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A B S T R A C T   

Land use in the uplands can substantially impact the biological community in stream ecosystems, but how the 
trophic structure of aquatic communities within riverine food webs respond to catchment land use changes 
within their respective catchment remains unclear. Here, we investigated the impact of land use on aquatic 
communities in two streams in subtropical China. We measured isotopic compositions of basal resources, four 
macroinvertebrate functional feeding groups (scrapers, collectors, shredders, and predators with 132 taxa), and 
three fish functional feeding groups (herbivores, omnivores, and piscivores with 26 species) in three land uses 
(woodland, agricultural, and urban). Isotopic values of δ13C and δ15N were used to estimate the dietary pro-
portions of consumers (macroinvertebrates and fish) and community-level metrics (niche width and trophic 
diversity). We found that isotopic values of basal resources, macroinvertebrates, and fish varied significantly 
among sampling sites adjacent to the three land uses. Dietary analysis showed that terrestrial resources 
contributed relatively less (~20%) than aquatic resources to consumers (macroinvertebrates and fish) in higher 
trophic levels, especially in the urban sites. Compared to woodland sites, food webs in the urban sites had lower 
niche width and higher trophic redundancy, and agricultural sites had higher trophic length and lower niche 
width. Trophic structure alterations in response to land use primarily resulted from availability and variability of 
basal resources in the upstream river channel and the riparian zone, and also the feeding plasticity of macro-
invertebrates and/or fish. These empirical findings indicate the importance of diversity across all trophic levels in 
the management of stream ecosystems in urban and agricultural landscapes.   

1. Introduction 

Trophic interactions are embedded in complex food webs and are 
usually accompanied by energy transfer and nutrient cycling in an 
ecosystem (Hui, 2012). 

Trophic structure encompasses the large diversity of species and can 
often reflect the feeding behavior of individual organisms at each tro-
phic level and their trophic interactions (Belgrano et al., 2005; 
Thompson et al., 2012). Understanding the sources and fate of energy 
and nutrients during trophic interactions is an important theme in 
ecology (Vannote et al., 1980), and how trophic interactions within food 
webs respond to ambient conditions are essential for a better 

understanding of structure and function within natural ecosystems 
(Thompson et al., 2012). 

Rivers and/or streams play essential roles in providing habitats for 
aquatic organisms and maintaining the structure and function of the 
biosphere (Karr and Chu, 2000; Dudgeon et al., 2006; Allan and Castillo, 
2007; Vorosmarty et al., 2015). The spatial habitat heterogeneity in 
river ecosystems is high and food webs within them can be affected by 
various biotic and abiotic factors (Ward, 1989; Belgrano et al., 2009). 
For example, biotic factors (i.e., foraging traits of individuals, fish spe-
cies richness, and invasive species) often destroy existing trophic links or 
create new trophic links among individuals, thus affecting trophic re-
lationships between predators and prey (Petchey et al., 2008; David 

* Corresponding author at: Key Laboratory of Aquatic Botany and Watershed Ecology, Wuhan Botanical Garden, Chinese Academy of Sciences, Wuhan 430074, PR 
China. 

E-mail address: xtan@wbgcas.cn (X. Tan).  

Contents lists available at ScienceDirect 

Ecological Indicators 

journal homepage: www.elsevier.com/locate/ecolind 

https://doi.org/10.1016/j.ecolind.2021.107746 
Received 28 December 2020; Received in revised form 18 April 2021; Accepted 19 April 2021   

mailto:xtan@wbgcas.cn
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2021.107746
https://doi.org/10.1016/j.ecolind.2021.107746
https://doi.org/10.1016/j.ecolind.2021.107746
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2021.107746&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ecological Indicators 127 (2021) 107746

2

et al., 2017), whereas abiotic factors (i.e., land use, hydro-climatological 
conditions, and water quality) can greatly modify habitat for organisms 
in the riverine ecosystem, leading to less heterogeneous stream habitats 
and fewer diverse species, and ultimately alterations in food web 
structure (Allan, 2004; Romanuk et al., 2006; Brett et al., 2017). 

Among those factors, land use has posed major impacts on river 
ecosystems, especially their biodiversity (Allan, 2004; Foley et al., 2005; 
Vörösmarty et al., 2010; Cazzolla Gatti, 2016), by greatly modifying the 
fluvial geomorphology, water cycling, water quality, sediments, bio-
reactive elements, and fluxes of nutrients to rivers from uplands or 
adjacent areas (Hooke, 2006; Finlay, 2011; Valle et al., 2015; Brett et al., 
2017). Urbanization and agriculture are pervasive forms of land use. 
Urbanization typically increases impervious surface cover, which can set 
up a chain reaction. The impervious surface cover can increase discharge 
and surface runoff resulting in increased nutrient inputs (especially ni-
trogen and phosphorus) and turbidity, thereby degrading water quality 
in the river channel and decreasing the diversity of algae, aquatic 
macrophytes, invertebrates, and fish (Paul and Meyer, 2001). Addi-
tionally, riparian deforestation caused by urbanization can reduce the 
shaded area of river surface and increase the water temperature, further 
affecting primary production of river ecosystems, leaf decomposition in 
riparian zone, life history of aquatic invertebrates, and ultimately alter 
the trophic structure of riverine food webs (Paul and Meyer, 2001; Allan, 
2004; Gibert, 2019). Agricultural activities at the riparian zones and 
their adjacent uplands can increase nutrient inputs to rivers due to the 
excessive usage of synthetic fertilizers and the discharge of livestock 
manure (Allan, 2004; Choi et al., 2017). Those nutrients inputs, espe-
cially nitrogen and phosphorus, can impact not only net primary pro-
duction and respiration of algae, but also metabolism of invertebrates 
(Finlay, 2011; Woodward et al., 2012), leading to the changes in the 
energy output of higher trophic levels, or species diversity or richness, 
which can significantly influence the stability of riverine food web 
structure (Lewis et al., 2001; Thompson and Townsend, 2004; Rooney 
and McCann, 2012). 

