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Biological invasions are a significant component of current global environmental change
that affect biodiversity as well as ecosystem processes and services. The red swamp
crayfish (Procambarus clarkii) is one of the most invasive species worldwide, with a
documented ability to deplete basal food resources and alter the structure of aquatic food
webs. The red swamp crayfish has extensively invaded the Poyang Lake wetland, located
in the middle reach of the Yangtze River basin. Here, we use an isotopic mixing model
(MixSIAR) with data from stable isotope ratios (δ13C, δ15N) to estimate relative
contributions of potential resources to the biomass of red swamp crayfish and ten
common native species, and we use hierarchical clustering analysis to assess basal
resource breadth and interspecific similarity of invasive and native species. We
hypothesized that red swamp crayfish and several native species have similar trophic
niches and may compete for basal resources. Results from the mixing model
demonstrated seasonal variation in the basal resource of all species, including the red
swamp crayfish and native snails, prawns, and fishes. Submerged macrophytes and
detritus were estimated to be the most important sources during the rising-water season;
during the high-water season, emergent macrophytes and detritus were most important;
and during the falling-water season, detritus, POM, and floating macrophytes were most
important. Resource overlap was substantial between the invasive crayfish and dominant
native species, particularly the freshwater snail (Bellamya aeruginosa), indicating the
potential exists for negative impact from competition under conditions of resource
limitation.
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INTRODUCTION

Biological invasions are a significant component of current global
environmental change (Sakai et al., 2001; Jackson et al., 2012),
with potential to alter biodiversity, ecosystems processes, and
human health and welfare (Dudgeon et al., 2006; Chucholl and
Chucholl, 2021). For example, biological invasions can impact
crop production (Antonio Arce and Dieguez-Uribeondo, 2015)
and threaten food security (Cornelissen et al., 2019). Some
invaders adapt to novel environments rapidly, and once
established, compete with native species (Sakai et al., 2001)
and alter the structure of species assemblages (Brenneis et al.,
2011; Wang Y. et al., 2021b). Consequently, invasive species are a
major cause of biodiversity loss and biotic homogenization
(Petsch et al., 2021), acting through mechanisms such as
predation, hybridization, and competition (Siesa et al., 2014;
Antonio Arce and Dieguez-Uribeondo, 2015). Freshwater
systems have experienced extensive biological invasions that
impact native biodiversity and important ecosystem services,
such as water purification and production of harvestable fish
biomass (Dudgeon et al., 2006; Strayer, 2010).

Here we examine the trophic ecology of the invasive red
swamp crayfish, Procambarus clarkii (Girard, 1852), a decapod
crustacean native to the southern United States and northern
Mexico (Hobbs et al., 1989; Larson et al., 2016) that has invaded
freshwater habitats in China’s Yangtze River Basin. The red
swamp crayfish tolerates extreme environmental conditions
(Alcorlo et al., 2004; Anastacio et al., 2009) and has invaded
aquatic ecosystems worldwide, now being present on all
continents except Antarctica and Australia (Hobbs et al., 1989;
Lodge et al., 2012). The crayfish has high fecundity and, following
introduction into a new area, can rapidly attain high densities
(Correia, 2002) and deplete food resources (Nystrom et al., 2001).
Consequently, this invader has the potential to alter food webs
and ecosystem processes (Larson et al., 2016). Current knowledge
regarding the trophic ecology of the red swamp crayfish mostly
pertains to food selection (Alcorlo et al., 2004) and dietary overlap
with other crayfish species (Jackson et al., 2014; Larson et al.,
2016; Chucholl and Chucholl, 2021).

In China, the red swamp crayfish is now abundant in the
Poyang Lake wetlands with nearly half of the prawn catch in 2013
(Zhang et al., 2014), and with approximately 113,000 tones
harvested from Dongting Lake in 2017 (Zhang et al., 2020).
Both of them indicate the population of red swamp crayfish is
abundant in natural habitats. A 10-year ban on fishing within key
areas of the Yangtze River was put into effect on 1 January 2020
(Mei et al., 2020). Population density of red swamp crayfish is
predicted to increase rapidly following implementation of the
fishing ban (Jin et al., 2022). Ecological consequences from this
are uncertain, and research is needed to determine options for
control of this invasive species in the absence of commercial
harvest.

Stable isotope analysis (SIA) can be used to estimate material
and energy flow as well as trophic positions in food webs
(Peterson and Fry, 1987). SIA has been used increasingly to
estimate resource utilization and trophic interaction among
sympatric consumers (García et al., 2020; Ercoli et al., 2021;

Wang Y. et al., 2021b). The distribution of consumers in isotopic
space has been used as an indicator of trophic niche width and
trophic niche overlap (Peel et al., 2019; Azevedo et al., 2022).
Previous studies have shown that invasive species had higher
trophic plasticity (Correia, 2002; Jackson et al., 2016) and greater
ability to exploit local resources than native species (Sakai et al.,
2001; Britton et al., 2019). Therefore, evaluating the similarity of
diet assimilation between invasive and native species can provide
insight into the impacts of biological invasion, especially when
seasonal variation in resource availability facilitates inferences
about interspecific competition (Wang Y. et al., 2021b).

