on-site using a stream gauge, 
and river width was measured with a rangefinder. To quantify the 
volumes of different substrate types, we used measuring cups. The 
substrate index (SI) was computed using the following formula (Allan 
et al., 2021): SI = 0.08%V (boulder) + 0.07%V (large cobble) + 0.06%V 
(small cobble) + 0.05%V (large pebble) + 0.04%V (small 
pebble) + 0.03%V (coarse gravel) + 0.02%V (fine gravel) + 0.01%V 
(sand), where V represents the volume (L) of each substrate type. 
Furthermore, water samples were obtained on-site from each sampling 
location and transported to the laboratory for subsequent analysis. 
According to relevant standards (Wei et al., 1989), we measured the 
permanganate index (CODMN), ammonia nitrogen (NH4), total 
nitrogen (TN), and total phosphorus (TP) in the laboratory. 

FIGURE 1

Map of sampling locations.
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Subsequently, land use data were downloaded from GlobeLand301 
which were pre-processed using ENVI 5.02 to correct for atmospheric 
and geometric distortions and other image data pre-processing 
procedures, followed by supervised classification using the support 
vector machine method (Pisner and Schnyer, 2020). The resulting 
processed data was used to extract land cover data from the catchment 
area upstream of each sampling point using ArcGis 10.83 extraction 
analysis. Six land use types, including forest land, farmland, grassland, 
urban land, and water areas, were identified and counted as 
environmental factors in subsequent analyses.

2.6. Data analysis

2.6.1. Mean differences between 
macroinvertebrate communities and 
environmental conditions

Prior to the statistical analysis, log (x + 1) transformations were first 
applied to the environmental factors (except pH). To quantify differences 
and heterogeneity in environmental variables and community 
composition between network locations. We  ran a Permutational 
multivariate analysis of variance (PERMANOVA; Anderson and Walsh, 
2013) and homogeneity of multivariate dispersion (PERMDISP; 
Anderson et al., 2006) on environmental data and species composition 
data to analyze their differences and heterogeneity. These analyses were 
based on environmental data based on Euclidean distances and species 
abundance data based on Bray-Curtis distances.

2.6.2. Calculation of beta diversity
To begin with, we generated three dissimilarity distance matrices 

based on species incidence data. These matrices included (i) Simpson 
pairwise dissimilarity, which represents turnover components, (ii) 
nestedness-resultant dissimilarity, which represents nested 
components, and (iii) Sorensen pairwise dissimilarity, which is the 
sum of the two components. The calculation was performed using the 
“beta.pair” function from the R package betapart, utilizing the 
“Sorensen dissimilarity index” (Baselga, 2010, 2012). We  utilized 
presence-absence data for species traits and calculated trait distances 
based on Gower distances (Gower, 1971). The distance matrix was 
then used to perform Principal Coordinate Analysis (PCoA; Villéger 
et al., 2008), and reduce the dimensionality of the trait data to two 
dimensions. Subsequently, we employed the “functional.beta.pair” 
function from the betapart package to obtain three distance matrices 
based on the reduced dimensionality of trait data. These distance 
matrices were used to measure the spatial turnover and nestedness 
components of functional beta diversity, as well as the sum of the two 
values. We then calculated the taxonomic distance between species 
using the “taxa2dist” function (Clarke and Warwick, 1998). Using the 
interspecific taxonomic distance matrix, we  computed the 
phylogenetic beta diversity of the organisms. The phylogenetic beta 
diversity matrix was obtained through the same approach as for 
functional beta diversity, and we also obtained a phylogenetic turnover 
component and a nested phylogenetic component. Finally, we used 

1 http://www.globallandcover.com/

2 https://www.l3harrisgeospatial.com/Software-Technology/ENVI

3 https://www.esri.com/zh-cn/arcgis/products/arcgis-desktop

the “beta.multi” and “functional.beta.multi” functions from the 
betapart package (Baselga and Orme, 2012) to compute the beta 
diversity turnover and nestedness components of the taxonomic, 
functional, and phylogenetic beta diversity for three multiple-site 
dissimilarities, as well as the sum of these two values.

2.6.3. Calculation of spatial and environmental 
distances

As macroinvertebrate dispersal is mainly concentrated in river 
corridors, we used watercourse distances as a proxy to investigate the 
processes related to dispersal. To create the watercourse distance 
matrix, we employed network analysis in ArcGIS 10.84 to build a 
network. Next, we normalized the environmental variables and used 
the “Euclidean distance” approach to derive a matrix of environmental 
distances between pairs of locations (Cañedo-Argüelles et al., 2015).