Determining the relative importance of autochthonous vs allochth-
onous energy sources can improve our understanding of how land uses 
affect energy flows during trophic interactions in riverine ecosystems 
(Hayden et al., 2016; Brett et al., 2017). However, it is difficult to 
directly identify the trophic interactions. A range of indirect techniques 
have been employed to elucidate trophic interactions and shed light on 
the properties, diversity, and the strength of the interactions (Traugott 
et al., 2013). Stable isotopes have been widely used to trace diets by 
estimating the assimilated fraction of consumers’ diets instead of 
ingested or egested fraction (Nielsen et al., 2018). Diet tracing can be 
used to infer energy flows and trophic interactions in food webs 
(Peterson and Fry, 1987; Fry, 2006). Additionally, the stable isotope 
approach has been increasingly applied in estimating community-level 
metrics, such as niche width and trophic diversity, which are closely 
related to access and availability of resources and diet specialization 
(Layman et al., 2007). Traditional attributes of biotic communities, such 
as species abundance or richness, have failed to indicate changes in the 
stability of communities and their interactions when faced by changing 
conditions because of the temporal and spatial variations in species and 
functional assemblages (Heino, 2009; Heino et al., 2013). However, 
those community-level metrics estimated by stable isotopes can provide 
temporally averaged community properties and an overview of major 
characteristics of food web structure, such as trophic interactions and 
trends in energy flows (Layman et al., 2007; Jackson et al., 2011; Jabot 
et al., 2017), the stable isotope approach can be a potential tool to assess 
the response of complex food web structures to changes in land use. 

The stable isotope approach has been extensively applied in marine, 
estuaries, and lake ecosystems to investigate human impact on them 
(Ramos and González-Solís, 2012; Smith et al., 2016; Pingram et al., 
2020). It has also been extensively applied in the lotic ecosystems for the 
last decade, but most studies focused on tropical streams (Lau et al., 
2009; Jardine et al., 2013). Few studies in temperate regions have 

investigated the impact of land use on the trophic structure of food webs, 
primarily on macroinvertebrates and fish communities (Lee et al., 2018; 
Price et al., 2019). For example, Price et al. (2019) found that the 
resource use of macroinvertebrates was significantly altered in urban 
Zagreb (Croatia) streams, which also had lower trophic redundancy than 
streams in woodland and agricultural catchments. De Carvalho et al. 
(2017) found that streams affected by sugarcane cultivation in South- 
eastern Brazil had lower trophic diversity of fish communities 
compared to streams with natural catchments. To our knowledge, how 
the trophic structure of aquatic communities, including fish and mac-
roinvertebrates as well as basal resources within subtropical stream food 
webs respond to land use remains unclear. 

Han River is the biggest tributary of Yangtze River and the water 
source for arid north in the South-to-North Water Transfer (SNWT) 
Project in China (Zhang, 2009). The Dangjiangkou Reservoir, located in 
upper midstream of Han River, is the major component in the middle 
route of the SNWT Project. It receives water directly from Dan River 
(one of the largest tributaries of Han River) which could have remark-
able impacts on downstream biophysical conditions (e.g., water level, 
sediment load, water quality, etc.) and ecological processes (Zhang, 
2009). Riparian land use practices can significantly alter water qualities 
variables in the upper stream of the Danjiangkou Reservoir (Li et al., 
2009), thus influencing primary productions and ultimately the stability 
and persistence of consumers within freshwater food webs which can 
have great influence on the structure and function of riverine ecosystems 
downstream. 

Our aim was to investigate the impact of different land use types on 
the trophic structure of fish and macroinvertebrate communities in 
subtropical stream food webs, and to quantify the energy flow from 
basal resources to consumers and trophic structure within stream food 
webs, and to shed light on the function and structure of food webs in 
stream ecosystems in human-modified landscapes. Our findings are 
useful for watershed management, including land use and land cover 
programs that facilitate the restoration of biodiversity and function in 
the riverine ecosystem in subtropical areas. 

2. Materials and methods 

2.1. Study area 

We studied the Laoguan River and the Qi River (E110◦01′-112◦01′

and N32◦55′-34◦11′), which are tributaries of the Dan River, a tributary 
of the Yangtze River (Fig. 1). The drainage is in a climate transition zone 
in East China and has a subtropical monsoon climate with annual mean 
temperature ranging between 12 ℃ and 16 ℃. Average annual precip-
itation is approximately 800 mm and most of the annual precipitation 
falls from July to September. The stream network covered a gradient of 
human disturbance as the river flows from mountainous regions, which 
are less affected by human activities, to two adjacent counties (Xixia and 
Xichuan), where anthropogenic activities (residential, agricultural, and 
tourism) are more common. 

The 31 sampling sites in the two streams (Fig. 1a) had distinct land 
use cover types at different spatial scales, mainly consisting of wood-
land, agriculture, and urban. At woodland sites, stream substrate was 
mainly cobbles and pebbles, and in-stream vegetation was sparse. The 
riparian vegetation was dominated by either tussocky, shrubs, or trees. 
At the urban and agricultural sampling sites, stream substrate was either 
pebbles or sand and silt, and in-stream vegetation was densely distrib-
uted with submerged or free-floating plants (e.g., Hydrilla sp., Potamo-
geton sp. and Salvinia natans). Riparian vegetation was either eradicated 
or planted with ornamental trees and trees with market value. We 
sampled in May and early June (before the flood season) of 2018 and 
2019. 
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2.2. Land use data 

Land use were derived from Landsat Thematic Mapper imagery with 
ArcGIS10.0 and ENVI 4.8, and was classified into three categories: 
woodland, agriculture, and urban. A sampling site was defined as the 
respective land use when percentage of a certain land cover area 
exceeded 40%. 