In this study, we used Bayesian mixing models based on δ13C
and δ15N to estimated source contributions to consumer tissue,
calculated species isotopic spaces and evaluated trophic overlap
between the red swamp crayfish and ten dominant native species
from the Poyang Lake wetlands during three hydrological seasons
(rising water, high water, falling water). Our objectives were to
use this information to infer 1) seasonal variation in basal
resources, 2) trophic niche width, and 3) trophic niche
similarity between the invasive crayfish and native species. We
hypothesized that the red swamp crayfish has a similar trophic
niche and outcompetes several native species during seasons of
resource scarcity. Findings from this study advance
understanding of mechanisms by which red swamp crayfish
impact native species and support ecosystem management and
biological conservation.

MATERIALS AND METHODS

Study Area
Poyang Lake (28°24′ ~ 29°46′N, 115°49′ ~ 116°46′E) is located in
the northern part of Jiangxi Province, China, on the south bank of
the middle reach of the Yangtze River (Sun et al., 2017). Poyang
Lake receives water from five main rivers (Ganjiang, Xiushui,
Raohe, Fuhe, Xinjiang) in Jiangxi Province, and has an outlet to
the Yangtze River, and which it discharges and receives water
depending on river and lake levels (Zhang et al., 2013). The
annual runoff from Poyang Lake is around 1.46 × 1011 m3,
accounting for about 15.6% of the annual average discharge of
the Yangtze River (Wu et al., 2017). Regional climate is
subtropical monsoonal (Fang et al., 2018; Jin et al., 2019) and
the lake water level ranges from 8 to 22 m, which is associated
with major changes in lake surface area (>4,000 km2 during the
flood season; <1,000 km2 during the dry season; (Li et al., 2018).

Poyang Lake and associated wetlands comprise a dynamic
system that provides important ecosystem services (Chen and
Xu, 2021). During the low-water period, the landscape consists
of the main lake and hundreds of sub-lakes with dense vegetation
that support high biodiversity (Chen et al., 2021). The Poyang Lake
wetland is impacted not only by the invasive red swamp crayfish,
but also water diversion, pollution, and overfishing that have led to
the recent ban imposed by the federal government (Mei et al., 2020).

Sample Collection
Samples were collected during three hydrological seasons: rising
water (May 2019), high water (July 2019) and falling water
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(October 2019) (Wu et al., 2022). The sampling habitats were
open water of sub-lakes and seasonally connected river channels
in Poyang Lake wetland (Figure 1). The red swamp crayfish
(Procambarus clarkii), two native river prawns (Macrobrachium
nipponense, Exopalaemon modestus) and two freshwater snails
(Bellamya aeruginosa, Cipangopaludina cathayensis) were
collected using trap nets, each with 20 compartments (3 m ×
0.2 m × 0.14 m) covered by a mesh of 1 cm × 1 cm. At each survey
location, trap nets were placed on the substrate at a depth of ~5 m.
Fish were collected using the same trap nets plus experimental
gillnets (3 panels, each measuring 50 m × 1.4 m) with stretched
mesh sizes of 3, 8, 15 cm.

Emergent macrophytes (Phragmites australis, Triarrhena
lutarioriparia, Zizania latifolia) and floating-leaved
macrophytes (Trapa japonica, Nymphoides peltatum) were
collected by hand, and submerged macrophytes (Hydrilla
verticillata, Vallisneria natans, Ceratophyllum demersum,
Potamogeton malaianus, Najas minor) were collected by
using a rake (1–3 m long). Samples of suspended particulate
organic matter (POM) were collected by filtering water from
the water column through Whatman GF/F glass microfiber
filters (pore size = 0.7 μM; diameter = 47 mm) aided by a hand-
operated vacuum pump. Before use, filters were pre-
combusted at 450°C for 12 h. Samples of sediment organic
matter (SOM) was collected using a Peterson bottom sampler.
Periphyton samples were collected by gently scraping fixed
buoys or submerged tree branches with a small spatula.
Samples of decaying twigs, leaf litter and other forms of
detritus were collected by using a dip net.

While in the field, samples were placed in plastic bags,
labeled, and stored on ice, then transferred to the lab and
stored in a freezer at −20°C until processing. The carapace was
removed from crayfish and shrimps, and a sample of muscle
tissue was obtained for stable isotope analysis. For specimens
of the six most abundant fish species (index of relative
importance, IRI > 500; i.e., Carassius auratus, Cyprinus
carpio, Pseudorasbora parva, Tachysurus fulvidraco,
Micropercops swinhonis and Rhinogobius giurinus), muscle
tissue was removed from the flank near the base of the
dorsal fin. For snail samples, muscle tissue was obtained
from the foot of snails using dissecting scissors (Chen et al.,
2018; Arantes et al., 2019). Samples were rinsed with distilled
water before being dried in an oven at 55°C for 48 h, and then
ground into a fine powder using mortar and pestle. Finally,
each powdered sample was passed through a clean sieve
(80 μM mesh) and placed in a tube (2 ml) and stored in a
desiccator until shipped for stable isotope analysis.

Stable Isotopic Analysis
Samples were analyzed for content and stable isotope ratios of
carbon and nitrogen using an element-isotope ratio mass
spectrometer (EA-IRMS; SerCon Integra 2, England) in the
Geochemistry and Isotope Laboratory of Third Institute of
Oceanography, Ministry of Natural Resources, China. Isotope
values were expressed in delta notation according to the
formula: δX = [(R sample/R standard)—1] ×103, where X is 13C
or 15N, R is the ratio of the heavy to the light isotope like 13C/
12C or 15N/14N. The value of δ13C and δ15N were reported as

FIGURE 1 | Location of Poyang Lake in the Yangtze River Basin, China (A), and locations of sampling sites (B).
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parts per thousand (‰), and the standard material for δ13C
was the Vienna Pee Dee Belemnite (VPDB), and for δ15N it was
atmospheric N2.

