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Land use and seasonal changes in environmental conditions influence

biological communities and their trophic interactions in riverine ecosystems.

However, how land use and the seasonality of environmental conditions jointly

influence the food web structure of riverine ecosystems remains unclear. Here,

we conducted a comparative study on basal resources, macroinvertebrates,

and fish at woodland and urban sites to explore the combined effects of land

use and environmental conditions during spring, autumn, and winter on the

food web structure of a subtropical river in China. We used δ13C and δ15N to

trace consumers’ diets and calculate community-level metrics within food

webs. At woodland sites, we found that allochthonous sources contributed

significantly more to consumers’ diets in the high flow season (53%) than in the

low flow season (around 30%), but allochthonous sources contributed less than

30% at urban sites. The seasonal flooding facilitated the acquisition of terrestrial

sources at woodland sites, while the impervious surface cover at urban sites cut

off the influx of terrestrial inputs. The isotopic niche space of basal resources at

both woodland and urban sites was significantly higher in the high flow season.

However, the isotopic niche space of consumers at urban sites was not

significantly different between seasons. Trophic length, niche width, and

trophic redundancy showed no seasonal differences at urban sites, but

trophic length increased significantly during the high flow season at

woodland sites. Our temporal food web study at urban and woodland rivers

illustrated the combined effects of land use and seasonal environmental

conditions on the food web structure, and highlighted the role of

allochthonous carbon in supporting biological communities and the

importance of lateral and longitudinal connectivity in river ecosystems.
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Introduction

Food web structure within aquatic food webs is a composite

of the enormous diversity of species and their trophic

interactions (Belgrano et al., 2005), during which energy flow

and nutrient cycling occurs. Changes in food web structure can

often reflect the alterations in structure and function within

natural river ecosystems (Thompson et al., 2012; Fitzgerald et al.,

2017; Fugère et al., 2018). Riverine ecosystems have a high level

of spatial and temporal heterogeneity with interactive pathways

along four dimensions: longitudinal, lateral, vertical, and

temporal (Ward, 1989). Thus, riverine ecosystems are

subject to numerous environmental alterations (Allan, 2004;

Roach and Winemiller, 2015; Brett et al., 2017). A better

understanding of how environmental changes affect the

energy flows and trophic interactions is essential in aquatic

science and has implications for the sustainable management of

riverine ecosystems (Wilson et al., 2016; Brett et al., 2017).

Stable isotopes have been widely used to estimate community-

level metrics, such as isotopic niche, niche width, trophic

diversity, and trophic redundancy (Layman et al., 2007;

Newsome et al., 2007; Abrantes et al., 2014; Rader et al.,

2017). These metrics can provide us with an overview of

food web structure properties over a relatively long period

(Layman et al., 2012; Jabot et al., 2017), which reflects the

response of food web structure when facing environmental

changes (Alp and Cucherousset, 2022).

Land uses are major threats to biological communities, as has

been observed by their effects on food web structures (Foley

Jonathan et al., 2005; Cazzolla Gatti, 2016; Reid et al., 2019). For

example, Hette-Tronquart et al. (2018) investigated community-

level metrics at sites with contrasting land uses in the Seine River

in France and found that urbanization at the local scale affected

fish community composition. Price et al. (2019) found that in

Zagreb (Croatia), macroinvertebrates in urbanized streams had

lower trophic redundancy than counterparts in woodland and

agricultural streams. Wang et al. (2021) suggested that food web

structure alterations in subtropical streams in the Han River

should be attributed to the availability of basal resources across

land uses. Among the different land uses, urbanization is the

prevalent land use type throughout the world (Paul and Meyer,

2001; Booth et al., 2016). The structure and function of riverine

ecosystems can be profoundly influenced by urbanization, even

when the urban area is a low percentage of total catchment area.

Urbanization effects on riverine ecosystems can be physical

(e.g., increased impervious surface cover or decreased shading),

chemical (e.g., increased sewage water discharge or other

contaminants inputs), and biological (e.g., altered primary

production or species diversity) (Paul and Meyer, 2001;

Valle Junior et al., 2015). For example, the impervious

surface cover can increase water discharge and surface

runoff, resulting in increased nutrient inputs and turbidity,

thereby degrading water quality in the river channel and

decreasing the diversity of aquatic organisms (Paul and

Meyer, 2001; Allan, 2004). Additionally, riparian

deforestation due to urbanization can reduce the shaded area

of the river surface and increase water temperature, which

further affects the primary production of river ecosystems,

leaf decomposition in the riparian zone, the life history of

aquatic consumers (Allan, 2004), and ultimately alters the

food web structure within riverine ecosystems (Calizza et al.,

2012; Parreira de Castro et al., 2016; El-Sabaawi, 2018; Jackson

et al., 2020).

The seasonality in environmental conditions also plays a vital

role in influencing the food web structure in riverine ecosystems

because there are differences in abiotic (e.g., temperature,

precipitation, and light) and biotic (e.g., migration, growth,

and reproduction) factors in the different seasons (Jardine

et al., 2012a; McMeans et al., 2015; Fernandes and McMeans,

2019; Gibert, 2019). Among those factors, hydrological regimes

(e.g., precipitation) can regulate the water discharge among the

seasons in river ecosystems (McMeans et al., 2015). The flood

pulse concept (FPC) suggests that, in river ecosystems, when

the water level increases in the high-flow season, consumers

will have more access to terrestrial nutrients in the aquatic and

terrestrial transition zone through lateral connectivity (Junk

et al., 1989; Jardine et al., 2012a). Thus, the water discharge

among the seasons can alter the amount and sources of

nutrients available to consumers, and thus change the

relative importance of carbon sources that support

consumer growth and diversity in rivers (Jardine et al.,

2012b; Pease et al., 2020). This change can ultimately alter

the food web structure in riverine ecosystems due to the

availability of basal resources (Wang et al., 2021). For

example, Roach and Winemiller (2015) found that algae

contributed more to macroinvertebrates and fish biomass

following low-flow periods, and terrestrial plants

contributed more following high-flow pulses. Zheng et al.

