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Abstract  17 

Many amphibian population declines have been associated with the introduction of 18 

alien aquatic predators. Here, we explore the vulnerability of tadpoles of two 19 

sympatric Japanese species (Pelophylax nigromaculatus (PN) and Rhacophorus 20 

schlegelii (RS)) to the invasive crayfish Procambarus clarkii. We first examined the 21 

behavioral responses of the tadpoles to the cues of caged, fed crayfish predator in a 22 

controlled laboratory experiment, and subsequently tested their survival when 23 

together in the presence of free-ranging predator in outdoor mesocosms that simulated 24 

natural ponds. Only PN reduced activity level to the cues of the predator, but this 25 

apparent behavioral defense recorded in the laboratory did not result into higher 26 

survival in outdoor mesocosms. In mesocosms, PN exhibited higher biomass 27 

increment but experienced higher mortality in predator environments. The mechanism 28 

mediating mortality remains unclear though. These results indicate that sympatric 29 

prey may differentially respond and be disproportionally vulnerable to novel 30 

predators. Our study illustrates the possible contribution of a life-history trait 31 

influencing risk of predation in newly invaded systems.  32 

Introduction  33 

Alien predators are one of the most important factors of global decline of biodiversity 34 

(Bellard et al. 2016; Havel et al. 2015; Simberloff et al. 2013), and are more harmful 35 

to prey populations than native predators (Salo et al. 2007). These impacts are thought 36 

to arise from ecological naïveté or the failure to recognize a novel enemy and respond 37 

appropriately due to a lack of experience (Cox & Lima 2006), causing the extirpation 38 

of native populations of prey species (Bellard et al. 2016). In invaded communities, 39 

however, some species were reported to be disproportionally at higher risk than others 40 

(e.g., Cruz & Rebelo 2005; Fukasawa et al. 2013; Jones et al. 2008; Jones & Closs 41 
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2015; Pearl et al. 2003), suggesting that species-specific traits may be under selection. 42 

Understanding the mechanism mediating prey vulnerability is important to predict the 43 

impact of novel predators on newly invaded ecosystems (Schlaepfer et al. 2005).  44 

Aquatic ecosystems seem at particular risk from invasive species because of threats to 45 

biodiversity (reviewed by Havel et al. 2015). Many amphibian population declines 46 

have been associated with the introduction of invasive aquatic predators (reviewed by 47 

Kats & Ferrer 2003). Procambarus clarkii, the red swamp crayfish, has invaded many 48 

freshwater ecosystems where they pose substantial threats to the dynamics of existing 49 

ecological populations (Lodge et al. 1998). P. clarkii is a polytrophic predator and a 50 

skilled predator of tadpoles (Gherardi et al. 2001; Renai & Gherardi 2004), and has 51 

been reported to be at the origin of the exclusion of many native amphibians from 52 

their breeding habitats (Cruz et al. 2006). If native tadpoles were able to evolve life-53 

history strategies or defense phenotypes, such as reduced activity level, which they 54 

would naturally adopt in the presence of native predators, they should, in theory, 55 

increase resistance to novel predators (Gomez-Mestre & Díaz-Paniagua 2011; Sih et 56 

al. 2010). Yet, the literature has yielded mixed results from which no generality could 57 

emerge.  58 

For example, Pease & Wayne (2014) found that tadpoles of Pseudacris regilla that 59 

are still naive to P. clarkii can innately recognize cues of the crayfish and reduced 60 

activity level in the presence of the predator; to the converse, Nunes et al. (2014) 61 

revealed that tadpoles need co-evolutionary history i.e., native tadpoles and novel 62 

predators should have cohabited long enough for phenotypic defense to evolve. Other 63 

studies suggested that tadpoles might learn to recognize the crayfish from cues of 64 

conspecifics eaten by the novel predator (e.g., Nunes et al. 2013), without necessarily 65 

sharing common evolutionary past between predator and prey (Sih et al. 2010). 66 
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Although these studies have helped us understand different pathways through which 67 

native prey can recognize novel predators (i.e., evolutionary history or learning), we 68 