Analytical precision was ± 0.2‰ for both δ13C and δ15N.
When the C:N ratio of the consumer tissue sample was <3.5, no
lipid correction was done; otherwise, consumer samples were
corrected according to the equation: δ13Cnormalized = δ13Cuntreated

−3.32 + 0.99 × C:N. δ13Cnormalized was used for subsequent
analysis, rather than the δ13Cuntreated (Post et al., 2007).

Data Analyses
All statistical analyses were performed with R software (version
4.1.2; R Core Team, 2021). We used two-way analysis of variance
(two-way ANOVA) to test the significance of regional and
seasonal differences in δ13C and δ15N of basal resources and
consumers. When δ13C or δ15N was significantly different
between seasons, we performed Tukey’s multiple comparison
test. Prior to performing ANOVA, stable isotope data were log
(x+1) transformed to meet assumptions of normality and
heteroscedasticity.

We applied a Bayesian Mixing Model (R package MixSIAR)
(Stock and Semmens, 2016; Stock et al., 2018) to estimate the
relative contributions of alternative sources to consumer tissues
during the three hydrological seasons (Stock et al., 2018). We
used a trophic discrimination factor of 0.75 ± 0.11‰ for δ13C and
2.75 ± 0.10‰ for δ15N as estimated based on a review of studies of
freshwater food webs (Caut et al., 2009). We set parameters for
Markov Chain Monte Carlo (MCMC) in the JAGS model in
MixSIAR, which included three chains, 30,000 iterations for
chain length, burn-in at 200,000 and thin at 100 (Stock et al.,
2018; Peel et al., 2019). We set consumer species as a fixed effect,
and error structure include residual and process in this model.
MCMC generates posterior distributions for estimates of
proportional contributions of alternative sources. Results for
source contributions included mean, standard deviation, and
Bayesian credible intervals. MCMC had two diagnostic test to
check convergent performance—the Gelman-Rubin diagnostic
and Geweke diagnostic. Values < 1.05 were interpreted to have
good mean convergence, otherwise, we repeated the analysis
using a longer chain length (McCauley et al., 2012).

To assess similarities in basal resources to the diet assimilation
of native and invasive species, one-way hierarchical clustering
analysis was performed using the R package flexclust (Leisch,
2006) and data for the relative contributions of potential sources
to consumer tissues. The dist function was used to calculate
Euclidean distance and average linage was the method selected in
the hclust function. Clustering results based on source relative
contributions allow inference of trophic similarity between native
species and the red swamp crayfish.

To evaluate trophic structure within local communities, six
metrics (Layman et al., 2007) and the sample-size-corrected
standard ellipse area (SEAc) (Jackson et al., 2011) were
calculated using communityMetricsML and groupMetricsML
functions in the R package SIBER, respectively (Jackson et al.,
2011). Four of these metrics provide information about
community trophic diversity, and two are indicators for
trophic redundancy. These metrics calculate Euclidean

distance among community members within δ13C–δ15N space.
Carbon range (CR) provides information about the breadth of
resource utilization (Jackson et al., 2012). Nitrogen range (NR)
indicates maximum food chain length (Abrantes et al., 2014).
Total area (TA) is the area of the convex hull encompassing all
individuals in the community and provides a measure of general
trophic diversity or niche space. Mean distance to centroid (CD)
indicates the average degree of trophic diversity. Mean nearest
neighbor distance (MNND) indicates the degree of species
packing, with lower values of MNND interpreted as higher
trophic redundancy (i.e., more species with similar trophic
niches). Standard deviation of nearest neighbor distance
(SDNND) estimates the degree of species evenness, with lower
values associated with greater trophic redundancy. Because TA is
susceptible to the influence of extreme values, SEAc was proposed
to indicate core niche width in order to avoid this influence. SEAc
was calculated from the variance and covariance of δ13C and δ15N
and encompassed approximately 40% of the data (Jackson et al.,
2011; Jackson et al., 2012; Britton et al., 2019).

To investigate trophic niche overlap (i.e., potential for
competition) among species, we used the bayesianOverlap
function in the R package SIBER (Jackson et al., 2011) to
calculate the % ellipses overlap between species or groups
(SEAc.) SEAc values vary from 0, indicating no overlap, to 1,
indicating complete overlap. Values > 0.6 imply significant
resource overlap with potential for resource competition
(Marufu et al., 2018).

RESULTS

Temporal and Spatial Variation in Isotopic
Ratios
Samples from 42 crayfish, 102 snail, 102 prawn and 252 fish
specimens were obtained over three hydrological seasons and
analyzed for stable isotopes (Table 1). δ13C values of consumers
varied significantly among months, with the only exceptions
being prawns (M. nipponense, E. modestus) and two fish
species (C. carpio, T. fulvidraco). δ13C varied significantly
between locations for all species except the snail C.
cathayensis. δ15N values of the red swamp crayfish varied
significantly among seasons but did not differ between
locations. δ15N values of B. aeruginosa, M. nipponense, T.
fulvidraco, and R. giurinus varied significantly between seasons
and locations (Table 2). Basal resources differed significantly in
δ13C values among seasons (no emergent macrophytes were
sampled in May 2019), and only POM and SOM had the δ13C
values that differed significantly between locations (Table 2).
δ15N values of periphyton and submerged macrophytes were the
only sources that varied significantly between locations.
Moreover, δ15N values of POM, detritus, periphyton and
submerged macrophytes, each month were significant
difference (Table 2).

