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Abstract: We examined the food preference of Chinese mitten crabs, Eriocheir sinensis (H. Milne
Edwards, 1853), under food shortage, habitat choice in the presence of predators, and cannibalistic
behavior by comparing their response to the popular culture plant Elodea nuttallii and the structurally
more complex Myriophyllum verticillatum L. in a series of mesocosm experiments. Mitten crabs were
found to consume and thus reduce the biomass of Elodea, whereas no negative impact on Myriophyllum
biomass was recorded. In the absence of adult crabs, juveniles preferred to settle in Elodea habitats
(appearance frequency among the plants: 64.2 ± 5.9%) but selected for Myriophyllum instead when
adult crabs were present (appearance frequency among the plants: 59.5 ± 4.9%). The mortality rate
of mitten crabs in the absence of plant shelter was higher under food shortage, primarily due to
cannibalism. The proportion of molting crabs dying in the structurally more complex Myriophyllum
habitats was significantly lower than in the less complex Elodea habitats, indicating that Myriophyllum
provides better protection from cannibalistic behavior, likely due to its structurally more complex
canopy. Stable isotope analyses of crab samples revealed a trophic shift in both δ13C and δ15N
(∆δ13C: 2.2–4.0h; ∆δ15N: 1.5–2.8h) during the experimental period. Significant positive correlations
between body mass and δ13C and δ15N were recorded, suggesting that cannibalistic feeding might
further increase crab growth and lead to ontogenetic increases in trophic position with increasing size.
Our study overall demonstrates that a combination of submerged aquatic vegetation functioning
as a highly suitable food with other less palatable plant species acting as efficient refuges against
predators may be the optimal method of plant stocking in mitten crab aquacultures to ensure both
high crab growth and a high survival rate.

Keywords: cannibalistic behavior; Elodea nuttallii; Myriophyllum verticillatum L.; crab culture;
stable isotope

1. Introduction

Cannibalism occurs frequently in natural and cultured populations of decapod crustaceans [1,2]
and inter-cohort cannibalism plays a major role in controlling population size and structure [3].
Various factors may influence the extent and rate of cannibalism, including: (1) food availability [4,5],
(2) crustacean density [6–9], (3) habitat structural complexity [2,10], and (4) prey vulnerability [7,11].
During ecdysis, crustaceans are especially vulnerable to predation and/or cannibalism [11,12].

Water 2018, 10, 1542; doi:10.3390/w10111542 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/2073-4441/10/11/1542?type=check_update&version=1
http://dx.doi.org/10.3390/w10111542
http://www.mdpi.com/journal/water


Water 2018, 10, 1542 2 of 14

Numerous predator-prey studies have demonstrated that habitat complexity significantly reduces
the effects of cannibalism [2,6,7,13,14] and the presence of multiple shelters has been shown
to proportionally increase the survival of juvenile blue-swimmer crabs, Portunus pelagicus [1].
Furthermore, both blue king crab, Paralithodes platypus, and red king crab, Paralithodes camtschaticus,
have demonstrated a preference for complex habitats [6,7,15]. Moreover, investigations have revealed
that the rates of cannibalism of Age-1 red king crab on Age-0 specimens decreased in macroalgae
refuges [13,14]. A high refuge effect seems to, therefore, reduce predator movement and aggressive
activity, increase the duration of resting, and allow the prey to move vertically and horizontally to
avoid predation [7,16,17].

