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Urbanization is modifying aquatic ecosystems, with hydrodynamic and trophic variations altering biotic
assemblages in rapidly expanding cities worldwide. Despite the fundamental bioenergetic role of food
webs within these assemblages, their responding mechanism to the hydrodynamic and trophic varia-
tions remains largely unknown. Here we show that hydrodynamic and trophic loss, coupled with the
weakening of cascade controls by key trophic guilds, leads to a significant decline in the structure,
function and stability of macroinvertebrate food webs. Utilizing the allometric diet breadth model and
biomass balance model, we established representative food webs for macroinvertebrate groups under
varying hydrodynamic and trophic stresses. We found that such losses have reduced ~75% trophic guild
richness, ~85% biomass flux, and ~80% biomass storage. These reductions promote trophic guild
specialization, further destabilizing food web, eroding interactive strength asymmetry, and diminishing
the control of trophic guilds. Furthermore, macroinvertebrate food webs show divergent stability re-
sponses under similar stress levels, mainly driven by differences in the cascade controls exerted by key
trophic guilds. Our results underscore the critical role of hydrodynamic and trophic variations in shaping
urban aquatic ecosystems and highlight the significance of both external environmental revitalization
and internal food web dynamics enhancement in restoring the ecological stability in urban settings.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over half of the global population now lives in cities, and this
percentage will increase to two-thirds by 2050 [1,2]. Today, un-
precedented urbanization rates are occurring in the developing
world, mainly in Asia and Africa [3], wheremany smaller cities have
rapidly transformed into megacities [2]. A growing number of cities
and the formation of a large urban agglomeration have further
intensified resource use and biodiversity and, consequently,
ecosystem degradation [4]. The ecosystems of many urbanized
environments worldwide are also exposed to warmer climates [5]
and modified land use [6], thus having become increasingly
ier B.V. on behalf of Chinese Soci
access article under the CC BY-NC-
homogeneous [7] and fragmented [8]. This phenomenon, known as
the “urban syndrome”, often results in urban ecosystems acting as
unstable systems with reduced resistance and resilience against
disturbances [9] and markedly deteriorated ecosystem goods and
services [10].

For instance, in freshwater ecosystems such as rivers, streams,
lakes, and reservoirs, less permeable land cover resulting from ur-
ban growth can alter the hydrological process, leading to larger,
more frequent flood events [11]. Urban channel regulation sub-
stantially modifies flow dynamics, sediment transport, nutrient
cycling, and pollutant dispersion, thus degrading the aquatic
environment [8,12,13]. Hydrodynamic and trophic conditions are
crucial factors that influence biotic assemblages in these altered
urban aquatic systems [14,15]. Specifically, trophic conditions, or
the availability of allochthonous and autochthonous food sources,
provide the necessary material and energy to initiate, develop, and
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maintain biotic assemblages in the urban environment [16].
Through interactions with substrates, hydrodynamic conditions
play a direct role in determining the heterogeneity [17], suitability
[18], and stability [19] of aquatic habitats. Hydrodynamics can also
indirectly affect biotic assemblages by influencing trophic dy-
namics. Specifically, flow velocity impacts the distribution and
retention of food sources [15], while water depth, associated with
temperature and oxygen stratification and light availability, in-
fluences primary productivity [20] and energy transfer efficiency
[21].

As one of the most important biotic components of the aquatic
system, macroinvertebrates act as critical links between basal food
sources (e.g., primary production and detritus) and higher trophic
levels (e.g., fish) in the food web [22]. Due to their limited mobility,
higher sensitivity to disturbances, and predictable responses to the
environment, as revealed by their compositional changes [23],
these biota are qualified indicators of the dynamics of aquatic
ecosystems and are, therefore, widely used for rapid biomonitoring
and bioassessment programs for the ecological health of rivers,
streams, lakes, and reservoirs [24e26].

The diversity and composition of macroinvertebrates in
response to hydrodynamic and trophic variations in urban aquatic
systems have been investigated worldwide [27e30]. Macro-
invertebrates achieve optimal diversity when hydrodynamic and
trophic conditions are moderately favorable [31]. However,
extreme environmental variations can disrupt this equilibrium,
leading to dominance by fugitive species or superior competitors
for available niches and declining diversity [18]. In particular, shifts
in macroinvertebrates occur in response to extreme urban eutro-
phication and oxygen depletion, characterized by a range of
adaptation strategies to change, such as smaller body size, multiple
reproductive cycles per year (multivoltinism), burrowing capabil-
ities, and a modified predation approach [32,33]. With increased
river trophy, primary macroinvertebrate taxa, such as amphipods,
decapods, dipterans, ephemeropterans, and odonates, exhibit a
subsidy-stress (unimodal) response to system disturbance. In
contrast, a few groups, including coleopterans and hemipterans,
often show a monotonic increase, whereas trichopterans consis-
tently show a decrease in the assemblage at a time of increased
river and lake trophy [34,35].

Hydrodynamic conditions also differentiate macroinvertebrate
preferences. For instance, approximately 30% (e.g., oligochaetes and
gammarids), over 60% (e.g., baetids, hydropsychids, and nemour-
ids), and less than 10% (e.g., simulids) of taxa favor weak, moderate,
and strong hydrodynamic conditions, respectively [36]. Hydrody-
namic losses and increased sedimentation create conditions only
favorable for species, such as chironomid midges, oligochaetes, and
gastropods, which are tolerant of disturbances, causing them to
dominate the habitat [24,37,38]. Conversely, intense hydrodynamic
conditions often dislodge most macroinvertebrates from their
respective habitats. Studies have indicated that aquatic macro-
invertebrates with morphological or behavioral adaptations can
withstand disturbances, thus increasing their chances of survival
[36].

Despite extensive research on the diversity and composition of
macroinvertebrates, a comprehensive understanding of the inter-
active networks involved in the response of biota to urbanized and
disturbed aquatic systems and associated environmental factors is
lacking [39,40]. Specifically, the macroinvertebrate food web, con-
sisting of trophic interactions, such as predation and competition,
illustrates the intricate relationships in the biological assemblages
of a given aquatic ecosystem [22,41]. Thus, one should recognize
that macroinvertebrates form a collection of individual species and
an extensively interconnected biotic system through a web of
species interactions and dynamics [42,43]. The arrangement and
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strength of these interactions are crucial for determining the
composition and diversity of macroinvertebrates and maintaining
the entire aquatic ecosystem's stability [44]. Therefore, this issue is
vital for understanding urban aquatic ecosystems' functioning.

Based on previous observations of the terrestrial food web
[45,46] and trophic extensions of island biogeography theory [47],
we have made a preliminary prediction of how hydrodynamic and
trophic variations influence the macroinvertebrate food web in
urban ecosystems. Increased hydrodynamic condition losses and
limited trophic sources can alter the macroinvertebrate food web.
Such food webs are often simplified in structure, function, and
stability due to the heightened vulnerability of higher trophic-level
organisms and the extinction of specialists facing stressed condi-
tions [48,49]. Consequently, the influence of hydrodynamic and
trophic variations on the macroinvertebrate food web in urban
aquatic ecosystems is predictable because such variations often
lead to a more truncated trophic network.

Quantifying changes in the structure, function, and stability of
the macroinvertebrate food web in megacities such as Beijing
significantly contributes to understanding the urban ecosystem,
thus leading to improved urban management. To this end, we
conducted extensive field investigations across Beijing in 2019 and
2020 for ecological and food web analyses of the city's different
water bodies, including rivers, streams, lakes, and reservoirs. We
aimed to achieve the following: (1) identify the representative
biological groups across a gradient of hydrodynamic and trophic
stresses in Beijing and characterize these groups' macro-
invertebrate diversity and composition, (2) establish representative
food webs to characterize the trophic structure and estimate the
biomass flux of each biological group, (3) determine the food web
stability and identify the key trophic guilds for individual biological
groups, and (4) analyze howmacroinvertebrate food web structure,
function, and stability is impacted by stresses related to hydrody-
namic and trophic variations in the rapidly urbanized areas of
Beijing.