δ13C of P. clarkii, C. cathayensis, R. giurinus were significantly
higher in July than in May and October. B. aeruginosa δ13C
increased significantly from May to October. δ15N signatures of
P. clarkii and R. giurinus were significantly higher during July
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than October (Supplementary Figure S1). δ15N values for B.
aeruginosa, M. nipponense and T. fulvidraco were significantly
greater during May than October (Supplementary Figure S1).

δ13C and δ15N signatures of P. clarkii were similar to those of
snail species, with δ15N close to values of basal resources. Prawns
and fish species had similar δ13C and δ15N signatures across all
seasons (Figure 2).

Relative Contribution of Basal Resources to
the Diet Assimilation of Consumers
MixSIAR model estimates revealed seasonal variation in diet
assimilation of nearly all consumers. During the rising-water
season, submerged macrophytes were estimated to be the most
important source supporting biomass of the red swamp
crayfish and snails, whereas prawns relied mostly on
detritus (Supplementary Table S1, Supplementary Figure
S2). Fishes were supported largely by detritus and
submerged macrophytes during the rising-water season
(Supplementary Table S1, Supplementary Figure S3).
During the high-water season, emergent macrophytes
appeared to be the most important source (~ 43%)
supporting the red swamp crayfish, and POM was the
second most important resource (~ 36%). A similar result
was obtained for B. aeruginosa, C. cathayensis, C. auratus, C.
carpio and M. swinhonis. During the high-water season, M.

nipponense, E. modestus, P. parva, T. fulvidraco and R. giurinus
assimilated relatively large percentages of material originating
from emergent macrophytes, but the second most important
source was the floating-leaved macrophytes. During the
falling-water season, the estimated contributions from
periphyton, emergent macrophytes and submerged
macrophytes to consumer biomass were negligible, detritus,
POM and floating macrophytes were most important
(Supplementary Table S1).

Hierarchical cluster analyses divided consumer taxa into three
trophic groups during the rising-water season, four trophic
groups during both the high-water and falling-water seasons
(Figure 3). During the rising-water season, the red swamp
crayfish clustered with snails, and prawns clustered with fishes
except C. auratus. During the high-water season, isotopic
composition of P. clarkii was similar to that of B. aeruginosa,
M. nipponense, C. auratus, C. carpio, T. fulvidraco, M. swinhonis
and R. giurinus. Exopalaemon modestus, C. cathayensis and P.
parva did not cluster with any of the other taxa. During the
falling-water season, taxa clustered largely according to
phylogenetic relatedness. P. clarkii shared cluster with B.
aeruginosa, and these two taxa were isotopically distinct from
C. cathayensis (Figure 3).

The isotopic composition of the snail B. aeruginosa was very
similar that of the red swamp crayfish during all three periods,
but another snail species (C. cathayensis) was dissimilar P.

TABLE 1 | Mean (± 1 SD) values of stable isotope carbon (δ13C) and nitrogen (δ15N) for crayfish, snails, prawns, fishes and basal resources sampled in May 2019 (rising
water), July 2019 (high water) and October 2019 (falling water) from Poyang Lake wetland. Samples are from catches of gillnets and trap nets; only common fish species
(IRI > 500) were analyzed. POM = suspended particular organic matter, SOM = organic matter in surface sediments.

Species May July October

N δ13C δ15N N δ13C δ15N N δ13C δ15N

Crayfish

Procambarus clarkii 4 −30.67 ± 0.60 8.30 ± 0.53 29 −26.57 ± 2.38 9.81 ± 2.40 9 −28.50 ± 1.46 7.66 ± 1.12

Snail

Bellamya aeruginosa 15 −28.33 ± 2.66 8.63 ± 1.21 34 −26.69 ± 2.52 8.71 ± 1.72 13 −25.95 ± 2.10 7.19 ± 1.29
Cipangopaludina cathayensis 9 −31.52 ± 1.27 8.12 ± 1.67 24 −28.51 ± 3.36 7.99 ± 2.29 7 −27.43 ± 1.24 7.72 ± 0.96

Prawn

Macrobrachium nipponense 8 −27.41 ± 0.80 13.02 ± 2.30 22 −27.52 ± 1.66 12.04 ± 1.30 18 −26.96 ± 0.91 11.21 ± 1.71
Exopalaemon modestus 15 −27.01 ± 0.86 12.41 ± 2.31 34 −26.93 ± 2.68 12.94 ± 1.95 5 −26.71 ± 1.59 12.04 ± 0.68

Fish

Carassius auratus 14 −26.82 ± 1.45 10.89 ± 1.09 21 −28.16 ± 2.20 10.63 ± 1.76 16 −27.80 ± 1.29 11.14 ± 1.19
Cyprinus carpio 14 −26.80 ± 2.07 11.55 ± 1.60 13 −27.44 ± 2.03 10.58 ± 2.03 12 −27.80 ± 1.39 10.96 ± 2.16
Pseudorasbora parva 9 −28.62 ± 1.13 11.40 ± 1.50 21 −27.02 ± 3.07 11.72 ± 2.08 8 −28.62 ± 1.66 10.56 ± 1.37
Tachysurus fulvidraco 16 −27.74 ± 1.06 13.91 ± 2.63 21 −27.39 ± 2.01 12.78 ± 2.31 18 −27.36 ± 1.50 11.57 ± 1.76
Micropercops swinhonis 6 −28.80 ± 1.22 11.74 ± 2.40 13 −27.69 ± 1.93 10.52 ± 2.26 7 −29.59 ± 0.54 9.83 ± 0.30
Rhinogobius giurinus 17 −28.52 ± 1.54 12.17 ± 2.20 14 −26.36 ± 1.66 13.54 ± 2.32 12 −28.40 ± 0.88 10.49 ± 1.70