2.6.4. The relationship between the decay of the 
dissimilarity, taxonomic, functional, and 
phylogenetic beta diversity of large invertebrate 
communities and their environmental and spatial 
distance

First, we used the “mantel.correlog” function (Shi et al., 2015) of 
the R package vegan to examine the spatial autocorrelation of different 
network locations (basin, mainstream, tributaries) of macroinvertebrate 
communities and different aspects (taxonomic, functional, 
phylogenetic) of the macroinvertebrate community beta diversity. To 
investigate the correlation between macroinvertebrate community 
differences, taxonomy, function, phylogenetic beta diversity and its 
components (total, turnover, and nested) with environmental and 
watercourse distances, respectively, we used Mantel tests with Moran 
Spectral Randomization (MSR; Crabot et al., 2019), which accounts for 
the spatial autocorrelation of the environment. We used the “partial.
mantel” function from the vegan package to conduct a partial Mantel 
test to investigate the impact of each distance matrix on dissimilarity 
indices while disregarding the effect of the other distance matrix. The 
MSR permutation is computed using the “mantel.randtest” function 
from the ade4 package (Dray and Dufour, 2007) and the “msr” function 
from the adespatial package (Dray et  al., 2018). Finally, we  have 
identified significant environmental variables through the forward 
selection of db-RDA analysis (Legendre and Anderson, 1999) for 
macroinvertebrate communities at various network locations, aspects 
of beta diversity, and its components. Prior to the RDA analysis, 
we performed a Hellinger transformation on the abundance data and 
the beta diversity matrix. All data analyses in this study were conducted 
using R version 4.1.2 (Team RC, 2022).

3. Results

3.1. Biological data and environmental 
conditions

During our study, a total of 6,997 individuals belonging to 106 
taxonomic groups, 40 families, 15 orders, 6 classes, and 3 phyla were 

4 https://www.esri.com/zh-cn/arcgis/products/arcgis-desktop
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identified collectively. The most abundant taxa comprised Ephemera 
orientalis (17.14% relative abundance), Hepyageniidae (5.85% relative 
abundance), and Baetis sp. (5.82% relative abundance). Our analysis 
revealed significant differences in the environmental conditions 
between the sampling sites, indicating a high environmental gradient 
in the research area (Table 1). Specifically, river width (RW), water 
depth (WD), ammonia (NH4), total nitrogen (TN), and percentage of 
water area were significantly (p  < 0.05) higher in the mainstream 
communities than in the tributary communities. In contrast, elevation 
(ALT), substrate index (SI), and percentage of forest land were 
significantly (p < 0.05) higher in the tributary communities than in the 
mainstream communities (Table 1).

3.2. Mean differences in biological data and 
mean differences in environmental 
conditions

The results of the study indicate that there are significant 
differences in the community composition between the mainstream 
and tributaries of the network sites (R2  = 0.12915, p  = 0.001), as 
demonstrated by the PERMANOVA analysis (Tables 2, 3). 
Additionally, network location (R2 = 0.12915, p = 0.001) had a notable 
impact on the variability of environmental conditions, as evidenced 
in the results presented in this study. Furthermore, the PERMDISP 
analysis (Figures  2, 3) revealed significant differences in 
macroinvertebrate community heterogeneity (p  < 0.01) and 
environmental heterogeneity (p < 0.05) between network locations.

3.3. Taxonomic, functional, phylogenetic 
beta diversity, and their components

The findings of this study reveal that the macroinvertebrates 
present in the investigated area exhibit a significant level of variation 
in taxonomic beta diversity (0.98), which is the highest among the 
three types of beta diversity. The next highest variation was observed 
in phylogenetic beta diversity (0.80), followed by functional beta 
diversity (0.76; Figure  4). Moreover, our research indicates that 
taxonomic beta diversity is primarily driven by turnover (0.97), 
whereas both turnover (0.46) and nestedness (0.34) contribute to 
phylogenetic beta diversity. On the contrary, nestedness (0.19) has a 
lower contribution to functional beta diversity, while turnover (0.57) 
plays a more prominent role in functional beta diversity (Figure 4).

3.4. Differences in the individual 
components of beta diversity

The Mantel test findings suggest that there exist significant 
differences in the correlations between the components of the three 
dimensions of beta diversity (Figure 5). Specifically, there is a high 
correlation (r > 0.45, p < 0.001) between the components of functional 
diversity and phylogenetic diversity. Moreover, the functional total 
beta diversity exhibits a strong correlation with the phylogenetic total 
beta diversity (r  = 0.6437, p  < 0.001), followed by the functional 
turnover component and the phylogenetic turnover component, 
which are also highly correlated (r = 0.5911, p < 0.001). However, the 

TABLE 1 Descriptive statistics of environmental variables and the results of non-parametric tests for environmental variables (p-values).

Variables All sites Mainstream Sites Tributary Sites P

Max Min Mean SD Max Min Mean SD Max Min Mean SD

ALT (m) 480.00 0 197.00 131.00 385.00 4.00 124.00 117.00 480.00 0 220.00 127.00 0.002

RW (m) 411.00 1.00 45.00 67.00 411.00 17.00 120.00 90.00 178.00 1.00 22.00 32.00 <0.001

WD (m) 500.00 5.00 49.00 73.00 500.00 14.00 118.00 117.00 250.00 5.00 27.00 30.00 <0.001

V (m/s) 1.80 0.00 0.47 0.31 1.80 0.00 0.49 0.44 1.40 0.00 0.47 0.27 0.666

WT (°C) 24.00 8.50 17.73 3.43 21.00 8.50 15.83 3.62 24.00 11.70 18.33 3.17 0.071

pH 9.90 6.70 8.00 0.90 9.90 6.70 7.80 1.00 9.40 6.80 8.10 0.80 0.808

COND (μs/

cm)