Chinese mitten crab, Eriocheir sinensis (H. Milne Edwards 1853), is an invasive species in North
America and Europe, and due to the generally low concentration of heavy metals in these areas,
it is intensively fished for consumption, which contributes to the control of populations. In China,
Japan, Korea, and other parts of the world, mitten crab is regarded as a delicacy because of its high
quality and tasty flesh, and it is, therefore, of great commercial value [18]. In China, the yield and value
of the species have grown steeply from 1991 to 2015, from 8.4 × 103 t in 1991 to 8.2 × 105 t in 2015,
with an estimated value of 6.0 × 107 United States Dollars (USD) in 1991 to 6.5 × 109 USD in 2015 [19]
(Figure 1). However, extensive mortality occurring in the period from stocking to harvesting, especially
during the early stages of development, has diminished the yields of cultivated populations [2,20],
and field studies have shown that cannibalism is a major problem in the commercial production
of Chinese mitten crabs. Aquaculture systems are characterized by high stocking densities, lack of
alternative live food, and absence of natural refuges [21], all conditions that are likely to promote
cannibalism. Many studies of marine crabs suggest that the presence of suitable shelters for the
intermolt and/or newly molted crabs may decrease the cannibalism [1,2]. Yet, so far, only a few studies
have specifically addressed the cannibalistic behavior of freshwater mitten crab and how submerged
vegetation affects interspecific interactions [18,20,22].
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Macrophytes serve as both a natural food source and a refuge for mitten crabs during molting 
[18]. At present, Elodea nuttallii is usually planted in the middle and lower reaches of the Yangtze 
River for mitten crab production due to its high colonization ability and faster growth under 
eutrophic conditions [23,24]. Myriophyllum verticillatum L. is used less frequently in crab 
aquacultures; its more finely dissected leaves compared to those of Elodea may increase the 

Figure 1. Trends in the production (×104 t) and value (×108 United States Dollars (USD)) of Chinese
mitten crab cultures from 1991 to 2015 in China (based on data from FAO (Food and Agriculture
Organization of the United Nations) 2016 and China fishery statistics yearbooks from 2012 to 2016).

Macrophytes serve as both a natural food source and a refuge for mitten crabs during molting [18].
At present, Elodea nuttallii is usually planted in the middle and lower reaches of the Yangtze River
for mitten crab production due to its high colonization ability and faster growth under eutrophic
conditions [23,24]. Myriophyllum verticillatum L. is used less frequently in crab aquacultures; its more
finely dissected leaves compared to those of Elodea may increase the structural complexity of the habitat
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and thus act as a refuge, more than Elodea, for young crabs from cannibalism [25]. However, it is not
well known how the two plants affect the intraspecific interaction and habitat choice of the crabs.

In this study, we examined whether mitten crabs would select for Elodea under conditions of food
shortage in cultures also including Myriophyllum and how predator presence altered the habitat choice
of juvenile crabs. Moreover, a relatively long-term interaction experiment using stable isotope analysis
was conducted to determine how the two plant species affected the growth, survival, and cannibalistic
behavior of the juveniles. We hypothesized that the mitten crabs would prefer Elodea over Myriophyllum
as a food source, but that juvenile crabs would preferentially use the structurally complex Myriophyllum
to avoid cannibalism when threatened by adult crabs or when occurring in high densities.

2. Materials and Methods

2.1. Experimental Setup

This study comprised three elements: (1) a herbivory selection experiment, (2) a refuge selection
experiment, and (3) a cannibalism experiment (Figure 2). All experiments were conducted in 2015 at
Guchenghu Lake Aquaculture Research Center, located in the reclamation area of Guchenghu Lake
(31.2287–31.3148 N, 118.8794–118.9655 E), Jiangsu Province, China.

All crabs were collected from a local mitten crab farm in the reclamation area of Guchenghu Lake.
Prior to the experiment, the crabs were acclimated separately to tank culture conditions in 64 µm
filtered pond water for 1 week during which they were fed with a commercial feed (36% crude protein,
6% crude lipid from Shuaifeng, Nanjing, China) once daily at 17:00. (in an amount equivalent to 8%
of their body weight). Only active and similar-sized crabs were used in the experiments. Large male
adults (70.3 ± 0.03 mm in carapace width) were used as predators as they have a larger and stronger
chela than the smaller juveniles [26]. Coin-sized crabs (generally 15–40 mm in carapace width) were
chosen as juveniles (20.9 ± 0.04 mm in carapace width) [27]. The experimental plants, Elodea nuttallii
and Myriophyllum spicatum L., were removed by hand as whole plants from local aquaculture ponds.
All plant materials (dead leaves and stems) were rinsed with tap water prior to the experiment, and the
plants were acclimated for 24 h in a container filled with 64 µm filtered pond water.