Basal resources

POM 21 −27.27 ± 2.18 6.24 ± 1.73 21 −28.12 ± 1.37 4.86 ± 1.68 21 −28.49 ± 2.13 4.13 ± 0.92
SOM 12 −27.41 ± 1.50 4.06 ± 1.62 12 −24.68 ± 3.68 3.85 ± 1.23 12 −26.76 ± 1.08 4.02 ± 1.21
Detritus 6 −28.08 ± 1.17 6.29 ± 0.60 12 −25.67 ± 3.50 4.60 ± 1.76 12 −27.31 ± 1.78 3.90 ± 1.36
Periphyton 12 −26.23 ± 1.90 5.42 ± 1.99 12 −23.13 ± 4.11 4.60 ± 1.29 12 −22.97 ± 3.99 6.91 ± 1.97
Emergent Macrophytes — — — 12 −28.12 ± 0.57 4.68 ± 2.25 26 −22.66 ± 7.08 4.45 ± 1.72
Submerged Macrophytes 11 −25.31 ± 5.16 6.13 ± 1.75 44 −26.45 ± 3.49 7.82 ± 1.91 16 −21.54 ± 4.98 5.68 ± 2.10
Floating-leaved Macrophytes 19 −28.10 ± 0.79 6.48 ± 1.45 12 −27.36 ± 0.63 6.79 ± 1.24 12 −25.23 ± 0.34 6.62 ± 2.97
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TABLE 2 | Results from two-way analysis of variance (two-way ANOVA) testing for effects of month and location on δ13C and δ15N, bold font denotes statistically significant values (p < 0.05). POM = suspended particular
organic matter, SOM = organic matter in surface sediments.

Species δ13C Month Location Month × location δ15N Month Location Month × location

df F p df F p df F p df F p df F p df F p

Crayfish
Procambarus clarkii 2 8.156 0.001 1 7.075 0.012 2 1.295 0.286 2 3.946 0.028 1 0.465 0.450 2 0.002 0.998

Snail
Bellamya aeruginosa 2 5.061 0.011 1 8.151 0.007 2 6.964 0.002 2 15.140 <0.001 1 197.194 <0.001 2 2.148 0.126
Cipangopaludina cathayensis 2 5.244 0.010 1 3.381 0.074 2 0.817 0.450 2 0.064 0.938 1 0.880 0.355 2 0.978 0.386

Prawn
Macrobrachium nipponense 2 3.122 0.054 1 103.098 <0.001 2 9.795 <0.001 2 5.061 0.011 1 8.151 0.007 2 6.964 0.002
Exopalaemon modestus 2 0.140 0.870 1 73.857 <0.001 2 5.988 0.005 2 0.593 0.557 1 2.450 0.124 2 0.352 0.705

Fish
Carassius auratus 2 4.018 0.025 1 28.136 <0.001 2 3.672 0.033 2 0.813 0.450 1 1.086 0.303 2 3.288 0.047
Cyprinus carpio 2 1.446 0.250 1 15.885 <0.001 2 1.144 0.331 2 1.004 0.377 1 4.750 0.037 2 0.116 0.891
Pseudorasbora parva 2 3.304 0.049 1 16.694 <0.001 2 4.706 0.016 2 0.969 0.390 1 0.099 0.755 2 0.316 0.732
Tachysurus fulvidraco 2 0.607 0.549 1 31.811 <0.001 2 4.915 0.011 2 4.972 0.011 1 4.995 0.030 2 0.565 0.572
Micropercops swinhonis 2 12.496 <0.001 1 45.204 <0.001 2 5.602 0.012 2 1.458 0.256 1 1.446 0.243 2 1.831 0.186
Rhinogobius giurinus 2 15.390 <0.001 1 17.264 <0.001 2 2.052 0.143 2 6.979 0.003 1 4.648 0.038 2 0.357 0.702

Basal resources
POM 2 3.354 0.042 1 34.059 <0.001 2 0.629 0.537 2 8.010 <0.001 1 3.371 0.072 2 0.604 0.550
SOM 2 21.270 <0.001 1 91.080 <0.001 2 16.750 <0.001 2 0.060 0.942 1 0.616 0.439 2 0.448 0.643
Detritus 2 2.009 0.155 1 0.002 0.968 2 0.158 0.694 2 4.529 0.021 1 0.775 0.387 2 2.710 0.112
Periphyton 2 3.751 0.035 1 0.794 0.380 2 1.217 0.310 2 5.567 0.009 1 4.241 0.048 2 2.937 0.068
Emergent Macrophytes 1 6.547 0.015 1 0.746 0.394 2 0.253 0.618 2 0.010 0.921 1 0.280 0.600 2 4.876 0.034
Submerged Macrophytes 2 11.824 <0.001 1 0.055 0.815 2 12.531 <0.001 2 12.903 <0.001 1 11.626 0.001 2 1.237 0.270
Floating-leaved Macrophytes 2 94.499 <0.001 1 0.007 0.933 2 5.409 0.009 2 0.382 0.685 1 0.007 0.934 2 0.881 0.423
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clarkii. Isotopic composition and estimated contributions to
biomass of fishes was variable. For example, estimated percent

FIGURE 2 | Mean (± 1 SD) values of δ13C and δ15N of the red swamp
crayfish (diamonds), snail species (inverted triangles), prawn species (upright
triangles), fish species (circles) and their potential food sources (squares) from
Poyang Lake in May (A), July (B) and October (C) 2019. POM =

(Continued )

FIGURE 3 |Cluster analysis results based on the relative contributions of
sources to biomass of red swamp crayfish, snails, prawns and fishes in May
(A), July (B) and October (C) 2019. Delimitation of groups was set at a
distance of 3.