1250.00 70.00 375.00 221.00 561.00 130.00 330.00 143.00 1250.00 70.00 389.00 240.00 0.495

DO (mg/L) 25.00 2.00 12.00 4.00 21.00 8.00 12.00 4.00 25.00 2.00 11.00 4.00 0.912

SI 13.25 0.20 2.79 3.06 8.48 0.20 1.57 1.79 13.25 0.40 3.18 3.28 0.032

CODMn (mg/L) 8.38 0.36 2.48 1.55 3.47 0.83 2.11 0.78 8.38 0.36 2.59 1.71 0.089

NH4 (mg/L) 8.01 0.05 0.65 1.14 2.90 0.05 0.73 0.74 8.01 0.05 0.63 1.24 0.021

TN (mg/L) 19.55 0.31 3.23 3.06 9.48 0.72 4.46 2.42 19.55 0.31 2.84 3.15 0.011

TP (mg/L) 1.33 0.01 0.09 0.16 0.40 0.01 0.07 0.09 1.33 0.01 0.10 0.18 0.794

% Farm land 98.10 0.60 48.53 21.85 0.97 0.18 0.50 0.21 0.98 0.01 0.48 0.22 0.783

% Forest land 92.10 0.00 30.91 22.95 0.57 0.00 0.20 0.17 0.92 0.00 0.34 0.24 0.038

% Grass land 33.90 0.00 6.17 7.19 0.34 0.00 0.08 0.11 0.26 0.00 0.06 0.05 0.428

% Water area 34.70 0.00 3.47 6.15 0.35 0.00 0.11 0.09 0.11 0.00 0.01 0.02 <0.001

% Urban land 66.70 0.00 10.93 14.27 0.41 0.00 0.11 0.13 0.67 0.00 0.11 0.15 0.535

Abbreviations of environmental variables: ALT, Altitude; RW, River width; WD, Water depth; V, Flow velocity; WT, Water temperature; COND, Conductivity; DO, Dissolved oxygen; SI, 
Substrate index; CODMn, Permanganate index; NH4, Ammonia nitrogen; TN, Total nitrogen; TP, Total phosphorous.
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correlations between other components are relatively low (r < 0.40, 
p < 0.001; Figure 5).

3.5. Correlation of environmental and 
spatial distances with macroinvertebrate 
communities and three aspects of beta 
diversity

In terms of macroinvertebrate communities with varying 
network locations, it was found that solely the mainstream 
community exhibited spatial autocorrelation at a distance class index 
of 30 km (Figure 6). Conversely, weak spatial autocorrelation was 
detected for all three similarity matrices of taxonomic beta diversity 
(Figure 6). Interestingly, the Sorensen similarity matrix for functional 
beta diversity demonstrated positive spatial autocorrelation at the 
first two distance class indices (Figure  6). Furthermore, our 
investigation revealed weak spatial autocorrelation for the three 
similarity matrices of phylogenetic beta diversity (Figure 6).

In general, the crucial environmental factors affecting 
macroinvertebrate communities and the diverse aspects affecting beta 
diversity exhibited significant variability among the sites (Tables 4–7). 
Specifically, elevation, water depth, water temperature, pH, conductivity, 
dissolved oxygen, substrate index, and permanganate index were the 
most critical environmental variables for macroinvertebrate 
communities throughout the watershed (Table  4). Among these 
variables, water temperature, substrate index, and permanganate index 
were particularly important for the mainstream community. In the 
tributaries, the macroinvertebrate community was primarily shaped by 
elevation, pH, water temperature, total nitrogen, and percentage of 
water area (Table 4). Notably, a variety of environmental variables, such 
as elevation, water depth, pH, conductivity, substrate index, percentage 
of water area, dissolved oxygen, percentage of forest land, percentage of 
urban land, river width, permanganate index, and total nitrogen, played 
a vital role in driving changes in taxonomic beta diversity (Table 5). 
Additionally, changes in functional beta diversity were significantly 
associated with elevation, water temperature, pH, and conductivity 
(Table  6). For phylogenetic beta diversity, the most critical 
environmental variables were water temperature, pH, water depth, and 
flow rate (Table 7). Finally, the extent to which spatial and environmental 
distance influenced macroinvertebrate communities and multifaceted 
beta diversity varied across network locations (Figures 7, 8; Table 8).

The correlation between macroinvertebrate metacommunities 
and environmental factors (r  = 0.27, p  < 0.001) was found to 
be  stronger when considering the entire watershed (Figure  7; 
Table  8). Conversely, although correlations between mainstream 
communities and both environmental factors and watercourse 
distance were high, the correlation with watercourse distance was 
not significant. Additionally, the correlations between communities 
and watercourse distance were low and insignificant when the effects 
of environmental variables were not considered (r = 0.05, p > 0.05). 
Furthermore, a partial Mantel test indicated that the relative 
importance of environmental filtering was greater for tributary 
community assemblages compared to spatial processes (Figure 7; 
Table 8).

