
Ecological Indicators 136 (2022) 108600

Available online 7 February 2022
1470-160X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original Articles 

Human-induced loss of functional and phylogenetic diversity is mediated 
by concomitant deterministic processes in subtropical aquatic 
insect communities 

Yihao Ge a,b, Zhenyuan Liu a, Jorge García-Girón c,d, Xiao Chen a, Yunzhi Yan b, Zhengfei Li a,*, 
Zhicai Xie a,* 

a The Key Laboratory of Aquatic Biodiversity and Conservation, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China 
b Collaborative Innovation Center of Recovery and Reconstruction of Degraded Ecosystem in Wanjiang Basin Co-founded by Anhui Province and Ministry of Education, 
and School of Ecology and Environment, Anhui Normal University, Wuhu 241002, China 
c Ecology Research Unit, University of León, Campus de Vegazana, 24007 León, Spain 
d Freshwater Centre, Finnish Environment Institute, PO Box 413, FI-90014 Oulu, Finland   

A R T I C L E  I N F O   

Keywords: 
Community assembly 
Aquatic insects 
Urbanization 
Evolutionary history 
Invertebrate 

A B S T R A C T   

Under a global change scenario, human-induced impacts alter multiple facets of river biodiversity (i.e., taxo-
nomic, functional and phylogenetic). Hence, focusing on changes in community assembly and different diversity 
dimensions along anthropogenic impact gradients is of paramount importance for ecological research. Here, we 
classified stream sites into near-pristine (NP), moderately impacted (MI) and highly impacted (HI) categories 
based on a comprehensive anthropogenic impact score for the Hanjiang River Basin (China), and tested for 
differences in patterns of functional (FD) and phylogenetic diversity (PD). Our study suggests that NP sites 
showed higher FD and PD than impacted streams (MI and HI), with their communities being phylogenetically 
overdispersed and mostly shaped by random processes. Anthropogenically impacted sites mostly harbored 
closely related and functionally similar species, although the degree of clustering varied between NP, MI and HI 
streams, thereby confirming predictions that human activities contribute to the loss of evolutionary history and 
functional space in running waters. Importantly, we identified the influence of underlying deterministic mech-
anisms on the homogenization of both functional and phylogenetic facets of diversity. Similarly, NP sites 
exhibited the greatest proportion of evolutionarily distinct lineages, suggesting that anthropogenic impacts also 
threaten phylogenetically unique clades. Overall, this study contributed to a better understanding of multiple 
diversity patterns in aquatic insect communities by generating new empirical evidence of human-induced 
degradation of subtropical stream ecosystems in China.   

1. Introduction 

Human activities and associated impacts have transformed most of 
the planet and significantly reduced the numbers and variability of 
ecological assemblages across terrestrial, marine and freshwater realms 
(Guo et al., 2018). Recent global analyses further reveal that freshwater 
biodiversity has been declining at a much faster rate than in any other 
ecosystem on Earth (Young et al., 2016). Moreover, it has been esti-
mated that 65% of continental river discharge is moderately to highly 
threatened by anthropogenic activities (Vörösmarty et al., 2010). Hence, 
freshwater ecosystems are threatened by multiple pressures including 

changes in land use, channel modifications, thermal alterations, species 
invasions and diseases, as well as climate change (Dodds et al., 2013; 
Malmqvist and Rundle, 2002; Reid et al., 2019; Liu et al., 2021; Garcia- 
Giron et al., 2021). Each one of these threats seems to have contributed 
to the observed decline in aquatic insect diversity (e.g., Romero et al., 
2021). Besides traditional measures of taxonomic diversity, anthropo-
genic activities may also impact other dimensions or facets of ecological 
assemblages, including their evolutionary legacies and species forms 
and functions (Garcia-Giron et al., 2021). In this regard, habitat degra-
dation and concomitant environmental homogenization associated to 
human activities are known to impact the proportion of specialist 
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species, thereby causing pervasive losses of functional and phylogenetic 
diversity in ecological assemblages (Julliard et al., 2006). 