Landscape influences on river ecosystems can be generalized to occur 
at three spatial scales: (1) the catchment scale, (2) the riparian scale, and 
(3) the reach scale (Wang et al., 2006). The catchment scale consisted of 
the entire area upstream from the sample site, the riparian scale con-
sisted of the reach buffer zone upstream with 500 m wide strip, and the 

reach scale consisted of a 2 km rectangle buffer zone upstream with 500 
m wide strip. Here, we focused on the reach scale because fish and 
macroinvertebrates communities have been shown to be more affected 
by land use at that scale (Vondracek et al., 2005; Wang and Tan, 2017). 

2.3. Field sampling and lab processing 

2.3.1. Environmental parameters 
Water temperature (℃), pH, dissolved oxygen concentrations (DO) 

(mg/L), conductivity (μS/cm), nitrate-N and ammonia-N were measured 
in situ using YSI 6620 (Yellow Springs, OH, USA). Water velocity was 
also measured using a velocity meter (Global Water, FP201, USA) at 

Fig. 1. (a) Locations of the 31 sampling sites in the Laoguan and Qi Rivers, both tributaries of the Upper Han River in China. Laoguan River is located in the right and 
Qi River is in the left. (b) Locations of our study area and Danjiangkou Reservoir in the Upper Han River Basin. (c) The location of the Upper Han River Basin 
in China. 
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each site. All the water samples were stored at 4 ◦C before the laboratory 
analysis. At the laboratory, subsamples were filtrated with the GF/F 
glass microfiber filter (Whatman, 0.7 μm pore size) to measure the total 
dissolved carbon (TDC) and total dissolved nitrogen (TDN) by total 
organic carbon analyzer (Elementar, Vario TOC cube, Germany), total 
dissolved phosphorus (TDP) was measured by inductively coupled 
plasma atomic emission spectrometer (ThermoFisher, X Series 2, USA). 
Other subsamples were acidified to pH < 2 by sulfuric acid to measure 
the chemical oxygen demand (CODMn) using the potassium permanga-
nate method (NEPB, 2002). 

2.3.2. Carbon sources and consumers sampling and processing 
All potential carbon sources available to higher trophic levels were 

collected at each site. The filamentous algae, epilithic algae, aquatic 
macrophytes (i.e., submerged, floating-leaved, and emergent plants), 
seston, fine benthic organic matter (FBOM), terrestrial insects, and leaf 
litter (if present) were collected. For epilithic algae, rocks (with a 
diameter < 25 cm) were collected randomly in the flowing water at each 
site. We thoroughly scraped off the rocks with a toothbrush and rinsed 
with distilled water. Seston was the particulate matter that collected by 
filtering 5L surface water (Whatman GF/F glass microfiber filter, 0.7 μm 
pore size). FBOM was collected by filtering the sediment in stream bed 
through 250 µm mesh size, and this collection was usually done 3–5 
times to obtain enough samples for further analysis. Terrestrial insects 
and leaf litter were collected by hand without considering their species. 

We mixed each epilithic algae sample with colloidal silica (Ludox 
TM-50, Sigma-Aldrich, USA) in the laboratory to separate the algae from 
inorganic matter according to Hamilton et al. (2005). Pure epilithic 
algae samples were collected onto pre-combusted Whatman GF/C filters 
(1.2 µm pore size). 

Fish were collected by electrofishing and dorsal muscle samples were 
taken. Fish species were classified into three categories: herbivore, 
omnivore, and piscivore (Zhu, 1995). Macroinvertebrates were collected 
by kicking and disturbing the stream bed of unconsolidated substrata 
using hand-held aquatic D-nets (250 µm mesh size). Macroinvertebrates 
(usually Trichoptera) attached to the rocks were scrubbed with a brush 
to remove their cases. Predators in macroinvertebrates were separated 
immediately from the other functional feeding groups (FFGs) or we 
removed their heads to avoid predation. According to Morse et al. 
(1994), macroinvertebrates were classified into five FFGs (predators, 
scrapers, filter-collectors, gatherer-collectors, and shredders), and the 
taxonomic resolution depends on whether it can help identify their 
feeding habits. For predators, we classified them into the family level, 
but for non-predators the genus level was enough to identify their 
feeding habits. For mollusks, the shell-free dry mass was used for stable 
isotope analysis (Bunn et al., 1999). Fish and macroinvertebrates were 
rinsed with distilled water to wash off the epilithic algae or other par-
ticulate organic matter that was attached, then they were refrigerated (4 
℃) with river water for 24 h to empty their guts. Samples of carbon 
sources and consumers were oven-dried at 60 ℃ for 48 h before being 
ground to a fine powder for subsequent analysis of 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] × 1000‰, where R is the ratio 
of heavy to light isotope. The isotopic standards were PeeDee belemnite 
limestone for carbon and atmospheric air for nitrogen (Fry, 2006). 

2.4. Data analysis 

To overcome too many sources with too few tracers and achieve 
better performance in mixing models when tracing the diets of con-
sumers (Fry, 2013; Brett, 2014), we aggregated similar isotopic signa-
tures of basal resources into one group, and basal resources 
(allochthonous and autochthonous) were pooled into three groups: 
terrestrial resources (leaf litter riparian insects and vegetation), higher 

aquatic resources (submerged and emergent aquatic macrophytes), and 
lower aquatic resources (epilithic algae, filamentous algae, seston, and 
FBOM). The potential prey taxa for fish were pooled into four FFGs: 
predators, collectors (filter-collectors and gatherer-collectors), scrapers, 
and shredders. The 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) 
(McCutchan et al., 2003). Considering the uncertainties and variations 
in consumers, resources, and TEFs for each isotope ratio, the likelihood 
for the proportion of consumer diets was evaluated using Bayesian 
mixing models (Parnell et al., 2013). Lipid corrections could substan-
tially alter the estimation of diet proportions (Arostegui et al., 2019). We 
accounted for the C/N ratio in fish (<4) and macroinvertebrates (>4) 
measured using the Isotope Ratio Mass Spectrometer and applied lipid 
corrections to the analysis in food web mixing models (Logan et al., 
2008). 