The experiments were conducted in 500 L outdoor polypropylene tanks (diameter = 110 cm,
height = 125 cm) with moderate aeration. High water quality was maintained by daily exchange of 50%
of the water volume with fresh 64 µm filtered pond water. The water level in the tanks was set to 75 cm,
leaving adequate space above the water to prevent the crabs from escaping. Mixed tap water-rinsed
sands and stones in a 2 cm layer were used to root the plants. During the experiment, the water pH
varied between 8.05 and 8.15, dissolved oxygen was >5 mg L−1, ammonia nitrogen ranged from 0.12
to 0.21 mg L−1 and phosphate phosphorus from 0.04 to 0.05 mg L−1. Uneaten feed and feces were
removed once a day. Temperature, pH, and dissolved oxygen were measured in situ using a Yellow
Springs Instruments (YSI, Inc., Yellow Springs, OH, USA) 6600 multi-sensor sonde. Ammonia nitrogen,
and phosphate phosphorus concentrations were determined using standard methods [28].
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Figure 2. Experimental design. In all experiments, each treatment consisted of three replicates.
Experiment 1: One adult crab was put in each tank for 10 days. Tanks without adult crabs served as
controls. Experiment 2: One adult crab and five juveniles were put in each side of the tank for 7 days.
Tanks without adult crabs served as controls. Experiment 3: Twenty juveniles were put in each tank for
60 days. Tanks without plants served as controls.

2.2. Herbivory Selection Experiment

To assess whether the crabs exhibited a feeding preference for one of the two plant species,
we randomly picked one adult crab from the acclimation container and placed it in the Elodea and
Myriophyllum tanks, respectively (Figure 2). Tanks without crabs served as controls (all in three
replicates). The experiments were run from 4 to 13 February 2015. A thermostat-regulated immersion
heater was used to maintain a constant temperature (14.3 ± 1.5 ◦C). During the experimental period,
the crabs were not fed. A total of 20 g wet weight of Elodea was randomly selected and added to six
tanks, and the same was done for Myriophyllum. After ten days, all plant material was removed from
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the tanks, and wet weight was determined after absorbing the surface water with absorbent paper for
30 s. The percentage change in wet weight was calculated as 100 × (final − initial)/initial.

2.3. Refuge Selection Experiment

Experiment 2 aimed to explain whether juveniles still preferred Elodea over Myriophyllum in the
presence of an adult crab (Figure 2). The experiments were run from 26 February to 4 March 2015
at a temperature of 14.3 ± 1.5 ◦C. Six 500 L tanks were divided into two similar-sized halves with
plastic lattice (diameter = 6 mm mesh). A small hole (diameter = 50 mm) was cut under the plastic
lattice, allowing the juveniles, but not the adult crab, to move freely through the partition. A total of
50 g of Elodea and 50 g of Myriophyllum were grown in opposite sides of each tank. Ten juvenile crabs
were placed in each tank, five on each side. In three tanks, one adult crab was placed in each side of
the tank, whereas the remaining three tanks held no adult crabs and served as controls. During the
experiment, the number of juveniles on each side of the tanks was counted five times a day for a period
of seven days. No mortality was recorded during the experiment. The appearance frequency among
the plants was calculated as 100 × (∑i Ii/10)/7, where Ii is the average juvenile crab number among
plants per side per day. Juveniles hiding in the sand and not among the plants were not included in the
data. During the experiment, the crabs were fed with a commercial feed once a day (with an amount
equivalent to 8% of their body weight).

2.4. Cannibalism Experiment

The third and longest experiment served to test whether different kinds of plants may help
diminish the cannibalistic behavior of juvenile crabs (Figure 2). The experiments were run from
9 March to 7 May 2015 at a temperature of 18.8 ± 1.5 ◦C. A total of 180 juveniles were randomly
assigned to three treatment groups: Elodea, Myriophyllum, and no plants. There were 60 individuals
per treatment (at a density of 21 ind. m−2), equally divided between three tanks. A total of 100 g of
Elodea and 100 g of Myriophyllum were grown in each tank in the Elodea and Myriophyllum treatments,
respectively. During the experiment, crabs were fed with a commercial feed once a day (in an amount
equivalent to 2% of their body weight).