(2018) suggested that allochthonous carbon had an

advantage over autochthonous carbon in supporting

aquatic food webs in the Irtysh River because

allochthonous carbon can subsidize aquatic invertebrates

specialized in terrestrial carbon sources and fish consumers

during the frozen period.

Recently, the effects of land use on food web structure in

rivers have been studied (Hette-Tronquart et al., 2018; Price et al.,

2019; Wang et al., 2021). However, there is one critical limitation

to these studies in that they failed to recognize the temporal

dimension of riverine ecosystems with only a one-time sampling

“snapshot” of food web dynamics (McMeans et al., 2015; Hette-

Tronquart et al., 2018; Price et al., 2019; Wang et al., 2021). For

example, samples were taken only once in July and August in the

Orge River (Hette-Tronquart et al., 2018), in early April andMay

in the Zagreb region of Croatia (Price et al., 2019), and in June in

the Han River of China (Wang et al., 2021). Even though several

studies have assessed the impact of the seasonality of
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environmental conditions on the trophic diversity and the

relative importance of carbon sources that support fish

assemblages in rivers (Jardine et al., 2012b; Pease et al., 2020;

Bokhutlo et al., 2021), these studies did not take land use into

account. To our knowledge, how land use and seasonality jointly

influence the food web structure of riverine ecosystems remains

unclear.

Given previous studies on the response of food web structure

to either land use or seasonality in river ecosystems, we

hypothesized that the impact of urbanization on the food web

structure would be exacerbated by the different seasonal

hydrological regimes as follows: 1) terrestrial inputs in

urbanized rivers would dramatically increase and contribute

much more to consumers’ diets during the high flow season

than aquatic sources; 2) increased terrestrial inputs in urbanized

rivers would significantly expand the niche space (or trophic

diversity) of basal resources and aquatic consumers; 3)

autochthonous sources in urbanized rivers would dominate

again when terrestrial inputs decreased during the low flow

season. We aimed to shed light on how riverine food webs are

structured in spatial and temporal dimensions under changes in

environmental conditions.

FIGURE 1
Locations of the sampling sites in the Laoguan River.
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Materials and methods

Study area

Laoguan River (E110°17′-111°50′ and N32°55′-34°01′)
(Figure 1) is a tributary of the Dan River, which drains into

the Yangtze River. The drainage area has a subtropical monsoon

climate. The average annual precipitation is approximately

830 mm, and much of the precipitation occurs from July to

October (the high flow season) (Li et al., 2017; Yuan et al., 2017).

The average annual temperature is approximately 15°C, with a

maximum of 31°C in summer and a minimum of −5°C in winter.

The river stretch is more than 150 km with an area of around

2,000 km2. The river channel can be as wide as 30 m with

numerous rapids and deep pools. The river network covers a

gradient of human disturbances as the river flows from

mountainous regions that are less affected by human activities

to two counties with nearly 1 million residents (Xixia and

Xichuan County).

Land use data

Land use types were derived from Landsat Thematic Mapper

imagery with ArcGIS10.0 and ENVI 4.8. Each sample site was

defined as the respective land use at the reach scale (which we

FIGURE 2
Landscapes of a woodland site in (A) spring, (B) autumn, and (C) winter, and an urban site in (D) spring, (E) autumn, and (F) winter of our study
area.
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defined as a 2 km rectangle buffer zone upstream with a 500 m

wide strip) when the percentage of a certain land cover exceeded

40% (Wang et al., 2021).

Woodland sites were characterized by dense riparian

vegetation and sparse in-stream vegetation in spring

(Figure 2A). The riparian vegetation was dominated by either

tussock, shrubs, or trees (e.g., Salix babylonica). The in-stream

vegetation was dominated by submerged plants (e.g.,

Myriophyllum verticillatum or Potamogeton crispus). The

stream substrate was mainly cobbles and pebbles. There were

massive leaf litter inputs during the high flow season (Figure 2B).

In winter, the water level and the leaf litter inputs decreased

substantially (Figure 2C).

Urban sites were characterized by impervious surface cover

(e.g., levees) along the riverbanks where ornamental trees were

sparsely planted. There were several railroad and highway

bridges crossing the stream. In-stream vegetation was densely

distributed with submerged or free free-floating plants (e.g.,

Potamogeton sp. and Salvinia natans). The stream substrate

was either pebbles or sand and silt.

We chose seventeen sampling sites along the stream with two

distinct land use types (urban and woodland) at the reach scale

(Figure 2). Those sites were wadable, which allowed for a

comprehensive investigation of food web components

including basal resources and consumers at higher trophic

levels. There were twelve woodland sites and five urban sites

with an increment distance of more than 2 km. We conducted

three sampling campaigns in early June during baseflow season

(spring) in 2019, early October at the end of the high flow

season (autumn) in 2020, and January during the low flow season

(winter) in 2021.

Physical and chemical parameters

Water temperature (°C), pH, dissolved oxygen

concentrations (DO) (mg/L), conductivity (μS/cm), nitrate-N

(mg/L), and ammonia-N (mg/L) were measured using YSI 6620

(Yellow Springs, OH, United States) in the field. Water velocity

(m/s) was measured using a velocity meter (GlobalWater, FP201,

United States). All the water samples were stored at 4°C before

the laboratory analysis. At the laboratory, sub samples were

filtered with a GF/F glass microfiber filter (Whatman, 0.7 μm

pore size) to measure the total dissolved carbon (TDC, mg/L),

total dissolved nitrogen (TDN, mg/L) (Elementar, Vario TOC

cube, Germany), and total dissolved phosphorus (TDP, mg/L)

(ThermoFisher, X Series 2, United States).

