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Identifying keystone species and investigating their ecological regulatory role will

help to prioritize important species and gain a better understanding of

community stability mechanisms. In this study, macroinvertebrates were

sampled from Chishui River (CSH, an undammed river) and Heishui River (HSH,

a dammed river) in April 2018, 2019, and 2020. Macroinvertebrate networks were

constructed to identify keystone species and reveal their ecological regulatory

role on community stability. The results showed that the loss of high-

connectivity species had a greater impact on macroinvertebrate community

stability than the loss of high-biomass and high-density species, which indicated

that high-connectivity species with low abundance were keystone species.

Moreover, these were primarily composed of less abundant species. The

functional feeding traits of keystone species were dominated by predators in

the undammed river and prey (i.e., collector-gatherers) in the dammed river,

which suggested that the construction of dams transformed the functional

feeding groups of keystone species. In addition, after the loss of keystone

species, the decline rates of the half of the robustness (R50), survival area (SA),

and network connectivity robustness (CR) in the dam-constructed reaches were

higher than those in other reaches. This result demonstrated that the

construction of dams may reduce the resistance of macroinvertebrate

communities to keystone species loss. This study provides an important

scientific basis for conserving aquatic life and maintaining the structural and

functional stability of river ecosystems.
KEYWORDS

keystone species, high-connectivity species, macroinvertebrates, community stability,
river ecosystem
1 Introduction

Ecosystem worldwide are being reshaped because of species losses and gains, brought

on by anthropogenic disturbances, non-indigenous species and climate change (Ståhl et al.,

2025). It is increasingly important to understand the influence of species losses on

ecosystem stability to elucidate the ongoing dramatic decline of biodiversity. The loss of
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a single species may have ripple effect on the community, causing

more species to be affected or even go locally extinct (Estrada, 2007;

Wang and Tang, 2019; Wang et al., 2024). Keystone species play a

decisive role in the stability of ecosystems, as they can affect the

structure and function of ecosystems in a manner disproportionate

to their abundance, and a small change in them may have a larger

effect on the structure and function of communities (Libralato et al.,

2006; Ortiz et al., 2017; Power et al., 1996). Therefore, identifying

and protecting keystone species can help to maintain the

community and even increase biodiversity. To date, most studies

on keystone species have focused on microbial communities

(Banerjee et al., 2018; Chao et al., 2024), while empirical evidence

about keystone species of macroinvertebrates in river ecosystems

remains largely unknown but has been suggested to be as important

for understanding ecosystem stability (Brown and Lawson, 2010;

Encalada et al., 2010; Simeone et al., 2021). For instance, mussel

filtration and biodeposition may be associated with habitat quality

for other invertebrates by reducing phytoplankton density in the

water column and increasing inputs of sediment organic matter,

which indicates that freshwater mussels play an important role in

sustaining ecosystem function (Simeone et al., 2021). Thus,

identification of keystone species can increase predict ability of

the persistence of species-rich communities and improve the

efficiency of management efforts for species with high extinction

risk (Zhu et al., 2024).

Keystone species correlated with other species through

interspecific feeding relationships, competitive relationships, and

symbiotic relationships (Wang et al., 2024). Based on this attribute,

a quantitative description of the closeness of connections between

species is crucial for identifying keystone species. In a community,

some species have high centrality (central positions) in the

community and connect to most other species, while many other

species have low centrality (peripheral positions). In general, the top

ranked species by centrality (high-connectivity species) are often

considered as the keystone species in the community (Mello et al.,

2015; Zhu et al., 2024). The positional importance of these central

species in a community is illustrated by a faster breakdown of the

whole network structure and stability when species are selectively

removed on the order of higher to lower centrality than when species

are randomly removed from a community (Albert et al., 2000; Dunne

et al., 2002; Stouffer et al., 2012; Zhu et al., 2024). For the organisms’

symbioses, a growing number of studies make efforts to explore the

underlying drivers of species specialization (Su et al., 2024; Wang

et al., 2024). Many studies demonstrated that the centrality was

regulated by abundance (Hervıás-Parejo et al., 2020; Zhu et al., 2024),

functional traits (Gómez and Perfectti, 2012), and phylogenetic

relatedness (Dallas et al., 2019). By analyzing benthic fishes and

macroinvertebrates, studies have illustrated that central species can be

regulated by abundances (Zhu et al., 2024) and feeding relationships

(Su et al., 2024). Moreover, besides the central species, the dominant

species also play an important role in the resistance and recovery of

grassland communities when facing environmental disturbance

(Wang et al., 2025). However, the keystone species that maintain

macroinvertebrate communities and their characteristics remain

unclear, necessitating further investigation.
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Ecological network analysis, a systems-level approach useful for

integrating many layers of data, has proven to be an effective

method for generalizing interspecific interaction relationships

(Robinson et al., 2022). This type of mechanistic approach linking

community composition and ecosystem functioning is central to

enhancing our understanding of interspecific relationships (Chao

et al., 2024; Wang et al., 2024). Ecological networks could represent

the flow of energy through a network of interacting species, where

nodes represent species and links represent trophic links and energy

flow (Chao et al., 2024). Nodes can be removed to simulate species

losses in the natural ecosystems (Keyes et al., 2021; Wang and Tang,

2019). Network robustness analysis is an effective approach to

studying stability in interspecific relationships-the effect of species

losses on the ability of communities to resist secondary extinctions

(Dunne et al., 2002; Landi et al., 2018; Ståhl et al., 2025). Network

properties are often used as proxies to gain insight into the

ecological robustness (Dunne et al., 2002; Ståhl et al., 2025).