FIGURE 2 | suspended particular organic matter, SOM = organic matter in
surface sediments, EM = emergent macrophytes, SM = submerged
macrophytes, FM = floating macrophytes.
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contributions of sources to biomass of C. auratus and P. parva
were different from other five fish species during the rising-
and high-water seasons.

Trophic Niche Width Among Seasons and
Trophic Overlap Between Species
The highest and lowest values of NR, CR, TA, CD, SEAc were
recorded during the high- and falling-water seasons, respectively
(Table 3), indicating a more greater community trophic diversity
during the high-water season when aquatic habitat expands into
the floodplain, and lowest trophic diversity when waters gradually
drained from the floodplains. Values of MNND and SDNND
during the rising-water season were slightly higher when
compared to the other seasons (Table 3), suggesting lower
density and evenness of species packing when aquatic habitat
was expanding into the floodplain.

During all three periods, fishes tended to cluster with prawns,
and crayfish tended to cluster with snails. During the rising-water
season, the core isotopic niche area (SEAc) of crayfish was
markedly smaller compared its area during other seasons, and
the crayfish core area was nested inside the that of snails. During
the rising- and falling-water seasons, the SEAc of prawns and
fishes were different from those of crayfish and snails, but during
the high-water period these groups overlapped extensively
(Figure 4).

When SEAc was estimated for all taxa across all three survey
periods, the red swamp crayfish had a large SEAc, implying
higher trophic diversity compared to other taxa (the only
exception was C. cathayensis with SEAc = 18.75). The prawn,
M. nipponense, had the narrowest isotopic niche width (SEAc =
7.32), an indication of dietary specialization (Table 4). The red
swamp crayfish had large isotopic niche overlap with snails;
61.1% and 59.6% of crayfish area overlapped with B.
aeruginosa and C. cathayensis, respectively, and 75.5% of the
B. aeruginosa niche and 54.8% of the C. cathayensis area
overlapped with the crayfish. In contrast, overlap between the
crayfish with prawns was low (9.24% of the isotope niche area of
E. modestus was overlapped by P. clarkii, and 7.40% of the area of
P. clarkii was overlapped by E. modestus; Table 4). Two thirds of
the fish species had SEAc with P. clarkii of approximately 50%,
with T. fulvidraco the only fish with low overlap with P. clarkii.

There was little or no overlap between snails and prawns, and
relatively low overlap between snails and fishes (Table 4,
Figure 4).

TABLE 3 | Metrics for communities comprised of crayfish, snails, prawns and
fishes during May, July and October, 2019. NR, nitrogen range; CR, carbon
range; TA, total area of convex hull; CD, mean distance to centroid; MNND, mean
nearest neighbor distance; SDNND, standard deviation of the nearest neighbor
distance; SEAc, the core isotopic niche area of the community (‰2).

Metrics May July October

NR 12.00 13.53 10.68
CR 11.18 16.37 8.58
TA 78.77 132.74 57.81
CD 2.84 3.22 2.38
MNND 0.43 0.34 0.34
SDNND 0.38 0.32 0.26
SEAc 14.80 20.26 10.87

FIGURE 4 | Core isotopic niche areas (SEAc) of four groups in Poyang
Lake wetland in May (A), July (B) and October (C) 2019.
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DISCUSSION

This study documented seasonal variation in the isotopic
composition and estimated contributions of basal resources to
biomass of the red swamp crayfish and native snails, prawns, and
fishes of the Poyang Lake wetland. Trophic niche diversity of the
red swamp crayfish, snails, prawns, and fishes was associated with
stages of the annual flood pulse, with greatest diversity observed
during the high-water season and lowest diversity during the
falling water period, a finding is similar to that reported for the
Tonle Sap Lake/wetland system in the lower Mekong Basin (Pool
et al., 2017). Highest isotopic overlap, and hence potential for
resource competition, was between the crayfish and snails and
between fishes and prawns.

Seasonality of Isotopic Signatures
Seasonal variation in the δ13C and δ15N of basal resources and
aquatic consumers in the Poyang Lake wetland were likely
mediated by temperature, flow, nutrient concentrations,
vegetation cover, and other abiotic and biotic environmental
factors (Hladyz et al., 2012). Two crayfish species, Orconectes
eupunctus and Orconectes neglectus, in a stream in the Ozark
Highlands of North America showed significant differences in
both δ13C and δ15N between spring and summer (Magoulick and
Piercey, 2016).