Field sampling and lab processing

Components in the riverine food webs including basal

resources (primary producers and other carbon sources) and

consumers (macroinvertebrates and fish), were collected at each

site. Basal resources differed in amount and types among the

seasons and included autochthonous carbon sources, such as

filamentous algae (present at several sites), epilithic algae,

aquatic macrophytes, fine benthic organic matter (FBOM),

and seston, and there were allochthonous carbon sources,

including terrestrial insects, terrestrial vegetation, and leaf

litter.

Macroinvertebrates were classified into five functional

feeding groups (FFGS), which were predators, scrapers,

filter-collectors, gatherer-collectors, and shredders (Morse

et al., 1994). The sampling method for each food web

component was described in detail in the supporting

information. A total of 2,353 samples (replicate samples

included) at 17 sites in spring, autumn, and winter were

collected. For fish, there were 20 species (149 samples) in

spring, 28 species (199 samples) in autumn, and 19 species

(285 samples) in winter. For macroinvertebrates, there were

70 species (179 samples) in spring, 45 species (356 samples) in

autumn, and 39 species (319 samples) in winter

(Supplementary Tables S2, S3). For basal resources, there

were 231 samples in spring, 398 samples in autumn, and

237 samples in winter.

To identify trophic interactions and infer energy flows,

we used carbon and nitrogen stable isotopes to estimate the

assimilated fraction of consumers’ diets (Fry, 2006;

Boecklen et al., 2011; Nielsen et al., 2018). Samples were

oven-dried at 60°C for 48 h before being ground into a fine

powder before analyzing their isotopic compositions.

Carbon and nitrogen stable isotopes were analyzed using

the Isotope Ratio Mass Spectrometer (ThermoFisher,

Delta V advantage, Germany) and calculated as [(Rsample/

Rstandard)-1] ×1,000‰, where R is the ratio of heavy to light

isotope. The isotopic standards are PeeDee belemnite

limestone for carbon and atmospheric air for nitrogen

(Fry, 2006).

Data analysis

To improve the accuracy of mixing models for tracing

consumers’ diets, we aggregated basal resources with similar

δ13C isotopic signatures and originality into one group

(Nielsen et al., 2018). Basal resources were pooled into three

groups: terrestrial sources (leaf litter, terrestrial insects, and

vegetation), aquatic macrophytes (submerged and emergent

macrophytes), and lower aquatic sources (epilithic algae,

filamentous algae, seston, and FBOM). Terrestrial sources

were referred to as allochthonous sources while aquatic

macrophytes and lower aquatic sources were referred to as

autochthonous sources. Macroinvertebrates were pooled into

four FFGS, which were predators, collectors (filter-collectors

and gatherer-collectors), scrapers, and shredders. According
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to McCutchan et al. (2003), trophic enrichment factors

(TEFs) for the basal resources-macroinvertebrates mixing

model were 0.4 ± 0.28‰ (δ13C) and 2.2 ± 0.3‰ (δ15N),

and the TEFs for the macroinvertebrates-fish mixing model

were 0.6 ± 0.16‰ (δ13C) and 2.4 ± 0.22‰ (δ15N). We applied

lipid corrections to consumers in the diet tracing analysis

based on the C/N ratio in fish (<4) and macroinvertebrates

(>4) measured in the Isotope Ratio Mass Spectrometer

(Logan et al., 2008).

Community-level metrics, also known as Layman metrics

(Layman et al., 2007), included 1) δ15N range (NR), which

represented the vertical structure within a food web (trophic

length) calculated using the distance between two species with

the most enriched and depleted δ15N values; 2) δ13C range (CR),

which represented the niche width at the base of a food web

calculated as the distance between two species with the most

enriched and most depleted δ13C values; 3) total area (TA),

which represented the convex hull area encompassed by all

species in δ13C–δ15N bi-plot space; 4) mean Euclidean distance

of each species to centroid (CD), which represented the average

degree of trophic diversity; 5) mean nearest neighbor distance

(MNND), which represented the mean Euclidean distances to

each species’ nearest neighbor in bi-plot space and the overall

density of species packing; and 6) standard deviations of mean

nearest neighbor distance (SDNND), which represented the

evenness of species packing. Those six metrics were calculated

at each site.

If more species performed the same trophic function,

MNND would be smaller and indicate higher trophic

redundancy. If there were more species sharing similar

ecological traits, SDNND would be smaller and indicate

more evenly distributed trophic niches (Layman et al.,

2007). The isotopic variations of the standard ellipse area

corrected for the small sample size (SEAc) of basal

resources, macroinvertebrates, and fish were also

calculated at each site.

Analysis of variance (ANOVA) was performed to

analyze the differences in physical and chemical

parameters, isotopic values, and community-level metrics

among seasons at a significance level of p < 0.05.

Relationships among the physical and chemical

parameters and community-level metrics were tested

using Pearson’s correlation with statistical significance at

p < 0.05. Principal component analysis (PCA) was carried

out to explore the key physical and chemical characteristics

in relation to land uses and seasons. Statistical analyses were

carried out in SPSS 24.0 software and R 3.6.1 (R Core Team,

2019). Diet tracing in consumers was conducted using the

simmr package (updated SIAR package) (Parnell, 2019).

The community metrics were calculated using the SIBER

package which employed Gaussian likelihood and fit the

mixing model to the data via Markov chain Monte Carlo

(MCMC) (Jackson et al., 2011).