Connectance is an important topological parameter, which is also

central in the ongoing debate on the relationship between diversity,

complexity and stability (Landi et al., 2018). Although previous

studies have shown that connectance is positively correlated with

robustness (Dunne et al., 2002; Bellingeri and Cassi, 2018), the

relationship between the two remains controversial, and more

recent studies have found no clear patterns between them

(Canning and Death, 2018). Interaction strengths between species

were found better at predicting robustness, relative ascendency and

centrality takes the distribution of links into account (Canning and

Death, 2018; Banerjee et al., 2018). These metrics are based on the

position of species in the trophic structure and reflect the degree of

functional redundancy in the ecosystem. Removing species with

strong connectivity may reduce network functioning (Bellingeri

et al., 2019).

Rivers are recognized as highly dynamic ecosystems that exhibit

considerable variations in morphology, substrate, and velocity.

These variations collectively contribute to the diverse habitats

populated by aquatic organisms (Szoszkiewicz et al., 2018; Zheng

and Yin, 2023; Li et al., 2024). However, the construction of dams

has significantly hindered the longitudinal continuity of rivers,

resulting in low-heterogeneity habitats for various aquatic

organisms (e.g. fishes and macroinvertebrates). In rivers,

macroinvertebrates are important aquatic organisms. Their high

diversity and wide range of life-history traits and ecological

requirements have rendered them extensively utilized as

efficacious indicators for the changes in river ecosystems (Liu

et al., 2021; Zhang et al., 2018; Ma et al., 2024). Furthermore, the

drift behavior of macroinvertebrates constitutes a significant

biological adaptation mechanism, which could effectively facilitate

the expansion of population distribution and enhance the

complexity of interspecific relationships (Shi et al., 2020).

However, these drift behaviors could be impeded by the

construction of dams, leading to changes in composition and

structure of macroinvertebrates, as well as alterations in keystone

species. These changes could subsequently lead to the

fragmentation of the biological communities and decrease the

complexity of interspecific interactions. Moreover, the
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macroinvertebrate community acts as a pivotal intermediary in the

energy flow of the aquatic food webs (Encalada et al., 2010; Del

Campo et al., 2025), exerting a direct influence on both the

foundational components of the food chain (e.g. attached algae)

and the predators (e.g. fish) through intricate predator-prey

interactions. For example, in the waters of the Changdao

Archipelago, Alpheus japonicus and Oratosquilla oratoria were

identified as keystone species, loss of these species led to a

significant decrease in the number and robustness of feeding

relationships within food web (Su et al., 2024). Moreover, in the

South Carolina (USA) stream, changes in heterogeneous habitats

affected the keystone species dynamics, and these keystone species

acted as a community-wide perturbation in low-heterogeneity

habitats (Brown and Lawson, 2010). Thus, the change of

macroinvertebrate composition and structure under the influence

of dams can ultimately affect the stability of river ecosystems.

The main objective of this study is to quantify how the stability

of river ecosystems may be influenced and predicted by keystone

species extinction. To address our main objective, we used the

collected quantitative data on macroinvertebrate communities to

construct ecological networks in undammed and dammed rivers.

We asked the following questions: 1) how does network robustness

differ with the removal of different species, 2) which species best

predict the robustness in these macroinvertebrate community

networks, 3) how does macroinvertebrate network robustness

differ in undammed and dammed river? We focused on deletion

sequences ordered from highest to lowest biomass, density, and

connectivity, for which we hypothesize: 1) that the removal of high-

biomass and high-density species has less impact on network

robustness than that of high-connectivity species; 2) that high-

connectivity species may best predict the network robustness of

macroinvertebrate communities; 3) that macroinvertebrate

networks in dammed rivers are less robust than those in

undammed river. This study will help us understand the stability

of riverine macroinvertebrate communities to species loss and other

dam-related disturbances.
2 Materials and methods

2.1 Study area

This study was conducted in the Chishui River (CSH) and

Heishui River (HSH), located in the subtropical monsoon region in

southwestern China. CSH (27°20′-28°50′N, 104°45′-106°51′E) is an
undammed river in the upper Yangtze River, which is less disturbed

by human activities. Thus, CSH is an important part of the Rare and

Endemic Fishes Nature Reserve of the Yangtze River (Jiang et al.,

2017). The drainage area and mainstream length of CSH are 20440

km2 and 436.5 km, respectively. Under the influence of monsoon

climate, approximately 60% of the annual precipitation occurs from

June to September, and approximately 4% occurs from December to

January (Chi et al., 2017; Liu et al., 2008). The altitude of the head

stream ranges from 1000 m to 1760 m, and the altitude of mid-

downstream ranges from 500 m to 1000 m. The annual precipitation
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of the headstream and mid-downstream is approximately 900 ~

1000 mm and 1000 ~ 1500 mm, respectively (Chi et al., 2017; Jiang

et al., 2011). The complex of surface geology, climate and landscape

conditions, as well as the diversity of habitat types provides diverse

refuge for macroinvertebrates (Jiang et al., 2017).