2. Materials and methods

2.1. Study area and sampling design

Beijing (115.7e117.4� E, 39.4e41.6� N; 16,410 km2), China's
capital city, is one of the largest megacities in the world, supporting
a population as high as 22million. The local gross domestic product
of Beijing is CNY 4026.9 billion (around USD 554.5 billion), ranking
seventh highest among global cities in 2022. Located in the median
latitudes, Beijing has a monsoon climate with a temperature
ranging from �5 to 35 �C (12 �C, on average) and a mean annual
precipitation of around 600 mm. From 2019 to 2020, we surveyed a
range of environmental conditions and sampled benthic macro-
invertebrates in the fivemain river systems in Beijing, including the
Yongding, Chaobai, Beiyun, Jiyun, and Daqing. We conducted field
investigations from late summer to early autumn 2019 and 2020 to
avoid the disturbances of mid-summer flood events.

Based on the Beijing Water Authority's technological regula-
tions, 61 investigation sites were preliminarily classified into four
types of water bodies based on broad landscape-scale features:
suburban rivers (14 sites), urban rivers (16 sites), artificial lakes (ten
sites), and water supplying reservoirs (21 sites) [50]. For each site,
we conducted 3e12 sampling events across different periods,
cumulatively yielding 219 samples (patch scale, equivalent sam-
pling area of 1 m2; Fig. 1). Detailed conditions of the four types of
water bodies are shown in Supplementary Material Fig. S1. The
methodological specifics for the collection of macroinvertebrate
samples, the gathering of coarse particulate organic matter (CPOM)
and fine particulate organic matter (FPOM), and the measurements



Fig. 1. Distribution of the investigation sites for the dynamics and structure of the
freshwater food webs in Beijing.
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of hydrodynamic conditions (including the mean flow velocity [v]
and water depth [h]) and trophic conditions (including the chem-
ical oxygen demand [CODMn], the concentration of chlorophyll-a
[Chla], total nitrogen [TN], and total phosphorus [TP]) are eluci-
dated in Supplementary Material Text S1.
2.2. Hydrodynamic and trophic stresses quantification

How the hydrodynamic and trophic variations associated with
urbanization would cause stress on the water body in Beijing was
quantified using a data-driven scoring method, hereafter referred
to as the hydrodynamic and trophic stress score (HTSS). In addition
to the 219 samples, ten other sites were selected and sampled as
“reference sites” following Moss et al. [51], who described the site
characteristics as natural and primitive. The statistical means of
values of environmental variables (noted as Xref) for these reference
sites represented ideal natural conditions for water bodies in Bei-
jing. Given the varying degrees of hydrodynamic and trophic
stresses in Beijing, the environmental variable values for the 219
samples ranged from minimum (Xmin) to maximum (Xmax) condi-
tions, which also encompassed the reference condition, Xref
(Supplementary Material Fig. S2). Therefore, we derived the
gradient lengths of environmental variables for the 219 samples
that were lower (L¼ Xrefe Xmin) and higher than the reference sites
(H ¼ Xmax e Xref).

For values that fell in the interval [Xref e 10%L, Xref þ 10%H], we
evaluated this environmental condition as “near-reference” and
assigned a score of 0 to the samples. For the values that fell in the
intervals [Xref e 40%L, Xref e 10%L] or [Xref þ 10%H, Xref þ 40%H], we
determined that these environmental conditions were “slightly
stressed” and assigned scores of �2 and 2, respectively. The condi-
tions of “stressed” samples were assigned a score of�4 ([Xrefe 70%L,
Xref e 40%L]) or 4 ([Xref þ 40%H, Xref þ 70%H]), and the conditions of
“heavily stressed” samples were assigned a score of �6 ([Xmin, Xref e

70%L]) or 6 ([Xref þ 70%H, Xmax]). Thus, the two hydrodynamic and
four trophic stresses of each sample were scored using the HTSS, as
shown in Supplementary Material Table S1. Integrated stress for a
samplewas then quantified by the sum of the absolute values for the
HTSS of different hydrodynamic and trophic variables, with a higher
value representing heavier stress. Notably, the positivity or nega-
tivity of the score for a specific environmental variable indicated
only a higher or lower value than the reference site.
3

2.3. Biological group classification

Based on the preliminary classification of water bodies in Beijing
(suburban and urban rivers, artificial lakes, and reservoirs), hier-
archical clustering (R package “stats”, function “hclust” [52]) was
applied to the 219 samples to determine the types of biological
groups. Pairwise distances between sites were measured using
macroinvertebrate dissimilarities calculated by the BrayeCurtis
formula (R package “vegan”, function “vegdist” [53]). To assess
whether assemblages in the classified biological groups correlated
with hydrodynamic and trophic conditions, a canonical corre-
spondence analysis (R package “vegan”, function “cca”) was then
applied to the macroinvertebrate data for the sample's distribution
over the gradients of these two environmental factors. Due to the
normality and variance homogeneity of data, the overall difference
in stress scores and biotic indices among biological groups was
tested using KruskaleWallis analysis, and post-hoc analysis was
performed using the Bonferroni-corrected method (R package
“agricolae”, function “kruskal” [54]). Moreover, an analysis of sim-
ilarities was applied to compare the compositions of macro-
invertebrates among groups measured by the BrayeCurtis distance,
with post-hoc significance detected by the Bonferroni-corrected
method (R package “vegan”, function “anosim”).

2.4. Food web analysis

A food web analysis of macroinvertebrates was performed using
the allometric diet breadth model (ADBM) [55] and the biomass
balancemodel [56]. The ADBMpredicts the foraging behavior of the
biological community and food web structure and dynamics, thus
helping to provide a mechanistic, structural model of the food web
in the river system [57]. To obtain the complete food web structure
and dynamics as a predation preference matrix, 29 trophic guilds
(see Supplementary Material Table S2) were assigned to macro-
invertebrates based on their taxonomic positions and feeding traits
[58]. Herbivores and detritivores mainly fed on primary producers
and particulate organic matters, respectively. The predation pref-
erences for (facultative) carnivores were thought to be largely
determined by foraging profitability, which was quantified using
ADBM. Given the food web (i.e., the predation preference matrix),
the biomass flux along the web was estimated using the biomass
balance model. This model would yield a predation flux matrix for
the food web, which could be further calculated for stability esti-
mation and key trophic guild identification [59]. This methodology
for food web analysis has been successfully applied to both
terrestrial and aquatic ecosystems worldwide (e.g., African rivers
[21], North American lakes [57], European farmlands [56], Arctic
tundra [60], and Arctic streams [61]). Details outlining the meth-
odology used for food web analyses are provided in Supplementary
Material Text S2.

3. Results

3.1. Environmental and biotic characteristics of biological groups

A total of 32,063 macroinvertebrates belonging to 52 families
and 124 genera were collected from Beijing water bodies. Arthro-
poda was the most predominant group (104 genera), followed by
Mollusca (19 genera) and Annelida (12 genera). Hierarchical clus-
tering (Fig. 2a) identified five types of biological groups for 219
samples, comprising G1 (52 samples), G2 (35 samples), B3 (66
samples), B4 (17 samples), and B5 (49 samples). The compositions
of individual biological groups in water body type and the river
drainage system in the Beijing megacity indicated that the samples
in G1, G2, and G3 came from multiple sources (Fig. 2b and c),



Fig. 2. a, Classification of five biological groups (G1eG5) for 219 samples from water bodies in Beijing based on hierarchical clustering. Pairwise dissimilarity among samples was
measured by the BrayeCurtis distance. Relative values for hydrodynamic (v and h) and trophic (CODMn, Chla, TN, and TP) conditions among groups were normalized and compared in
the central radar plot. b, Sample composition for the G1eG5 regarding the water body type and river drainage system. c, Proportional composition for the G1eG5 in different water
body types samples.
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suggesting that these patch-scale groups did not strictly corre-
spond to the type of water body or drainage system at a landscape
scale. In contrast, G4 and G5 were mostly composed of samples
from reservoirs in the Jiyun and Daqing rivers (Fig. 2b and c). A
detailed summary of HTSSs on water bodies is provided in
Supplementary Material Table S3.