The results of the Partial Mantel tests reveal significant correlations 
between macroinvertebrate taxonomic beta diversity and the turnover 
component of taxonomic beta diversity with environmental distance. 
Conversely, not any correlation was found between nestedness and 
environmental distance. Although functional beta diversity also 
exhibited a significant correlation with environmental distance, the 
strength of this relationship was comparatively weaker than that 
observed for taxonomic beta diversity. Notably, the Sorensen 
dissimilarity matrix and Simpson dissimilarity matrix for phylogenetic 
beta diversity displayed significant correlations with spatial distance 
rather than environmental distance (Figure 8; Table 8).

TABLE 2 Results of PERMANOVA for macroinvertebrate community 
composition at different network locations.

DF SS MS F R2 P

Sites 1 0.826 0.82628 1.7501 0.01907 0.002

Residuals 90 42.492 0.47214 0.98093

Total 91 43.319 1

TABLE 3 Results of PERMANOVA for macroinvertebrate environmental 
conditions at different network locations.

DF SS MS F R2 P

Sites 1 0.09381 0.093808 13.347 0.12915 0.001

Residuals 90 0.63254 0.007028 0.87085

Total 91 0.72635 1

FIGURE 2

PERMDISP analysis of macroinvertebrate abundance (Bury-Curtis 
distance) based on the network location.

FIGURE 3

PERMDISP analysis of environmental data (Euclidean distance) based 
on the network location.
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4. Discussion

This study tested the NPH hypothesis for macroinvertebrate 
metacommunities in a boreal river basin in China. The NPH 

hypothesis posits that changes in tributary communities are driven by 
environmental filtering, while changes in mainstream communities 
are driven by both environmental filtering and spatial processes. 
We also investigated three aspects of beta diversity in response to 

FIGURE 4

Mean differences in the individual components of beta diversity in three dimensions.

FIGURE 5

Mantel correlation coefficients between different components (beta diversity; turnover; nested) of different aspects of beta diversity (taxonomic, 
functional, phylogenetic; ***p < 0.001).
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environmental and spatial distance. Our findings suggest that 
environmental filtering almost entirely drives the metacommunities 
of macroinvertebrates in the watershed, mainstream, and tributaries. 
Thus, the mechanisms of assembly of regional macroinvertebrate 
metacommunities may not depend on network position. Additionally, 
we found that taxonomic beta diversity variation within the basin was 
more significant than functional and phylogenetic beta diversity 
variation. The turnover component was found to drive most of the 
variation in beta diversity, with species beta diversity almost entirely 
contributed by the turnover component. Furthermore, functional beta 
diversity showed a greater contribution from the turnover component 
than the nested component, while phylogenetic beta diversity was 
primarily interpreted by both turnover and nested components. Our 
findings suggest that the ecological factors driving various aspects of 
beta diversity exhibit distinct patterns, with deterministic processes 
predominantly influencing turnover in species and trait composition. 
Conversely, phylogenetic turnover is primarily driven by dispersal 
constraints. We observed significant effects of environmental filtering 
and dispersal limitation on the turnover components of different 
aspects of beta diversity. Nonetheless, nested components of beta 
diversity may have drivers other than environmental filtering and 
dispersal limitation, such as biotic interactions and ecological drift.

In line with recent research (Schmera et al., 2018; He et al., 2020), 
we have found that the network location hypothesis lacks general 
support in predicting the macroinvertebrate community assembly in 
the Taizi River basin, tributaries, and the mainstream. Our study 

indicates that community assembly is related to environmental 
filtering, rather than spatial processes. Moreover, the effects of 
ecological niche-based processes and spatial processes on community 
assembly may be independent of network location. Several studies 
have shown (Datry et al., 2016; Tonkin et al., 2018a) that the influence 
of ecological niches and spatial processes in shaping community 
assemblages is specific to the system under investigation, rather than 
the location of the network. River ecosystems exhibit significant 
variability, as reflected by the variation in environmental conditions 
such as water temperature, flow rate, ammonia, total nitrogen, total 
phosphorus, and conductivity. Additionally, river network 
connectivity varies with the season, and the connectivity of the river 
network is likely to increase during the wet season (Jiang et al., 2014; 
Zhao et al., 2017). Moreover, environmental heterogeneity differs from 
one river system to another. These factors may explain why the NPH 
hypothesis has not been widely supported. On the other hand, 
limitations to the study of the NPH hypothesis exist, as dispersal 
limitations may be  negligible for aquatic insects with adult flight 
capabilities, even if they are in geographically remote locations, as they 
can easily fly several hundred kilometers (Schmera et  al., 2018). 
Nevertheless, related studies have demonstrated that the NPH 
hypothesis is context-dependent, even for taxa that only disperse 
exclusively within streams (Henriques-Silva et al., 2019).