Higher values of δ13C in basal production sources (e.g.,
periphyton and macrophytes) can result from greater
demands of CO2, which usually happens during the summer.
Consumers would then reflect these higher δ13C values if basal
sources are being assimilated, either directly or indirectly
(Olsson et al., 2008; Guzzo et al., 2011; Hladyz et al., 2012).
δ13C values change relatively little as material is transferred
between successive trophic levels (Olsson et al., 2008; Brauns
et al., 2018), and therefore provides a basis for estimating source
contributions to consumer biomass using mixing models (Fry
and Sherr, 1984; Peterson and Fry, 1987). δ15N generally
increases from 2.5 to 3.4‰ with each trophic level, and
therefore provides an index of vertical trophic position (Post,
2002). In our study, δ15N values of the red swamp crayfish and

snails were similar across all survey periods, indicating a similar
vertical trophic position (Abrantes et al., 2014).

Seasonal Variation in Resource
Compositions and Between-Species
Similarity
Virtually all consumer taxa revealed significant seasonal
variation in isotopic composition and associated estimates
for assimilation of material from basal sources. For example,
the red swamp crayfish was estimated to have assimilated
mostly material from emergent macrophytes and POM during
the high-water season, and detritus and POM were estimated
to have the largest contributions during the falling-water
season. This seasonal variation in source contributions
generally derives from changes in the availability and/or
quality of alternative food resources (Taylor et al., 2017;
Veselý et al., 2020). During rising-water season, expanded
aquatic habitat in floodplains with superior environmental
conditions promote growth of submerged macrophytes.
Deeper water level, reduced light penetration and other
conditions during the flood may limit growth of submerged
macrophytes (Zhu et al., 2012), and many aquatic
macrophytes senesce and decompose during the falling-
water season. Seasonal changes in the trophic ecology of
fishes in wetland systems also is influenced by ontogenetic
diet shifts of aquatic organisms, especially fishes (Akin and
Winemiller, 2006). The red swamp crayfish is a trophic
generalist (Lang et al., 2020) that includes detritus in its
diet (Alcorlo et al., 2004). POM often is the most
important basal source in food webs of freshwater and
coastal wetlands and is comprised of organic material from
a variety of terrestrial and aquatic productions sources (Xu
et al., 2019). Our findings corroborate its importance, with
POM estimated to make major contributions to consumer
biomass during the high- and falling-water seasons.

Hierarchical clustering analysis based on estimated sources
contributions to consumer biomass revealed similarity within
major taxonomic groups (e.g., fish species tended to cluster,

TABLE 4 | The core isotopic niche area (SEAc) and percent overlap (%) between species in Poyang Lake wetland in 2019.

Species SEAc P.
clarkii

B.
aeruginosa

C.
cathayensis

M.
nipponense

E.
modestus

C.
auratus

C.
carpio

P.
parva

T.
fulvidraco

M.
swinhonis

R.
giurinus

P. clarkii 17.25 — 75.55 54.79 26.71 9.24 56.83 50.87 32.36 12.05 45.14 21.08
B. aeruginosa 13.95 61.12 — 48.05 1.02 0 8.81 12.06 3.81 0.07 14.14 0.98
C. cathayensis 18.75 59.57 64.57 — 0.34 0 11.14 11.40 6.62 0.01 27.07 5.45
M. nipponense 7.32 11.33 0.54 0.13 — 45.71 50.11 51.74 45.76 52.55 34.36 48.73
E. modestus 13.81 7.40 0 0 86.28 — 46.71 52.99 55.15 77.32 37.27 72.96
C. auratus 8.07 26.58 5.10 4.79 55.25 27.29 — 66.51 52.03 31.03 53.82 43.29
C. carpio 10.99 32.42 9.50 6.68 77.73 42.18 90.63 — 65.60 44.85 56.21 51.71
P. parva 14.30 26.84 3.91 5.05 89.47 57.13 92.25 85.37 — 57.82 73.91 70.31
T. fulvidraco 12.16 8.50 0.06 0.01 87.35 68.11 46.78 49.63 49.17 — 36.24 71.20
M. swinhonis 10.90 28.53 11.05 15.74 51.21 29.43 72.75 55.76 56.34 32.49 — 53.23
R. giurinus 12.30 15.03 0.86 3.58 81.91 64.98 65.99 57.85 60.45 72.00 60.03 —

Columns indicated the species niche area being overlapped, e.g., 61.12% of the P. clarkii niche was overlapped byB. aeruginosa, while 75.55% of theB. aeruginosa nichewas overlapped
by P. clarkii.
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prawns tended to cluster, etc.); however, some distantly related taxa,
such as crayfish and snails or prawns and fish, also clustered. The
red swamp crayfish clustered tightly with the native freshwater snail
B. aeruginosa. Another common snail,C. cathayensis, clustered with
B. aeruginosa and the red swamp crayfish during the rising-water
period but was dissimilar during other seasons. Although fish
species tended to cluster with other fishes, some species were
divergent from other fishes, such as C. auratus during the rising-
water season and P. parva during the high-water season. Such
patterns may reflect trophic niche partitioning (Park et al., 2017).

During the high-water period, we found that one cluster
included a snail (B. aeruginosa), a prawn (M. nipponense) and
five fish species (C. auratus, C. carpio, T. fulvidraco, M.
swinhonis, R. giurinus), indicating resource similarity
among them. The seasonal flood pulse stimulates
reproduction of aquatic organisms (King et al., 2003;
Anastacio et al. 2009; Helms et al., 2013) and populations
dominated by juvenile recruits feeding on the same basal
resources and microfauna and may result in high trophic
similarity among species, even some distantly related taxa.
Moreover, the flood pulse provides aquatic organisms with
access to abundant and/or nutritious resources that are
unavailable during the low-water period (Correa and
Winemiller, 2014).