HSH (26°48′N-28°7′, 102°20′-102°53′E) is a tributary of the

Jingshajiang River, located within the Baihetan Reservoir (Song

et al., 2018; Liu et al., 2008; Lv et al., 2020). The basin area is 3591

km2, with a total length of 173.3 km. The natural fall between the

upstream and downstream reaches is 1931m (Song et al., 2018; Liu

et al., 2008; Lv et al., 2020). The data from Ningnan Hydrological

Station (2007~2015) indicated that the measured average discharge

of HSH was 68.31 m3/s and the average runoff depth was

701.87 mm. Approximately 72.66% and 27.34% of runoff occur in

the wet season and the dry season, respectively (Song et al., 2018;

Liu et al., 2008; Lv et al., 2020). Four cascade hydropower stations

have been built in the midstream reaches of HSH due to the high

availability of hydropower resources (Song et al., 2018; Liu et al.,

2008). Moreover, its unique geographical location and habitat

suitability have made HSH an alternative habitat for fish in the

downstream of Jinsha River, and a hotspot area for lotic biodiversity

conservation (Lv et al., 2020).
2.2 Field sampling

Macroinvertebrates were investigated from 23 sites at CSH and

23 sites at HSH, respectively (Figure 1). Sample collection was

conducted in April 2018, 2019, and 2020. A Surber sampler (30×30

cm, 500 mmmesh) was used to collect macroinvertebrates. We took

three replicate quantitative samples at each sampling site. Samples

were taken at the center of rivers and close to the riverbank in the

upstream reaches, and samples were taken at easily accessible sites

(most at the banks of the river) at mid-downstream reaches. All

sampling sites encompassed the most representative benthic

microhabitats, including riffles, pools, and the area covered by

aquatic macrophytes (including lotic and lentic) (Qu et al., 2019;

Zhang et al., 2018).

We disturbed the substrate using a shovel to ensure that

macroinvertebrates could float and be directed into the net, and

used the 500 mm mesh sieve to filter and rinse the samples. Three

replicates from each sampling site were mixed into one biological

sample that was stored in a 500 ml jar. In the laboratory, biological

samples were identified to genus according to previous references

(Dudgeon, 2000; Zhou et al., 2003), and the biomass (i.e., the weight

of individuals) and density (i.e., the number of species per unit

space) were recorded for each taxon.

Physical habitat conditions and water chemistry factors were

measured at each sampling position. The latitude, longitude, and

elevation above sea level were measured using a handheld global

positioning system (Trimble Juno SA GPS, Trimble Navigation Ltd.,

Sunnyvale, CA, USA). Water depth (WD) and velocity were obtained

by a digital velocity meter (Global Water flow probe FP201, Global

Water Instrumentation, Gold River, CA, USA) placed in each sampling

site with three replicates. A multiparameter water quality probe
frontiersin.org
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(YSI-Pro Plus, YSI Inc., Yellow Spring, OH, USA) was used to measure

water temperature, dissolved oxygen (DO), pH, conductivity, and total

dissolved solids in situ. The habitat score (HS) was measured to reflect

the physical habitat quality of each river (Qu et al., 2019). In HSH, ten

key aspects were considered including substrate composition, in-

stream habitat complexity, range of combined WD and velocity,

bank stability, channel sinuosity, water quantity, visual inspection of

water cleanliness, riparian plant biodiversity, habitat environmental

stress, and land use types. According to the standard scoring scheme,

scoring for each aspect ranged from 0 to 20, which represents low to

high habitat quality (Qu et al., 2019).
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2.3 Determine highly-connectivity species

High-connectivity species were determined using three metrics

of centrality, including degree centrality (DC), closeness centrality

(CC), and betweenness centrality (BC). The centrality degree of

species i (DCi) is the number of other nodes connected to node i

(Dablander and Hinne, 2019; Freeman, 1978). Species that show a

high value for DCi are hubs (i.e., connected to many other species).

Closeness centrality (CC) quantifies the minimum number of steps

from one node to all other nodes. High CCi values identify species

that spread their impact more rapidly to other species when
FIGURE 1

Study area position, watershed location and sample sites. The map was created in ArcGIS 10.2 (http://desktop.arcgis.com/en/arcmap/).
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disturbed. Betweenness centrality (BC) indicates the frequency with

which a species is on the shortest path for each pair of other species.

The higher the BCi value, the greater the ability of a species to

control information exchange and energy flow in the food web

(Freeman, 1978; Wang et al., 2008). Banerjee (Banerjee et al., 2018)

concluded that the species i with high DCi, high CCi, and low BCi

was a high-connectivity species (85% accuracy). To date, this

method has been widely used to identify high-connectivity species

(Liu et al., 2021).
2.4 Robustness

To measure the robustness of the ecological network,

we calculated network connectivity robustness (CR), the half

of robustness (R50) and survival area (SA). CR was used as the

primary indicator to assess the vulnerabilities of macroinvertebrate

communities to the species loss. Moreover, the cascading effects of

species loss were also considered in this study, R50 and SA were used

to reflect the risks of secondary extinctions caused by species loss

(Zhao et al., 2016). CR indicates the closeness of connections of

remaining species after the loss of a species. The lower CR values

indicate weaker interspecific relationships of the remaining species

caused by the loss of a species, resulting in the reduction of

interspecific energy flow. Thus, CR could reflect the functional

stability of ecosystem based on the influence of species loss on

interspecific energy flow. CR was calculated based on the relative

efficiency ratio, which was computed as the ratio of the species

number in the largest connected subnetwork to the remaining

species number after the loss of a species (Du et al., 2010;

Hastings et al., 2016; Wang and Tang, 2019). The calculation

formula is as follows:

CR =
C

N�Nr

Where C is the number of species in the largest connected

subnetwork within the remaining network after species removal, N

is the number of species in the initial network, Nr is the number of

removed species.

