Ecol Res (2016) 31: 831–839
DOI 10.1007/s11284-016-1393-4

O R I GI N A L A R T IC L E

Xiaoyan Yao • Gentian Huang • Ping Xie
Jun Xu

Trophic niche differences between coexisting omnivores silver
carp and bighead carp in a pelagic food web

Received: 27 July 2016 / Accepted: 25 August 2016 / Published online: 8 September 2016
 The Ecological Society of Japan 2016

Abstract Understanding how omnivorous consumers are
aﬀected by their resources and how this is expressed
through the food chain is a fundamental issue in ecology. We used stable isotope analysis of archived scales of
two pelagic single-chain omnivorous ﬁsh species, bighead carp (Hypophthalmichthys nobilis) and silver carp
(H. molitrix), to reconstruct historical trophic interactions patterns along a gradient of resources. We found
that, although bighead carp and silver carp utilize the
similar resources from the pelagic food chain, they can
coexist and persist not only by regulating their trophic
position and trophic dissimilarity, but also by regulating
trophic niche width. Omnivorous ﬁsh often exhibit
ﬂexible foraging strategies, which is closely related to the
availability of ecologic context. We found a positive
relationship between trophic dissimilarity and zooplankton density, which may indicate that the competitive interactions induce strong top-down eﬀects on
zooplankton, and/or that high zooplankton availability
release the between-population trophic interaction
through bottom-up eﬀect. The trophic niche width of
bighead carp was positively related with zooplankton
availability, probably reﬂecting that the niche of an
omnivore at a higher trophic position is more sensitive
to high quality resources. Our results indicate how different aspects of the trophic partitioning of coexisting
omnivores may be regulated by diﬀerent ecological
contexts. These alternatives are not mutually exclusive
and further theoretical work should include both these
mechanisms to re-evaluate the eﬀects of omnivory on
food web properties.
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Introduction
Understanding and predicting the factors regulating
food web structure has long been an active area of
ecological research (Paine 1980). In aquatic ecosystems,
ﬁsheries production, biogeochemical cycling, and
ecosystem responses to anthropogenic activities were
strongly inﬂuenced by food web interactions (Brett and
Goldman 1997). Omnivory, a common feature of food
webs that reﬂects the ﬂexibility of consumers in energy
acquisition, was traditionally deﬁned as feeding at more
than one trophic level within a single food chain (Pimm
and Lawton 1978; Yodzis 1984; Vadeboncoeur et al.
2005). The important role the trophic omnivory play in
the structure and dynamics of food webs causing a longterm controversy in ecology (Holt and Polis 1997;
Vandermeera 2006). An analysis of natural food webs
suggests that, above the herbivore trophic level, food
webs of omnivores were more tangled and complexed
(Thompson et al. 2007). For example, in lake ecosystems, piscivorous and benthivorous ﬁshes can derive
energy from both benthic- and pelagic-based food
chains, while planktivorous ﬁshes show a consistent
energetic link to pelagic-based food chain (Vadeboncoeur et al. 2005; Zhang et al. 2013a, b; Xu et al. 2014).
Omnivorous ﬁsh often exhibit ﬂexible foraging
strategies, which is closely related to the availability of
food resources (Gregersen and Aass 2006; Corrigan
et al. 2011; Xu et al. 2016). Omnivory has been suggested
to stabilize consumer-resource interactions, diﬀuse topdown inﬂuences through food webs and alter the
expression of top-down control (McCann and Hastings
1997; Loeuille and Loreau 2004). Pelagic ecosystems are
often considered as linear food chains with distinct
trophic levels, which is why trophic cascades are more
commonly identiﬁed in aquatic than in terrestrial
ecosystems (Carpenter and Kitchell 1996; Carpenter
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et al. 1996; Pace et al. 1999). However, strong top-down
control is actually likely to lead to reduced consumerresource stability, especially as ecosystem productivity
increases (Rosenzweig 1971; Strong 1992), and because
of omnivory, top-down regulation is not expressed
similarly in all ecosystems (Pace et al. 1999; Vadeboncoeur et al. 2005; Xu et al. 2012). Therefore, it is crucial
to understand how omnivorous consumers partition
their trophic niches in time, as well as how their trophic
niches are regulated by resource availability and competition when coexisting in a single food chain.
Stable isotope ratios can be used in measuring trophic
patterns as the values measured in consumer tissues are
tightly related to those in their diet (Minagawa and
Wada 1984; Vander Zanden et al. 1997; Post 2002). For
example, the d15N is analogous to a trophic position
axis, because 15N increases in a stepwise fashion with
each trophic level; the d13C is analogous to an axis of
primary carbon source origins, because 13C alter slightly
with trophic level transfer. Thus, isotopic data of animal
tissues essentially delineates an animal’s isotopic niche
(Newsome et al. 2007), which is tightly correlated to the
trophic niche (Hutchinson 1957). The isotopic niche of
consumers provide ecologically relevant information
about the individual, population or community they
represent as it is predominantly ecological in origin
(Jackson et al. 2011). Additionally, stable isotope compositions oﬀer time-integrated trophic information of
consumers, which is an integrated measure of niche
width as the selection of tissues with appropriate turnover rates in consumers can be linked qualitatively to the
variance among individuals in isotope space (Bearhop
et al. 2004).
Silver carp (Hypophthalmichthys nobilis [Richardson, 1845]) and bighead carp (H. molitrix [Valenciennes, 1844]), collectively known as Asian carps, are
important cultivated and invasive ﬁshes in many parts
of the world. These carps are omnivorous ﬁler-feeding
ﬁsh, i.e. feeding from diﬀerent trophic levels (phytoplankton and zooplankton). Silver carp feeds mainly
on phytoplankton, whereas bighead carp feeds mainly
on zooplankton; these two species also exhibit ﬂexible
foraging strategies, i.e. change of the diet proportions
of planktonic resources, depending on the status of
food sources (Gu et al. 1996; Xu and Xie 2004; Zhou
et al. 2009a; Xu et al. 2016). High biomass of these ﬁlter
feeders can substantially reduce phytoplankton and
zooplankton biomass, which caused competition for
available feeding source with larval ﬁshes and other
planktivores (Xie 2001; Kolar et al. 2005; Cooke et al.
2009). These carps are invasive species and have become an ecological threat to numerous lake and river
ecosystems in United States (Garcı́a-Berthou et al.
2005) and in China (Xu et al. 2015). These species are
also the main focus of a non-traditional biomanipulation technique which has been applied to control
cyanobacteria in many highly eutrophic lakes (Xie and
Liu 2001; Zhang et al. 2008; Zhou et al. 2009a, b; Xu
et al. 2014). Therefore, determinations of trophic