The isotopic variations of the standard ellipse area corrected for 
small sample size (SEAc) of basal resources, macroinvertebrates, and fish 
were calculated at each site. Following six food web community metrics 
were calculated at each site, using the isotopic values of basal resources, 
macroinvertebrates, and fish. NR (δ15N range) represented trophic 
length, CR (δ13C range) represented niche diversification, TA (total area) 
represented the total amount of niche space occupied, CD (mean 
Euclidean distance of each species to centroid) represented average 
trophic diversity, MNND (mean nearest neighbor distance) represented 
the overall density of species packing, and SDNND (standard deviations 
of mean nearest neighbor distance) presented evenness of species 
packing. If more species perform the same trophic function, then 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 species (Layman et al., 2007). 

Analysis of variance (ANOVA) was performed to analyze the differ-
ences in environmental parameters and isotopic values, the analysis was 
carried out at a significance level p < 0.05. Principal component analysis 
(PCA) was carried out to explore the impact of key physical and chem-
ical characteristics related to land use on food web isotopic metrics. The 
axis that explained the most variance was used as an indicator of food 
web metrics. 

Statistical analyses were carried out in software SPSS 24.0 for Win-
dows and R 3.6.1 (R Development Core Team, 2019). The metrics at the 
trophic level and community metrics of consumers were calculated 
using the SIBER package (Jackson et al., 2011). The proportions of diets 
in aquatic consumers were estimated using the simmr package (updated 
SIAR package), which employs Gaussian likelihood and fits the mixing 
model to the data via Markov chain Monte Carlo (MCMC) (Parnell and 
Inger, 2016). 

3. Results 

3.1. Environmental parameters 

TDC were significantly higher in the urban sites (50.56 ± 17.32 mg/ 
L) than those in the woodland (25 ± 12.86 mg/L) and agricultural 
(15.34 ± 5.6 mg/L) sites (F2,28 = 11.64, p < 0.01). Nitrate-N was 
significantly higher at the agricultural sites (1.71 ± 0.89 mg/L) than at 
the woodland sites (1.28 ± 0.79 mg/L) (F2,28 = 4.08, p = 0.03). Water 
temperature at urban sites (24.66 ± 2.39 ℃) was significantly higher 
than woodland (19.63 ± 2.43 ℃) and agricultural (20.79 ± 2.55 ℃) 
sites (F2,28 = 7.46, p < 0.05). There were no significant differences in 
TDN, TDP, pH, DO, ammonia-N or CODMn across land use types 
(Table 1). 

3.2. Taxonomy and isotopic signatures in river food webs 

We sampled 26 fish species belonging to six families and 132 
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macroinvertebrates belonging to 73 families (Supporting information 
Tables S1, S2). The isotopic signatures (δ13C and δ15N) of the basal re-
sources of macroinvertebrates and fish varied among sampling sites with 
different land uses in the reach scale. In the agricultural, woodland, and 
urban sites, terrestrial resources had δ13C values of − 26.6 ± 1.6‰, 
− 27.89 ± 2.44‰, and − 24.6 ± 4.83‰ (F2,121 = 9.63, p < 0.05), while 
aquatic macrophytes had δ13C values of − 29.06 ± 3.12‰, − 24.61 ±
3.97‰, and − 20.81 ± 4.11‰ (F2,129 = 36.29, p < 0.05), respectively. 
Epilithic algae had the lowest δ13C values (− 28.44 ± 1.38‰) at the 
agricultural sites (F2,55 = 8.88, p < 0.05), seston had the lowest values 
(− 26.8 ± 2.25‰) at the urban sites (F2,33 = 5.22, p < 0.05), and FBOM 
had the lowest values (–23.4 ± 4.22‰) at the woodland sites (F2,69 =

2.23, p < 0.05). For macroinvertebrates, δ13C values had no significant 
differences between the urban and woodland sites (–23.91 ± 3.72 and 
− 24.35 ± 2.62‰) but were significantly higher at the agricultural sites 
(-28.52 ± 3.41‰) (F2,295 = 53.88, p < 0.05). δ13C values of fish were the 
highest at the woodland sites (–22.90 ± 2.62‰), medium at the urban 
sites (–23.91 ± 2.37‰), and lowest at the agricultural sites (− 28.01 ±
2.08‰) (F2,563 = 284.6, p < 0.05) (Table 2). 

Terrestrial resources had significantly higher δ15N values at the 
urban sites (8.15 ± 2.46‰) than at the agricultural and woodland sites 
(4.91 ± 1.9‰ and 4.51 ± 1.95‰) (F2,121 = 17.58, p < 0.05). Lower 
aquatic resources, including epilithic algae (8.84 ± 1.62‰, 8.81 ±
2.46‰, and 5.82 ± 1.9‰) (F2,55 = 16.16, p < 0.05), seston (8.45 ±
1.46‰, 7.72 ± 1.58‰, and 6.79 ± 1.07‰) (F2,69 = 12.46, p < 0.05), and 
FBOM (9.86 ± 3.19‰, 7.15 ± 1.88‰, and 6.75 ± 2.67‰) (F2,33 = 4.79, 
p < 0.05), had significantly higher δ15N values at the agricultural and 
urban sites than woodland sites. From the woodland, urban to agricul-
tural sites, the δ15N values of aquatic macrophytes (7.41 ± 2.11‰, 9.73 
± 3.48‰ to 11.19 ± 2.18‰) (F2,129 = 20.5, p < 0.01), macro-
invertebrates (7.27 ± 2.38‰, 9.36 ± 3.00‰ to 11.58 ± 2.89‰) (F2,295 
= 72.76, p < 0.01), and fish (9.43 ± 2.01‰, 11.08 ± 2.97‰ to 12.64 ±
2.08‰) (F2,563 = 143.25, p < 0.01) had increased significantly (Table 2). 