Significant differences among the five biological groups were
observed via eight HTSS environmental variables (except TN) and
17 biotic indices (Table 1). Integrated stress, calculated as the sum of
the absolute value of the HTSS of each environmental variable, was
significantly lower for G1eG3 (17.6 ± 5.2, hereinafter mean ± s.d.)
4

than it was for G4eG5 (21.9 ± 4.0). Trophic conditions, calculated as
the average of the HTSSs of trophic variables, were higher for
G1eG3 (�0.33 ± 1.85) compared to G4eG5 (�1.66 ± 1.71), as
indicated by increased concentrations of CODMn, Chla, and TP.
G1eG3 exhibited relatively less hydrodynamic stress (4.13 ± 1.72),
calculated as the average of the absolute values of the HTSSs of v
and h, than G4eG5 (5.75 ± 0.68), as indicated by a higher flow
velocity and a lesser water depth. Meanwhile, although not statis-
tically significant, the samples from G1 were more trophically
enriched and less hydrodynamically stressed than those from G2
and G3.



Table 1
Values (mean ± s.d.) of hydrodynamic and trophic stress score (HTSS) and biotic indices for five biological groups (G1eG5) in water bodies in the city of Beijing. Regular
superscript represents significant (p < 0.05) in Kruskal-Wallis and post hoc test results, and italic superscript represents significant (p < 0.05) in ANOSIM and post hoc test
results. Abbreviations: RA ¼ relative abundance, EPT ¼ Ephemeroptera, Plecoptera, and Trichoptera, RB ¼ relative biomass. Groups in brackets indicate the number of the
sample data.

HTSS/Biotic index G1 (52 samples) G2 (35 samples) G3 (66 samples) G4 (17 samples) G5 (49 samples)

HTSS Integrated stress 16.7 ± 5.4G4,G5 17.7 ± 5.0G4,G5 17.6 ± 5.2G4,G5 21.8 ± 3.3G1,G2,G3 21.9 ± 4.2G1,G2,G3

Trophic Trophic condition 0 ± 2.0G4,G5 �0.6 ± 1.5 �0.2 ± 1.9G4,G5 �1.7 ± 1.5G1,G3 �1.6 ± 1.8G1, G3

CODMn 2.2 ± 3.2G2,G4,G5 �0.1 ± 2.6G1 0.9 ± 2.8G4,G5 �2.0 ± 3.1G1,G3 �1.1 ± 3.2G1,G3

Chla �0.9 ± 3.0 �0.1 ± 2.3G5 �0.6 ± 3.2G5 �2.2 ± 2.0 �2.1 ± 2.5G2,G3

TP �0.4 ± 3.3G5 �0.8 ± 3.3 �0.4 ± 3.1G5 �2.0 ± 3.4 �2.6 ± 3.4G1,G3

Hydrodynamic Hydrodynamic stress 3.5 ± 1.7G2, (G4),G5 4.7 ± 1.7G1,G3,
(G4),G5

3.9 ± 1.6G2, (G4),G5 6.0 ± 0(G1), (G2), (G3) 5.7 ± 0.7G1,G2,G3

v �4.7 ± 2.2G2,
(G4),G5

�5.6 ± 1.4G1 �5.0 ± 1.8(G4),G5 �6.0 ± 0(G1), (G3) �6.0 ± 0.3G1,G3

h 2.4 ± 2.1G2, (G4),G5 3.8 ± 2.7G1, (G4),G5 2.9 ± 2.3(G4),G5 6.0 ± 0(G1), (G2), (G3) 5.5 ± 1.3G1,G2,G3

Biotic
indices

Biodiversity Taxa richness 10±9G4,G5 5 ± 4 5±3G4,G5 3±1G1,G3 3±1G1,G3

Shannon-Wiener Index 1.3 ± 0.8G4,G5 1.1 ± 0.7G4 1.3 ± 0.5G4,G5 0.5 ± 0.4G1,G2,G3 0.9 ± 0.4G1,G3

Arthropoda richness 5.2 ± 6.6G3,G5 2.4 ± 2.8G3,G4,G5 1.2 ± 1.9G1,G2 0.9 ± 0.4G2 1.1 ± 0.8G1,G2

Compositional
Structure

Abundance (ind. m�2) 1067 ± 4986G3,G4 129 ± 114G3,G4 201 ± 180G1,G2,G4 2048 ± 1271G1,G2,G3,G5 144 ± 89G4

RA of Arthropoda (%) 41 ± 36G2,G3,G4 68 ± 27G1,G3,G4,G5 15 ± 21G1,G2 3±3G1,G2 21 ± 18G2

RA of Mollusca (%) 46 ± 37G2,G3,G4,G5 24 ± 26G1,G3,G4,G5 82 ± 23G1,G2,G4,G5 0±1G1,G2,G3 4±8G1,G2,G3

RA of Annelida (%) 13 ± 30G3,G4,G5 8 ± 12G4,G5 2±6G1,G4,G5 96±3G1,G2,G3 76 ± 19G1,G2,G3

RA of Insecta (%) 24 ± 23G2,G3,G4 66 ± 27G1,G3,G4,G5 9 ± 13G1,G2,G5 3±3G1,G2 21 ± 18G2,G3

RA of EPT (%) 9 ± 17G2,G3, (G4),
(G5)

1±5G1 2±8G1 0 ± 0(G1) 0 ± 0(G1)

RA of Chironomidae (%) 6 ± 11G2,G5 64 ± 27G1,G3,G4,G5 6±9G2,G5 3±3G2,G5 21 ± 18G1,G2,G3,G4

Dominance 0.43 ± 0.32G4,G5 0.44 ± 0.28G4 0.35 ± 0.18G4,G5 0.74 ± 0.23G1,G2,G3 0.51 ± 0.22G1,G3

Functional Structure Biomass (g m�2) 15.354 ± 26.698G5 18.264 ± 30.631G5 17.501 ± 17.567G5 3.901 ± 1.951G5 2.966 ± 1.214G1,G2,G3,G4

RB of filtering collector (%) 14 ± 24(G4),G5 6 ± 14(G4),G5 10 ± 20(G4),G5 0 ± 0(G1), (G2), (G3) 0±1G1,G2,G3

RB of gathering collector
(%)

15 ± 31G2,G3,G4,G5 34 ± 38G1,G3,G4,G5 1±4G1,G2,G4,G5 95 ± 18G1,G2,G3 81 ± 30G1,G2,G3

RB of scrapper (%) 60 ± 38G3,G4,G5 48 ± 43G3,G4,G5 84 ± 23G1,G2,G4,G5 4 ± 18G1,G2,G3 15 ± 30G1,G2,G3

Tolerance Biological Index 5.6 ± 1.8G2,G4,G5 6.7 ± 1.2G1,G3,G4,G5 5.6 ± 0.7G2,G4,G5 9.1 ± 0.3G1,G2,G3 8.5 ± 0.6G1,G2,G3

Assemblage structure G1G2, G3, G4, G5 G2G1, G3, G4, G5 G3G1, G2, G4, G5 G4G1, G2, G3, G5 G5G1, G2, G3, G4
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The results of the canonical correspondence analysis (Fig. 3) also
clearly discriminated the distributions of the 219 samples from five
biological groups along the gradients of trophic conditions and
hydrodynamic conditions and indicated consistent results in
group-trophy and -hydrodynamics relationships with those pre-
sented in Table 1. In brief, the integrated stress on the five groups
exhibited an increasing gradient from G1 to G2 þ G4 to G4 þ G5,
with groups suffering from growing trophic deficiency and
Fig. 3. Canonical correspondence analysis coordinates the 219 samples collected from
the five biological groups (G1eG5), examining their distributions along gradients of
hydrodynamic (HC) and trophic (TC) conditions.