interaction of Asian carps across a productivity gradient is essential to understand the prevalence and impact
of Asian carp as both invasive and biomanipulative
species throughout the world.
Here we used d13C and d15N signals of nonlethally
sampled, ﬁsh scales, as an archived integrated trophic
niche indicator in stable isotopic space. Fish scales
provided reliable indications of potential food sources or
trophic relationships in the food web in consumers’
ontogeny, as there are intrinsic relationships between
scales and the muscle tissue (Estep and Vigg 1985;
Wainright et al. 1993; Pruell et al. 2003; Kelly et al.
2006). We hypothesized that variable contributions of
phytoplankton and zooplankton to the diet of those
omnivores would regulate their trophic niche partitioning to facilitate their coexistence. Figure 1 presents a
schematic illustration of trophic interaction in a pelagic
food web dominated by bighead and silver carps. The
ﬁgure illustrates that these coexisting omnivores in the
pelagic food chain regulate their trophic dissimilarity
(from A to B), or niche width (from B to C) to adapt to
accommodate inter-speciﬁc resource sharing (i.e. zooplankton and phytoplankton), which may not be
mutually exclusive (from A to C). These possible
mechanisms suggests that variable dietary contributions
of phytoplankton and zooplankton would regulate their
trophic niche partitioning to facilitate the coexistence of
both omnivorous ﬁsh. We used stable isotope analyses
of ﬁsh scales from an eleven-year-long survey to construct the historical trophic niches dynamics of two
planktivorous ﬁsh, which are dominant in a pelagic food
chain. Speciﬁcally, we ﬁrst used d13C and d15N signals of
the ﬁsh scales as an archived integrated trophic niche
indicator in stable isotopic space. Secondly, we used
stable isotopes rations of both populations to calculate
two stable isotope population metrics, trophic dissimilarity between the two populations and the trophic niche
width of each population. Finally, we related these
trophic indices to the resource availability and competition to determine how the trophic niches are regulated
in this ecological context.