3.3. Dietary proportions of basal resources to higher trophic levels 

The relative proportion of basal resources which included terrestrial 
resources (F2,28 = 0.29, p = 0.748), aquatic macrophytes (F2,27 = 1.2, p 
= 0.317) and lower aquatic resources (F2,28 = 0.752, p = 0.481) to 
macroinvertebrates did not differ significantly among the sampling sites 
with different land use types. The relative proportion of macro-
invertebrates which included predators (F2,24 = 0.323, p = 0.727), 
scrapers (F2,23 = 2.01, p = 0.157), collectors (F2,25 = 0.64, p = 0.536) 
and shredders (F2,12 = 0.427, p = 0.662) to fish did not differ signifi-
cantly among the sampling sites with different land use types either. 
Terrestrial resources (allochthonous source) contributed relatively less 
(~20%) than aquatic resources (autochthonous source) to 

macroinvertebrates, and shredders contributed relatively less than col-
lectors and scrapers to fishes in all stream food webs, especially at the 
urban sites (Fig. 2). 

4. . 

4.1. Metrics in food webs 

Isotopic variations represented by the SEAc (the standard ellipse 
area) of basal resources (F2,28 = 2.82, p = 0.027, Fig. 3a) at the wood-
land sites were significantly lower than at the agricultural and urban 
sites. Different land use types did not have significant effects on the SEAc 
of macroinvertebrates (F2,28 = 1.07, p = 0.357, Fig. 3b) and fish (F2,28 =

1.04, p = 0.367, Fig. 3c). 
Community-level metrics within food webs varied among sampling 

sites with different land uses (Table 3). NR (F2, 28 = 8.834, p < 0.01) was 
significantly higher at the agricultural sites than at the woodland and 
urban sites, and CR (F2, 28 = 14.375, p < 0.01) was significantly higher at 
the woodland sites than that at the agricultural and urban sites. TA (F2, 

28 = 2.089, p = 0.143), a proxy for the total extent of trophic diversity 
within a food web, showed no significant differences across land use 
types. CD (F2, 28 = 13.16. p < 0.01), the average trophic diversity, was 
significantly higher at the agricultural and woodland sites than that at 
the urban sites. MNND (F2, 28 = 11.687, p < 0.01) in the isotopic space 
was significantly higher at the agricultural and woodland sites than that 
at the urban sites. SDNND (F2, 28 = 5.568, p < 0.01) at the urban sites 
was significantly lower than at the woodland and agricultural sites 
(Table 3). 

The environmental parameters were explained by PC1 (principal 
component 1) axis (26.78%) and PC2 (principal component 2) axis 
(19.18%) (Table 4). Dissolved carbon in rivers (TDC), ammonia-N, and 
nitrate-N contributed the most to PC1 while conductivity, water 

Table 1 
Environmental parameters for the three different land use types at the reach 
scale (agriculture, woodland, and urban). TDC is total dissolved carbon (mg/L), 
TDN is total dissolved nitrogen (mg/L), TDP is total dissolved phosphorus (mg/ 
L), DO is dissolved oxygen concentration (mg/L), and Temp is water tempera-
ture (◦C). Subscript a, b, and c denote significant differences among different 
land uses according to ANOVA.  

Environmental factors Agriculture Woodland Urban 

Velocity (m/s) 0.43 ± 0.22a 0.22 ± 0.2b 0.32 ± 0.31a 

Temp (℃) 20.79 ± 2.55b 19.63 ± 2.43b 24.66 ± 2.39a 

Conductivity (μS/cm) 455.63 ± 56.61a 289.89 ± 74.92b 460.6 ± 124.87a 

TDC (mg/L) 15.34 ± 5.6b 25 ± 12.86b 50.56 ± 17.32a 

TDN (mg/L) 2.01 ± 1.16a 1.63 ± 0.68a 1.51 ± 0.3a 

TDP (mg/L) 0.38 ± 0.67a 0.07 ± 0.04a 0.16 ± 0.06a 

pH 8.38 ± 0.08a 8.51 ± 0.21a 8.67 ± 0.35a 

DO (mg/L) 7.84 ± 1.11a 6.63 ± 1.86a 6.18 ± 1.62a 

Nitrate-N (mg/L) 1.71 ± 0.89a 1.28 ± 0.79b 1.18 ± 0.46b 

Ammonia-N (mg/L) 0.58 ± 0.18a 0.24 ± 0.27a 0.32 ± 0.33a 

CODMn 3.48 ± 0.94a 2.55 ± 0.84a 2.6 ± 0.73a  

Table 2 
Mean ± SD of δ13C and δ15N isotope ratios of fish, macroinvertebrates, and basal 
resources at different land use types (agriculture, urban, and woodland). Fish 
include piscivores, omnivores, and herbivores. Macroinvertebrates include 
predators, collectors (filter-collectors and gatherer-collectors), scrapers, and 
shredders. Basal resources, including terrestrial resources (terrestrial insects and 
leaf litter sampled in the riparian zone), aquatic macrophytes (submerged, 
floating-leaved, and emergent plants), and other lower aquatic resources (epi-
lithic algae, filamentous algae, seston, and FBOM). Subscript a, b, and c denote 
the significant differences in δ13C and δ15N isotopic ratios among different land 
use types according to ANOVA.  