In addition, R50 refers to the number of species which have to be

removed to make secondary extinctions reach 50% (Zhao et al.,

2016). The higher R50 is, the lower the risk of secondary extinction

induced by the primary species loss. Furthermore, the secondary

extinction and the area below the curve (SA) were used to quantify

the tolerance of a system to the species loss. The higher SA values,

the lower the impact of species loss on community stability. SA was

calculated as follows:

SA = o
S
p=1Np

S2

Where S is the number of species, p is the number of removed

species, Nr is the number of species that ultimately survive after

species removal and secondary extinction.
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2.5 Simulation of species removal

Macroinvertebrate interspecific relationships were summarized

as ecological networks. We applied spearman rank correlation since

regression analysis is unsuitable for simulation studies with large data

sets (White et al., 2014; Ståhl et al., 2025). Significant correlations

(p < 0.05 adjusted by False Discovery Rate correction) were used to

construct the network. In the constructed macroinvertebrates’

network, we simulated the species removal process and analyzed

the impacts of species removal on the entire community. Only one

species was removed from the networks at a time. We assumed that

after a certain species was removed, its closely related species (those

associated only with the removed species) would be affected and

disappear. Thus, besides the actively removed species, other affected

species were also removed simultaneously. Then, a new ecological

network was constructed through the analysis of interspecific

relationships among the remaining species, and its network

robustness was also calculated. Then, species were removed

sequentially (from highest to lowest biomass, highest to lowest

density, highest to lowest connectivity, and in randomized order),

and the aforementioned analysis were conducted to determine the

impact of species removal on the entire community. The species

removal steps are as follows: (1) Macroinvertebrate interspecific

interactions were considered by computing pairwise Spearman’s

correlation coefficients within the network. The relationship

between species i and j (|aij|) was recorded as 1 when those species

showed statistically significant (p < 0.05) correlation; (2) The number

of connections (Di) of nodes i was calculated; (3) The centrality

characteristics of species i were determined by calculating the DCi,

CCi, and BCi, and identified the central species (high-connectivity

species); (4) Species were removed in descending order based on their

connections, density, biomass, as well as removing species randomly;

(5) After each species removal, the row and column of the matrix

where the species was located were set to 0; (6) The connections in the

remaining network, the species secondarily removed due to the active

species removal, and the remaining species were counted; (7) The CR,

R50, and SA were calculated after each species removal to reflect the

impact of species removal on the entire communities; (8) Steps (4) –

(7) were repeated until all species were removed.
2.6 Network metrics

Networks were analyzed in Cytoscape software (version 3.6.1)

with the edge weighted spring-embedded layout. Several topological

and node/edge metrics, including connectance, clustering coefficient,

average number of neighbors, characteristic path length, network

heterogeneity and centrality, were calculated using Analyzer plugin

within Cytoscape. Connectance is a network property that is

calculated from the number of species and the number of links. It

describes the proportion of realized links out of all possible links in a

network, and is often used as a measure of network complexity. The

clustering coefficient was calculated to represent trends of nodes
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clustering in the network. The characteristic path length is the

number of steps along the shortest path for all possible pairs of

species, with a decrease in the characteristic path length possibly

indicating a faster spread of disturbances in the network. Network

heterogeneity quantifies the diversity of connections between nodes

in networks, even with different topologies. Average number of

neighbors calculated the average connectivity of a node in the

network. The modularity value was calculated using the Cluster

Maker plugin in Cytoscape (Newman, 2006).
3 Results

3.1 Macroinvertebrate ecological networks
and connectedness

In the undammed river (CSH), the macroinvertebrate network

in the upstream was constituted by 128 nodes and 547 edges, while

that in the midstream was composed of 90 nodes and 321 edges, and

that in the downstream was composed of 37 nodes and 93 edges

(Table 1; Figure 2). The physical factors (flow, water depth,

elevation, and habitat score) and nutrient factors (TP, TN, NO3
-,

and PO4
-) dominate the community composition and interspecific

relationships in the upstream and midstream of CSH, while nutrient

factors (TP, TN, NO3
-, and PO4

-) were prominent factors

influencing community interspecific relationships in the

downstream (Figure 2).
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In the dammed river (HSH), the macroinvertebrate network in the

upstream consisted of 93 nodes and 360 edges, while that in the

midstream was constituted by 87 nodes and 284 edges, and that in the

downstream consisted of 56 nodes and 216 edges (Table 1; Figure 3).

The physical factors (flow, water depth, elevation, Cond, pH and

habitat score) and nutrient factors (TP, TN, NO3
-, and PO4

-) dominate

the community composition and interspecific relationships in the

upstream and midstream of the HSH, while nutrient factors (TP,
TABLE 1 Network topology parameters.

Topological
parameters

CSH HSH

US MS DS US MS DS

Number of nodes 128 90 37 93 87 56

Number of Edges 547 321 93 360 284 216

Connectance 0.069 0.099 0.307 0.084 0.086 0.194

Network Centralization 0.149 0.145 0.186 0.147 0.117 0.274

Network Heterogeneity 0.551 0.444 0.214 0.513 0.527 0.504

Characteristic Path Length 3.211 3.492 2.74 3.350 3.606 3.054

Average number of
neighbors

8.667 7.825 6.455 7.742 6.864 8.936

Clustering Coefficient 0.645 0.708 0.848 0.647 0.626 0.726

Modularity 0.718 0.748 0.763 0.683 0.738 0.698
frontier
CSH, Chishui River; HSH, Heishui River; US, upstream, MS; midstream, DS, downstream.
FIGURE 2

Macroinvertebrate ecological network in the upstream (A), midstream (B), and downstream (C) of CSH.
sin.org

https://doi.org/10.3389/fevo.2025.1640255
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Liu et al. 10.3389/fevo.2025.1640255
TN, NO3
-, and PO4

-) were prominent factors influencing community

interspecific relationships in the downstream (Figure 3).