Traditionally, species-based (i.e., taxonomic) diversity measures 
have been widely applied as proxies for anthropogenic disturbances, 
including urbanization (Mackintosh et al., 2015; Liu et al., 2021), 
pesticide contamination (Berenzen et al., 2005) and habitat fragmen-
tation (Krauss et al., 2010). However, such a taxonomic approach cannot 
capture either the functional roles or the evolutionary histories of spe-
cies, both of which are of primary importance when it comes to disen-
tangling the mechanisms underlying diversity patterns and stability 
(Arnan et al., 2017; Teichert et al., 2018). Functional diversity (FD) 
measures the variety of species traits and provides a mechanistic link 
between community composition, species forms and functions, and 
ecosystem functioning (Petchey and Gaston, 2010). On the other hand, 
phylogenetic diversity (PD) accounts for the variation in evolutionary 
history among species, and thereby captures the shared ancestry of 
species both in terms of divergence (i.e., how closely related species 
really are) and richness (i.e., the amount of cumulative evolutionary 
history ; Faith, 1992; Veron et al., 2015). This phylogenetic approach 
might help to reveal the role of biotic interactions and biogeographical 
history on modern patterns of diversity and distributions, providing 
information on the evolutionary constraints of community composition 
beyond traditional analyses based on species identities alone (Webb, 
2000). Similarly, PD is often considered as a surrogate for FD, not least 
because it may also help to unravel the underlying patterns of complex 
physiological or biochemical signals that are often not considered in 
estimates of FD (Egorov et al., 2014). Indeed, assemblages with higher 
PD values are predicted to be more resilient to environmental distur-
bance and, at the same time, maintain more highly unique lineages over 
evolutionary timescales (Chapman et al., 2018). Hence, integrating 
functional and phylogenetic facets to predict pervasive responses of 
stream assemblages to anthropogenic impacts will likely contribute to 
the design and implementation of conservation schemes aiming at 
monitoring and managing freshwater biodiversity and associated eco-
systems functions (Li et al., 2019; Poff et al., 2006). 

Few previous studies have examined functional and phylogenetic 
diversity together with variation in composition and structure of aquatic 
insect assemblages, and most of them only focused on specific aquatic 
insect orders, clades, or even characterized evolutionary relationships 
from a purely taxonomic viewpoint (Murria et al., 2012; Murria et al., 
2018). More specifically, there is a lack of studies examining relation-
ships between the phylogenetic and functional structure of assemblages 
and their underlying mechanisms along gradients of anthropogenic 
impact (Liendo et al., 2020; Zhu et al., 2020). This is unfortunate, not 
least because near-pristine environments are expected to show higher 
levels of phylogenetic diversity and harbor a greater proportion of 
evolutionarily distinctive species or clades than impacted sites (Garcia- 
Navas and Thuiller, 2020). Indeed, studies on invertebrates and plants 
have shown that human-induced disturbances favor subsets of closely 
related clades, which leads to phylogenetic clustering and associated 
biotic homogenization (Helmus et al., 2010; Willis et al., 2008). How-
ever, some lineages may also be benefit from the new conditions where 
people live, farm and work (Frishkoff et al., 2014). On the other hand, 
anthropogenic impacts filter species with broad niche breadths and 
favor those with small body sizes and strong dispersal abilities, thereby 
creating functionally redundant communities at different spatial scales 
(Frishkoff et al., 2014; Kotiaho et al., 2005). 

Here, we compiled a comprehensive dataset of subtropical aquatic 
insect communities from the tributary streams of the Hanjiang River 
Basin, the largest tributary of the Yangtze River in China. While some 
stream habitats and surrounding areas have undergone significant 
modifications in the last decades due to drastic anthropogenic impacts 
(i.e., urbanization, flow regulation and sand dredging), some streams 
remain in near-pristine conditions and may act as a regional pool of 
biodiversity (Li et al., 2019). Specifically, using a combination of null 
modelling and phylogenetic signal exercises, we aimed to investigate the 

mechanisms underlying functional and phylogenetic diversity in 
streams along an anthropogenic stress gradient. 