Functional groups Land use types n δ13C(‰) δ15N(‰) 

Terrestrial resources Agriculture 29 − 26.6 ± 1.6b 4.91 ± 1.9b  

Urban 12 − 24.6 ± 4.83a 8.15 ± 2.46a  

Woodland 82 − 27.89 ± 2.44c 4.51 ± 1.95b 

Aquatic macrophytes Agriculture 24 − 29.06 ± 3.12c 11.19 ± 2.18a  

Urban 45 − 20.81 ± 4.11a 9.73 ± 3.48b  

Woodland 64 − 24.61 ±
3.97b 

7.41 ± 2.11c 

Epilithic algae Agriculture 12 − 28.44 ±
1.38b 

8.84 ± 1.62a  

Urban 10 − 25.19 ± 4.03a 8.81 ± 2.46a  

Woodland 36 − 24.84 ± 2.4a 5.82 ± 1.9b 

Seston Agriculture 24 − 24.4 ± 1.6a 8.45 ± 1.46a  

Urban 10 − 26.8 ± 2.25b 7.72 ± 1.58a  

Woodland 38 − 25.02 ± 2.12a 6.79 ± 1.07b 

FBOM Agriculture 12 − 20.71 ± 2.49a 9.86 ± 3.19a  

Urban 5 –22.31 ± 1.06a 7.15 ± 1.88a  

Woodland 19 –23.4 ± 4.22b 6.75 ± 2.67b 

Macroinvertebrates Agriculture 67 − 28.52 ±
3.41b 

11.58 ± 2.89a  

Urban 32 –23.91 ± 3.72a 9.36 ± 3.00b  

Woodland 199 − 24.35 ± 2.62a 7.27 ± 2.38c 

Fish Agriculture 210 − 28.01 ± 2.08c 12.64 ± 2.08a  

Urban 48 –23.91 ± 2.37b 11.08 ±
2.97b  

Woodland 308 –22.90 ± 2.62a 9.43 ± 2.01c  
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temperature (Temp), and CODMn contributed the most to PC2 (Table 4). 
A significant positive correlation was observed between PC1 and 
community-level metrics within stream food webs, including NR (R2 =

0.14, p = 0.04), CR (R2 = 0.02, p = 0.48), CD (R2 = 0.17, p = 0.02) and 
MNND (R2 = 0.18, p = 0.02) (Fig. 4). 

5. Discussion 

5.1. Isotopic variations of aquatic organisms in response to land use 

All sampling sites regardless of their land uses at the reach scale had 

Fig. 2. (a) Dietary proportion of basal resources (terrestrial resources, aquatic macrophytes, and lower aquatic resources) to macroinvertebrates at urban, agri-
cultural, and woodland sites. (b) Dietary proportion of macroinvertebrates (predators, collectors, scrapers and shredders) to fish at agricultural, woodland, and 
urban sites. 

Fig. 3. The isotopic variances illustrated by standard ellipse area (SEAc, ‰2) for (a) basal resources, (b) macroinvertebrates and (c) fish at each site. Black, red, and 
green ellipses and symbols represent the agricultural, woodland, and urban sites respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Table 3 
Mean ± SD of community metrics of food webs within stream food webs 
(including basal resources, macroinvertebrates, and fish) at agricultural, 
woodland, and urban sites. Metrics include CR (δ13C range), NR (δ15N range), TA 
(Total area), CD (mean Euclidean distance of each species to centroid), MNND 
(mean nearest neighbor distance), and SDNND (standard deviations of mean 
nearest neighbor distance). Subscript a, b, and c denote the significant differ-
ences in food web metrics according to ANOVA.  

Land uses NR CR TA CD MNND SDNND 

Agriculture 5.05 ±
1.14a 

2.33 ±
1.17b 

3.75 ±
1.75a 

2.32 ±
0.45a 

2.87 ±
0.53a 

1.27 ±
0.66a 

Woodland 3.12 ±
1.37b 

5.19 ±
1.73a 

2.91 ±
2.37a 

2.43 ±
0.53a 

3.03 ±
0.63a 

1.2 ±
0.93a 

Urban 2.25 ±
0.66b 

1.9 ±
0.83b 

0.87 ±
0.58a 

1.16 ±
0.21b 

1.58 ±
0.3b 

0.26 ±
0.06b  

Table 4 
Results of Principal Component Analysis (PCA) showing how much of the total 
variation can be explained by each PC axis (1–3), and the loadings of each 
physical and chemical characteristic within each PC. Positive values and their 
corresponding characteristics are inversely related to those with negative values. 
TDC is total dissolved carbon (mg/L), TDN is total dissolved nitrogen (mg/L), 
TDP is total dissolved phosphorus (mg/L), DO is dissolved oxygen concentration 
(mg/L), and Temp is water temperature (◦C).   

PC1 
(26.78%) 

PC2 
(19.18%) 

PC3 
(15.62%) 

TDC  1.0241 − 0.53816  0.20851 
Nitrate-N  − 0.9583 − 0.40466  0.51101 
Ammonia-N  − 0.8861 − 0.02856  − 0.75419 
DO  − 0.8658 0.2949  − 0.68493 
TDN  − 0.8404 − 0.56887  0.6017 
Velocity  − 0.5271 − 0.2687  0.03976 
Temp  0.3529 − 0.85443  − 0.61736 
CODMn  − 0.2906 − 0.76571  0.11091 
pH  0.2873 − 0.1882  − 0.81083 
Conductivity  0.2093 − 0.96243  − 0.13215 
TDP  − 0.2083 − 0.5194  − 0.25043  
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pH higher than 8 (Table 1), which indicated that there was a very low 
concentration of dissolved CO2 in the water column. Previous studies 
showed that carbon limitation for photosynthesis could account for the 
δ13C enrichment of algae and submerged plants because the discrimi-
nation against 13C was reduced to fully utilize the CO2 available in water 
(Finlay, 2001; Chappuis et al., 2017). In Han River basin, the δ13C value 
of river water has been reported to be negatively related with the dis-
solved inorganic carbon and dissolved organic carbon (Han et al., 2019). 
Since urban sites had higher nutrients (TDC) than agricultural sites 
(Table 1), we could expect lower δ13C value of river water at urban sites 
in comparison to agricultural sites. Also, the δ13C values of aquatic 
macrophytes and epilithic algae were expected to be lower at urban sites 
relative to agricultural sites. However, this is contrary to our results that 
the δ13C values of aquatic macrophytes and epilithic algae were signif-
icantly higher at urban sites compared to agricultural sites. The possible 
explanation for this is higher temperature at urban sites that could in-
crease the respiration of aquatic macrophytes and epilithic algae, and 
those primary producers would preferentially excrete the 12C into the 
river, leading to the increase in 13C in themselves (Finlay and Kendall, 
2008; Sun et al., 2015). The impact of urban land use on the δ13C values 
of aquatic macrophytes and epilithic algae could be attributed to the 
increased nutrients inputs and water temperature. 