Materials and methods
Field collection and lab processing
Lake Donghu (3033¢E, 11423¢N) located in middle
reaches of Yangzi River in China with a surface area
32 km2 and the maximum depth 4.5 m (Liu 1984). The
lake is eutrophic, and total phosphorus and nitrogen
concentrations varied between 0.1–0.3 and 1.2–2.5 1 mg
L 1 during studied years. Silver carp and bighead carp
are the native species and the main commercial ﬁsh in
this lake. Scales of bighead and silver carps were obtained from an archived collection maintained by the
Donghu Experimental Station of Lake Ecosystems,
Chinese Ecosystem Research Network (DESLE,
CERN) from 1994 to 2004. More than 85 % of the ﬁsh
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yield was from silver and bighead carp in the sampling
years. The ﬁsh were caught using a commercial trolling
net (mesh size 2 · 2 cm2 with a trawling speed 3 miles
per hour) in December each year. At capture, the scales
used for age determination were removed from the body
side above the lateral line, and then dry-preserved and
archived with entire scale. Seven to eight scales were
removed from each ﬁsh to determine ﬁsh age. Eight to
thirteen individuals of each species at age three were
selected per year to reduce the age eﬀect on further
analysis. The average body length of the bighead and
silver carp was 46.6 ± 1.2 and 41.7 ± 2.3 cm, respectively. After age determination for each individual, one
entire scale per ﬁsh were used for stable isotope analysis.
The isotopic ratio of whole ﬁsh scales reﬂects the entire
life span of the ﬁsh, but because ﬁsh scales grow exponentially, the ﬁnal year of scale material contributed a
larger weight to the total of the 3 years growth. Scales
were soaked in deionised water and any connective tissue removed with an abrasive pad (Pruell et al. 2003).
For stable nitrogen isotope analysis, scales were not
decalciﬁed because acid washing may alter the d15N
values of natural materials and increase isotopic variability (Bunn et al. 1995). For stable carbon isotope
analysis, scales were decalciﬁed because ﬁsh scales are a
mixed-origin tissue, with organic and inorganic fractions
(Fincel et al. 2012). For an accurate measurement of the
d13C of the proteins, the scales were decalciﬁed for 2 min
in 1 mol L 1 HCl and rinsed in deionised water before
analysis according to previously established protocols
(Perga and Gerdeaux 2003; Pruell et al. 2003; Gerdeaux
and Perga 2006).
Sampling for phytoplankton and zooplankton community was carried out at monthly intervals between
January 1994 and December 2004 by DESLE, CERN.
Each sample was a mixture of several subsamples collected from the surface to the bottom at 0.5 m intervals.
The quantitative samples (1 L) for phytoplankton were
ﬁxed with Lugol’s solution and sedimented for 24 h,
then concentrated to 50 mL. Samples were observed and
identiﬁed under a compound microscope under 400·
magniﬁcation and algal species were identiﬁed and
counted on a cell-by-cell basis. Biomass of the dominant
species were calculated using the formulae for solid
geometric shapes most closely matching the cell shape
under the assumption that 1 mm3 weight is 1 g based on
the measurement of 30 individual cells. The zooplankton
samples were obtained by ﬁltering the lake water
through a zooplankton net (mesh size 120 lm) and
preserved with 5 % formalin. Zooplankton, i.e. copepods and cladoceran, was identiﬁed and the volumes
were estimated by using geometric ﬁgures of their
approximate shape and well established weight—body
size regression (Lu et al. 2002). We used data for the
densities of zooplankton, phytoplankton and the
stocked ﬁngerlings to further analysis the trophic patterns of carps under this ecological context. Methods for
sample counts for plankton, and estimation of stocked
ﬁngerlings were described in previous publications

(Yang et al. 1998; Xie and Liu 2001; Xie and Xie 2002;
Lei et al. 2005). We used triennial averages of monthly
monitoring data to test our hypothesis because isotopic
compositions of ﬁsh scales reﬂects the entire life span of
the ﬁsh. In our study, it represents a trophic integrator
of 3 years. All samples were oven-dried at 60 C for at
least 48 h to constant weight and ground to homogeneous powder using mortar and pestle (Xu et al. 2012).
Stable isotopic analysis
The carbon and nitrogen stable isotope compositions
(d13C and d15N) were determined with a Delta Plus
(Finnigan, Bremen, Germany) continuous-ﬂow isotope
ratio mass spectrometer coupled to a Carlo Erba
NA2500 elemental analyzer (Carlo Erba Reagenti, Milan, Italy) in the Institute of Hydrobiology, Chinese
Academy of Sciences. Stable isotope ratios were expressed as parts per thousand (&) deviation from the
international standards according to the equation:
dX = [(Rsample/Rstandard)
1] · 1000, where X is
15
N or 13C and R is the corresponding ratio 15N/14N or
13
C/12C. d is the measure of heavy to light isotope in the
sample, whereby higher d values denote a greater proportion of the heavy isotope. The standards for nitrogen
and carbon are atmospheric nitrogen and Vienna Pee
Dee belemnite, respecitvely. The reference materials for
d15N and d13C were ammonium sulphate (IAEAUSGS25), and carbonate (IAEA-NBS18), respectively,
supplied by the U.S. Geological Survey (Denver,
Colombia, USA) and certiﬁed by International Atomic
Energy Agency (Vienna, Austria). On a daily basis, an
internal urea working standard (d15N = 1.53 &;
d13C = 49.44 &) was employed. Twenty percent of
the samples were run in duplicate; the average standard
errors of replicate measurements for d13C and d15N were
both less than 0.3 &.
Trophic dissimilarity and trophic niche width
To evaluate the extent to which bighead carp and silver
carp utilize planktonic resources diﬀerently, trophic
dissimilarity between silver carp and bighead carp was
estimated as the Euclidean distance between the centroids of silver carp and bighead carp populations in
stable isotopic space for each year. The centroid is the
mean d13C and d15N value for all individuals of each
population in each year. Thus, trophic dissimilarity was
calculated to determine the diﬀerence feeding strategies
between these coexisting omnivores. To make comparison between species populations with varying sample
sizes, trophic dissimilarity was derived from bootstrapped (999 times) isotopic data (Layman et al. 2007).
Considering the variation in sample size, the standard
ellipse area (SEA), which reﬂects the mean core population isotopic niche, was used to evaluate the isotopic niche
width of bighead carp and silver carp. The standard ellipse
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Table 1 Two-factors analysis of variance for stable isotope comparisons
Factors