We hypothesized that near-pristine sites would be more likely to 
exhibit greater levels of phylogenetic diversity and a higher proportion 
of evolutionarily distinctive lineages compared to human-modified 
streams (Frishkoff et al., 2014). This is partly because near-pristine 
habitats are more stable, thereby favoring colonization and establish-
ment of different insect lineages over time (Dreiss et al., 2015a), whereas 
stream sites facing anthropogenic impacts are known to exceed faunal 
impairment thresholds worldwide (Heino et al., 2015). Similarly, since 
near-pristine streams are more heterogeneous and provide greater niche 
opportunities and food resources than human-modified landscapes 
(Garcia-Navas and Thuiller, 2020), we also predicted deterministic 
mechanisms associated to anthropogenic impacts to constrain the 
available functional trait space and thereby create consistent clustering 
patterns (Cavender-Bares et al., 2009). 

2. Materials and methods 

2.1. Study area 

This study was conducted in the upper Hanjiang River Basin (latitude 
31◦34′N − 33◦45′ N, longitude 106◦53′E − 111◦34′E, and altitude 199 m 
− 1844 m a.s.l.) on central China. The area is located in the transitional 
zone between the sub-humid temperate monsoon climate and the sub-
tropical humid monsoon climate zone, and comprises a spatially com-
plex suite of geomorphic features, which makes it a globally unique 
biodiversity ‘hotspot’ (Wang and Tan, 2017). In recent years, however, 
this district has experienced a high burden with various anthropogenic 
disturbances typical of other rivers in densely populated regions, such as 
changes in flow regime, sand mining, domestic sewage and industrial 
wastewater, water conservancy facilities, and landscape fragmentation 
generated by the expansion of urbanization and agriculture (Zhang 
et al., 2019). 

We used a comprehensive anthropogenic land-use score to classify 
stream sites into near-pristine, moderately impacted and highly 
impacted riverscapes (Li et al., 2019; Weigel and Dimick, 2011). The 
anthropogenic impact score was based on six combined environmental 
variables, including instream water nutrient concentrations (i.e. total 
nitrogen and total phosphorus), flow regulation (dam and sand-mining), 
land use of surrounding catchment (agricultural and urban areas) and 
historical point-source pollution (Table S1). Importantly, this score has 
proved to be an effective method to determine the degree of anthropo-
genic impact across the Hanjiang River Basin (see Jiang et al., 2017; 
Jiang et al., 2014; Li et al., 2019 for further details). Nutrient concen-
trations were based on environmental quality standards for surface 
water from the People’s Republic of China (GB 3838-2002; MEP, 2002). 
Anthropogenic impact scores for land use, flow regulation and 
point-source pollution followed environmental classifications from 
Weigel and Dimick (2011). We controlled for the concomitant changes 
of environmental conditions in relation to the non-random distribution 
of human infrastructures, and only selected stream sites from 2 to 3 
Strahler orders. After calculations based on the six environment vari-
ables for each site, we obtained 25 sites classified as near-pristine (score 
0–2), 25 sites as moderately impacted (3–6), and 25 sites as highly 
impacted (score ≥ 7) (Fig. 1). 

2.2. Aquatic insect sampling 

Aquatic insects were collected in Spring (March - April) of 2017 from 
eight tributaries of the Hanjiang River. This is the period in which the 
majority of aquatic insects are in their larval stage in the study region (Li 
et al., 2019). At each site, standardized sampling protocols were 
executed, and five quantitative samples were collected from the most 
representative habitats (i.e., riffles or pools) using a Surber sampler (30 
× 30 cm, 500-μm mesh) along a 100-m reach (Stark et al., 2001). 

Y. Ge et al.                                                                                                                                                                                                                                       



Ecological Indicators 136 (2022) 108600

3

Collected samples were handpicked carefully from sediment on a white 
porcelain plate, and they were later stored and preserved in 95% 
ethanol. Aquatic insects were identified to lowest possible taxonomic 
level (usually genus or species) according to the relevant references 
(Dudgeon, 1999; Epler and Epler, 2001; Morse et al., 1984; Zhou et al., 
2003). The five replicates per stream site were pooled and then con-
verted to density per square meter prior to further statistical analyses. 