The number of dead juveniles was counted at 18:00 each day, and total crab mortality was
calculated after a period of 15 days. The mortality rate was obtained using an exponential loss model,
p = e−mt, where p is the probability of death, m is the mortality rate expressed per day (d−1), and t is
time (d) [7]. Uneaten feed and feces were removed once a day and dead crabs every second day to
ensure that the live juveniles had sufficient time for consumption. Crab molting was observed from
Day 18 to 40. The number of dead juveniles in the molting stages was recorded for two separate
periods (Day 15–30 and Day 30–45). The proportion of dead crabs in the molting stages was obtained
using the formula:

death due to molting (%) = dead juvenile individuals in the molting stages/total
experimental crabs × 100

In order to maintain calcium and phosphorus levels during crab molting, a mixed solution of 5 g
of CaCl2 and 2.5 g of Na2HPO4 was added to each tank twice a week. The nutrient levels chosen were
similar to those applied by local aquacultures. The wet weight of all the plant material at the end of
the experiment was evaluated according to the method in Section 2.2.

In the beginning and then every 15 days, one crab from each tank (3 replicates per treatment)
was randomly sampled for recording of carapace width, wet body mass, and δ13C and δ15N
signatures. Crab growth rates were expressed as specific growth rates (SGR) based on the formula,
SGR = [(ln Wf − ln Wi) × 100] / T, where Wf is final weight (g), Wi is initial weight (g), and T is
experiment time (days). Pereiopods, chelipeds, and ventral muscle tissue were gently removed for
stable isotope analysis. All the samples were freeze-dried and ground into powder. Carbon and
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nitrogen isotope ratios were determined at Nanjing Institute of Geography and Limnology using
a Flash EA1112 elemental analyzer coupled to a Thermo Finnigan MAT Delta plus dual-inlet continuous
flow isotope ratio mass spectrometer. Stable isotope ratios were expressed in conventional δ notation
as parts per mill (h) according to the following equation:

δX = [(Rsample/Rstandard) − 1] × 100 (1)

where X is 13C or 15N and Rsample is the corresponding ratio 13C/12C or 15N/14N. Rstandard values were
based on Vienna Pee Dee Belemnite (VPDB) for carbon and atmospheric N2 for nitrogen. The precision
of the isotope analyses was 0.1h for both carbon and nitrogen.

2.5. Statistical Analysis

The change in plant wet weight (Experiment 1) and frequency of crab presence among plants
(Experiment 2) were analyzed with two-way ANOVA and simple main effects analysis (Experiment 2)
where the independent variables were plant species and crab presence. Two-way ANOVA was also
applied to test for the effects of treatment (Fixed factor, 3 levels: Elodea, Myriophyllum, and no plant)
and time (Fixed factor, 5 levels: Day 1, 15, 30, 45, and 60) on crab mortality, body mass, and δ15N
(Experiment 3). Univariate tests were used to analyze the main difference between plants for each time
or treatment. One-way ANOVA was used to determine whether carapace width and the δ13C signatures
of the juvenile crab samples differed between treatments. In order to test whether a relationship could
be detected between crab body mass and δ15N, Pearson correlations were performed on data pooled
across all sampling days. The level of significance, α, was set to 0.05 for all analyses. Homogeneity
of variance was tested using Levene’s tests. Tukey’s HSD (Honest Significant Difference) test was
used for post hoc analysis. Crab body weights were log10-transformed to meet the assumptions of
a two-way ANOVA. All statistical tests were performed using SPSS for Windows, version 18.

3. Results

In the absence of food, adult crabs had a more significant herbivore effect on Elodea than on
Myriophyllum (F(1,8) = 19.080, p = 0.002, Table 1). Elodea biomass was, on average, 18.7 ± 5.4% lower in the
presence than in the absence of an adult crab, where the biomass increased by 20.5 ± 5.9%. Myriophyllum
biomass increased by 8.9–16.8% and was independent of crab presence/absence (Figure 3A).