Results

Physical and chemical parameters

At woodland sites, water temperature (F2,32 = 170.433, p <
0.01), water velocity (F2,32 = 3.924, p = 0.03), conductivity (F2,32 =

11.56, p < 0.01), pH (F2,32 = 59.655, p < 0.01), TDC (F2,32 = 9.966,

p < 0.01), TDN (F2,32 = 24.515, p < 0.01), TDP (F2,32 = 3.508, p <
0.05), DO (F2,32 = 52.012, p < 0.01), ammonia-N (F2,32 = 45.74,

p < 0.01), and nitrate-N (F2,32 = 29.35, p < 0.01) significantly

differed among seasons (Table 1).

At urban sites, water temperature (F2,12 = 124.237, p < 0.01),

pH (F2,12 = 27.786, p < 0.01), TDN (F2,12 = 5.973, p < 0.01), DO

(F2,12 = 12.406, p < 0.01), and ammonia-N (F2,12 = 5.965, p <
0.01), nitrate-N (F2,12 = 10.301, p < 0.01) showed significant

differences. There was no significant change in water velocity

(F2,12 = 0.001, p = 0.999), conductivity (F2,12 = 0.292, p = 0.752),

TDC (F2,12 = 1.253, p = 0.32), or TDP (F2,12 = 2.354, p = 0.137).

Isotopic signatures

At woodland sites, there were significant differences in δ13C
and δ15N in fish (F2,630 = 41.746, p < 0.01; F2,630 = 103.05, p <
0.01), macroinvertebrates (F2,851 = 67.633, p < 0.01; F2,851 =

18.099, p < 0.01), lower aquatic sources (F2,432 = 4.562, p =

0.01; F2,432 = 129.988, p < 0.01), aquatic macrophytes

(F2,137 = 20.818, p < 0.01; F2,137 = 18.05, p < 0.01), and

terrestrial sources (F2,288 = 17.303, p < 0.01; F2,288 = 45.184,

p < 0.01) (Table 2). Fish and macroinvertebrates had

decreasing δ13C values from spring (-22.63 ± 2.11‰

and −24.02 ± 2.97‰), autumn (-24.29 ± 2.07‰

and −26.10 ± 3.83‰), to winter (−25.36 ± 3.77‰

and −28.28 ± 4.64‰), and higher δ15N values in autumn

(12.43 ± 3.54‰ and 9.00 ± 3.54‰) than spring (9.21 ±

2.67‰ and 6.81 ± 2.77‰) and winter (8.33 ± 3.10‰ and

7.54 ± 5.69‰). δ13C values for terrestrial sources (−26.66 ±

3.84‰), aquatic macrophytes (−22.33 ± 4.34‰), and lower

aquatic sources (−25.22 ± 2.89‰) were highest in spring, and

δ15N values for terrestrial sources (10.85 ± 4.79‰), aquatic

macrophytes (11.91 ± 4.06‰), and lower aquatic sources

(18.44 ± 8.26‰) were highest in autumn.

At urban sites, δ13C and δ15N had significant seasonal

differences for fish (F2,199 = 20.296, p < 0.01; F2,199 = 21.699,

p < 0.01), macroinvertebrates (F2,189 = 17.913, p < 0.01; F2,189 =

4.464, p < 0.05), aquatic macrophytes (F2,67 = 20.04, p < 0.01;

F2,67 = 7.5, p < 0.01), and terrestrial sources (F2,62 = 7.557, p <
0.01; F2,62 = 10.66, p < 0.01). For lower aquatic sources, the δ15N
values differed among the seasons (F2,111 = 57.91, p < 0.01), but

δ13C values were not significantly different (F2,111 = 1.026, p =

0.362) (Table 2). Fish and macroinvertebrates had highest δ13C
values (−23.91 ± 2.37‰ and −23.91 ± 3.72‰, respectively)

in spring and highest δ15N values (14.78 ± 3.42‰ and
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11.72 ± 4.23‰, respectively) in autumn. Terrestrial sources and

aquatic macrophytes had the lowest δ13C values (−32.07 ± 7.86‰

and −28.68 ± 2.1‰, respectively) in winter and the lowest δ15N
values (8.15 ± 2.46‰ and 9.73 ± 3.48‰, respectively) in spring.

Lower aquatic sources had the highest δ13C values (−25.26 ±

3.31‰) in spring and the highest δ15N values (23.11 ± 9.14‰) in

autumn.

Relative contributions of autochthonous
and allochthonous sources

At woodland sites, the relative contribution of terrestrial

sources (F2,31 = 3.948, p = 0.03), aquatic macrophytes (F2,31 =

4.527, p = 0.019), and lower aquatic sources (F2,31 = 16.471, p <
0.01) to macroinvertebrate diets was significantly different

among the seasons. In the autumn high flow season,

terrestrial sources constituted 53% of the macroinvertebrate

diet, which was significantly higher than in spring (36%) and

winter (33%). At urban sites, the relative contribution of

terrestrial sources (F2,12 = 1.942, p = 0.186), aquatic

macrophytes (F2,12 = 1.146, p = 0.35), and lower aquatic

sources (F2,12 = 2.646, p = 0.112) to macroinvertebrate diets

was not significantly different among the seasons, and the

relative contribution of terrestrial sources was around 20%

throughout the year. Aquatic macrophytes constituted most

of the macroinvertebrate diet in autumn, while lower aquatic

sources constituted most of the diet in spring and winter

(Figure 3A).

The proportion of predators (F2,31 = 0.403, p = 0.672; F2,11 =

0.481, p = 0.63), collectors (F2,31 = 0.182, p = 0.835; F2,11 = 1.418,

p = 0.283), scrapers (F2,31 = 0.001, p = 0.999; F2,11 = 1.969, p =

0.186), and shredders (F2,31 = 1.172, p = 0.323; F2,11 = 1.424, p =

0.286) in fish diet at woodland and urban sites was not

significantly different among seasons. At woodland sites,

scrapers (31%) and collectors (~24%) constituted more to the

diets of fish than shredders (~15%) throughout the year. At urban

sites, scrapers (40%) and collectors (28%) constituted most of the

diet in spring compared to predators (24%) and shredders (8%),

but scrapers and collectors constituted less (<40%) than

predators and shredders in autumn and winter (Figure 3B).