5

hydrodynamic losses along this gradient. Macroinvertebrate char-
acteristics, including biodiversity, morphological, and functional
structures, and tolerance, were also found to differ among groups
(Table 1). In contrast to increasing hydrodynamic and trophic
stresses, a decreasing trend in macroinvertebrate richness was
observed in G1 (10 ± 9), G2 þ G3 (5 ± 3), and G4 þ G5 (3 ± 1). G1
comprised a comparable number of arthropods (relative abundance
[RA]: 41 ± 36%) and mollusks (RA: 46 ± 37%). Among aquatic in-
sects, Ephemeroptera, Plecoptera, and Trichoptera (EPT) were
found to be 1.5 timesmore abundant than chironomids. Despite the
similar taxa richness in G2 and G3 and in G4 and G5, the taxa
composition was found to differ to a great extent among groups.
Specifically, arthropods (RA: 68 ± 27%; especially insects, RA:
66 ± 27%) dominated over mollusks (RA: 24 ± 26%) in G2, while
mollusks (RA: 82 ± 23%) dominated over arthropods (RA: 15 ± 21%)
in G3. Notably, aquatic insects in G2 were mainly composed of
chironomids (RA: 64 ± 27%) rather than EPT taxa (RA: 1 ± 5%). As
for G4 and G5, oligochaetes (RA: 96 ± 3%, G4; 76 ± 19%, G5)
dominated both, leading to significantly higher dominances in
G4 þ G5 (0.57 ± 0.24) than those in G1 þ G2 þ G3 (0.40 ± 0.26). G5
was also composed of considerable individual chironomids (RA:
21 ± 18%).

As the trophic conditions decreased, the biomass of the bio-
logical groups significantly decreased from G1 þ G2 þ G3
(16.946 ± 23.659 g m�2) to G4 þ G5 (3.207 ± 1.404 g m�2). How-
ever, more macroinvertebrate individuals were found in both
eutrophic (G1: 1067 ± 4986 ind. m�2) and oligotrophic groups (G4:
2048 ± 1271 ind. m�2), which consequently resulted in the un-
predictable response of average individuals of macroinvertebrates
to the trophic change. Groups in different trophic conditions were
also characterized by different compositions in functional feeding
groups. Specifically, scrappers feeding on periphyton dominated in
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G1 þ G2 þ G3 (relative biomass [RB]: 68 ± 37%), while gathering
collectors feeding on benthic FPOM were mostly found in G4 þ G5
(RB: 85 ± 28%). Despite the presence of a small portion of functional
feeding groups in all groups (RB: 7 ± 18%), filtering collectors
feeding on suspended FPOM in G1 þ G2 þ G3 (RB: 10 ± 20%) were
more abundant than those in G4 þ G5 (0 ± 0%). Moreover, the
Biological Index for G1þG2þG3 (5.8 ± 1.4) was significantly lower
than that for G4 þ G5 (8.6 ± 0.6). The lower Biological Index was
also consistent with G1, G2, and G3, which mostly consisted of
more sensitive taxa (e.g., EPT), and G4 and G5, which mostly
comprised more tolerant taxa (e.g., oligochaetes).
Table 2
Values of food web structure, function, and stability indices for the five biological
groups G1eG5. GFW and BFW indicate the biomass fluxes along the primary pro-
duction- and detritus-based food web, respectively.

Trophic index G1 G2 G3 G4 G5

Connectance C 0.26 0.30 0.25 0.47 0.43
Trophic guild richness S 28 21 21 6 7
Annual biomass flux (g m�2) 51.71 47.32 46.20 9.75 7.41
Biomass storage (g m�2) 15.35 18.26 17.50 3.90 2.97
Storage/annual flux 0.30 0.39 0.39 0.40 0.40
Maximal trophic level TLmax 3.97 3.12 3.20 2.00 2.00
GFW/BFW 0.26 0.41 0.45 0.01 0.29
Primary flux/total flux (%) 93.1 99.0 98.5 100.0 100.0
Average |lmin| 0.380 0.097 0.471 0.001 0.008
3.2. Food web structure, biomass flux, and trophic stability of
biological groups

The results of the macroinvertebrate predation preference
derived from the ADBM are shown in Fig. 4. This model was not
applied to G4 and G5, since the predators were absent in those
environments. Of the 28 trophic guilds analyzed, ten (35.7%) were
identified as (facultative) predators in G1, while seven out of 21
(33.3%) trophic guilds were identified as (facultative) predators in
G2 and G3. One to five trophic guilds were identified as prey
significantly preferred by predators in G1, G2, and G3 (Fig. 4, deep
red points). Predators with a smaller body size (located in the top-
left corner of the predation preference matrix) exhibited a more
limited range of prey options in their diet, whereas larger predators
(situated in the bottom-right corner of the matrix) consumed
multiple prey species simultaneously. Highly preferred prey was
also found to be primarily distributed near the matrix diagonal,
indicating that preys slightly smaller than predators in body size
were the most efficient food source. Due to the observed variances
in body size, the same predators in different biological groups
might have shown different prey preferences. For instance, the
carnivorous beetles in G2 and G3 had much wider diet breadths
than those in G1, possibly due to their larger body sizes in G2 and
G3.

After predicting the food web structure with the ADBM, the
connectance (C) and trophic guild richness (S) were determined for
each biological group, as listed in Table 2. The observed response
Fig. 4. Macroinvertebrate predation preference matrices are derived using the allometric die
in groups G4 and G5, making the prediction models inapplicable for those environments.
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patterns in G1, G2 þ G3, and G4 þ G5 under increasing hydrody-
namic and trophic stresses showed a decrease in the S, consistent
with the decline in taxa richness. This decrease in the S suggests a
deterioration of potential trophic interactions or reduced trophic
complexity due to trophic deficiency and hydrodynamic loss. In
contrast, the C in G1 þ G2 þ G3 was lower than in G4 þ G5, indi-
cating a higher ratio of actual trophic interactions among all po-
tential interactions as stresses increased.

The results of biomass fluxes along food webs derived from the
biomass balance model are shown in Fig. 5. Trophic indices asso-
ciated with food web functioning are listed in Table 2, including the
annual biomass flux, biomass storage, energy transfer efficiency
(calculated as the ratio of biomass storage to annual flux), the
maximal trophic level (TLmax, an indicator of trophic complexity,
which compensates for the S), the ratio of biomass flux between the
green food web (GFW, the primary production-based food web)
and the brown food web (BFW, the detritus-based food web), and a
portion of primary biomass flux (directly originating from food
sources) in the total biomass. With hydrodynamic and trophic
stresses in G1 increasing to G2 þ G3 and then to G4 þ G5, the
annual biomass flux decreased continuously, while the biomass
storage experienced a minor increase before decreasing signifi-
cantly. This contrasting response of biomass storage and flux to
stresses is further highlighted by G1 exhibiting notably lower en-
ergy transfer efficiency than the other biological groups, thus
t breadth model (ADBM) for the three biological groups (G1eG3). Predators are absent



Fig. 5. Biomass fluxes along food webs are estimated using the biomass balance model for the five biological groups (G1eG5). The node size indicates the amount of biomass
storage for each trophic guild. The width of the linking vector indicates the amount of annual biomass flux between the trophic guilds.

X. Zhou, C. Wang, G. Kattel et al. Environmental Science and Ecotechnology 22 (2024) 100478
indicating that trophic guilds in G1 requiremore biomass input and
output (a condition of dynamic biomass exchange) to sustain a unit
of biomass storage than they do in other groups. In all groups, the
biomass flux from BFW constituted over 69% of the total biomass
flux. In contrast, contributions from GFW varied from 1% (G4) to
31% (G3). Biomass flux primarily occurred directly from the food
source to the primary consumer, which accounted for over 93% of
the total biomass and contributed to all fluxes in G4 and G5 due to
the absence of predators.