Our study has demonstrated that macroinvertebrate communities 
exhibit a strong distance-decay relationship with environmental 
distance. However, the influence of spatial distance on macroinvertebrate 

FIGURE 6

Mantel correlogram of macroinvertebrate communities at different network locations (basin, mainstream, tributaries) and multiple aspects of 
macroinvertebrate beta diversity (taxonomic, functional, phylogenetic). A solid point indicates the presence of spatial autocorrelation, and a hollow one 
the absence of it. Here, when we say “basin,” we refer to all points, including the mainstream and tributaries.
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TABLE 4 The results of forward selection of significant environmental variables for macroinvertebrate communities at different network locations 
using db-RDA are presented, with a “-” indicating environmental variables that were not selected.

Variables Basin Mainstream Tributaries

Adj R2 F P Adj R2 F P Adj R2 F P

ALT 0.0481 2.2600 0.0001 - - - 0.0585 2.4024 0.0001

RW - - - - - - - - -

WD 0.0705 1.3218 0.0465 - - - - - -

V - - - - - - - - -

WT 0.0782 1.3389 0.0380 0.1243 1.6736 0.0067 0.0860 1.5537 0.0034

pH 0.0348 4.2832 0.0001 - - - 0.0391 3.8070 0.0001

COND 0.0671 1.4039 0.0191 - - - - - -

DO 0.0627 1.5068 0.0071 - - - - - -

SI 0.0573 1.8660 0.0001 0.0933 1.9087 0.0008 - - -

CODMn 0.0745 1.3626 0.0302 0.0521 2.1532 0.0003 - - -

NH4 - - - - - - - - -

TN - - - - - - 0.0688 1.7403 0.0001

TP - - - - - - - - -

% Farmland - - - - - - - - -

% Forest land - - - - - - - - -

% Grass land - - - - - - - - -

% Water area - - - - - - 0.0782 1.6758 0.0009

% Urban land - - - - - - - - -

Abbreviations for environment variables have the same meaning as in Table 1.

TABLE 5 The results of forward selection for significant environmental variables based on db-RDA for taxonomic beta diversity are presented, with a “-” 
indicating environmental variables that were not selected.

Variables Beta diversity Turnover Nested

Adj R2 F P Adj R2 F P Adj R2 F P

ALT 0.0727 2.7961 0.0001 0.1334 1.6394 0.0483 0.1071 2.5913 0.0001

RW - - - - - - 0.1135 1.6389 0.0115

WD 0.0989 1.4250 0.0280 - - - - - -

V - - - - - - - - -

WT - - - - - - - - -

pH 0.0542 6.2105 0.0001 0.0754 8.4208 0.0001 0.0658 7.4107 0.0001

COND 0.0945 1.6274 0.0058 - - - 0.1315 1.6088 0.0122

DO - - - 0.1112 2.5389 0.0040 - - -

SI 0.0880 2.5002 0.0001 0.0959 3.0371 0.0006 0.0911 3.5047 0.0001

CODMn - - - - - - 0.1253 1.5434 0.0250

NH4 - - - - - - - - -

TN - - - - - - 0.1379 0.1379 0.1379

TP - - - - - - - - -

% Farmland - - - - - - - - -

% Forest land - - - 0.1271 2.5973 0.0017 0.1197 1.6155 0.0135

% Grass land - - - - - - - - -

% Water area 0.1047 1.5596 0.0104 - - - - - -

% Urban land - - - 0.1412 1.7794 0.0252 - - -

Abbreviations of environmental variables have the same meaning as in Table 1.
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TABLE 7 The results of forward selection for significant environmental variables based on db-RDA for phylogenetic beta diversity are presented, with a 
“-” indicating environmental variables that were not selected.

Variables Beta diversity Turnover Nested

Adj R2 F P Adj R2 F P Adj R2 F P

ALT - - - - - - - - -

RW - - - - - - - - -

WD - - - 0.1447 3.2832 0.0070 - - -

V - - - - - - 0.0748 3.0469 0.0120

WT - - - 0.0504 4.6609 0.0011 0.0469 4.3955 0.0017

pH - - - 0.1155 6.0099 0.0001 0.0927 2.3249 0.0396

COND - - - - - - - - -

DO - - - - - - - - -

SI - - - - - - - - -

CODMn - - - - - - - - -

NH4 - - - - - - - - -

TN - - - - - - - - -

TP - - - - - - - - -

% Farmland - - - - - - - - -

% Forest land - - - - - - - - -

% Grass land - - - - - - - - -

% Water area - - - - - - - - -

% Urban land - - - - - - - - -

Abbreviations of environmental variables have the same meaning as in Table 1.

TABLE 6 The results of forward selection for significant environmental variables based on db-RDA for functional beta diversity are presented, with a “-” 
indicating environmental variables that were not selected.