2.3. Phylogeny construction 

A DNA supermatrix was established by sequencing two mitochon-
drial (cytochrome c oxidase subunit I [COI] and small subunit ribosomal 
16S rRNA [16S]) and two nuclear (ribosome rRNA 18S gene [18S] 
sequence, ribosome rRNA 28S gene [28S]) genes from the macro-
invertebrate samples. The DNA supermatrix was then analyzed using 
RAxML v.8.2.0 (Stamatakis, 2014) to infer a maximum likelihood phy-
logeny. Finally, the ‘r8s’ software (Sanderson, 2003) was used to process 
the taxon-level maximum likelihood tree by the penalized likelihood 
approach. Detailed information on the phylogenetic tree reconstruction 
is included in Appendix S1. 

2.4. Statistical analyses 

2.4.1. Evolutionary distinctiveness, phylogenetic and functional diversities 
We assessed whether anthropogenic activities impacts PD by calcu-

lating Faith’s PD (i.e., the sum of branch lengths connecting species 
across the phylogenetic tree, Faith, 1992) for each individual stream site 
using the “pd”’ function from the picante package (Kembel et al., 2010) 
in R v3.6.1 (R Core Team, 2019). For comparison purposes, we used the 
method proposed by Petchey and Gaston (2002) to calculate FD, i.e., the 
total branch length of a functional dendrogram. To do this, we used 12 
functional traits of aquatic insects that have shown to closely mirror 
anthropogenic impacts and natural environmental gradients (Ding et al., 
2017; Doledec et al., 2011; Li et al., 2019; Table 1). These functional 
traits included information on life history (e.g., voltinism, develop-
ment), physiological and basic ecological characteristics (e.g., trophic 

habits, respiration type), and features associated with resilience or 
resistance (e.g., body shape, armoring). Multi-trait information was 
based on studies carried out in the region (Beche et al., 2006; ; Li et al., 
2019; Morse et al., 1984; Poff et al., 2006) and additional relevant 
Chinese literature (Zhang, 2012; Zhou et al., 2003). We used Gower 
distances to extract the functional distance matrix, which described the 
functional dissimilarity between all species pairs. This Gower’s multi- 
trait distance matrix was then transformed into a dendrogram using 
the unweighted pair group averaging (UPGMA) method from hierar-
chical cluster analysis in the ‘‘hclust’’ function. Finally, FD values for 
each stream site were calculated based on the functional dendrogram 
using the ‘‘pd’’ function in the R package picante (Kembel et al., 2010; R 
Core Team, 2019). 

We assessed the conservation value of each species found in the 
Hanjiang River following the evolutionary distinctiveness (ED) index in 
the R library picante (Kembel et al., 2010). Specifically, the ED index 
takes into account the evolutionary redundancy among co-occurring 
clades, providing higher values to phylogenetically close taxa that do 
not share a long-term evolutionary history with other co-occurring taxa 
(Isaac et al., 2007). 

Mean pairwise distances (MPD) are the mean phylogenetic distances 
among all pairwise combinations of species for each community. Higher 
MPD values indicate communities with low relatedness among their 
constituent species, whereas smaller MPD values highlight communities 
dominated by closely related species (Webb, 2000). Similarly, MFD is 
defined as the mean functional distances among all pairwise combina-
tions of species, thereby indicating the degree of functional clustering 
within the community. MPD and MFD values for each single stream site 
were calculated on the phylogenetic tree and functional dendrogram, 
respectively, using the ‘‘mpd’’ function in the picante package (Kembel 
et al., 2010; R Core Team, 2019). To test for significant differences in 
species richness (SR), PD, FD, MPD, MFD and ED between near-pristine, 
moderately impacted and highly impacted stream sites, we ran the non- 
parametric Kruskal–Wallis test. Where significant, we compared be-
tween individual stream groups by means of pairwise Tukey’s HSD tests. 