Seasonal Variation in Community Trophic
Structure and Species Interactions
Five metrics (i.e., NR, CR, TA, CD, SEAc) were positively
associated with flood pulse, with intermediate values during
the rising-water season, greatest values during the high-water
season, and lowest values during the falling-water season.
During the high-water season, food chains were longer, and
community trophic diversity was greater. Values of MNND
and SDNND tended to decline from rising to high to falling
water conditions, which implied that aquatic consumers
exploited similar resources during falling water season
(i.e., higher trophic redundancy) (Wang S. et al., 2021a).
Changes in food availability and diversity may result in
differences in CR, an indicator for trophic niche diversity
(Azevedo et al., 2022). The flood pulse concept predicts that
aquatic organisms (e.g., fish) have access to more diverse
habitats and food resources during floodplain inundation
(Junk et al., 1989; Pool et al., 2017). During the falling-
water season, the range of nitrogen isotopic ratios (NR =
10.68), suggesting a reduction in food chain length (Taylor
et al., 2017). Resource availability has been proposed as a
major factor in determining food chain length (Wang et al.,
2016), and low-water conditions in wetlands limit the access
of aquatic organisms to diverse terrestrial resources (Wang
et al., 2016). Overall, this study showed evidence for the
flooding could promote availability and diversity of food
resources for consumers resulting in greater trophic niche
width (e.g., TA, CD and SEAc) in flood season.

Overlap among isotopic niches generally was greater
during the high-water season, suggesting that floodplain
inundation facilitated access and exploitation of high-

quality resources (Pool et al., 2017). During rising- and
falling-water seasons, crayfish and snails had trophic niches
that were distinct from fishes and prawns, suggesting niche
partitioning (Jackson et al., 2014). During the falling-water
season, overlap between crayfish and snails decreased slightly
but remained large.

The larger isotopic trophic niche (i.e., high value of SEAc) of
the red swamp crayfish compared to the prawn M. nipponense
and goldfish C. auratus suggests the invader exploits a greater
variety of food resources (Sakai et al., 2001; Britton et al., 2019).
Isotopic niche overlap between the crayfish and the prawns M.
nipponense and E. modestus ranged from 7.4% to 26.7%,
suggesting niche partitioning, which contrasts with results
obtained by previous study (Mao et al., 2016). Their results
showed high degrees of dietary overlap between P. clarkii and
M. nipponense, ranging from 69.7% to 87.8% based on gut
contents analysis and stable isotope analysis (Mao et al., 2016).
In Poyang Lake wetland, niche overlap among P. clarkii and the
snails C. cathayensis and B. aeruginosa ranged from 54.8% to
75.5%, indicating that there is potential for interspecific
competition (Britton et al., 2019) but also that resource
availability may exceed demand (Gonzalez et al., 2019). The
red swamp crayfish has a broad diet (Anastacio et al., 2009;
Veselý et al., 2020), and it can shift its foraging when preferred
resources are limiting (Correia, 2002). Success of invasive species
has been attributed to behavioral plasticity and generalist feeding
(Jackson et al., 2016) in addition to broad environmental
tolerance (Alcorlo et al., 2004; Anastacio et al., 2009; Loureiro
et al., 2015).

Invasive crayfish can impact populations of native species
via multiple mechanisms, such as competition, predation
(Lodge et al., 2000; Wood et al., 2017). A long-term study
revealed that invasion by the rusty crayfish (Orconectes
rusticus), was accompanied by gradual reduction of
populations of fish species that had diets similar to that of
crayfish, whereas piscivorous fishes showed no decline (Wilson
et al., 2004). Crayfish have been shown to prey upon small
snails thereby affecting recruitment (Parkyn et al., 1997;
Nystrom et al., 2001; Hollows et al., 2002). Some fish
species (e.g., black carp, Mylopharyngodon piceus) specialize
on snails and bivalves (Froese and Pauly, 2019) and may be
negatively impacted by competition from invasive crayfish
(James et al., 2015). Other study showed that predation by
invasive red swamp crayfish significantly reduced the
abundance of native freshwater shrimp (Atyaephyra
desmarestii) in the Sorraia River Basin, Portugal (Banha and
Anastácio, 2011). Consequently, we unable to ignore potential
risks that caused by invasive crayfish. In Yangtze River Basin,
past fishing may have kept the red swamp crayfish populations
under control, but since the fishing ban, the pressure of crayfish
invasion is bound to increase. Therefore, it is necessary to
strengthen the ecological prevention and control of the red
swamp crayfish. Understanding seasonal variation in resource
utilization of the red swamp crayfish and resource overlap
between invasive crayfish and native species are the important
steps towards to ecosystem management and biological
conservation.
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CONCLUSION

Here, we used SIA to study the trophic ecology of the red
swamp crayfish and resource overlap between invasive and
native species. Findings from our study combined with
evidence from research conducted in other regions leads to
the conclusion that invasive red swamp crayfish have the
potential to cause significant impacts to the native aquatic
fauna of wetlands in the Yangtze River Basin. More research is
warranted to improve understanding of potential impacts of
invasive crayfish on native species and ecosystem dynamics.
Combining stomach content analysis, fatty acid analysis and
SIA can provide more comprehensive information about the
dietary of invasive crayfish and trophic interactions between
invasive crayfish and native species. Furthermore, considering
the effects of sexual and body size of the red swamp crayfish is
good to evaluate the ecological role on native communities.
These understandings are essential for effective conservation
of aquatic biodiversity and fisheries management in the
Yangtze River Basin.
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