Both in the undammed river and dammed river, the number of

nodes and edges decreased from upstream to downstream.

Macroinvertebrate community biomass, density, richness, and

diversity also decreased from upstream to downstream in the two

rivers (Supplementary Tables 1, 2). Clustering coefficient were higher in

downstream (CSH: 0.848, HSH: 0.726) than in upstream (0.645 and

0.647) and midstream (0.708 and 0.626) in the two rivers (Table 1),

which indicated that the macroinvertebrate communities exhibited

stronger species clustering and closer interspecific relationships

downstream. Regarding the modularity of the network, the values of

modularity were higher in the downstream (0.763) of the undammed

river, while the values of modularity were higher in the midstream

(dam-constructed reaches) (0.738) of the dammed river. The results

revealed that the macroinvertebrate community was fragmented into

several small subcommunities with close interspecific connections in

these reaches, indicating that the macroinvertebrate communities

exhibited a high degree of dispersion.
3.2 Identify keystone species of
macroinvertebrates

In the undammed river, the values of R50 (upstream: 22.41%,

midstream:5.13%, downstream: 3.7%) when removing high-

connectivity species were lower than those when removing other
Frontiers in Ecology and Evolution 07
species (Figure 4; Table 2). In the dammed river, the values of R50

(midstream:6.94%, downstream: 6.52%) when removing high-

connectivity species were also lower than those when removing

other species. In addition, when removing high-connectivity

species, the SA values (upstream: 0.315, midstream: 0.176, and

downstream: 0.143) were also lower than the SA values of high-

biomass species (0.330, 0.226, and 0.199) and those of high-density

species (0.380, 0.217, and 0.152) (Figure 5; Table 3). From the

perspective of community functional stability based on interspecific

energy flow, when CR decreased to its lowest values in undammed

rivers, the decrease in community functional stability caused by the

removal of high-connectivity species was lower in the midstream

(39.74%) and downstream (7.41%) than that caused by the removal

of high-biomass species (midstream: 43.59%, downstream: 29.63%)

and high-density species (62.82% and 33.33%) (Table 4; Figure 6).

Moreover, when CR decreased to its lowest values in dammed

rivers, the removal rates of high-connectivity species (midstream:

19.44%, downstream: 8.7%) were also lower than those of high-

biomass species and high-density species. The result of R50 and SA

indicated that the loss of high-connectivity species was more likely

to trigger the cascading effects compared to other species.

Furthermore, the removal of high-connectivity species also has a

more important impact on macroinvertebrate community

functional stability. Therefore, the high-connectivity species could

be identified as keystone species in the two rivers, which play a more

crucial role than dominant species in maintaining the structure and

functional stability of macroinvertebrate communities.
FIGURE 3

Macroinvertebrate ecological network in the upstream (A), midstream (B), and downstream (C) of HSH.
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3.3 Community composition and
functional feeding groups of keystone
species

In CSH, the top five keystone species in upstream were affiliated

with Coleoptera (Psephenidae spp.: 0.5%, Elmididae sp.: 6.20%, and

Stenelmis sp.: 2.97%), and those in downstream were affiliated with

Diptera (Stictochironomus sp.: 30.53%, Chironomus sp.: 10%, and

Cricotopus sp.: 8.95%). Moreover, in midstream, diverse taxa such as

Hemiptera, Ephemeroptera, Arhynchobdellida, Diptera, and

Decapoda constituted the top five keystone species (Supplementary

Table 3). In HSH, the top five keystone species in upstream were
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affiliated with Diptera (Paramerina sp.: 3.27%, Cricotopus sp.: 4.49%,

and Diamesa sp.: 0.23%), those in midstream were mainly affiliated

with Ephemeroptera (Heptagenia sp.: 2.68%, Baetiella sp.: 0.51%, and

Serratella sp.: 0.06%), and those in downstream were mainly affiliated

with Diptera (Antocha sp.: 3.39% and Chironomidae pupa: 1.21%)

(Supplementary Table 4).

The composition of keystone species functional feeding groups

in CSH and HSH differs. The diversity of functional groups was

lower in dammed reaches than in other reaches (Figure 7). In

addition, in CSH, Tabanus sp. (41.39%) dominated keystone species

in upstream, Gerris sp. (24.42%), Aphelocheirus sp. (24.15%), and

Limnophora sp. (23.83%) were the dominant ones in midstream, as

well as Stictochironomus sp. (74.93%) played the dominant role in

downstream. We concluded that keystone species dominated by

predators caused the decline rates of CR exceeding 15% in naturally

undisturbed rivers (Table 5). in the undammed rivers. In HSH,

Tetropina sp. (31.76%), Tanytarsus sp. (18.93%), Tipula sp.

(17.47%) dominated keystone species in upstream, Baetiella sp.

(28.91%) was the dominant one in midstream, as well as

Aphelocheirus sp. (40.94%), Hydrobaenus sp. (32.13%), and

Antocha sp. (24.85%) played the dominant role in downstream

(Table 5). The result showed that the construction of dams led to

the change in the structure of keystone species, as keystone species

shifted from being primarily represented by predators in the

undammed river (CSH) to being mainly collector-gatherers in the

dam-constructed reaches of HSH. Therefore, the construction of

dams reduced the resistance of macroinvertebrate communities to
TABLE 2 Half of robustness (R50) under species loss.