Table 1. Summary of two-way ANOVA results in the herbivory selection experiment.

df Ms F p

Plant 1 428.408 19.080 0.002
Crab 1 1663.808 74.101 <0.001

Plant × Crab 1 728.521 32.446 <0.001
Error 8 22.453

There was a significant interaction effect between the occurrence frequency of juveniles among
the two plant species and adult crab presence (F(1,8) = 75.832, p < 0.001, Table 2). Simple main effects
analysis showed that the plant selection by juveniles differed significantly between the two plants
depending on whether the predator was present or not (p < 0.001 in the no crab treatment and p = 0.001
in the plus crab treatment). The juveniles preferred to settle among the Elodea in the absence of an adult
crab (appearance frequency among the plants: 64.2 ± 5.9%) but selected for Myriophyllum in the
presence of an adult crab (appearance frequency among the plants: 59.5 ± 4.9%, Figure 3B).
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Table 2. Summary of two-way ANOVA results in the refuge selection experiment.

df Ms F p

Plant 1 102.668 3.538 0.097
Crab 1 3.741 0.129 0.729

Plant × Crab 1 2200.521 75.823 <0.001
Error 8 29.022

During the two-month experiment, a linear increase in mean carapace width (Figure 4A) and
an exponentially increasing trend in mean body mass (Figure 4B) with time occurred in all treatments.
The crabs in the no plant treatment were heavier than those in the Elodea and Myriophyllum treatments
(F(2,30) = 10.196, p < 0.001, Table 3). However, no significant differences in crab body weight were found
between the two plant treatments (Tukey p = 0.939). The number of dead crabs recorded at 15-day
intervals did not differ significantly between the plant treatments (Table 3), and most of the crabs
died during the first 30 days (Figure 4C). However the proportion of crabs dying when entering the
molting stage differed significantly between the two plants (F(2,12) = 9.320, p = 0.004, Table 3). Post hoc
comparison revealed that the mortality rates in the molting stages were significantly lower in the
Myriophyllum treatment than in the Elodea treatment (Tukey p = 0.022) and the control (Tukey p = 0.004)
(Figure 5). The total estimated mortality rate in the treatments without plants was 0.034 ± 0.003 day−1

(R2 = 0.98, p < 0.001), which was considerably higher than in the Elodea (0.025 ± 0.002 day−1, R2 = 0.97,
p < 0.001) and Myriophyllum (0.022 ± 0.001 day−1, R2 = 0.98, p < 0.001) treatments (Figure 4D).

Both the δ13C and δ15N content of the crabs gradually increased during the experimental period
(Figure 6A,B). δ13C varied between −25.8 ± 1.0h and −20.4 ± 2.1h, while δ15N ranged from
6.3 ± 0.3h to 9.3 ± 0.3h. No significant difference in δ13C was detected among the treatments
(one-way ANOVA, F = 0.471, p = 0.628), while δ15N became significantly more enriched with time
and differed markedly among the treatments (Table 3). Post hoc comparisons revealed no significant
difference in δ15N between the no plant and the Elodea treatments (Tukey, p = 0.349), but δ15N in the
Myriophyllum treatment was significantly more enriched than in the Elodea (Tukey, p < 0.006) and the
no plant (Tukey, p < 0.001) treatments. Throughout the entire experimental period, significant positive
correlations existed between δ13C and δ15N and body mass in all treatments (Pearson correlations,
p < 0.01, Figure 6C,D).
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Table 3. Summary of two-way ANOVA results in the cannibalism experiment.

df Ms F p

Body mass

Plant 2 0.073 10.196 <0.001
Time 4 1.047 147.233 <0.001

Plant × Time 8 0.006 0.891 0.536
Error 30 0.007

Dead crab individuals per 15 days

Plant 2 0.822 1.088 0.350
Time 4 30.189 39.956 <0.001

Plant × Time 8 0.906 1.199 0.333
Error 30 0.756

Proportions of dead crabs in molting stages

Plant 2 209.185 9.320 0.004
Time 1 79.836 3.557 0.084

Plant × Time 2 20.368 0.907 0.430
Error 12 22.445

δ15N (h)