Community-level metrics

At woodland sites, the niche space (SEAc) of basal resources

increased significantly from the spring to the winter and reached

the maximum in autumn (F2,29 = 66.52, p < 0.01). The niche

space (SEAc) of macroinvertebrates showed a slightly different

trend which increased significantly from spring to autumn

and winter (F2,29 = 10.85, p < 0.01). The niche space (SEAc) of

fish was higher in autumn and winter than in spring (F2,29 =

5.84, p < 0.01) (Figure 4). There were no significant differences

in niche width (CR) (F2,29 = 1.841, p = 0.177), TA (F2,29 =

2.584, p = 0.093), CD (F2,29 = 1.227, p = 0.308), trophic

redundancy (MNND) (F2,29 = 2.023, p = 0.151) or SDNND

(F2,29 = 1.302, p = 0.287), but there was a significant difference

in NR among seasons (F2,29 = 8.951, p < 0.01). NR was

significantly higher in autumn compared to spring and

winter (Table 3).

At urban sites, the niche space (SEAc) of basal resources

showed significant differences among the seasons (F2,12 = 10.39,

p < 0.01) and was higher in autumn and winter than in spring.

Nevertheless, SEAc of macroinvertebrates (F2,12 = 1.99, p = 0.18)

and fish (F2,12 = 0.78, p = 0.48) showed no significant differences

among seasons (Figure 4). There were no significant differences

in NR (F2,12 = 3.475, p = 0.064), CR (F2,12 = 3.231, p = 0.075), TA

(F2,12 = 1.393, p = 0.286), CD (F2,12 = 3.679, p = 0.057), MNND

TABLE 1 Physical and chemical parameters at woodland and urban sites in spring, autumn, and winter. Temp and Cond are abbreviations for water
temperature and conductivity.

Parameters Urban Woodland

spring autumn winter spring autumn winter

Temp (°C) 24.66 ± 2.67a 20.2 ± 1.72b 6.6 ± 0.79c 19.76 ± 2.88a 18.63 ± 1.37b 5.88 ± 1.59c

Velocity (m/s) 0.32 ± 0.35a 0.33 ± 0.18a 0.32 ± 0.22a 0.18 ± 0.09b 0.33 ± 0.15a 0.24 ± 0.11a

Cond (μS/cm) 460.6 ± 139.61a 424.54 ± 105.03a 405.12 ± 100.63a 312.45 ± 64.53a 221.93 ± 58.78b 191.64 ± 63.6b

pH 8.67 ± 0.39a 7.6 ± 0.14b 7.71 ± 0.11b 8.54 ± 0.29a 7.76 ± 0.12b 7.02 ± 0.48c

TDC (mg/L) 50.56 ± 19.36a 36.18 ± 12.09a 41.69 ± 10.46a 32.80 ± 5.40a 22.56 ± 8.40b 20.56 ± 6.74b

TDN (mg/L) 1.51 ± 0.33b 9.35 ± 5.66a 6.28 ± 2.65a 1.52 ± 0.48c 6.82 ± 3.00a 3.80 ± 0.69b

TDP (mg/L) 0.16 ± 0.07a 0.16 ± 0.20a 0.02 ± 0.01a 0.08 ± 0.05a 0.03 ± 0.01b 0.06 ± 0.07a

DO (mg/L) 6.18 ± 1.82c 9.66 ± 0.38a 7.97 ± 0.46b 5.43 ± 0.68c 9.56 ± 0.33a 7.44 ± 1.49b

Ammonia-N (mg/L) 0.64 ± 0.22b 0.12 ± 0.02a 0.41 ± 0.35b 0.36 ± 0.05b 0.07 ± 0.02a 0.67 ± 0.26b

Nitrate-N (mg/L) 1.18 ± 0.51a 3.18 ± 1.56b 0.56 ± 0.21a 1.08 ± 0.68b 3.15 ± 1.32c 0.59 ± 0.14a
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(F2,12 = 3.403, p = 0.067) or SDNND (F2,12 = 1.498, p = 0.263)

among the seasons (Table 3).

Since there were no significant seasonal differences in the

food webmetrics at urban sites, we only analyzed the correlations

between water quality parameters represented by the principal

component 1 (PC1) and food web metrics at woodland sites.

PC1 explained 36.6% of the variation in the physical and

chemical parameters, and TDC and TDN were the strongest

FIGURE 3
The proportions of dietary sources for (A) macroinvertebrates and (B) fish at woodland and urban sites in spring, autumn, and winter.

TABLE 2Mean ± SDof δ13C and δ15N isotope ratios of basal resources,macroinvertebrates, and fish at urban andwoodland sites in spring, autumn, and
winter.