d.f.

d13C (&)
Year
10
Species
1
15
d N (&)
Year
10
Species
1

Sum square
20.61
5.11
88.33
150.09

Mean square
2.061
5.111
8.83
150.09

F
6.291
15.599
18.9
321.1

P

<0.001
<0.001
<0.001
<0.001

Statistically signiﬁcant diﬀerences at P < 0.05 are indicated by
bold letters

Fig. 2 Isotopic niche widths marked with standard ellipse area
corrected for small sample sizes (SEAC) for bighead carp (samples
marked with solid circles) and silver carp (samples marked with
empty circles) collected between 1994 and 2004

width’’), which is expected to be less sensitive to sample
size (Jackson et al. 2011, 2012; Syväranta et al. 2013).
Explicitly, SEAc = SEA *(n 1)/(n 2). This correction leads to a slightly larger ellipse for small sample sizes.
Furthermore, SEAc can be used as a quantitative measure
of dietary similarity among populations, as it allows the
degree of isotopic niche overlap to be calculated. And all
metrics were calculated using the R statistical computing
package ‘‘siar’’ (Parnell and Jackson 2013).
Statistical analysis

Fig. 1 Schematic illustration of trophic interaction in a pelagic
food web dominated by bighead and silver carps. In this diagram,
phytoplankton represent trophic level 1 and zooplankton trophic
level 2, which pass to bighead carp and silver carp through two
distinct trophic transfers. We hypothesized that these coexisting
omnivores in the pelagic food chain regulate their trophic
dissimilarity (from A to B), or trophic niche width (from B to C)
to accommodate inter-speciﬁc resource sharing (i.e. zooplankton
and phytoplankton), but these two regulatory mechanisms may not
be mutually exclusive (from A to C). The dots represent the isotope
position of the ﬁsh

is calculated based on the d13C and d15N value and contains about 40 % of the data, which reveals the core niche
area (Jackson et al. 2011). We used corrected standard
ellipse area (SEAc), a sample size corrected version of the
standard ellipse area, as a measure of the mean core
population isotopic niche (hereafter ‘‘trophic niche

To analyze the diﬀerences in stable isotopic values between years and species, multivariate analysis of variance (MANOVA) to compare multivariate (d13C and
d15N) means among years and between species was used.
To see whether between-population trophic interactions
and/or within-population trophic niche widths could be
regulated by the resource availability and competition,
the relationships between the niche indices (trophic dissimilarity and niche width of carps) and ecological
variables (the biomasses of zooplankton and phytoplankton and the densities of stocked ﬁngerlings) were
assessed using multiple linear regressions. Statistical
analyses provided individual P values for each dependent variable for a test of statistical signiﬁcance at
a = 0.05. All statistics were conducted using the R
statistical computing package (R Development Core
Team 2013).