Plant 2 2.128 11.902 <0.001
Time 4 7.628 42.662 <0.001

Plant × Time 8 0.397 2.223 0.054
Error 30 0.179
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4. Discussion

As in earlier studies of the feeding behavior of Chinese mitten crab, we found a preference for
Elodea [29–31]. In the first experiment, the crabs had reduced the biomass of Elodea by 18.7% after
10 days of feeding, while Myriophyllum biomass increased irrespective of the absence/presence of
adult crabs. The higher concentrations of lignin and polyphenols found in Myriophyllum may help to
defend it against aquatic herbivores [25,32]. Moreover, Myriophyllum tissue is less nutritious, as also
indicated by the overall low growth and survival of herbivorous arthropods and gastropods feeding on
a Myriophyllum diet, recorded in other investigations [33,34]. Accordingly, in our study, starving mitten
crabs had no negative effect on Myriophyllum growth, and Myriophyllum actually exhibited an 8.9–16.8%
biomass increase during the experiment. Similarly, Valinoti et al. found a Myriophyllum biomass
increased of 4–10% regardless of whether the shrimp Palaemonetes was present or not, which they
attributed to limited grazing [25].

In our study, the presence of an adult crab significantly impacted the habitat choice of juvenile
crabs. We found that juveniles preferred Elodea (64.2% appearance frequency among the plants) over
Myriophyllum in the absence of predators, whereas more crabs (59.5% appearance frequency among the
plants) remained in Myriophyllum habitats in the presence of an adult crab. Myriophyllum is much more
structurally complex than Elodea [35] and this complexity can reduce predation through interference
with predator movement, thus allowing the prey an opportunity to escape predation [16]. Even a very
sparse vegetation cover may notably mitigate the cannibalistic pressure [10]. Studies of other species
of crab have shown that cannibalism is exerted by older and larger crabs on smaller individuals;
being smaller made them easier to capture and consume [7,36]. In Experiment 2, the juveniles had
a greater affinity for Myriophyllum in the presence of adult crabs, likely seeking escape from capture in
the complex habitat.

Habitat significantly affected the survival of juveniles in the third, relatively long-term, experiment.
Crab mortality rate was highest in the habitat without shelter and decreased in the habitats containing
aquatic macrophytes. Similar to the results obtained for other species of crab, we observed that
a complex habitat, regardless of type, is effective in augmenting the survival of mitten crab [7,12].
Mortality was also inversely affected by stocking density [9]. In Experiment 3, 20 crabs were placed in
each tank with a stocking density of 21 crabs m−2. In typical aquaculture, the average stocking density
is 1.5 crabs m−2. High crab density increases cannibalism when the food is scarce, especially under
conditions of shelter shortage [8,12] as crab flesh may be more attractive for energetic or nutritional
requirements than plants [36]. We found occasional grazing by juveniles on Elodea but still not on
Myriophyllum. The biomass of the two plants in Experiment 3 did not differ significantly (Elodea:
182.3 ± 8.2 g, Myriophyllum: 212.3 ± 8.0 g; t = −2.690, p = 0.115). On the other hand, we found that
dead or injured crabs were found more frequently during or immediately after molting. The proportion
of crabs dying when entering the molting stages during Day 15–30 and Day 30–45 period varied from
7.8% to 24.1%. In addition, the crab mortality rates in the molting-related stages differed significantly
between the Elodea and Myriophyllum treatments. Molting crabs are highly susceptible to cannibalism
because they are soft and less mobile and thus may attract the attention of other active animals
nearby [1]. Therefore, hiding among aquatic macrophytes likely improved juvenile survival, and it
thus seems that the quantity and quality of shelter are important for reducing cannibalism.