The |lmin| values yielded by 1000 stability analysis iterations for
each biological group are shown in Supplementary Material Fig. S3.
Skewed unimodal distributions of the |lmin| were obtained and
established as the average |lmin| (Table 2). The average |lmin|
showed the following decreasing order: G3 > G1 > G2 > G5 > G4.
This finding indicated that food web stability (defined as the po-
tential to return to its original status after disturbance) in
G1 þ G2 þ G3 was markedly higher than in G4 þ G5. Interestingly,
G3 exhibited the highest stability of all the groups, even though it
had greater hydrodynamic and trophic stresses than G1.
3.3. Key trophic guilds in biological groups

Changes in average |lmin| values in response to proportional
variations in trophic guild biomasses are shown in Fig. 6aef. As the
7

hydrodynamic and trophic stresses increased from G1 to
G2 þ G3 þ G4 þ G5, the number of key trophic guilds dominating
food web stability declined. Seven trophic guilds were identified as
key groups for G1, including four detritivores (chironomids, gam-
marids, mayflies, and caddisflies), two carnivores (damselflies and
fishflies), and facultatively detritivorous tipulids. Among these
seven trophic guilds, fishflies, tipulids, and caddisflies dominated
G1's food web stability. G1's stability continuously increased as the
fishflies rose from 0 to 2 times the original biomass but decreased
as the tipulid and caddisfly biomass increased. Chironomids,
gammarids, and mayflies also negatively impacted G1's stability,
but mainly within the absence range to approximately half of the
original biomass. Damselflies positively affected G1's stability, but
mainly within the range of less than the original biomass (Fig. 6a).

In G2eG5, facultatively detritivorous snails markedly domi-
nated the food web stability of biological groups and were the only
key trophic guild except for G2, where the detritivorous chirono-
mids also played a significant role. The food web stability in G2eG4
increased as the snail biomass increased from 0 to 2 times the
original biomass (Fig. 6bee). However, chironomids negatively
impacted G2's food web stability but mostly within a range of less
than that of the original biomass (Fig. 6b).



Fig. 6. aee, Changes of the average |lmin| values in response to proportional variations in the trophic guild biomass for five biological groups: a, G1; b, G2; c, G3; d, G4; e, G5. f,
Identifying key trophic guilds for each biological group in Beijing's water bodies, with relative stability importance determined by the change in average |lmin| from 0% to 200% of
the original biomass.
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Fig. 7. A conceptual representation of the impact of hydrodynamic and trophic vari-
ations on macroinvertebrate assemblages in Beijing, focusing on changes in biological
and food web characteristics.

X. Zhou, C. Wang, G. Kattel et al. Environmental Science and Ecotechnology 22 (2024) 100478
4. Discussion

4.1. Hydrodynamic and trophic variations causing stresses in the
aquatic food web in Beijing

Urbanization is widely accepted as inducing the eutrophication
of surface water due to excessive nitrogen and phosphorous
emissions from sewage, coupled with a lack of riparian vegetation
to filter pollutants and nutrients from runoffs [62]. These eutro-
phication issues have been extensively documented in urban rivers
and lakes worldwide, including in Brazil [63], Canada [64], China
[62], India [65], the United Kingdom [66], and the United States
[67]. Contrary to this global trend, our study indicated that Beijing,
a megacity with a population of 22 million, surprisingly did not
show signs of a highly enriched river trophy. Approximately 80% of
water bodies in Beijing were oligotrophic or mesotrophic, as evi-
denced by trophic conditions (Table 1) and trophic level indices
(Supplementary Material Fig. S4). The condition of limited enrich-
ment in river trophy should have led to a decline in the macro-
invertebrate assemblages and food web structure and dynamics,
especially in groups G4 and G5, in which an increased oligo-
trophication of water bodies occurred (Tables 1 and 2).

We argue that oligotrophication in G4 and G5 has fewer
ecological benefits than other primitive suburban rivers. We attri-
bute this oligotrophication to the Beijing Metropolis government's
initiatives in various water quality control measures [68]. For
instance, reservoirs serve as Beijing's residents' primary water
supply source and are rigorously monitored and controlled to
maintain water quality. A large portion of these reservoirs' water is
supplied through the North-to-South Water Transfer Project,
whose water quality is consistently rated at standard levels of IeII
[69], the highest quality of drinking water and regional sustain-
ability in northern China [70]. This water transfer project has
significantly reduced nitrogen, phosphorus, and chlorophyll-a
concentrations in water bodies [68]. Due to dredging and
reclaimed water supplies, many other lowland rivers, artificial
lakes, and wetlands in northern China have also shown markedly
improved water quality since 2019, despite being severely polluted
in the past [71]. Given that macroinvertebrates can effectively
recover in a 4e6-week period from a disturbance [72], trophic
variations in Beijing aquatic systems can be effectively documented
and reflected through these organisms in this study, which further
indicates the ecological health and sustainability of cities in
northern China [4].

Our results suggest that, along with being stressed due to
limited nutrient enrichments, Beijing's water bodies are also
stressed because of hydrodynamic loss. Beijing's drainage systems
have more than 160 sluices and weirs, which disrupt the exchange
of nutrients [68] and obstruct flow and riverine connectivity, thus
converting the existing perennial river system into a series of
fragmented, stagnant water impoundments (a photo of the repre-
sentative urban river is shown in Supplementary Material Fig. S1).
The reduction in hydrodynamic conditions and changes in other
environmental factors, including trophic variations, significantly
influence macroinvertebrate diversity and composition. This in-
fluence is manifested through the fining of substrates, which re-
duces biological refuges [73], and through diminishing connectivity
andwater volume exchange, which affects food availability [74] and
reshapes macroinvertebrates' life history patterns, behaviors, and
survival strategies [75]. Hydrodynamic and trophic variations are
crucial determinants of sustaining aquatic biota [76] and have
severely altered Beijing's aquatic ecosystem, food web structure,
and dynamics for the past several decades [68]. Consistent with
these findings, the macroinvertebrate assemblages and food webs
in this study strongly responded to the alteration of hydrodynamic
9

and trophic variations in G1, G2þ G3, and G4þ G5 (Tables 1 and 2).
The five biological groups we identified frommacroinvertebrate

records comprised samples of different types of water bodies,
except for G4 and G5, which primarily consisted of samples from
the reservoir in Beijing. Our findings suggest that certain macro-
invertebrate compositions do not exclusively correspond to a spe-
cific water body; the samples from different water bodies may also
contain similar macroinvertebrate assemblages. We argue that this
similarity is due to differences in the spatial scales of macro-
invertebrate habitats (a smaller patch scale at several meters apart)
and individual water bodies (a larger landscape scale at several
hundred or thousand meters apart) [17]. While large-scale factors
(e.g., geographic and climatic change [77,78]) may influence mac-
roinvertebrate structure and function, these small organisms are
more often mobility-limited, making them especially sensitive and
responsive to changing environmental variables in a patch, such as
flow velocity [79], water depth [80], substrate conditions [73], and
food supply [16]. Our analysis of the hydrodynamic and trophic
stresses on various water body types (Supplementary Material
Table S3) reveals that integrated stress and hydrodynamic re-
gimes are similar in urban and suburban rivers to those of artificial
or constructed lake systems in Beijing. This insight further supports
the idea that ecological conditions specific to an urban water body
in Beijing can be spatially heterogeneous regarding the macro-
invertebrates in the biological group or system. Accordingly, we
recommend that ecological assessments of water bodies in Beijing
should be at a micro-level, a smaller spatial scale down to the patch
level, which considers macroinvertebrates as significant biological
indicators of the city's environmental monitoring program [68].

4.2. Biological characteristics and food web changes in
macroinvertebrates in the face of hydrodynamic and trophic stresses

We found rapid biological and food web deterioration, as indi-
cated by macroinvertebrates in Beijing's urban agglomeration
(Fig. 7), which supported our initial hypothesis. Biodiversity
indices, such as taxa richness, the ShannoneWiener Diversity In-
dex, and arthropod richness, declined as biological groups experi-
enced hydrodynamic loss and oligotrophication (Table 1).
Concurrently, individual taxonomic groups were dominant,
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suggesting that urban waters support relatively less diverse mac-
roinvertebrate assemblages compared to suburban waters [68,81].
The biodiversity metrics we used for assessing variations in hy-
drodynamic and trophic conditions in Beijing have become some of
the most effective indicators for distinguishing stress levels among
biological groups [68]. In contrast, macroinvertebrate abundance
was found to be high in slightly and heavily stressed groups, indi-
cating that the number of macroinvertebrate individuals in a small
patch can vary; thus, it may not be a reliable measure for
assessment.