Results
Trophic dissimilarity and trophic niche width
Fish scale isotope ratios of silver carp and bighead carp
from 1994 to 2004 reﬂected long term changes of the
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isotopic niches. Isotope values of both species showed
signiﬁcant variation through time (MANOVA,
P < 0.001, Table 1). Bighead carp had signiﬁcantly
diﬀerent in stable isotopic values from silver carp
(P < 0.001). Trophic dissimilarity ranged from 1.12 to
2.28 (Fig. 3a). Annually, scale d13C of silver carp ranged
from 22.2 to 21.0 & and scale d15N from 10.1 to
12.8 &; scale d13C of bighead carp ranged from 22.8
to 21.6 & and scale d15N from 12.3 to 14.0 & (Fig. 2).
Standard ellipse areas (SEAC) based on d13C and d15N
values of bighead carp and silver carp showed clear resource partitioning during 1994 to 2002 but some iso-

topic niche overlap in 2003 and 2004 (Fig. 2). Trophic
niche width (SEAc) ranged from 0.36 to 2.19 for silver
carp (Fig. 3b) and from 0.39 to 1.82 for bighead carp
(Fig. 3c). Niche widths represented by SEAC were generally larger for silver carp.

Fig. 3 Corresponding density box plots of posterior distributions
showing the conﬁdence intervals of trophic dissimilarity and
trophic niche width. The black points are the mean values while
the boxed areas reﬂect the 95, 75 and 50 % conﬁdence intervals for

each carp. a Trophic dissimilarity, b trophic niche width of silver
carp, and c trophic niche width of bighead carp. Horizontal lines
represent the average value of each trophic index

Trophic niche regulation factors
Trend of triennial averages of monthly monitoring data
of plankton biomass indicated that both biomass of
zooplankton and phytoplankton varied remarkably
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Table 2 Multiple linear relationships between niche indices and ecological variables
Variables
Trophic dissimilarity
Phytoplankton biomass (mg L 1)
Zooplankton biomass (mg L 1)
Stocking biomass (ind. · 104)
Trophic niche width (SEAc) of sliver carp
Phytoplankton biomass (mg L 1)
Zooplankton biomass (mg L 1)
Stocking biomass (ind. · 104)
Trophic niche width (SEAc) of bighead carp
Phytoplankton biomass (mg L 1)
Zooplankton biomass (mg L 1)
Stocking biomass (ind. · 104)

Coeﬃcients

SE

t

P

0.079
0.897
0.005

0.139
0.382
0.003

0.571
2.349
1.582

0.586
0.050
0.158

0.349
1.125
0

0.284
0.778
0

1.229
1.446
0.001

0.259
0.191
0.999

0.162
1.293
0.004

0.161
0.443
0.003

1.004
2.919
1.017

0.348
0.022
0.305

Statistically signiﬁcant relationships at P < 0.05 are indicated by bold letters

Discussion

Fig. 4 Trend of triennial averages of monthly monitoring data of
zooplankton and phytoplankton biomass

With the assumption of constant stable isotope fractionation, the diﬀerences in isotopic compositions of
silver and bighead carp implied utilization of diﬀerent
proportions of phytoplankton and zooplankton. Based
on both d15N and d13C, we found that bighead carp and
silver carp remained in a constant or similar trophic
position through each year relative to each other, between the second and third trophic level with minimal
niche overlap, which may be the coexistence mechanism
in this ﬁne-scale niche space related to the compositions
of their diet (Gu et al. 1996; Xu and Xie 2004; Zhou
et al. 2009a). Our results conﬁrm our hypothesis that
although bighead carp and silver carp utilize the
planktonic resources (zooplankton and phytoplankton),
they can coexist and persist by regulating their proportions of assimilated zooplankton and phytoplankton as
well as the trophic level they are eating.
Stable isotopic evidence for trophic niche partitioning

Fig. 5 Linear relationship between trophic dissimilarity and zooplankton biomass. Solid line represents the regression line with
R2 = 0.4831, P < 0.01

(Fig. 4). The multiple linear regression results show that
a positive relationship was found between trophic dissimilarity and the zooplankton biomass (Fig. 5) and
between niche width of bighead carp and the zooplankton biomass. However, the relationship between
the trophic niches of silver carp and the food resource is
not notable (Table 2).

We found signiﬁcant diﬀerence in stable isotopes between the species. Several studies using stable isotope
analysis on these planktonic omnivores suggested that
the d13C of phytoplankton, zooplankton, and muscle
tissue and gut contents diﬀered in an arrange about
0.5–2.2 &, and the muscle tissue of silver carp and
bighead carp ranged only between 0.2 and 1.7 & (Gu
et al. 1996; Zhou et al. 2009a, b). Based on gut content
analysis, both silver carp and bighead fed on phytoplankton and zooplankton, and their diet shift during
the larval stage was accomplished at the very early
months during their ontogeny (Zhou et al. 2009a), suggesting that both carp rely steadily on plankton production during the adult stage. Our results also show
that, although the diﬀerence in d13C between silver carp
and bighead carp was signiﬁcant, the diﬀerence is
smaller than expected trophic enrichment (1 &) between