Fig. 1. Location of the Hanjiang River Basin in China, and the distribution of the 75 stream sites in the study area. Dark circles, red triangles and blue squares 
represent near-pristine (NP), moderately impacted (MI) and highly impacted (HI) stream sites, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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2.4.2. Null models 
We used null models to assess whether the observed FD, PD, MFD 

and MPD were consistent with their expected values under the null 
hypothesis that assumes that empirical patterns are the result from 
randomness (Swenson, 2014). For FD, PD, MFD and MPD separately, we 

created the null model by reshuffling species identities across the 
phylogenetic tree (or the functional dendrogram) with 999 random runs. 
These random 999 values were used to approximate the null distribution 
to which our observed values were compared using their standardized 
effect sizes (SES): 

SES = (X − μnull)/σnullwhere X represents the observed FD, PD, MFD 
or MPD values, μnull represents the mean of the FD, PD, MFD or MPD 
values from the null distribution, and σnull is the standard deviation 
values from null distributions for FD, PD, MFD or MPD. Two-sided 
Wilcoxon signed-rank tests were then used to assess whether the mean 
overall value of each diversity measure was different from the expected 
value of zero for random data. These modelling exercises were imple-
mented using the R packages picante (Kembel et al., 2010). 

2.4.3. Phylogenetic signal testing 
For binary or categorical trait variables, the phylogenetic signal was 

assessed by calculating Purvis’ D-statistic (Fritz and Purvis, 2010). D 
values of 1 indicate traits that are randomly distributed across the tips of 
the phylogeny (i.e., no phylogenetic signal), D values below 1 suggest 
functional traits diverging across lineages, D values of 0 indicate traits 
following a Brownian model, and D values below 0 suggest traits that are 
less labile than expected by the Brownian motion evolutionary model (i. 
e., strong phylogenetic signal; Fritz and Purvis, 2010). To assess the 
statistical significance of phylogenetic signals for each binary trait, we 
randomly displaced the binary traits at the end of the phylogenetic trees 
for 999 times to obtain a null distribution. By comparing the observed 
values and the null distribution, we determined whether the obtained p- 
values were statistically significant. Phylogenetic signal testing was run 
with the Caper package (Orme et al., 2012) in R (R Core Team, 2019). 

3. Results 

3.1. Species richness, evolutionary distinctiveness, and functional and 
phylogenetic diversity 

A total of 207 taxa were detected in our surveys, all belonging to 9 
different orders (Coleoptera, Diptera, Ephemeroptera, Hemiptera, 
Lepidoptera, Megaloptera, Odonata, Plecoptera and Trichoptera) and 74 
recognized families (Table S2). We built a phylogeny that contained the 
207 aquatic insect taxa of the Hanjiang River Basin (Fig. 2). There were 
significant differences in SR, FD and PD among near-pristine, moder-
ately impacted and highly impacted stream sites (One-way ANOVA, p ≤
0.05) (Fig. 3 and Table S3). More specifically, stream sites facing the 
highest levels of anthropogenic impact had the lowest mean SR (mean =
14.6 ± 6.6, N = 25), which was significantly lower (p ≤ 0.05) than those 
for near-pristine (mean = 21.5 ± 6.5, N = 25) and moderately impacted 
areas (mean = 19.0 ± 7.1, N = 25). Highly impacted sites also had the 
lowest FD (mean = 3.26 ± 1.22, N = 25) and PD (mean = 2506.5 ±
974.13, N = 25), which was again significantly lower (p ≤ 0.05) than 
those from near-pristine (mean FD = 4.46 ± 1.00, mean PD = 3433.20 
± 725.22, N = 25) and moderately impacted sites (mean FD = 3.91 ±
1.14, mean PD = 3010.09 ± 938.98, N = 25). Streams in near-pristine 
conditions also showed the highest MPD (mean = 593.87 ± 24.14, N 
= 25), mean MFD (mean = 0.34 ± 0.03, N = 25) and ED values (78.31 ±
14.74, N = 25), especially when compared to both moderately impacted 
(mean MFD = 0.32 ± 0.04, mean MPD = 568.78 ± 37.28, mean ED =
72.02 ± 12.69, N = 25) and highly impacted sites (mean MFD = 0.31 ±
0.03, mean MPD = 557.02 ± 26.56, ED = 70.18 ± 8.35, N = 25). 

3.2. Null models: Disentangling the role of stochasticity and determinism 
for community assembly 

When compared to null models, near-pristine and highly impacted 
stream sites achieved the highest and lowest values for SESFD, SESPD, 
SESMFD and SESMPD, respectively (Fig. 4). SESPD and SESMPD were 
significantly different from random expectations for near-pristine areas, 

Table 1 
Functional traits, individual categories and results of phylogenetic signal tests (i. 
e., Purvis’ D-statistic) for aquatic insect communities of the Hanjiang River 
Basin.  