This result contrasts previous findings that large-scale terres-
trial assemblages consistently decline toward city centers as ur-
banization stress increases [82]. We attribute the unpredictability
of macroinvertebrate abundance to the sensitivity of small-bodied
benthos to patch-scale factors, especially local hydrodynamic and
trophic conditions [18]. This sensitivity could lead to increased
abundance under either slightly stressed conditions (trophic
enrichment and higher biodiversity) or heavily stressed conditions
(trophic deficiency, lesser biodiversity, and fewer fugitive taxa
monopolizing the biological group) [31]. We also observed a
markedly negative response from the relative abundance of EPT
taxa to increased hydrodynamic and trophic stresses (Table 1). This
finding is consistent with the general understanding that most taxa
belonging to EPT are particularly sensitive to anthropogenic dis-
turbances and are ideal indicators of habitat primitiveness [18,68].

With an increase in the hydrodynamic and trophic stresses
associated with urbanization, we observed marked, predictable
changes in the macroinvertebrate food web structure and func-
tioning in Beijing, implying that these metrics can effectively
quantify the impacts of environmental variations on aquatic eco-
systems concerning bioenergetic processes [83]. As hydrodynamic
and trophic stresses intensified, it was argued that trophic guild
richness and the maximal trophic level would notably decrease,
suggesting that these stresses could promote a structurally and
functionally simpler trophic network in urban aquatic systems [59].
Comparable findings have also been documented in terrestrial
ecosystems in urban settings [82].

Interestingly, connectance, another measure for describing tro-
phic complexity, exhibited a positive response to urbanization
stress in our study. We believe this outcome arose from con-
nectance influenced by the food web structure and the generalist
trophic guilds in the food web [82]. Despite an overall decline in
macroinvertebrate assemblages due to hydrodynamic and trophic
variations, different taxa in our study displayed varying tolerances
to stress, with rarer taxa that were more sensitive to change having
fewer trophic interactions than the other common taxa. It has been
argued that specialist taxa dependent on limited food sources often
disappear more quickly than generalists, resulting in a stressed
food web more trophically connected by adaptable generalists
feeding multiple food sources [82]. Consequently, survivors in the
stressed food web were often common in biological groups found
in various environments, as illustrated by the Venn diagram in
Supplementary Material Fig. S5.

The ratio of biomass flux between GFW and BFW indicates the
proportional contributions of various food sources in the ecosystem
[84]. Our study found the highest biomass ratios in G2 and G3
(Table 1). Although the BFW, which relied on detritus as a food
source, dominated all food webs, the biomass sourced from pri-
mary production also played a significant role in G2 and G3, in
which algae were relatively abundant (as evidenced by the high
Chla in Table 1). Conversely, G1 had fewer algae, likely due to
increased hydrodynamic conditions, especially speedy water flow
[85], resulting in a limited contribution from primary production to
this biological group. Despite the increased primary flux (from food
source to primary consumer) dominating all groups, we observed a
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slight increase in the proportion relative to the total flux as ur-
banization stress increased. This finding suggests that trophic sta-
tus (e.g., predators versus preys) can partially predict changes in the
food web structure and function under hydrodynamic and trophic
variations associated with urbanization [82]. We argue that pred-
ators would become more sensitive to these stresses than other
lower trophic-level taxa, such as preys [61]. In summary, our
findings indicate that the impact of hydrodynamic and trophic
variations on food web structure and function is, to an extent,
predictable in urban aquatic systems and has significant implica-
tions for understanding diverse ecological patterns in anthropo-
genic disturbances [43].

4.3. Roles of trophic characteristics and key trophic guilds in
stabilizing the urban aquatic food web

Our study revealed that trophic characteristics (particularly food
web complexity and asymmetric interaction effects) and the main
trophic guilds could be the primary factors influencing the stability
of urbanwater bodies in Beijing. Foodweb complexity, as measured
by trophic guild richness S and maximal trophic level TLmax, in-
dicates the ability of the ecological network system to resist oscil-
lation [86]. Previous studies have suggested that urbanization often
leads to habitat homogenization, reducing the strength of ecolog-
ical niches for different trophic guilds consequently allowing a few
trophic guilds to utilize available resources in the system [31]. This
condition further simplifies food web complexity, weakening
ecological stability [82]. Fewer trophic guilds cannot resist
imposing disturbances in the ecosystem when acting as buffers
against sudden biomass changes [87]. Our study also observed that
as the magnitude of hydrodynamic and trophic stresses increased
from G1 to G2 þ G3 and then to G4 þ G5, trophic complexity
became further simplified, and stability generally declined
(Table 2).

In addition to changes in trophic complexity, we found that the
role of asymmetric interaction strength in stabilizing the food web
in biological groups was essential. According to V�azquez et al. [88],
asymmetric interactions often have a “degree” and a “strength” in
quantitative mutualistic and antagonistic networks. In such net-
works (e.g., the food web), if a predator affects prey, the prey may
not necessarily have a reciprocal effect on the predator. It can have
profound implications for ecological dynamics. For instance, we
commonly observed exploitative competition modules among
macroinvertebrates in food webs in G1eG3 (e.g., algae, FPOM, and
CPOM in Fig. 5aec). Multiple trophic guilds consumed the same
food source in these instances, showing different interaction
strengths. While strong interactions are generally viewed as un-
stable, they are offset by weaker interactions that stabilize oscilla-
tions by jointly utilizing the growth of the food source [89].
Comparatively, food sources in G4eG5 (e.g., FPOM and CPOM in
Fig. 5d and e) were connected with consumers via relatively
stronger interactions. A similar asymmetric effect was observed in
apparent competition modules, where consumers interacted with
multiple food sources with varying strengths in G1eG3 (Fig. 5aec)
but equal strengths in G4eG5 (Fig. 5d and e).

We believe that hydrodynamic and trophic variations associated
with urbanization significantly impact the reduction or weakening
of the asymmetric effect in Beijing's aquatic food web system.
Specifically, hydrodynamic loss and oligotrophication reduce
nutrient input into the food web, decreasing carbon energy and
food sources. This condition encourages consumers to become
more efficient, as evidenced by the increased storage and annual
flux ratios (Table 2). It would eliminate low-efficiency consumers,
weaken asymmetric interactions, strengthen topedown control,
and eventually induce oscillations in the food web [90].
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Although food web stability decreased as the stresses in G1
increased to G2 þ G3 and then to G4 þ G5, G3 had significantly
higher stability than G2. Even though G2 and G3 had similar stress
levels and were dominated by detritivorous freshwater snails, G3
still had the highest food web stability (Fig. 6b and c). Snails in both
biological groups had similar interaction strengths with their food
sources, which could have resulted in an unstable module in the
food web, as we previously noted when discussing apparent
competition. However, we found that G3's instability was consid-
erably reduced by the trophic cascade effect, in which leeches may
have acted as weak interaction predators of snails. Studies have
indicated that weak predators in the ecosystem often help regulate
snail biomass growth and mitigate potential food web oscillations
between snails and their food sources [91].

Based on the factors and mechanisms presented in this study,
which contribute to a stable food web, we offer several suggestions
for the further improvement of urban aquatic ecology in Beijing,
specifically stabilizing trophic systems. We have recognized the
importance of a safe drinking water supply source for Beijing's
residents; therefore, we have approved the city's maintenance of
stagnant and oligotrophic reservoir samples (primarily G4 and G5).
Despite the negative impact on the macroinvertebrate food web in
G4 and G5, we acknowledge the city's efforts to improve water
quality. However, for samples in G2 and G3, whichmostly consisted
of suburban rivers and artificial lakes, we recommend imple-
menting strategies designed to restore increased hydrodynamic
and trophic states (Fig. 2b). We propose the following three
strategies.