837

one trophic level (Post 2002), which indicates that these
ﬁlter-feeding ﬁshes share similar food resources, i.e.
plankton production from the pelagic food web (Kolar
et al. 2005; Cooke et al. 2009;). The d15N value of the
basal sources (e.g. phytoplankton) was not available in
our study and the evaluation the trophic level of each
carp was not possible. However, comparison of our
d15N values between the carps suggests that bighead
carp are less than one trophic level higher than silver
carp (Fig. 2), assuming that enrichment factor of d15N
per trophic level transfer is 3.4 & (Post 2002). Based on
both d15N and d13C, we may conclude that these
omnivores coexist in a constant or similar trophic
position between the second and third trophic levels with
weak niche overlap, which is the coexistence mechanism
in this ﬁne-scale niche space related to their energetic
uptake.
Trophic dissimilarity
Our results support our hypothesis that the variation of
trophic position and the trophic dissimilarity existed
between these species, which is the coexistence mechanism for the omnivores. We found a positive relationship between trophic dissimilarity and zooplankton
biomass (Fig. 5), which may indicate that the competitive interactions induce strong top-down eﬀects on
zooplankton, and/or the feeding strategies of these
omnivores were aﬀected by the zooplankton availability
though bottom-up eﬀect. We found that, when zooplankton availability decreases, bighead carp can shift
its energy reliance from zooplankton to phytoplankton,
which is supported by previous studies (Gu et al. 1996;
Xu and Xie 2004; Zhou et al. 2009a). The d15N values, as
an indicator of trophic position of these populations,
support this view as the change in trophic dissimilarity
was coupled with the change in trophic position of
bighead carp (Fig. 2). The prediction of the limiting
similarity hypothesis (Macarthur and Levins 1967) suggests that there is a limit to the similarity of competing
species which can coexist, which is reduced by the limited resource availability in a narrow niche space. In this
study, as the level of competition increased as indicated
by ﬁsh density, the trophic dissimilarity was decreased
signiﬁcantly with the zooplankton availability decreased
(Table 2), suggesting that these species the limit of niche
similarity is reduced by the limited resource availability.

ing that the niche of bighead carp at a higher trophic
position is more sensitive to high quality resources.
Bigheads prefer to feed on zooplankton, but switch to
phytoplankton when zooplankton is sparse (Kolar et al.
2005). A recent study revealed that a decrease in zooplankton in bighead carp diet led to reduced growth rate
and a lower trophic level position than silver carp (Zhou
et al. 2009a), suggesting a more sensitive response by
bighead carp to decreases in zooplankton availability.
The lack of relationship between the trophic niche width
of silver carp and the food resources may be partially
explained by silver carp being less selective on planktonic particles (Kolar et al. 2005; Cooke et al. 2009;
Zhou et al. 2009a).
Archived scales for isotope analysis
Stable isotope analysis oﬀers time-integrated information about important energy sources assimilated by
consumers. Previous isotope niche studies on ﬁshes were
most based on the isotopic signature of muscle tissues,
which was found to be less variable in d13C and d15N
than all other tissues (Pinnegar and Polunin 1999).
However, ﬁsh scales provided reliable as an indicator of
the potential energetic sources or trophic relationships in
the food web, as there are intrinsic relationships between
scales and the muscle tissue (Estep and Vigg 1985;
Wainright et al. 1993; Pruell et al. 2003; Kelly et al.
2006). For example, Wainright et al. (1993) analyzed
scale stable isotopes of archived demersal ﬁshes to study
the relationship between long-term changes in trophic
structure and a series of environmental and population
variables associated with the Georges Bank food web,
and indicated that this approach may be useful in discerning alterations to trophic structure in aquatic
ecosystems. Here, we used d13C and d15N of ﬁsh scales
as an archived integrated trophic niche indicator in
stable isotopic space, which as we demonstrated, can
also reﬂect the diﬀerences in food availability for ﬁsh
occupying alternate foraging niches. The application of
stable isotope analysis to archived ﬁsh scales thus has
the potential to improve our understanding of alterations in the trophic structure of aquatic ecosystems,
which can provide complementary results with other
tissues with diﬀerent turnover rates of stable isotopes.