Study
areas

Subnetwork HCS HBS HDS RS

CSH

updstream 22.41 37.07 37.06 39.65

midstream 5.13 20.51 26.92 26.92

downstream 3.7 14.81 3.7 18.51

HSH

upstream 21.95 18.29 31.70 43.90

midstream 6.94 18.05 20.83 33.33

downstream 6.52 15.21 15.21 8.70
R50, half of robustness; HCS, high-connectivity species; HBS, high-biomass species; HDS,
high-density species; RS, random species.
FIGURE 4

Effects of species loss on half of robustness (R50) of the macroinvertebrate community in the upstream (A), midstream (B), and downstream (C) of
CSH, and in the upstream (D), midstream (E), and downstream (F) of HSH.
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keystone species loss by changing the structure and function of

keystone species, as well as decreasing the functional diversity of

these species.
3.4 Influence of dam construction on
macroinvertebrate community stability

Comparative analyses were conducted on the stability of

macroinvertebrate communities to the loss of keystone species in

different river reaches. In undammed river (CSH), the values of R50,

SA, and CR when keystone species were removed were lower in the
Frontiers in Ecology and Evolution 09
downstream than in other reaches (TableS 2–4). Thus, the R50, SA,

and CR values caused by the disappearance of keystone species

decreased successively from the upstream to the downstream, which

was consistent with the changes in habitat scores of undammed

rivers (Supplementary Table 1). However, in dammed river (HSH),

the loss of keystone species led to a more rapid decline in SA in the

dam-constructed reaches (midstream) than downstream (Table 3).

Furthermore, in the dam-constructed reaches, the removal of

keystone species led to a faster decrease in CR. Precisely, when

the removal rate reached 19.44%, the community function stability

dropped to its lowest point. Therefore, compared with naturally

undammed rivers, the construction of dams led to an increased

sensitivity of macroinvertebrate communities to keystone species

loss, resulting in a reduction in the structure and functional stability

of dammed river ecosystems.
4 Discussion

4.1 Keystone species of macroinvertebrate
communities

According to the change of R50, SA, and CR under four species

loss scenarios, the high-connectivity species have greater impacts on

network robustness than other species. Thus, the high-connectivity

species could be keystone species of macroinvertebrates in both
FIGURE 5

Effects of species loss on the species survival area (SA) of the macroinvertebrate community in the upstream (A), midstream (B), and downstream (C)
of CSH, and in the upstream (D), midstream (E), and downstream (F) of HSH.
TABLE 3 Survival area (SA) under species loss.

Study
areas

Subnetwork HCS HBS HDS RS

CSH

upstream 0.315 0.330 0.380 0.417

midstream 0.176 0.226 0.217 0.325

downstream 0.143 0.199 0.152 0.218

HSH

upstream 0.294 0.292 0.337 0.413

midstream 0.133 0.291 0.312 0.334

downstream 0.150 0.250 0.211 0.214
SA, suvival area; HCS, high-connectivity species; HBS, high-biomass species; HDS, high-
density species; RS, random species.
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CSH and HSH. Several previous studies also proved that high-

connectivity species play an important role in mediating the

microbiome composition and functions, and these species were

identified as the microbial keystone species (Chao et al., 2024; Wang

et al., 2024). Generally, high-connectivity species are at the central

positions in a community and connect to most other species. Due to

their extensive connections with other species, the extinction of

high-connectivity species may have a ripple effect on the

community. Their loss may affect most other species and result in

a faster breakdown of the entire community’s structure and

function (Dunne et al., 2002; Stouffer et al., 2012; Wang et al.,

2024). Like in previous studies focusing on microbial taxa, high-
Frontiers in Ecology and Evolution 10
connectivity species were identified as keystone species also in our

study, focusing on macroinvertebrate communities in both

undammed and dammed riverine reaches. Moreover, several

studies have shown that the abundance determines the positional

importance of plant species (Zhu et al., 2024), while this study

found different results. Based on the analysis of the relative

abundance of keystone species, our research found that less

abundant species tended to occupy central positions in both

undammed and dammed rivers (Supplementary Tables 3, 4). In

general, biomes are composed of a few abundant taxa and a large

proportion of rare taxa. Abundant taxa mostly contribute to

biomass production, energy flow, and nutrient cycling, whereas

low-abundant taxa predominantly contribute to species richness.

Low-abundant taxa exhibit greater ecological redundancy and could

drive changes in biomes under disturbed environments (Xue et al.,

2018). Moreover, previous studies have also found that hub species

of crop fungal communities belong to rare taxa, which determine

the stability of crop fungal communities and ecosystem functions

(Xiong et al., 2021). Consistent with these research findings, our

results suggest that high-connectivity species with low abundance

are keystone species that play a central role in sustaining the

stability of macroinvertebrate communities.

The central placement of the keystone species in the

macroinvertebrate communities was affected by their biological

functional traits. For instance, through their filtration and

biodeposition processes, freshwater mussels reduce phytoplankton
TABLE 4 Species removal rate at minimum connectivity robustness (CR).

Study
areas

Subnetwork HCS HBS HDS RS

CSH

upstream 72.41 66.38 89.66 89.65

midstream 39.74 43.59 62.82 92.31

downstream 7.41 29.63 33.33 62.97

HSH

upstream 69.51 71.96 64.63 92.68

midstream 19.44 66.67 76.39 88.89

downstream 8.70 54.35 32.61 41.30
PRS, proportion of removed species; HCS, high-connectivity species; HBS, high-biomass
species; HDS, high-density species; RS, random species.
FIGURE 6

Effects of species loss on network connectivity robustness (CR) (dashed line indicating 50% of CR) in the upstream (A), midstream (B), and
downstream (C) of CSH, and in the upstream (D), midstream (E), and downstream (F) of HSH.
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FIGURE 7

Functional feeding groups of keystone species in the upstream (A), midstream (B), and downstream (C) of CSH, and in the upstream (D), midstream
(E), and downstream (F) of HSH.
TABLE 5 Decline rate of connectivity robustness (CR) (>15%) under keystone species loss.