Variables Beta diversity Turnover Nested

Adj R2 F P Adj R2 F P Adj R2 F P

ALT 0.0230 2.6229 0.0060 - - - 0.0156 2.0902 0.0436

RW - - - - - - - - -

WD - - - - - - - - -

V - - - - - - - - -

WT 0.0699 2.6762 0.0040 0.0342 3.4421 0.0077 - - -

pH 0.0466 2.6875 0.0063 0.1004 6.0049 0.0003 - - -

COND 0.0876 2.2779 0.0133 - - - - - -

DO - - - - - - - - -

SI - - - - - - - - -

CODMn - - - - - - - - -

NH4 - - - - - - - - -

TN - - - - - - - - -

TP - - - - - - - - -

% Farmland - - - - - - - - -

% Forest land - - - - - - - - -

% Grass land - - - - - - - - -

% Water area - - - - - - - - -

% Urban land - - - - - - - - -

Abbreviations of environmental variables have the same meaning as in Table 1.
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communities was not statistically significant. This suggests that 
environmental filtering is the primary cause of variation observed in 
macroinvertebrate communities in the Taizi River. Macroinvertebrates 
have moderate dispersal rates, which enables them to monitor changes 
in environmental gradients and locate suitable habitats. In line with 
previous studies (Forio et al., 2017; Nguyen et al., 2018) investigating 
the key environmental variables affecting river macroinvertebrates, 
we  have identified geographic variables, such as elevation, 
physicochemical water quality variables (conductivity, flow rate, 
substrate, permanganate index, total nitrogen, and pH), and land use 
factors (percentage of urban land, water area, and forest land) as crucial 
environmental variables that impact macroinvertebrate community 
assembly and beta diversity in the Taizi River. Our research has revealed 
a relatively large range of variability in these environmental variables 
(Table  1), contributing to the substantial environmental gradient 
observed in the study area, which drives macroinvertebrate variation.

The correlations (Figure  5) among individual components of 
different aspects of beta diversity were found to be low. Therefore, 
we suggest that three aspects of beta diversity offer distinct insights 
into beta diversity (Heino and Tolonen, 2017). Our investigation 
revealed that taxonomic and functional beta diversity were 
predominantly composed of turnover. This suggests that differences 
in species and functional beta diversity within watersheds result from 

the interchange of species and functional traits across sites, largely 
driven by deterministic processes (Nunes et al., 2016). Furthermore, 
our findings indicate that taxonomic beta diversity is primarily 
influenced by environmental filtering and is subject to weaker spatial 
effects, which is consistent with recent studies (Liu et al., 2022; Wu 
et al., 2022). Less consistent with our third hypothesis, we did not find 
a significant effect of dispersal limitation on macroinvertebrate 
taxonomic beta diversity. In general, differences in species dispersal 
ability may interact with geographic isolation to form nested patterns 
of species composition (Kadmon, 1995). However, the taxonomic beta 
diversity in this study is mainly composed of turnover, with a minor 
nested component, which could explain the lack of a detectable effect 
of dispersal limitation on taxonomic beta diversity. The correlation 
between local environmental variables and taxonomic beta diversity 
underscores the importance of environmental filtering as an ecological 
process affecting riverine macroinvertebrate communities (Cottenie 
and De Meester, 2004; Viana et al., 2016). The role of environmental 
variables in community assembly primarily depends on the 
environmental heterogeneity of the study area (Li et al., 2021). In our 
study area, environmental characteristics such as water temperature, 
substrate index, permanganate index, total nitrogen, and others vary 
widely due to human disturbance (e.g., domestic sewage discharge, 
urbanization) and natural geographical factors (e.g., climate change, 

FIGURE 7

Relationship between abundance dissimilarity and environmental or spatial distances of macroinvertebrate communities in different network locations 
(basin, mainstream, and tributaries).
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seasonal variation). As a result, environmental conditions act as a filter 
that selects species suitable for survival while excluding the sensitive 
ones (Cottenie and De Meester, 2004).

Surprisingly, we  found that the taxonomic beta diversity of 
macroinvertebrates was exceptionally high (0.98), indicating that the 
composition of communities between different locations was almost 
entirely dissimilar. This could be due to the fact that, despite the high 
total abundance of 6,997 species in this study, the species composition 
at each location was relatively homogeneous (with an average of 75 
individuals per location, but only 5 species per location). However, 
we also discovered that functional beta diversity (0.75) was lower than 
the taxonomic beta diversity. Additionally, functional beta diversity 
was not entirely driven by turnover, implying that species turnover 
between habitats does not cause a complete turnover of functional 
traits. This indicates that there is some degree of functional 
redundancy among different habitats. In fact, our investigation found 
that 76% of the study area is composed of aquatic insects belonging to 
27 families. Moreover, we found that some functional traits of species 
within the same family are similar.

Consistent with previous research (Bispo et al., 2021; Liu et al., 
2022), our findings indicate that functional beta diversity is associated 
with environmental distance, rather than spatial distance, supporting 
our second hypothesis. It is widely acknowledged in the field of 

ecology that environmental conditions play a crucial role in filtering 
species from the regional species pool based on their functional traits, 
such as their activity and feeding habits, dispersal patterns, and 
environmental tolerance. This process ultimately drives changes in 
functional beta diversity, strongly correlated with environmental 
filtering (McGill et  al., 2006). Furthermore, species with similar 
functional traits tend to occupy similar ecological niches, while 
dissimilar ecological niches provide opportunities for greater 
functional trait diversity, leading to increased differences in functional 
beta diversity as environmental dissimilarity (i.e., distance) increases 
(Rusanov et  al., 2022). However, our study results did not find a 
significant spatial effect, although the impact of spatial processes 
cannot be entirely disregarded. Our findings suggest that functional 
redundancy likely occurs across different locations, meaning that 
different species may share similar functional traits.