(1) Increase the volume of ecological replenishment to reduce
the time river water remains trapped in fragmented chan-
nels. This will effectively enhance the biological group
inhabiting hydrodynamic conditions, improve the food web
structure and dynamics and nutrient cycling in the system,
boost longitudinal connectivity, and meet the natural needs
of aquatic biota to complete their lifecycles.

(2) Carefully plan, monitor, and evaluate engineering strategies
that alter the trophic complexity of the foodweb in biological
groups. We oppose channelization and hydrophyte removal
because they homogenize substrate conditions, which can
harm the diversity of benthic trophic guilds. Instead, small-
scale improvements in riverbed structures, such as con-
structing artificial step-pools or riffle-pools, should be
considered. These structures can significantly increase
regional habitat heterogeneity and provide additional niches
to support the diversity of trophic guilds.

(3) Implement measures to enhance asymmetric trophic in-
teractions, such as exploitative competition, apparent
competition, and trophic cascade. For instance, to amplify
the cascade effect, endemic predators could be introduced
that feed on snails in food webs inwhich snails act as the key
trophic guild responsible for stability, especially in cases in
which modular stabilization from apparent competition is
limited [92]. Following these recommendations, Beijing's
urban aquatic food web can be improved, leading to a
healthier, more stable aquatic ecosystem.

5. Conclusion

Our research provides important insight into the increasing
influence of variations in hydrodynamic (reduced flow velocity and
increased water depth) and trophic conditions (reduced concen-
trations of nitrogen, phosphorus, and chlorophyll-a) on the eco-
systems of rivers, streams, lakes, and reservoirs across Beijing. A
quantitative assessment of macroinvertebrate food web structure
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and dynamics is crucial for megacities, such as Beijing, to determine
how to invest their resources to improve the conservation and
management of urban ecosystems. It should be noted that Beijing
experiences persistent hydrodynamic and trophic stresses associ-
ated with urbanization, which negatively impacts the city's aquatic
food webs and ecosystems. When these stresses become more
severe, macroinvertebrate assemblages, the food web structure,
and its dynamics will continuously deteriorate, triggering conser-
vation actions from local authorities.

Increased hydrodynamic and trophic stresses in Beijing's urban
water bodies would lead to a decrease and a possible shift in taxa
richness inwhich the predominantly EPT community switched into
the MCO community. The conditionwould lead to a simplified food
web, usually weaker trophic interactions or lesser complexity, as
indicated by trophic guild richness and maximal trophic level
change, and trophic guild specialization, as indicated by a con-
nectance change and a reduction in the biomass flux. Our study
suggests that the stability of the food web in urban water bodies
would decrease in response to hydrodynamic and trophic stresses
due to several factors, including reduced trophic complexity, a loss
of interaction strength asymmetry (weakening in exploitive and
apparent competitions), and control by certain key trophic guilds.
However, biological groups may have different food web stability
despite uniform hydrodynamic and trophic stresses. This indicates
that restabilization of aquatic food webs in megacities such as
Beijing requires not only external improvements in environmental
conditions but also internal modifications to the structure and
dynamic of the food web themselves. Thus, to stabilize the aquatic
food web structure and dynamics in megacities, we recommend
implementing effective lake and river restoration measures. These
measures include revitalizing hydrodynamic conditions (such as
flow regimes) and enhancing trophic complexity by increasing
trophic guild richness and reinforcing the effects of trophic pro-
cesses, for instance, strengthening exploitative and apparent
competition and controlling cascade.

Data availability

Data will be made available on request.

CRediT authorship contribution statement

Xiongdong Zhou: Data Curation, Formal Analysis, Methodol-
ogy, Visualization, Writing - Original Draft. Congcong Wang: Data
Curation, Formal Analysis, Investigation. Giri Kattel: Conceptuali-
zation, Validation, Writing - Review & Editing. Jiahao Zhang: Data
Curation, Investigation, Methodology, Resources, Validation.
Mengzhen Xu: Conceptualization, Funding Acquisition, Investiga-
tion, Methodology, Project Administration, Resources, Supervision,
Validation, 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 study is financially supported by the National Key R&D
Program of China (2021YFC3200902), the National Natural Science
Foundation of China (NSFC) (U2240207, 52309094), the National
Key R&D Program of China (2021YFC3200905), and the State Key
Laboratory of Hydroscience and Engineering (2023-KY-02).



X. Zhou, C. Wang, G. Kattel et al. Environmental Science and Ecotechnology 22 (2024) 100478
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ese.2024.100478.

References

[1] K.C. Seto, R. S�anchez-Rodríguez, M. Fragkias, The new geography of contem-
porary urbanization and the environment, Annu. Rev. Environ. Resour. 35 (1)
(2010) 167e194, https://doi.org/10.1146/annurev-environ-100809-125336.

[2] UNPD (United Nations, Department of Economic and Social Affairs, Population
Division), World Urbanization Prospects: the 2018 Revision, Online Edition,
2018. https://population.un.org/wup/Download/Files/WUP2018-F02-
Proportion_Urban.xls.

[3] F. Kraas, Megacities and global change: key priorities, Geogr. J. 173 (1) (2007)
79e82, https://doi.org/10.1111/j.1475-4959.2007.232_2.x.

[4] G. Kattel, J. Reeves, A. Western, et al., Healthy waterways and ecologically
sustainable cities in Beijing-Tianjin-Hebei urban agglomeration (northern
China): challenges and future directions, Wiley Interdisciplinary Reviews:
Water 8 (2) (2021) e1500, https://doi.org/10.1002/wat2.1500.

[5] X. Yang, L. Ruby Leung, N. Zhao, et al., Contribution of urbanization to the
increase of extreme heat events in an urban agglomeration in east China,
Geophys. Res. Lett. 44 (13) (2017) 6940e6950, https://doi.org/10.1002/
2017gl074084.

[6] Z. Luo, Q. Shao, Q. Zuo, et al., Impact of land use and urbanization on river
water quality and ecology in a dam dominated basin, J. Hydrol. 584 (2020)
124655, https://doi.org/10.1016/j.jhydrol.2020.124655.

[7] M.L. McKinney, Urbanization as a major cause of biotic homogenization, Biol.
Conserv. 127 (3) (2006) 247e260, https://doi.org/10.1016/
j.biocon.2005.09.005.

[8] C. Nilsson, C.A. Reidy, M. Dynesius, et al., Fragmentation and flow regulation of
the world's large river systems, Science 308 (5720) (2005) 405e408, https://
doi.org/10.1126/science.1107887.

[9] G. Kattel, A. Paszkowski, Y. Pokhrel, et al., How resilient are waterways of the
Asian Himalayas? Finding adaptive measures for future sustainability, Wiley
Interdisciplinary Reviews: Water e1677 (2023), https://doi.org/10.1002/
wat2.1677.

[10] Z. Liu, T. Zhou, J. Heino, et al., Land conversion induced by urbanization leads
to taxonomic and functional homogenization of a river macroinvertebrate
metacommunity, Sci. Total Environ. 825 (2022) 153940, https://doi.org/
10.1016/j.scitotenv.2022.153940.

[11] R. Berndtsson, P. Becker, A. Persson, et al., Drivers of changing urban flood
risk: a framework for action, J. Environ. Manag. 240 (2019) 47e56, https://
doi.org/10.1016/j.jenvman.2019.03.094.

[12] B.R. Gillespie, S. Desmet, P. Kay, et al., A critical analysis of regulated river
ecosystem responses to managed environmental flows from reservoirs,
Freshw. Biol. 60 (2) (2015) 410e425, https://doi.org/10.1111/fwb.12506.