Study
areas

Subnetwork Species/genus RDS % FFGs

CSH

upstream Tabanus sp. 41.39 Predator

midstream
Gerris sp.
Aphelocheirus sp.
Limnophora sp.

24.42
24.15
23.83

Predator
Predator
Predator

downstream
Stictochironomus sp.
Palaemonetes sinensis

74.93
23.78

Collector–filterers
Predator

HSH

upstream
Tetropina sp.
Tanytarsus sp.
Tipulae sp.

31.76
18.93
17.47

Predator
Collector-filterers
Collector-gatherers

midstream Baetiella sp. 28.91 Collector-gatherers

downstream
Aphelocheirus sp.
Hydrobaenus sp.
Antocha sp.

40.94
32.13
24.85

Predator
Collector-gatherers
Collector-gatherers
F
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RDS, Rate of decline in network robustness; FFGs, Functional feeding groups
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density in the water column and increase inputs of sediment

organic matter, which affects the habitat quality of other

invertebrates and thereby influences the functioning of ecosystem

processes (Simeone et al., 2021). This study explored the functional

feeding traits of keystone species that led to the greatest decline

of CR. This result showed that predators predominated in the

keystone species in upstream, midstream, and downstream of

CSH. However, collector–gatherers dominated the keystone

species in HSH, especially in the midstream (dam-constructed

reaches) (Table 5). Top predators were generally considered as

the keystone species (Ge et al., 2004; Paine, 1969). In surface

freshwaters, predators are located at high trophic levels in

food webs and feed on other small macroinvertebrates like

Chironomidae larvae and Oligochaetes (Wang et al., 2024; Zheng

and Yin, 2023; Li et al., 2024). There are specialist predators and

generalist predators in river ecosystems. Generally, specialist

predators feed on specific types of prey, while generalist predators

can feed on many different types of prey (Hilker and Lewis, 2010).

This study found that Tabanus sp., Gerris sp., Aphelocheirus sp.,

Limnophora sp., and Palaemonetes sinensis are all generalist

predators, and they can feed on other small macroinvertebrates

like Chironomid larvae and other small Mollusca in the undammed

river. Moreover, based on the centrality of keystone species,

predators can achieve top-down effects on the functional stability

of the macroinvertebrate community through relatively shorter

feeding pathways. Thus, the shorter feeding relationship pathways

of these generalist predators with a wider range of other prey led

them to be the keystone species in the undammed river (CSH). In

general, these predator–prey systems are primarily found in

environments with a predominantly unidirectional flow such as

naturally undisturbed streams and rivers (Hilker and Lewis, 2010).

Alterations of natural flow regimes (e.g., due to the construction of

dams) could significantly affect the habitat available, as well as their

foraging, reproductive, and competitive behavior of organisms

(Hilker and Lewis, 2010). Our research showed that the

construction of dams changed the composition of functional

feeding groups of keystone species. Collector–gatherers

dominated the keystone species in the dammed river (Table 5),

which determined also a functional shift of keystone species from

being primarily predators to mostly representing preys. The

construction of dams intercepts the river channel, reduces the

flow velocity and habitat homogeneity, and increases the stability

of the substrate. Changes in river hydrological conditions will lead

to the accumulation of fine sediment and organic debris in front of

the dam, which provides favorable habitat conditions for collector-

gatherers (Encalada et al., 2010; Li et al., 2024; Del Campo et al.,

2025). However, other small macroinvertebrates adapted to flowing

water environment were unable to survive in this habitat and thus

ceased to exist, which further led to changes in the food sources and

population distribution of predators in the dammed river. Since the

predators tend to be specialists (feeding on the species that can

adapt to the dammed habitat), they cannot persist without the prey.

Consequently, the prey (collector–gatherers) became a keystone

species in the dammed river.
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4.2 The effect of keystone species on
macroinvertebrate community stability

Comparative analyses were conducted to reveal the different

impacts of keystone species on ecosystem stability between the

undammed river (CSH) and dammed river (HSH), as well as among

the upstream, midstream, and downstream reaches. The results

showed that the resistance of the macroinvertebrate community in

HSH to the loss of keystone species was lower than that in CSH.

Moreover, the macroinvertebrate community in downstream reaches

of undammed river (CSH) was more sensitive to the loss of keystone

species than in the upstream and midstream sections. Differently,

macroinvertebrate community in the midstream (dam-constructed

reaches) reaches of dammed river (HSH) was more sensitive to the

loss of keystone species than in other reaches of the same river. The role

of keystone species in maintaining community stability could be

influenced by the complexity of interspecific relationships, which is

mainly measured by a series of network topological metrics including

network connectance and clustering coefficient (Liu et al., 2021; Wang

et al., 2024). Connectance is often used to express the complexity of

ecological networks, and to assess network robustness to perturbations

(e.g. secondary extinctions) (Dunne et al., 2002; Ståhl et al., 2025).

Clustering coefficient is used to express the degree of tightness in

interspecific relationships. In this study, the low complexity of

macroinvertebrate interspecific relationships in downstream of CSH

was revealed by low species richness and a low number of linkages.