Our fourth hypothesis suggests that phylogenetic beta diversity 
should be  highly correlated with functional beta diversity and 
be  largely influenced by environmental filtering. Nevertheless, our 
Mantel test and partial Mantel test for the phylogenetic component of 
beta diversity did not reveal a significant role for environmental 
variables. Instead, we  found that spatial distance had a significant 
effect. The observed spatial signal may be attributed to environmental 
variables whose spatial structure was not measured, resulting in a 

FIGURE 8

Relationships between individual components of the three aspects of beta diversity and environmental and spatial distances.
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spatial structure on the community known as induced spatial 
dependence (Peres-Neto and Legendre, 2010). Despite the potential for 
confounding variables to influence our results, we assert that such an 
outcome is highly unlikely in our study. This confidence stems from 
our comprehensive assessment of a diverse array of environmental 
variables, including, but not limited to, hydrological parameters such 
as river width, depth, flow rate, and substrate index, and a suite of water 
quality physicochemical parameters encompassing water temperature, 
conductivity, dissolved oxygen, pH, ammonia nitrogen, total 
phosphorus, and permanganate index. Additionally, we considered key 
land use parameters within the catchment, such as the percentage of 
farmland and urban land (Mykrä et al., 2007), further bolstering our 
confidence in the validity of our findings. Considering the vast 
geographical extent of the study area, where the maximum river 
network distance between sampling sites spanned 406 km and 
encompassed an elevation gradient ranging from 0 to 480 m, it is highly 
likely that dispersal limitations are a key factor in shaping the patterns 
of biodiversity observed in the Taizi River. Specifically, the constraints 
imposed by dispersal limitations may affect the ability of organisms to 
respond to environmental conditions, leading to the occurrence of 
species in only a subset of environmentally suitable locations (Gianuca 
et al., 2017). Thus, dispersal limitation may promote higher levels of 
phylogenetic beta diversity, potentially reducing the amount of 
evolutionary history shared by species from different parts of the study 
area (Devictor et al., 2010; Hardy et al., 2012). Furthermore, we found 
that nestedness had a greater impact on functional and phylogenetic 
beta diversity in macroinvertebrates than taxonomic beta diversity. 
Despite its significance, we did not observe any significant correlation 
between nestedness and environmental or spatial factors, which 
contradicts our fifth hypothesis that nestedness and diffusion limitation 
are linked. Our results suggest that historical factors, biotic interactions, 
and stochastic processes may also play a significant role in driving 
high functional and phylogenetic beta diversity in the Taizi River. 

These factors may have contributed to the partial loss of functional 
traits and phylogeny observed in our study area. Notably, while 
we found some correlation between phylogenetic beta diversity and 
functional beta diversity, their mechanisms of change were 
inconsistent, and phylogenetic beta diversity was more variable than 
functional beta diversity. This suggests that changes in functional traits 
may be mainly caused by more distantly related species. Therefore, our 
results do not fully support the notion that phylogenetic distance can 
be used as a proxy for functional distance.

Our findings support the view that dividing beta diversity into 
turnover and nested components can provide complementary insights. 
We found that species are replaced at both spatial and temporal levels 
in terms of species composition, regardless of the role of ecological 
factors. This promotes species diversity by adding complexity to the 
ecosystem and providing more opportunities for new species to occupy 
vacant ecological niches, thereby increasing their use of ecological 
resources. From a functional and phylogenetic composition 
perspective, some species may share similar functional traits and 
affinities, and their ecological niches may overlap. They may use these 
resources at different times or spaces. Nested ecological niches can 
improve ecosystem stability and provide a suitable habitat for many 
different species. Therefore, it is essential to focus on multiple 
perspectives of beta diversity simultaneously and divide them into 
turnover and nested components. This approach provides different but 
complementary perspectives, leading to a better understanding of 
biodiversity in ecosystems and a more comprehensive picture of how 
biodiversity responds to ecological drivers.

However, it is worth noting that in certain cases, environmental and 
spatial distances may not be correlated with communities, suggesting that 
other unconsidered factors may influence community assembly and 
variation, such as interactions between organisms and the effects of 
climate. Furthermore, spatial distance may not fully account for dispersal-
related processes, as it is merely a proxy for the actual dispersal distance 

TABLE 8 The results of the Mantel test and partial Mantel test for Moran spectral randomization of macroinvertebrate dissimilarity, including basin, 
mainstream, and tributaries, and three aspects of macroinvertebrate beta diversity, taxonomic, functional, and phylogenetic beta diversity, were 
analyzed in relation to environmental and watercourse distances.