Food web components Urban Woodland

spring autumn winter spring autumn winter

Terrestrial sources δ13C (‰) −24.60 ± 4.83a −25.55 ± 6.39a −32.07 ± 7.86b −26.66 ± 3.84a −26.48 ± 5.91a −30.21 ± 5.01b

δ15N (‰) 8.15 ± 2.46b 13.92 ± 4.44a 10.28 ± 4.10b 5.56 ± 2.45b 10.85 ± 4.79a 10.72 ± 3.64a

Aquatic macrophytes δ13C (‰) −20.81 ± 4.11a −25.41 ± 3.81b −28.68 ± 2.10b −22.33 ± 4.34a −25.05 ± 3.4b −29.28 ± 1.97c

δ15N (‰) 9.73 ± 3.48b 13.04 ± 4.13a 13.90 ± 4.61a 8.77 ± 3.09b 11.91 ± 4.06a 13.51 ± 3.98a

Lower aquatic sources δ13C (‰) −25.26 ± 3.31a −26.47 ± 4.23a −26.49 ± 3.06a −25.22 ± 2.89a −26.94 ± 5.32b −26.45 ± 2.82b

δ15N (‰) 8.04 ± 2.06b 23.11 ± 9.14a 8 ± 5.89b 5.56 ± 2.01c 18.44 ± 8.26a 8.68 ± 5.4b

Macroinvertebrates δ13C (‰) −23.91 ± 3.72a −27.39 ± 4.83b −28.69 ± 2.53b −24.02 ± 2.97a −26.10 ± 3.83b −28.28 ± 4.64c

δ15N (‰) 9.36 ± 3.00b 11.72 ± 4.23a 12.56 ± 6.42a 6.81 ± 2.77b 9.00 ± 3.54a 7.54 ± 5.69b

Fish δ13C (‰) −23.91 ± 2.37a −25.56 ± 1.69b −26.80 ± 3.10c −22.63 ± 2.11a −24.29 ± 2.07b −25.36 ± 3.77c

δ15N (‰) 11.08 ± 2.97b 14.78 ± 3.42a 10.72 ± 3.66b 9.21 ± 2.67b 12.43 ± 3.54a 8.33 ± 3.10c

Subscripts a, b, and c denote the significant differences in δ13C and δ15N isotopic ratios among different seasons according to ANOVA.
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positive and negative contributors to the PC1 axis, respectively

(Figure 5; Supplementary Table S1). PC1 was negatively

correlated with the SEAc of fish, macroinvertebrates, and basal

resources (Table 4).

Discussion

Combined effects of land use and
seasonality on isotopic signatures

Factors that influence the carbon fixation of primary

producers, such as water temperature, eutrophication, pH, or

the dissolved CO2, can be important determinants of their δ13C
values (Finlay, 2001; Chappuis et al., 2017). Lower water

temperature in winter could inhibit the respiration of primary

producers, which would excrete less 12C (Finlay and Kendall,

2007; Kendall et al., 2008). A decrease in the productivity of

primary producers would cause them to sequester less
13C-enriched CO2 during carbon fixation (Chappuis et al.,

2017; Guiry, 2019), and ultimately contribute to the lower

δ13C values in aquatic macrophytes.

In spring, dissolved CO2 was absent at pH greater than 8, and

became available when pH was between 7 and 8 in autumn and

winter (Table 1; Chappuis et al., 2017). When there was ample

dissolved CO2 available for photosynthesis, the δ13C values of

aquatic macrophytes decreased when the TDC decreased from

spring to autumn and winter (Supplementary Tables S1, S2). In

our study area, more than 70% of the runoff was concentrated

from July to October (Li et al., 2017; Yuan et al., 2017).

Urbanization, together with the increased runoff during the

high flow season, could bring more pollutants from the

uplands to the river channel, which was reflected in the

increased δ15N values within food webs (Paul and Meyer,

2001; Loomer et al., 2015; Guiry, 2019; Allan et al., 2021).

Therefore, in autumn (the high flow season), δ15N values of

lower aquatic sources, including seston and FBOM, increased

significantly compared to spring, but then decreased significantly

when the runoff was low with fewer nutrients inputs in winter

(Table 2). The δ15N values of aquatic macrophytes increased

FIGURE 4
The isotopic variances illustrated by standard ellipse area (SEAc, ‰

2) for (A) basal resources, (B) macroinvertebrates, (C) fish at woodland sites,
and (D) basal resources, (E) macroinvertebrates, (F) fish at urban sites. Black, red, and green ellipses and symbols represented spring, autumn, and
winter, respectively.
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from spring to autumn and winter at both urban and woodland

sites, where 15N may accumulate throughout the seasons which

could be due to their strategic macrophyte absorption (Chappuis

et al., 2017).

Together with residential activities, hydrological regimes

among seasons could influence the isotopic compositions of

basal resources as well as consumers by altering the water

temperature, water discharge, nutrient transport (especially

those that are terrestrial-derived), and primary productivity

(Bunn et al., 2003; Warry et al., 2016; Guiry, 2019). The

differences in consumers’ isotopic compositions among

seasons were consistent with those of basal resources, which

has implications for the bottom-up control of energy flow

(Table 2; Shurin et al., 2012). The isotopic compositions of

aquatic organisms provide an excellent indicator not only for

the presence of human-induced disturbances, but isotopic

compositions can also give information about the effects of

seasonal environmental factors on the ecology of important

species at each trophic level.

Allochthony vs. autochthony in riverine
ecosystems

In stream ecology, how aquatic organisms at different trophic

levels utilize allochthonous and autochthonous energy has been

an important area of research (Paine, 1980; Brett et al., 2017;

Twining et al., 2019). Determining the relative importance of

autochthonous and allochthonous energy sources can improve

our understanding of how energy flows within riverine food webs

are affected by anthropogenic activities and/or the seasonality of

environmental conditions (Brett et al., 2017). As suggested by the

flood pulse concept (FPC), hydrologic alterations in the aquatic

and terrestrial transition zone could determine the connectivity

between river channels and the floodplains, which was observed

to be the main factor in the exchange of water, nutrients,

sediments, and biota between aquatic and terrestrial

ecosystems (Junk et al., 1989; Bartels et al., 2012).