Based on higher network clustering coefficient, we also found that the

closest interspecific interactions occurred in the downstream reaches of

both rivers. These low complexity and high tightness of interspecific

relationships in the downstream led to the low resistance of the

macroinvertebrate community to the loss of keystone species and

reduced the stability of communities. Combined with the influences of

environmental factors, we found that both physical factors (flow, water

depth, elevation, and habitat score) and nutrient factors (TP, TN, NO3
-,

and PO4
-) dominate the community composition and interspecific

relationships in the upstream and midstream of the undammed river

(CSH), while nutrient factors (TP, TN, NO3
-, and PO4

-) were

prominent factors influencing community interspecific relationships

in the downstream (Figure 2). The upstream and midstream of CSH

are located in mountainous areas, with less interference from human

activities. However, many towns and cities (e.g., Maotai Town and

Chishui City) were built along the downstream of CSH, where human

activities are relatively concentrated. Human activities could lead to

amounts of nutrients flowing into the river and influence the

interspecific relationships, and further decrease the stability of

macroinvertebrate communities.

Unlike undammed rivers, the community stability of the dam-

constructed reaches (midstream) in dammed rivers was more sensitive

to the loss of keystone species (Figures 4, 6). This result is consistent

with previous studies that the changes in heterogeneous habitats under

the influence of dams could affect the keystone species dynamics, and

low-heterogeneity habitats could increase the regulatory role of

keystone species on community-wide perturbation (Brown and

Lawson, 2010). Many small subcommunities with close interspecific
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connections were clustered in the dam-constructed reaches

(midstream) based on the higher network modularity, which

indicated that there was a high degree of aggregation of

macroinvertebrate communities. Network modularity reflects the

distribution characteristics of small aggregated communities, which

represent synergistic and competitive interactions as well as niche

differentiation (Newman, 2006). The closeness of interspecific

connections is strong within a subcommunity, while it is weak

between different subcommunities. In general, connector species

between different subcommunities are responsible for interspecific

fluxes, and when these subcommunities are poorly connected or not

connected at all, the loss of these species would probably have a large

impact on the overall flux structure of the communities. Several studies

also found that the disappearance of keystone species could cause the

break-up of modules and networks (Banerjee et al., 2018). Thus, when

faced with the loss of keystone species, macroinvertebrate communities

in dam-constructed reaches (midstream) with a higher degree of

dispersion are more likely to be affected and collapse. In river

ecosystems, the drift behavior of macroinvertebrates is an important

biological adaptation mechanism, which can effectively expand

population distribution and enhance the complexity of interspecific

relationships (Shi et al., 2020). The construction of dams has blocked

the longitudinal drift of macroinvertebrates, resulting in patchy habitat

availability for macroinvertebrates. The drift behavior of

macroinvertebrates can be blocked by dams, which could lead to the

fragmentation of small aggregated subcommunities. This because some

species, those preferring low-flow velocity environments and exhibiting

a high degree of interspecific similarity in ecological niches and

functions, dominate such communities (Dominguez-Garcia and Kefi,

2024; Estrada, 2007; Ge, 2019). Moreover, dams can also block the

longitudinal drift of organic matter and reduce the abundance of

species that feed on organic debris (Liu et al., 2021). The reduction of a

specific species will lead to the decrease of predators’ food sources and

the increase in the similarity of predators’ feeding habits. This will

decrease the complexity of interspecific relationships and thus reduce

the resistance of the macroinvertebrate community to the loss of

keystone species. Our study confirmed that the construction of dams

could cause the break-up of macroinvertebrate communities, and the

fragmentation of communities may further reduce their resistance to

the loss of keystone species, thereby resulting in the reduction of

ecosystem stability.

Network analysis is a systems-level approach for integrating

many layers of data. Organisms’ data can be used to identify

interspecific interactions, these interactions can then be used to

build network to examine identify keystone species, and clusters of

potentially interacting species that can be associated with their

ecological traits (Robinson et al., 2022; Chao et al., 2024; Wang

et al., 2024). Although this study has certain limitations in

constructing ecological networks (e.g., not specifying the type of

interspecific relationship; not disentangling co-occurrences due to

potential interaction from co-occurrences due to stochasticity or

common responses to environmental factors), generalizing the

relationships between organisms and using these relationships to

study the role of key species are the key focuses of this research. Based

on the results of the generalized analysis of interspecific relationships,
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we further analyzed and discussed the functional traits of keystone

species, aiming to elucidate the ecological role of these keystone

species from the perspective of real interspecific relationships.

Thus, using species interactions to build networks can facilitate

macroinvertebrate community dynamics assessments by visualizing

the overall structural and functional relationships within a system.
5 Conclusions

The present study analyzed the changes in macroinvertebrate

community stability following the loss of different species, with the

aim of identifying keystone species in undammed and dammed rivers.

In particular, we explored the effect of dam construction on

macroinvertebrate community stability. The results showed that the

high-connectivity species with low abundance were keystone species,

because the loss of these species had a greater impact on community

stability compared to other species (high-biomass species and high-

density species). The functional feeding traits of keystone species were

explored in this study. We found that predators dominated keystone

species in the undammed river (CSH), while prey (collector-gatherers)

dominated keystone species in the dammed river (HSH). Our findings

suggested that the construction of dams could transform the functional

feeding groups of keystone species from predators to prey.

Furthermore, the impact of keystone species loss on half of

robustness (R50), survival area (SA), and network connectivity

robustness (CR) was greater in dam-constructed reaches (HSH) than

in undammed reaches. This result demonstrated that the construction

of dams reduced the resistance of macroinvertebrate communities to

the loss of keystone species, indicating that dam construction could

cause notable changes of interspecific relationships and ultimately the

break-up of macroinvertebrate communities. Community

fragmentation may further reduce their resistance to keystone species

loss, thereby decreasing ecosystem stability.

These findings provide valuable recommendations for

developing strategies to protect biodiversity and restore the

function and stability of dammed river ecosystems.
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