[13] J. Zhang, M. Xu, L. Sun, et al., Impact of golden mussel (Limnoperna fortunei)
colonization on bacterial communities and potential risk to water quality,
Ecol. Indicat. 144 (2022) 109499, https://doi.org/10.1016/
j.ecolind.2022.109499.

[14] A.L. Hoffman, J.D. Olden, J.B. Monroe, et al., Current velocity and habitat
patchiness shape stream herbivore movement, Oikos 115 (2) (2006) 358e368,
https://doi.org/10.1111/j.2006.0030-1299.14675.x.

[15] T.M. Hoover, J.D. Ackerman, Microdistribution of a torrential stream inverte-
brate: are bottom-up, top-down, or hydrodynamic controls most important?
Limnol. Oceanogr. Fluid. Environ. 1 (1) (2011) 147e162, https://doi.org/
10.1215/21573698-1498042.

[16] R.W. Merritt, K.W. Cummins, M.B. Berg, Trophic relationships of macro-
invertebrates, in: F.R. Hauer, G.A. Lamberti (Eds.), Methods in Stream Ecology,
Volume 1: Ecosystem Structure, Academic Press, 2017, pp. 413e433, https://
doi.org/10.1016/B978-0-12-416558-8.00020-2.

[17] J.N. Beisel, P. Usseglio-Polatera, J.C. Moreteau, The spatial heterogeneity of a
river bottom: a key factor determining macroinvertebrate communities, in:
J.R. Karr, E.W. Chu, M. Jungwirth, et al. (Eds.), Assessing the Ecological
Integrity of Running Waters, Springer, Netherlands, 2000, pp. 163e171,
https://doi.org/10.1007/978-94-011-4164-2_13.

[18] X.D. Zhou, M.Z. Xu, F.K. Lei, et al., Responses of macroinvertebrate assem-
blages to flow in the Qinghai-Tibet Plateau: establishment and application of a
multi-metric habitat suitability model, Water Resour. Res. 58 (5) (2022)
e2021WR030909, https://doi.org/10.1029/2021WR030909.

[19] N. Zhao, Z.Y. Wang, B.Z. Pan, et al., Macroinvertebrate assemblages in
mountain streams with different streambed stability, River Res. Appl. 31 (7)
(2015) 825e833, https://doi.org/10.1002/rra.2775.

[20] J.D. Allan, M.M. Castillo, K.A. Capps, Stream Ecology: Structure and Function of
Running Waters, Springer Nature, 2021, https://doi.org/10.1007/978-3-030-
61286-3.

[21] M.E. Power, A. Sun, G. Parker, et al., Hydraulic food-chain models: an approach
to the study of food-web dynamics in large rivers, Bioscience 45 (3) (1995)
159e167, https://doi.org/10.2307/1312555.

[22] Y. Cai, R. Dong, G. Kattel, et al., Macroinvertebrate diversity and ecosystem
functioning across the eutrophication gradients of the middle and lower
reaches of Yangtze River lakes (China), Ecol. Evol. 13 (1) (2023) e9751, https://
12
doi.org/10.1002/ece3.9751.
[23] M. Xu, N. Zhao, X. Zhou, et al., Macroinvertebrate biodiversity trends and

habitat relationships within headwater rivers of the Qinghai-Tibet Plateau,
Water 10 (9) (2018) 1214, https://doi.org/10.3390/w10091214.

[24] P. Moreno, M. Callisto, Benthic macroinvertebrates in the watershed of an
urban reservoir in southeastern Brazil, Hydrobiologia 560 (1) (2006)
311e321, https://doi.org/10.1007/s10750-005-0869-y.

[25] M. Xu, Z. Wang, X. Duan, et al., Effects of pollution on macroinvertebrates and
water quality bio-assessment, Hydrobiologia 729 (1) (2014) 247e259, https://
doi.org/10.1007/s10750-013-1504-y.

[26] M.J. Hill, J. Biggs, I. Thornhill, et al., Community heterogeneity of aquatic
macroinvertebrates in urban ponds at a multi-city scale, Landsc. Ecol. 33 (3)
(2018) 389e405, https://doi.org/10.1007/s10980-018-0608-1.

[27] M.J. Feio, R.M. Hughes, S.R. Serra, et al., Fish and macroinvertebrate assem-
blages reveal extensive degradation of the world's rivers, Global Change Biol.
29 (2) (2023) 355e374, https://doi.org/10.1111/gcb.16439.

[28] T.L. Mouton, F. Leprieur, M. Floury, et al., Climate and land-use driven reor-
ganisation of structure and function in river macroinvertebrate communities,
Ecography 2022 (3) (2022) e06148, https://doi.org/10.1111/ecog.06148.

[29] D. Schmera, J. Heino, J. Podani, Characterising functional strategies and trait
space of freshwater macroinvertebrates, Sci. Rep. 12 (1) (2022) 12283, https://
doi.org/10.1038/s41598-022-16472-0.

[30] Z. Li, J. García-Gir�on, J. Zhang, et al., Anthropogenic impacts on multiple facets
of macroinvertebrate a and b diversity in a large river-floodplain ecosystem,
Sci. Total Environ. 874 (2023) 162387, https://doi.org/10.1016/
j.scitotenv.2023.162387.

[31] J.V. Ward, K. Tockner, F. Schiemer, Biodiversity of floodplain river ecosystems:
ecotones and connectivity, Regul. Rivers Res. Manag. 15 (1e3) (1999)
125e139, https://doi.org/10.1002/(SICI)1099-1646(199901/06)15:1/3%
3C125::AID-RRR523%3E3.0.CO;2-E.

[32] J. Nichols, J.A. Hubbart, B.C. Poulton, Using macroinvertebrate assemblages
and multiple stressors to infer urban stream system condition: a case study in
the central US, Urban Ecosyst. 19 (2) (2016) 679e704, https://doi.org/
10.1007/s11252-016-0534-4.

[33] A.O. Edegbene, F.O. Arimoro, O.N. Odume, How does urban pollution influence
macroinvertebrate traits in forested riverine systems? Water 12 (11) (2020)
3111, https://doi.org/10.3390/w12113111.

[34] R.S. King, C.J. Richardson, Subsidyestress response of macroinvertebrate
community biomass to a phosphorus gradient in an oligotrophic wetland
ecosystem, J. North Am. Benthol. Soc. 26 (3) (2007) 491e508, https://doi.org/
10.1899/06-002R.1.

[35] S.E. Liston, S. Newman, J.C. Trexler, Macroinvertebrate community response to
eutrophication in an oligotrophic wetland: an in situ mesocosm experiment,
Wetlands 28 (3) (2008) 686e694, https://doi.org/10.1672/07-224.1.

[36] X. Zhou, Z. Wang, M. Xu, et al., Stream power as a predictor of aquatic mac-
roinvertebrate assemblages in the yarlung tsangpo river basin (Tibetan
plateau), Hydrobiologia 797 (1) (2017) 215e230, https://doi.org/10.1007/
s10750-017-3180-9.

[37] M. Zhang, M. Shao, Y. Xu, Q. Cai, Effect of hydrological regime on the mac-
roinvertebrate community in Three-Gorges Reservoir, China, Quat. Int. 226
(1e2) (2010) 129e135, https://doi.org/10.1016/j.quaint.2009.12.019.

[38] J. Zhang, M. Xu, Y. Yang, Assessing the effects of environmental factors on
filtration rate of golden mussel (Limnoperna fortunei), Ecol. Indicat. 158 (2024)
111544, https://doi.org/10.1016/j.ecolind.2024.111544.

[39] E. Calizza, M.L. Costantini, D. Rossi, et al., Effects of disturbance on an urban
river food web, Freshw. Biol. 57 (12) (2012) 2613e2628, https://doi.org/
10.1111/fwb.12033.

[40] E. Est�evez, J.M. �Alvarez-Martínez, M. �Alvarez-Cabria, et al., Catchment land
cover influences macroinvertebrate food-web structure and energy flow
pathways in mountain streams, Freshw. Biol. 64 (9) (2019) 1557e1571,
https://doi.org/10.1111/fwb.13327.
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