Allochthonous carbon sources, including terrestrial

vegetation, insects, and leaf litter, are the primary carbon

sources within riverine food webs (Zeug and Winemiller,

2008; Pingram et al., 2012; Moreira-Turcq et al., 2013;

Hayden et al., 2016). As a source of nutrients, their supply

plays a key role in affecting aquatic food webs by supporting

consumers, such as important fish species (Roach, 2013) or

aquatic invertebrates specialized in terrestrial carbon sources

(Zheng et al., 2018). Accordingly, we anticipated that in the

low flow or baseflow season, autochthonous carbon sources

contributed the most to consumers, while allochthonous

carbon would contribute the most during the high flow

season (Wang et al., 2021). Therefore, it was not surprising

that the relative contribution of terrestrial sources to

macroinvertebrates at woodland sites was higher than

FIGURE 5
Principal component analysis of water quality parameters at
woodland sites in spring, autumn, and winter. Temp and Cond are
water temperature and conductivity, respectively.

TABLE 3 The community-level metrics at woodland and urban sites in spring, autumn, and winter.

Metrics Woodland Urban

spring autumn winter spring autumn winter

NR 2.31 ± 1.09b 6.09 ± 1.95a 5.24 ± 2.65a 2.25 ± 0.74a 7.25 ± 3.67a 5.78 ± 3.4a

CR 5.55 ± 1.67a 3.76 ± 1.47a 4.62 ± 2.63a 1.9 ± 0.92a 2.54 ± 1.5a 4.19 ± 1.65a

TA 3.08 ± 2.12a 9.35 ± 4.52a 6.91 ± 8.17a 0.87 ± 0.65a 6.94 ± 7.75a 9.99 ± 11.72a

CD 2.40 ± 0.56a 2.96 ± 0.75a 2.95 ± 1.17a 1.16 ± 0.23a 2.97 ± 1.44a 2.99 ± 1.38a

MNND 2.93 ± 0.67a 4.12 ± 1.07a 3.58 ± 1.7a 1.58 ± 0.34a 4.02 ± 1.91a 4.14 ± 2.08a

SDNND 1.29 ± 0.97a 1.04 ± 0.67a 1.69 ± 0.97a 0.26 ± 0.06a 0.78 ± 0.83a 0.79 ± 0.44a

Subscripts a and b denote the significant differences in those metrics among the seasons according to ANOVA.
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allochthonous sources in autumn at the end of the high flow

season by more than 50%, while terrestrial sources contributed

around 30% in spring and winter during baseflow and low flow

(Figure 3A).

However, at urban sites, allochthonous carbon contributed

much less (around 20%) to macroinvertebrate diets than

autochthonous carbon in autumn (Figure 3A). In urbanized

rivers, the impervious surface cover, such as dams, weirs, or

levees, fragment longitudinal (upstream to downstream) and

lateral (river to floodplain) connectivity (Grill et al., 2019;

Tickner et al., 2020). The impervious surface cover is the

main contributor to the loss of connectivity because they

usually alter the water flow which usually travels

longitudinally and laterally (Humphries et al., 2014; Jones

et al., 2019). Our results could be attributed to the riverbank

being concreted at urban sites, which is a common practice

globally (Figure 2E; Boggs and Sun, 2011; Valle Junior et al., 2015;

Shen et al., 2021). Unlike woodland sites, the river channel was

disconnected from the floodplain at urban sites, the terrestrial

sources in the high flow season were not fully available to

consumers, and thus terrestrial sources contributed much less

than autochthonous carbon throughout the year. Our results

indicated the combined effects of the impervious surface cover at

urban rivers and increased water discharges in high flow season

on the relative importance of allochthonous and autochthonous

carbon to consumers.

Whether allochthonous carbon is readily consumed depends

on the capacity of aquatic consumers to modify their diets and

synthesize the new biomass in consumers (Brett et al., 2017). As

allochthonous DOC (dissolved organic matter) moved from

upstream to downstream, it would be dissected and degraded

via the microbial loop and then readily bioavailable to consumers

(Brett et al., 2012; Roach, 2013; Baldwin et al., 2016). Those

bioavailable carbons that originated from allochthonous carbon

could be deposited in the sediment as FBOM or floated in the

water column as seston. Technically, allochthonous carbon

means sources transported from elsewhere into a particular

system (Lau et al., 2009; Brett et al., 2017), but we put seston

and FBOM into the category of autochthonous carbon (lower

aquatic sources) simply because we sampled them within the

river channel, so lower aquatic sources contributed more than

60% to consumers and became the main subsidies at urban sites

in the following low flow season (Figure 3A).

When there were fewer terrestrial inputs at urban sites in

high flow season, terrestrial nutrients obtained at woodland sites

in high flow season can be transported to urban sites downstream

via a longitudinal connection (Vannote et al., 1980; Humphries

et al., 2014; Ye et al., 2017) and be transformed into aquatic

carbon sources at urban sites in the next base flow and low-flow

seasons. Therefore, high levels of lateral and longitudinal

connectivity along the river networks provided significant

opportunities for the exchange and transport of nutrients

throughout the high and low flow seasons.

Community-level metrics

How land use and seasonality together influence the food

web structure can also be reflected in community-level metrics.

Those metrics reflected how the energy flowed to higher trophic

levels within the riverine food webs throughout the year. A

similar niche width (CR, δ13C range) within riverine food

webs among seasons indicated that multiple basal resources

with varying δ13C values were available to consumers (Wang

et al., 2021). The availability of multiple basal resources could

also account for a similar trophic diversity (TA and CD) and

trophic redundancy (MNND) within riverine food webs among

seasons at both woodland and urban sites (Wang et al., 2021).

TABLE 4 Pearson correlation coefficients between water quality parameters represented by the principal component 1 (PC1) and foodwebmetrics at
woodland sites.