Due to nitrogen fertilizers and sewage water inputs by intensive 
agricultural and urban land use, aquatic systems are susceptible to 
denitrification and volatilization of ammonia. Consequently, the δ15N 
values of nitrogen sources were probably enriched when they were 
transported from land to rivers (Choi et al., 2017; Guiry, 2019). When 
loaded into rivers, the δ15N of nitrogen sources could further be affected 
by primary productivity, dissolved oxygen, alkaline conditions, and/or 
water depth because those factors can influence numerous microbial 
activities relating to N cycle, which in turn influence δ15N of the primary 
producers and higher trophic level species (Casey and Post, 2011; Guiry, 
2019). Previous studies showed that enriched δ15N values in basal re-
sources and aquatic organisms can reliably reflect nitrogen inputs 
(especially for nitrate) from crop fertilizers, pesticides, and sewage 
wastes in urban and agricultural areas (Cole et al., 2004; Saito et al., 
2008; Bergfur et al., 2009). In our study, the nitrate-N concentrations at 
agricultural sites were significantly higher than woodland sites. So it is 
not surprising that the δ15N of lower aquatic resources (FBOM, seston, 
and epilithic algae) were significantly more enriched at the agricultural 

than at the woodland sites (Table 2; Morrissey et al., 2013; De Carvalho 
et al., 2017; Lee et al., 2018). However, even urban sites had signifi-
cantly higher δ15N values than woodland sites, but they had similar 
concentrations of TDN (total dissolved nitrogen), nitrate-N and 
ammonia-N (Table 1). Additionally, the urban and woodland sites had 
similar DO (dissolved oxygen) and pH (greater than 8), both of which 
can influence the nitrogen isotopic compositions of freshwater food 
webs (Kendall et al., 2008; Guiry, 2019). We assume that water depth 
could account for the enriched δ15N values of lower aquatic resources 
(FBOM, seston, and epilithic algae) at urban sites, because studies in 
freshwater ecosystems (e.g., lakes) have shown that the δ15N values of 
particulate organic matter increased and N concentrations decreased 
with water depth (Kumar et al., 2011). In natural riverine ecosystems, 
the pool-riffle sequence is common and pool habitat is usually deeper 
than the riffle habitat (Thompson, 2018). In our study area, urban sites 
had an incised river channel, and this change in the channel geo-
morphology results in the loss of pool-riffle sequences and increases the 
water depth (Paul and Meyer, 2001; Neff et al., 2010; Hawley et al., 
2020). 

The effect of land use on isotopic compositions of primary producers 
could also have a significant impact on those of higher trophic level 
species (Bunn et al., 1999, 2003; Casey and Post, 2011; Lee et al., 2018; 
Price et al., 2019). This was also reflected in our results. This impact of 
land use on the isotopic compositions of primary producers and aquatic 
consumers (macroinvertebrates and fish) had implications for the 
bottom-up control in energy flow in freshwater ecosystems (Shurin 
et al., 2012). The isotopic values of aquatic fauna indicate not only the 
presence of nutrient loading brought by land use but also the effects of 
land use on the geomorphology of river channel and the ecology of 
species. 

5.2. Resource flow within food webs and responses to land use 

Food webs in the river ecosystems are supported by combinations of 
autochthonous (internal) and allochthonous (external) sources of pri-
mary production (Vannote et al., 1980; Junk et al., 1989; Zeug and 
Winemiller, 2008; Pingram et al., 2012). The relative contribution of 
allochthonous and autochthonous carbon sources within food webs is 
fundamental to understanding the relationship between flora and fauna 
of different environments and is vital for management practices that aim 

Fig. 4. Relationship between physical and 
chemical parameters represented by PC1 
(principal component 1) and (a) NR (δ15N 
range), (b) CR (δ13C range), (c) CD (mean 
Euclidean distance of each species to 
centroid) representing average trophic di-
versity at each site, and (d) MNND (mean 
nearest neighbor distance) representing the 
overall density of species packing. The black 
dots indicate the community-level metrics in 
the food web at each site. The shaded area is 
the 95% confidence interval and the black 
line demonstrates a significant fit of the 
linear mixed effects model to the data.   
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to protect the environment (Recalde et al., 2016; Brett et al., 2017). 
In our study, we observed a larger distribution of basal resources 

along the X axes (δ13C) than macroinvertebrates and fish at agricultural, 
urban, and woodland sites (Fig. 3), this indicated that the potential prey 
for higher trophic levels had been thoroughly sampled (Fry, 2013). 
Compared to the urban and agricultural sites, we expected that the lack 
of light penetration at woodland sites could reduce the photosynthesis of 
autochthonous primary producers and the substantial influx of 
allochthonous resources (e.g., leaf litter and woody debris) could 
dominate the growth of the higher trophic levels (Vannote et al., 1980). 
However, in terms of the relative contribution, land use alterations did 
not change the fact that autochthonous resources contributed much 
more to diets of macroinvertebrates (Fig. 2a). Meanwhile, scrapers and 
collectors, which mainly feed on periphyton (e.g., epilithic algae) and 
fine organic matter (autochthonous resources), contributed much more 
to the diets of fish than shredders, which mainly feed on decomposing 
vascular plant tissues (e.g., leaf litter) (allochthonous resources) among 
all land uses (Fig. 2b). The pattern of energy flow was primarily from 
aquatic resources to macroinvertebrates and fish. 