Concluding remarks
Trophic niche width
We also found that, although bighead carp and silver
carp utilize the planktonic resources (zooplankton and
phytoplankton), they can coexist and persist not only by
regulating their trophic position, but also by regulating
the feeding diﬀerence between conspeciﬁc individuals.
The trophic niche width of bighead carp was positively
related with zooplankton availability, probably reﬂect-

Empirical studies surpport that omnivory is common in
the natural food webs (Polis 1991; Diehl 1993; Winemiller 1996), and the debate on omnivory and food web
properties has persisted for more than 40 years. Pimm
and Lawton (1978) simulated simple food webs with
mutiple trophic levels and omnivory, and demonstrated
that food webs with high degree of omnivory are often
less stable. However, recent modelling work has suggested that omnivory provides weak interactions in food
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webs to facilitate food web properties, such as resilience
and persistence (McCann and Hastings 1997; Neutel
et al. 2002). An interesting ﬁnding arising from our
study is that omnivory may contribute to food web
dynamics not only through the regulation of trophic
dissimilarity in a ﬁne scale niche, but also through the
regulation of trophic niche properties, such as niche
segregation and niche width. These alternatives are not
mutually exclusive and further theoretical work should
include both these mechanisms to re-evaluate the eﬀects
of omnivory on food web properties.
Acknowledgments We thank the members of the Donghu Experimental Station of Lake Ecosystem, Chinese Ecological Research
Network, for their ﬁeld and laboratory assistance. This research
was supported by the National Natural Science Foundation of
China (Grant Nos. 31370473 and 31170439). There are no actual or
potential competing ﬁnancial interests. The funders had no role in
the study design, data collection and analysis, decision to publish,
or preparation of the manuscript. We are very grateful to Prof.
Roger Jones and anonymous reviewers for their valuable comments
on the early version of the manuscript.

References
Bearhop S, Adams CE, Waldron S, Fuller RA, MacLeod H (2004)
Determining trophic niche width: a novel approach using
stable isotope analysis. J Anim Ecol 73:1007–1012
Brett MT, Goldman CR (1997) Consumer versus resource control
in freshwater pelagic food webs. Science 275:384–386
Bunn SE, Loneragan NR, Kempster MA (1995) Eﬀects of acid
washing on stable isotope ratios of C and N in penaeid shrimp
and seagrass: implications for food-web studies using multiple
stable isotopes. Limnol Oceanogr 40:622–625
Carpenter SR, Kitchell JF (1996) The trophic cascade in lakes.
Cambridge University Press
Carpenter SR, Kitchell JF, Cottingham KL, Schindler DE,
Christense DL, Post DM, Voichick N (1996) Chlorophyll
variability, nutrient input, and grazing: evidence from wholelake experiments. Ecology 77:725–735
Cooke SL, Hill WR, Meyer KP (2009) Feeding at diﬀerent
plankton densities alters invasive bighead carp (Hypophthalmichthys nobilis) growth and zooplankton species composition. Hydrobiologia 625:185–193
Corrigan LJ, Winﬁeld IJ, Hoelzel AR, Lucas MC (2011) Dietary
plasticity in Arctic charr (Salvelinus alpinus) in response to
long-term environmental change. Ecol Freshw Fish 20:5–13.
doi:10.1111/j.1600-0633.2010.00446.x
Diehl S (1993) Relative consumer sizes and the strengths of direct
and indirect interactions in omnivorous feeding relationships.
Oikos 68(1):151–157
Estep MLF, Vigg S (1985) Stable carbon and nitrogen isotope
tracers of trophic dynamics in natural populations and ﬁsheries
of the Lahontan Lake system, Nevada. Can J Fish Aquat Sci
42:1712–1719
Fincel M, Vandehey J, Chipps S (2012) Non-lethal sampling of
walleye for stable isotope analysis: a comparison of three tissues. Fish Manag Ecol 19:283–292
Garcı́a-Berthou E, Alcaraz C, Pou-Rovira Q, Zamora L, Coenders
G, Feo C (2005) Introduction pathways and establishment rates
of invasive aquatic species in Europe. Can J Fish Aquat Sci
62:453–463
Gerdeaux D, Perga ME (2006) Changes in whiteﬁsh scales d13C
during eutrophication and reoligotrophication of Subalpine
Lakes. Limnol Oceanogr 51:772–780