δ13C and δ15N are useful tools for estimating the trophic position of consumers in food webs.
The stable isotope ratio in the consumer’s tissues reflects the corresponding ratio in the diet that
is actually assimilated. Increases in δ15N between diet and consumer (∆δ15N), also referred to as
trophic fractionation, can be used to indicate the relative trophic positions of sets of individuals.
When cannibalism occurs, the cannibalistic individuals will have higher δ15N than the non-cannibalistic
ones, reflecting a higher trophic level [37]. In the extreme case where crabs gain all their nutrition by
consuming conspecifics, the cannibalistic crabs occupy a trophic level one step higher (i.e., a 3–4h
higher δ15N value) than that of non-cannibalistic crabs. Therefore, δ15N is potentially a good indicator
of cannibalistic behavior [38]. We found that both the δ13C and δ15N in crab muscles increased
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constantly over time. The shift in δ15N with time indicated that the crabs had a higher trophic position
than that of their conspecifics, most likely reflecting cannibalism. Although the ∆δ13C of 2.2–4.0h
and the ∆δ15N of 1.5–2.8h measured here from the beginning to the end of the experiment deviated
from commonly cited ∆-values in the literature (0 to 1h for ∆δ13C and ~3h for ∆δ15N, according to
McCutchan et al. [39]), they are, in fact, consistent with previous reports showing that ∆δ13C usually
ranges from 2 to 4h [40,41] and ∆δ15N from 1.7 to 2.2h [38,42,43]. The high protein quality and the
high quantity of the diet contributed to the low ∆δ15N values of the predator [41,44].

Both δ13C and δ15N gradually increased with body weight, indicating that the crabs require
a substantial amount of time for complete tissue turnover rate, and hence, to reflect an increase in the
assimilation of 13C- and 15N-enriched food sources. The shift in the isotopic composition of tissues
after a change in diet depends on the turnover rate of the particular tissue [45,46]. In general, turnover
rates are higher in smaller organisms with higher metabolic rates than in larger-sized organisms [43,
47]; in accordance with this, during Experiment 3, juveniles were chosen and we observed a crab
body mass increase of 5.6–8.3 times after 60 days. The specific growth rates in the No plant, Elodea,
and Myriophyllum treatments were 3.55 ± 0.31, 3.27 ± 0.53, and 2.89 ± 0.43% day−1, respectively.
Most studies have concluded that growth explains most of the carbon and nitrogen turnover [43,46,47].
Cannibalism likely increases growth, and this may explain the positive correlation between size and
δ15N also observed by Møller et al. in cannibalistic crabs [38].

For crustaceans, the muscle turnover rate could be influenced by the molting cycle, especially in
juvenile individuals [38]. In Experiment 3, most of the juveniles molted once. The proportion of crabs
dying when entering the molting stage differed significantly between the two plants. The impact of
this on the stable isotope signature variation deserves more attention because molting affects protein
synthesis and degradation. However, deVries et al. reported from an experiment that sex and molting
did not affect the incorporation rates of mantis shrimp [41]. In addition, the influence of molting on
incorporation rates needs further study.

The δ15N of crabs in the Myriophyllum treatment became significantly lower with time than that in
the Elodea treatment, also suggesting that Myriophyllum provides a better shelter for juveniles against
cannibalistic feeding. We cannot exclude the possibility that the closed experimental conditions led to
higher consumption of crab remains due to agonistic encounters when the crabs got larger, which may
also have affected the δ15N ratios.

5. Conclusions

This study demonstrated how Myriophyllum and Elodea differentially affected the feeding
preference, habitat choice, growth, and survival of Chinese mitten crab. When food was scarce,
the mitten crabs preferred Elodea as their food source, but in the presence of predators, most of the
crabs settled among the Myriophyllum, probably using them as a refuge against predation. We found
that, overall, the crab mortality rate was lower in the structurally more complex Myriophyllum treatment
than in the Elodea treatment. Stable isotope analyses indicated that cannibalistic feeding might further
increase growth, producing ontogenetic increases in trophic position with size. Our study demonstrates
that a combination of submerged aquatic vegetation suitable as food combined with other plant species
acting as efficient refuges against predators may be the optimal plant stocking method in mitten crab
cultures to ensure both high crab survival and high growth.
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