There are several reasons for the heavy reliance of macro-
invertebrates and fish on aquatic resources in the river channel 
regardless of upland land uses. First, there were no differences in TDN 
and TDP among sampling sites in different land use types, except for 
higher nitrate-N at the agricultural sites and higher nutrient inputs 
(TDC) at urban sites. Similar nutrient inputs among different land use 
types could have masked the effect of land uses on primary production, 
thus the relative importance of aquatic resources to macroinvertebrates 
among different land uses. Secondly, urbanization generally increases 
the impervious surface cover, resulting in less fine sediment (Paul and 
Meyer, 2001). In our study area, the substrates at several agricultural 
sites were either pebbles or sand and silt, which can be beneficial for 
aquatic macrophytes (especially submerged ones) by providing them 
habitat (Li et al., 2012). Their roots can lead to the retention of FBOM, 
and fine particles and small aquatic organisms can collect at their roots 
and stems (Jones et al., 2012), which may enhance the contribution of 
lower aquatic resources to the diets of macroinvertebrates. At the same 
time, aquatic macrophytes, especially submerged plants, contain less 
lignin and cellulose than terrestrial plants (Albersheim et al., 2010). 
Aquatic consumers will utilize diets that closely match their own 
biochemical composition when there is a much less presence of ligno-
cellulosic components in aquatic macrophytes (Brett et al., 2017). The 
substrates at the woodland sites mainly consisted of cobbles and peb-
bles, which were habitats for epilithic algae, and algal production could 
also be important autochthonous production for higher trophic levels 
(Bunn et al., 2003; Brett et al., 2017). Lastly, seasonal hydrology could 
be an important factor that determines the availability of terrestrial 
subsidies to the aquatic ecosystems, because aquatic consumers could 
have access to terrestrial resources during flood season. Our sampling 
was conducted before the flood season, but even given the high mobility 
of macroinvertebrates and fish, their access to terrestrial resources could 
be restricted by water level. Therefore, local (aquatic) resources would 
dominate in the flowing water during the dry season, and thus 
contributed more than allochthonous (terrestrial) resources to higher 
trophic levels regardless of land uses. 

5.3. Trophic structure in response to land use 

In streams with a temperate climate, such as in Zagreb, Croatia, it 
was found that the isotopic variations (SEAc) of basal resources and 
macroinvertebrates were unaffected by land use types (Price et al., 
2019). In our study, agricultural and residential expansion downstream 
altered the isotopic variations of basal resources instead of consumers 
(macroinvertebrates and fish) (Fig. 3). Substrates in lowland basins are 
often dominated by eroded or weathered materials from mountains 
(Rahbek et al., 2019). From the mountainous region upstream to the 
lowlands downstream, FBOM (fine benthic organic matter) beneath the 

substrates could be generated from degradable algae, herbaceous plants, 
or tree leaves during litter decomposition. Seston (suspended organic 
matter) within the water column could also stem from various sources in 
the river channel upstream and the riparian zone. Carbon sources for 
FBOM and seston at our urban and agricultural sites downstream might 
be more complex than at our woodland sites, and the enrichment of δ15N 
in basal resources at our urban and agricultural sites could possibly 
result in the higher SEAc of basal resources at our agricultural and urban 
sites. 

We observed an abundance of scrapers and collectors (gatherers- and 
filter- collectors) with multiple feeding behaviors as well as living 
habitats in macroinvertebrates across land use types. As for fish, there 
was a uniform distribution of herbivore (e.g., Carassius auratus), omni-
vore (e.g., Microphysogobio kiatingensis, Gnathopogon imberbis), and pi-
scivore fish (e.g., Opsariichthys bidens) across the three land use types 
(Supporting Information Table S1 and S2). Even though we found that 
isotopic variations (δ13C and δ15N) in macroinvertebrates and fish were 
affected by land use, we did not observe significant differences in SEAc, 
which is probably due to the feeding plasticity of the higher trophic 
levels (Dabrowski and Portella, 2005; Guo et al., 2018). This difference 
can also be reflected in the community-level metrics based on the iso-
topic values of consumers (macroinvertebrates and fish) that NRcon, 
CRcon, CDcon, and MNNDcon had no significant differences among the 
land use types (Supporting Information Table S3), Compared to the 
mountainous upstream woodland sites, the agricultural and urban sites 
in our sampling area did change the isotopic compositions of fish and 
macroinvertebrates assemblages, but failed to influence the niche width 
or trophic diversity of their communities, which have important impli-
cations for the capacity of aquatic consumers in food webs to buffer and 
recover from mild disturbances. We conclude that the impacts of land 
use on the entire structure of the stream food web in the subtropical 
region could possibly be mitigated via the availability and variability of 
basal resources and the feeding plasticity of consumers at higher trophic 
levels. This indicated the resilience of riverine ecosystems can be 
brought by diverse nutrient inputs and various feeding strategies at 
higher trophic levels in response to land use. 

6. Conclusions 

Our stable isotope analysis indicated that upland land uses have a 
significant impact on the δ13C discrimination and δ15N enrichment of 
macroinvertebrates and fish, and the isotopic compositions of basal 
aquatic resources in subtropical streams. The contribution of allochth-
onous resources to higher trophic levels in the subtropical streams was 
much lower than autochthonous resources regardless of land use in the 
upland area. Trophic structure alterations in response to land use could 
possibly result from the combined effects of the availability and vari-
ability of basal resources in the river channel and the feeding plasticity 
of macroinvertebrates and/or fish. The stable isotope approach offers a 
robust spatial and temporal integrated overview of the diet composition 
and trophic structure within stream food webs, which provides a better 
understanding of the energy transfer through trophic interactions and 
can be used to investigate nutrient fluxes in polluted areas and the 
response to land use. 
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