(a) Macroinvertebrate dissimilarity Env Wat Env|Wat Wat|Env

Basin 0.30*** 0.11 0.27*** 0.01

Mainstream 0.29** 0.23 0.19** 0.05

Tributaries 0.29*** 0.12 0.27*** 0.02

(b) Taxonomic beta diversity Env Wat Env|Wat Wat|Env

Beta diversity 0.30*** 0.13 0.26*** 0.02

Turnover component 0.25*** 0.10 0.22*** 0.01

Nested component −0.11 −0.03 −0.10 0.01

(c) Functional beta diversity Env Wat Env|Wat Wat|Env

Beta diversity 0.23** 0.15 0.19* 0.04

Turnover component 0.17* 0.13 0.14* 0.04

Nested component −0.04 −0.06 −0.02 −0.03

(d) Phylogenetic beta diversity Env Wat Env|Wat Wat|Env

Beta diversity 0.03 0.10* 0.01 0.12**

Turnover component 0.11 0.12* 0.06 0.14***

Nested component −0.11 −0.08 −0.08 −0.04

Correlation coefficients were retained to three decimal places. env, environmental distance; wat, watercourse distance; env|wat, correlation of environmental distance while controlling for 
watercourse distance; wat|env, correlation of watercourse distance while controlling for environmental distance. *p < 0.05, **p < 0.01, ***p < 0.001.
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of species. Additionally, both communities and riverine ecosystems 
exhibit high levels of unpredictability and variability, and unexplained 
community variation may be  attributed to the effects of stochastic 
processes in the metacommunity assembly of freshwater 
macroinvertebrates (Heino et al., 2015a). Changes in environmental and 
physiographic conditions may result in species extinction or stochastic 
colonization and drift, further contributing to the observed variability in 
macroinvertebrate communities (Devictor et al., 2010). Meanwhile, the 
data used in this study spanned 6 years (2012 to 2018). Although 
we selected locations that were geographically close and had similar 
environments, the influence of time on river communities cannot 
be  ignored. Therefore, we  used PERMANOVA (permutational 
multivariate analysis of variance) to test the interaction between sampling 
year and network position on the impact of environmental factors 
(Appendix Table 1). The results showed that the interaction between 
sampling year and network position did not have a significant effect 
(R2 = 0.01102, p = 0.216) on the changes in environmental conditions. 
Hence, we believe that the results of this study are reliable. In general, our 
study underscores the predominant function of environmental filtering 
in molding macroinvertebrate communities in the Taizi River basin. 
Thus, conservation endeavors should prioritize the preservation of high 
levels of environmental heterogeneity, such as environmental gradients, 
in the local watershed to encourage the conservation of local 
macroinvertebrate communities. Additionally, we  suggest that local 
environmental monitoring concentrates on water depth, temperature, 
pH, conductivity, dissolved oxygen, substrate index, permanganate index, 
total nitrogen, and flow velocity as crucial environmental variables. The 
present study highlights the significant impacts of environmental filtering 
and dispersal limitation on the taxonomic, functional, and phylogenetic 
beta diversity of macroinvertebrates in the Taizi River. However, future 
studies on macroinvertebrates in the region should also incorporate more 
information on the effects of biotic interactions and stochastic, to better 
understand their impact on different aspects of beta diversity.

There are different opinions on the conservation of beta diversity. 
Initially, the turnover component primarily contributes to discrepancies 
in the taxonomic and functional beta diversity of macroinvertebrates 
in the basin. Hence, safeguarding macroinvertebrate communities 
across the basin can assist in maintaining high taxonomic and 
functional beta diversity. If the objective is to conserve high local 
phylogenetic beta diversity, it may be necessary to protect regions with 
diverse species of varying evolutionary relationships. Concurrently, the 
spatial impacts identified in this study propose that upholding the 
habitat integrity and connectivity of the river network is also critical for 
community assembly.

5. Conclusion

Our results illustrate that ecological niche-based processes are the 
main drivers of macroinvertebrate communities, regardless of the 
location of the river network. Taxonomic beta diversity consists 
almost entirely of turnover, which drives functional beta diversity, and 
phylogenetic beta diversity is driven by a combination of turnover and 
nestedness. A highly variable species composition across sites results 
in very high taxonomic beta diversity in the basin, but some functional 
redundancy of species within the basin, leading to lower functional 
beta diversity compared to taxonomic beta diversity. Species turnover 
and loss together result in high phylogenetic beta diversity in the Taizi 

River basin. Ecological niche-based processes are the key agents of 
taxonomic beta diversity and functional beta diversity, while changes 
in phylogenetic beta diversity are largely influenced by spatial 
processes. Our results, therefore, emphasize that NPH predictions 
may not apply to all river systems. Uncovering the ecological drivers 
of different aspects of beta diversity adds useful insights for 
metacommunity studies and biodiversity conservation.
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Appendix

Table 1: Effects of sampling year, network location, and their interaction on environmental conditions. Network location × sampling year 
represents the interaction between network location and sampling year.

DF SS MS F R2 P

Sampling year 1 0.14197 0.141966 25.989 0.19545 0.001

Network position 1 0.09381 0.093808 13.347 0.12915 0.001

Network position × 

sampling year
1 0.0080 0.008003 1.465 0.01102 0.216

Residuals 88 0.48071 0.005463 0.66438

Total 91 0.72449 1
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