PC1 SEAc

of fish
SEAc

of macroinvertebrates
SEAc

of basal
resources

NR CR TA CD MNND SDNND

PC1 1 −0.37* −0.53** −0.63** 0.17 −0.59** −0.45** −0.37* −0.43* −0.04

SEAc of fish 1 0.36* 0.40* −0.27 0.09 −0.02 −0.11 −0.06 −0.15

SEAc of macroinvertebrates 1 0.08 −0.11 0.18 0.06 0.07 0.07 0.03

SEAc of basal resources 1 −0.21 0.468** 0.32 0.22 0.32 −0.07

NR 1 −0.14 0.16 0.57** 0.41* 0.43*

CR 1 0.86** 0.72** 0.78** 0.01

TA 1 0.82** 0.92** −0.03

CD 1 0.92** 0.37*

MNND 1 −0.003

SDNND 1

**and * indicate significance levels of 0.01 and 0.05, respectively.
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At woodland sites, the highest niche space (SEAc, standard

ellipse area) of basal resources in autumn proved that the

allochthonous carbon was the main subsidy during the high

flow season, which could have increased trophic length (NR, δ15N
range) in autumn. When a massive amount of terrestrial carbon

was transported into river channels in a short period via

increased discharge during the high flow season, the

significantly increased niche space (SEAc) of basal resources

during the high flow season could, in turn, lead to the

increased niche space (SEAc) of consumers. When the high

flow season ended, much fewer terrestrial nutrient inputs led

to decreased niche space (SEAc) of basal resources in winter,

reaching a level close to that of the spring. We confidently suggest

that seasonal dynamics of terrestrial subsidies due to the seasonal

flooding were the main contributor to the dramatically altered

isotopic niche of basal resources. The stable isotopes of

consumers often reflect their diets over a long period (Nielsen

et al., 2018). The niche space (SEAc) of macroinvertebrates

reached a peak in winter, which indicated their dietary

preferences for lower aquatic sources in winter when there

was much less primary production and terrestrial inputs. This

peak further indicated that lower aquatic sources, especially

dissolved organic matter, originated from terrestrial inputs

during the high flow season and continued to support the

growth of those aquatic insects in winter. Compared to

macroinvertebrates, the niche space (SEAc) of fish were

similar in autumn and winter, which indicated that they have

a capacity to buffer the disturbances from the massive terrestrial

inputs due to their feeding strategies (Price et al., 2019; Wang

et al., 2021). The seasonal dynamics of niche space illustrated

how the energy flowed in natural riverine ecosystems. Increased

water flows during the high flow season resulted in periodic

exchanges of nutrients between river channels and floodplains,

and ultimately altering the food web structure in riverine

ecosystems.

However, it was a different scenario at urban sites.

Communities of consumers at urban sites were less affected

during the high flow season, as indicated by the niche space

(SEAc) of consumers, which showed no differences among

seasons although the niche space (SEAc) of basal resources

was highest in autumn. In the high flow season, when river

channels were disconnected from their floodplains at urban sites,

the restriction of water flow could not only reduce the terrestrial

nutrient inputs (e.g., terrestrial vegetation) but also potential

pollution inputs in the riparian zone, which could significantly

alter the niche space (SEAc) of basal resources (as shown at

woodland sites), the δ15N values of consumers (Loomer et al.,

2015; Price et al., 2019), and the niche space (SEAc) of consumers.

Our results suggested that the loss of lateral connectivity

could cut off excessive terrestrial inputs at urban sites, and

consumers’ niche space (SEAc) was much less affected

compared to woodland sites. Also, the combined effects of

impervious surface cover in urban areas and altered

hydrological regimes due to increased water discharge on the

food web structure were represented by those community-level

metrics.

It should not be ignored that longitudinal connectivity is

essential for the transport of terrestrial carbon sources from

upstream woodland sites to downstream urban sites. In our study

area, there was one small dam at an urban site (Figure 2D)

located in Xixia County, and the dam failed to cut off the water

flows longitudinally during the high flow season. Given the role

of allochthonous carbon in supporting biological communities in

riverine ecosystems, it does not necessarily mean that we should

tear down the impervious surface cover in urbanized areas to

diminish the impact of urbanization on decreased terrestrial

inputs. Alternative measures could be taken in urban areas,

such as safeguarding and restoring the longitudinal

connectivity, and informing balanced watershed management

for the food web structure in urban areas (Auerbach et al., 2014;

Reid et al., 2019).

Conclusion

Based on the diet tracing analysis via stable isotopes, a

qualitative description of how hydrological regimes among

seasons altered the relative contribution of allochthonous and

autochthonous carbon to consumers can be applied to natural

riverine ecosystems as well as those in urban areas. Niche space

(represented by δ13C and δ15N) occupied by basal resources at

both woodland and urban sites was significantly higher in the

high flow season. Unlike woodland sites, the impervious surface

cover at urban sites disconnects river channels from their

floodplains and can cut off the influx of terrestrial carbon

sources during the high flow season. This disconnection can

cause a lack of seasonal differences in the niche space occupied by

aquatic consumers at urban sites.

During the high flow season, increased water discharge can

facilitate the acquisition of terrestrial carbon sources for

consumers at woodland sites via the lateral connectivity

between the river channel and the riparian zone. The

terrestrial carbon sources transported downstream can

continue to subsidize consumers at downstream urban sites

during the low flow season following the high flow season.

Our temporal food web study provided a better understanding

of the energy transfer and nutrient transport among seasons at

urban and woodland rivers and illustrated the combined effects

of urbanization and the seasonality in environmental conditions

on food web structure in riverine ecosystems. Our findings

highlighted the role of allochthonous carbon sources in

supporting biological communities and the importance of

lateral and longitudinal connectivity in river ecosystems. Such

advances in our understanding is critically important for river

restoration and management that aims to better protect riverine

biodiversity from intensive urbanization along the river network.
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