Traits Categories Code Estimated 
D 

p 
(D 
< 1) 

p (D 
> 0) 

Life history      
Voltinism Semivoltine (<1 

generation/y) 
Vol1  − 0.582 0  0.983  

Univoltine (1 
generation/y) 

Vol2  − 0.340 0  0.918  

Bi- or multivoltine 
(>1 generation/y) 

Vol3  − 0.497 0  0.948 

Development Fast seasonal Dev1  − 0.513 0  0.987  
Slow seasonal Dev2  − 0.471 0  0.982  
Non seasonal Dev3  − 1.611 0  0.997 

Adult life 
duration 

<1 week Life1  − 0.593 0  0.998  

<1 month Life2  − 0.517 0  0.985  
>1 month Life3  − 0.966 0  0.999 

Body size Small (<9 mm) Size1  − 0.188 0  0.795  
Medium (9–16 mm) Size2  0.027 0  0.478  
Large (>16 mm) Size3  − 0.108 0  0.647 

Resistance and 
resilience      

Body shape Streamlined (flat, 
fusiform) 

Shap1  − 0.334 0  0.879  

Not streamlined 
(cylindrical, round, 
or bluff) 

Shap2  − 0.325 0  0.877 

Armoring None (soft-bodied 
forms) 

Arm1  − 0.393 0  0.939  

Poor (heavily 
sclerotized) 

Arm2  − 0.274 0  0.846  

Good (e.g., some 
cased caddisflies) 

Arm3  − 0.465 0  0.927 

Occurrence in 
drift 

Rare (catastrophic 
only) 

Drif1  − 0.260 0  0.862  

Common (typically 
observed) 

Drif2  − 0.143 0  0.735  

Abundant 
(dominant in drift 
samples) 

Drif3  − 0.804 0  0.999 

Swimming 
ability 

None Swim1  − 0.693 0  0.998  

Weak Swim2  − 0.647 0  0.991  
Strong Swim3  − 0.447 0  0.875 

Adult flying 
ability 

Weak (e.g., cannot 
fly into light breeze) 

Fly1  − 0.467 0  0.962  

Strong Fly2  − 0.436 0  0.942 
Habit Climb Hab1  − 0.315 0  0.85  

Burrow Hab2  − 0.218 0  0.732  
Sprawl Hab3  − 0.153 0  0.715  
Cling Hab4  − 0.295 0  0.876  
Swim Hab5  − 0.485 0  0.919  

General biological characteristics     
Respiration 

type 
Respiration 
Tegument 

Res1  − 0.230 0  0.82  

Gills Res2  − 0.357 0  0.917  
Air (valve, trachea, 
gas film) 

Res3  − 0.965 0  0.987 

Trophic groups Collector Tro1  − 0.169 0  0.766  
Filterer feeder Tro2  − 0.280 0  0.792  
Herbivore Tro3  − 0.003 0  0.524  
Predator Tro4  − 0.218 0  0.814  
Shredder Tro5  − 0.132 0  0.683 

p (D < 1) is the significance level for the test of random distribution of traits 
along the phylogeny, and p (D > 0) is the result of testing whether D-statistics are 
significantly different from a Brownian motion evolutionary model. 
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thereby suggesting the prevalence of phylogenetic overdispersion in 
communities facing no anthropogenic pressures. Conversely, SESFD and 
SESMFD in these sites showed no significantly different values from 
those expected by chance. Overall, patterns of SESFD, SESPD, SESMFD 
and SESMPD suggested that moderately impacted and highly impacted 
stream sites exhibited stronger signals of functional and phylogenetic 
clustering. 

3.3. Phylogenetic signal evaluations of functional traits 

D-statistic tests indicated that, with the exception of one single trait 
category (i.e., medium body size), most functional features of aquatic 
insects showed relatively strong phylogenetic signals, with estimated D- 
values ranging between − 1.611 and − 0.003 (Table 1). 