Gregersen F, Aass P (2006) Long-term variation in diet of Arctic
char, Salvelinusalpinus, and brown trout, Salmo trutta eﬀects
of changes in ﬁsh density and food availability. Fish Manag
Ecol 243–250
Gu B, Schell DM, Huang X, Yie F (1996) Stable isotope evidence
for dietary overlap between two planktivorous ﬁshes in aquaculture ponds. Can J Fish Aquat Sci 53:2814–2818
Holt RD, Polis GA (1997) A theoretical framework for intraguild
predation. Am Nat 745–764
Hutchinson GE (1957) Concluding remarks. Cold Spring Harbor
Symp Quant Biol 22:415–427
Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Comparing
isotopic niche widths among and within communities:
SIBER—Stable Isotope Bayesian Ellipses in R. J Anim Ecol
80:595–602
Jackson MC, Donohue I, Jackson AL, Britton JR, Harper DM,
Grey J (2012) Population-level metrics of trophic structure
based on stable isotopes and their application to invasion
ecology. PLoS One 7:e31757
Kelly MH, Hagar WG, Jardine TD, Cunjak RA (2006) Nonlethal
sampling of sunﬁsh and slimy sculpin for stable isotope analysis: how scale and ﬁn tissue compare with muscle tissue. N Am J
Fish Manage 26:921–925
Kolar CS, Chapman DC, Courtenay Jr WR, Housel CM, Williams
JD, Jennings DP (2005) Asian carps of the genus Hypophthalmichthys (Pisces, Cyprinidae): a biological synopsis and
environmental risk assessment. Report to the US Fish and
Wildlife Service
Layman CA, Arrington DA, Montaña CG, Post DM (2007) Can
stable isotope ratios provide for community-wide measures of
trophic structure? Ecology 88:42–48
Lei A, Hu Z, Wang J, Shi Z, Tam FN (2005) Structure of the
phytoplankton community and its relationship to water quality
in Donghu Lake, Wuhan, China. J Integr Plant Biol 47:27–37
Liu J (1984) Lakes of the middle and lower basins of the Chang
Jiang (China). Lakes Reserv 331
Loeuille N, Loreau M (2004) Nutrient enrichment and food chains:
can evolution buﬀer top–down control? Theor Popul Biol
65:285–298
Lu M, Xie P, Tang H, Shao Z, Xie L (2002) Experimental study of
trophic cascade eﬀect of silver carp (Hypophthalmichthys molitrixon) in a subtropical lake, Lake Donghu: on plankton
community and underlying mechanisms of changes of crustacean community. Hydrobiologia 487:19–31
Macarthur R, Levins R (1967) The limiting similarity, convergence,
and divergence of coexisting species. Am Nat 101:377–385
McCann K, Hastings A (1997) Re-evaluating the omnivory–stability relationship in food webs. Proc R Soc Lond B Biol Sci
264:1249–1254
Minagawa M, Wada E (1984) Stepwise enrichment of 15N along
food chains: further evidence and the relation between d15N
and animal age. Geochim Cosmochim Ac 48:1135–1140
Neutel AM, Heesterbeek JA, De Ruiter PC (2002) Stability in real
food webs: weak links in long loops. Science 296(5570):
1120–1123
Newsome SD, del Rio CM, Bearhop S, Phillips DL (2007) A niche
for isotopic ecology. Front Ecol Environ 5:429–436. doi:
10.1890/060150.01
Pace ML, Cole JJ, Carpenter SR, Kitchell JF (1999) Trophic cascades revealed in diverse ecosystems. Trends Ecol Evol
14:483–488
Paine RT (1980) Food webs: linkage, interaction strength and
community infrastructure. J Anim Ecol 49:667–685
Parnell A, Jackson A (2013) siar: Stable Isotope Analysis in R. R
package version 42. http://CRANR-project.org/package=siar
Perga ME, Gerdeaux D (2003) Using the d13C and d15N of
whiteﬁsh scales for retrospective ecological studies: changes in
isotope signatures during the restoration of Lake Geneva,
1980–2001. J Fish Biol 63:1197–1207
Pimm S, Lawton J (1978) On feeding on more than one trophic
level. Nature 275:542–544

839
Pinnegar JK, Polunin NVC (1999) Diﬀerential fractionation of
d13C and d15N among ﬁsh tissues: implications for the study of
trophic interactions. Funct Ecol 225–231
Polis GA (1991) Complex trophic interactions in deserts: an
empirical critique of food-web theory. Am Nat 138(1):123–155
Post DM (2002) Using stable isotopes to estimate trophic position:
models, methods, and assumptions. Ecology 83:703–718. doi:
10.2307/3071875
Pruell RJ, Taplin BK, Cicchelli K (2003) Stable isotope ratios in
archived striped bass scales suggest changes in trophic structure.
Fish Manag Ecol 10:329–336
R Development Core Team (2013) R: A language and environment
for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. http://R-project.org/
Rosenzweig ML (1971) Paradox of enrichment: destabilization of
exploitation ecosystems in ecological time. Science 171:385–387
Strong DR (1992) Are trophic cascades all wet? Diﬀerentiation and
donor-control in speciose ecosystems. Ecology 73:747–754
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