4. Discussion 

Here, we used a combination of null modelling techniques and 
phylogenetic signal testing to examine the effects of human-induced 
impacts on community assembly and diversity patterns of stream in-
sects. Overall, our results confirmed our hypothesis and revealed that 
the richness decline of stream insects along a gradient of anthropogenic 
impact was followed by concomitant changes in functional and phylo-
genetic diversity. Similarly, human activities were shown to threaten 
evolutionarily distinct species of these insects, especially those from the 

basal nodes of the phylogeny. Finally, insect communities facing 
moderately to highly anthropogenic impacts were predominantly 
structured by deterministic mechanisms, especially when compared to 
near-pristine stream sites, thereby partially refuting our predictions. 

Our findings were consistent with the expectation that moderately 
and highly impacted stream sites tend to harbor assemblages with lower 
PD values. These results agree with the few available previous studies 
(Heatherly et al., 2007; Li et al., 2019), which detected both taxonomic 
and functional facets to dramatically decrease along gradients of human- 
induced disturbances. However, species losses alone cannot account for 
declining patterns in phylogenetic diversity from near-pristine to highly 
impacted sites in our study. In this regard, species in near-pristine areas 
were phylogenetically overdispersed, whereas species in moderately 
and highly impacted sites were more closely related to one another than 
expected by our null modelling approach, thereby suggesting that 
anthropogenic impacts are pervasive causes of major shifts in phyloge-
netic community structure (Frishkoff et al., 2014). 

When compared to near-pristine sites, streams facing moderate and 
high levels of human-induced impacts are less stable and more stressful. 
Indeed, previous studies showed that urbanization, sand dredging and 
flow regulations across the Hanjiang River Basin impose additional 
physiological constraints and interfere with inter-specific competition 
(Li et al., 2019; Li et al., 2020; Li et al., 2021a,b), thereby generating a 
spatial turnover from sensitive taxa (here, mayflies, stoneflies and cad-
disflies) to a subset of more tolerant and generalist insect lineages, such 

Fig. 2. Phylogenetic tree from COI, 16S, 18S and 28S gene portions for the 207 study aquatic insect taxa in the Hanjiang River Basin.  
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as chironomids (Table S2; Clavel et al., 2011; Garcia-Navas and Thuiller, 
2020; Li et al., 2021c,d). Additionally, these highly impacted conditions 
are known to negatively affect to colonization and subsequent estab-
lishment of many aquatic insect species (Dreiss et al., 2015a; Firmiano 
et al., 2021; Silva et al., 2021). 

In agreement with findings from the phylogenetic dimension, we 
found lower FD values in stream sites facing moderate to high levels of 
human impact. This supported results from previous studies in different 
biogeographical contexts, in which anthropogenic disturbances were 
found to modulate the distribution of several functional traits, including 
life span, respiration mode, body size, feeding strategies and life history 
(Doledec et al., 1999, 2006; Li et al., 2019; Meng et al., 2020; Garcia- 
Giron et al., 2021). Indeed, together with patterns of phylogenetic 
structure, moderately to highly impacted stream sites showed the 
highest functional clustering, i.e., human impacted areas harbored more 
functionally similar species combinations. In tandem, our results suggest 
a generally consistent trend between phylogenetic and functional di-
mensions across different levels of anthropogenic impact. This is not 
surprising considering that most individual functional traits in sub-
tropical aquatic insect communities showed some degree of phyloge-
netic signal (Table 1). Interestingly, we also observed that changes in TD 
from near-pristine to highly impacted streams were pronounced than 
concomitant changes in PD and FD. This suggests that aquatic insect 
communities may have some degree of functional and phylogenetic 
redundancy in some stream areas. In other words, aquatic insect as-
semblages showed a limited set of functional and evolutionary features 
independently of the magnitude of human disturbance (Li et al., 2020). 
Perhaps more importantly, these differences between taxonomic di-
versity and functional and phylogenetic approaches re-emphasize that 
assessing community variation through changes in species identities 
alone provides limited information on underlying mechanisms related to 
ecosystem functioning and evolutionary history (Jarzyna and Jetz, 
2017; Li et al., 2020). 

Further, near-pristine stream sites exhibited greater proportion of 

evolutionarily distinctive species or clades (ED), especially when 
compared to highly impacted areas. This is probably because streams 
facing no human-induced disturbances have had more time to be colo-
nized by evolutionarily distinct lineages (Frishkoff et al., 2014). Our 
results also showed that anthropogenic impacts threaten evolutionarily 
distinct species, especially those from the basal nodes of the phylogeny, 
a pattern that aligns with findings from terrestrial animals, including 
birds (Garcia-Navas and Thuiller, 2020). This finding is relevant from an 
applied perspective, especially given that conservation biologists are 
increasingly incorporating phylogenetic information when evaluating 
conservation priorities. In this regard, our results suggest that the 
extinction of phylogenetically singular taxa in human-modified land-
scapes would result in a larger loss of evolutionary history at regional 
scales (Abellan et al., 2013; Redding and Mooers, 2006). Hence, it might 
be useful that measures of evolutionary distinctiveness can be extended 
to incorporate extinction risk in future schemes and programmes for the 
conservation of nature (Redding and Mooers, 2006), especially in inland 
waters, whose biodiversity is declining at a faster rate than in any other 
ecosystem (Strayer and Dudgeon, 2010). Our results for subtropical 
aquatic insect communities are promising, but further studies are still 
needed from biogeographically distinct realms and regions with 
different ecological, environmental and geographical settings. 

In conclusion, our study highlights that multiple biodiversity di-
mensions are needed to inform stream conservation in the face of the 
ever increasing anthropogenic impacts in and around Subtropical Asia, 
at least when the target is preserving not only aquatic insect species per 
se, but also their evolutionary history, adaptive potential, and ecological 
form and function (Chapman et al., 2018; Devictor et al., 2010). We 
therefore suggest impact assessments and prioritization exercises to 
integrate taxonomic, functional and phylogenetic diversity patterns in 
combination with more traditional methods in community ecology and 
conservation (Cadotte et al., 2013). Where this is still not possible, 
phylogenetic measures might provide a suitable surrogate for functional 
diversity patterns, at least when it comes to Subtropical stream insects. 

Fig. 3. Box-and-whisker plots summarizing A species richness (SR), B functional diversity (FD), C phylogenetic diversity (PD), D mean pairwise phylogenetic dis-
tance (MPD), E mean pairwise functional distance (MFD) and F evolutionary distinctness (ED) of aquatic insect communities across a set of near-pristine (NP), 
moderately impacted (MI) and highly impacted (HI) stream sites. Dots represent individual sites, the thick horizontal line in the middle of the boxes shows the 
median, and the thin horizontal lines indicate the inter-quartile ranges. Letters above the boxes indicate significant differences (p ≤ 0.05) between NP, MI and HI 
stream sites after non-parametric Dunn’s tests. 
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This strategy may be suitable in those areas where comprehensive multi- 
trait information is not yet available. However, as the performance of 
these biodiversity dimensions may vary among sets of different func-
tional traits and across biogeographic contexts, organismal groups and 
spatial scales, more fundamental research bridging phylogenetic and 
functional ecology is needed to unravel community-level responses to 
anthropogenic impacts. 

CRediT authorship contribution statement 

Yihao Ge: Investigation, Writing – original draft. Zhenyuan Liu: 
Investigation. Jorge García-Girón: Writing – review & editing. Xiao 
Chen: Formal analysis, Methodology. Yunzhi Yan: Methodology. 
Zhengfei Li: Methodology, Conceptualization, Resources, Writing – 
review & editing. Zhicai Xie: Data curation, Funding acquisition, 
Project administration, Supervision, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was funded by Special Foundation for National Science 
and Technology Basic Research Program of China (2019FY101903), the 
China Postdoctoral Science Foundation (2020M672447), the Biodiver-
sity Survey, Monitoring and Assessment Project of the Ministry of 
Ecology and Environment, China (2019HB2096001006), National Nat-
ural Science Foundation of China (Grant no. 31720103905; 31770460) 
and Biodiversity Survey, Monitoring and Assessment Project of the 
Department of Ecology and Environment of Hubei Province, China, JGG 
was supported by the Academy of Finland (grant no. 331957). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ecolind.2022.108600. 

References 

Abellan, P., Sanchez-Fernandez, D., Picazo, F., Millan, A., Lobo, J.M., Ribera, I., 2013. 
Preserving the evolutionary history of freshwater biota in Iberian National Parks. 
Biol. Conserv. 162, 116–126. 
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