still know relatively little about the potential influence of prey life-history traits on 69 

their vulnerability to novel predators (Jones & Closs 2015; Olden et al. 2006). In fact, 70 

these traits could be more under selection than behavior since, for example, some 71 

tadpoles, though they reduced activity level and altered microhabitat use in the 72 

presence of P. clarkii, still experienced high predation pressure from the crayfish 73 

predator (Cruz & Rebelo 2005). 74 

P. clarkii was first introduced in Japan in 1927 and has since expanded its range 75 

throughout the country due to its fast population growth and the abundance of 76 

favorable habitats, posing a serious threat to freshwater ecosystems (Matsuzaki et al. 77 

2011; The Ecological Society of Japan 2002). This study explores the vulnerability of 78 

sympatric tadpoles of Pelophylax nigromaculatus (Ranidae) and Rhacophorus 79 

schlegelii (Rhacophoridae) to the novel predator crayfish. The two species are widely 80 

distributed in the main island of Japan, and are commonly found in paddy fields, 81 

swamps, and in ponds. At the larval stage, P. nigromaculatus typically grows faster 82 

than R. schlegelii (Ramamonjisoa & Natuhara 2017), has longer larval period (2 vs. 83 

1.5 months), and reaches larger size at metamorphosis (20-30 mm vs. 15-16 mm) 84 

(Matsui & Seki 2008). Growing faster is thought to be adaptive as to allow 85 

completing metamorphosis within the time constraint available, and has the potential 86 

to enhance interspecific competitive ability (Smith et al. 2004) and resistance to 87 

predators because of the benefits conferred by a large size (Brodie Jr & Formanowicz 88 

1983; Kishida et al. 2015; Urban 2007, but see Crump & Vaira 1991). 89 

This study sought to address the following questions, i) can the tadpoles of the two 90 

species recognize P. clarkii? ii) Are the tadpoles equally vulnerable to the crayfish? 91 
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We tested the hypotheses (i) that the tadpoles of the two species do not recognize the 92 

crayfish because of their naiveté to the novel predator, i.e., the tadpoles do not reduce 93 

activity level in the presence of P. clarkii, and (ii) that the two species experience 94 

equal predation pressure from the crayfish.  95 

Materials and methods  96 

We collected four egg-masses each of Rhacophorus schlegelii (hereafter RS) and 97 

Pelophylax nigromaculatus (hereafter PN) from four rice paddy fields in Toyota city, 98 

Japan, in May-June 2014 and 2015 (N35°02’4.87”; E137°17’11.65”). Our previous 99 

fieldwork (2013-2017) has confirmed that P. clarkii has not invaded the study site yet. 100 

We used a system that is still naive to the crayfish, allowing us to simulate the 101 

potential impact of the crayfish on newly invaded systems. Eggs were transported 102 

back to the laboratory and were hatched at room temperature. Upon hatching, the 103 

tadpoles were transferred into containers at 15 individuals.L-1  and maintained in the 104 

same room with a natural photoperiod regime. For each species, tadpoles from the 105 

different egg-masses were pooled. This allowed homogenizing the composition of 106 

each container while introducing genetic variability. We captured crayfish using 107 

baited funnel traps in a pond located in Toyota city (N35°05’38.5”; E137°11’55.1”) 108 

and brought them in to the laboratory.  The crayfish were fed rabbit chow and 109 

commercial fish food ad libitum until use; we fed the tadpoles rabbit chow. Only adult 110 

crayfish (carapace length 5.5-6.5 cm) with intact chelae and walking legs were used in 111 

the experiment. We did not discriminate male and female in this study because 112 

previous studies (Gherardi & Barbaresi 2008; Gonçalves et al. 2016) found no sexual 113 

difference in diet and prey consumption rate in P. clarkii, suggesting that they may 114 

have similar level of aggressiveness to prey. We report on the results of three 115 

experiments. The first one aimed at testing the behavioral responses of the tadpoles in 116 
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the presence of caged, fed P. clarkii in a controlled laboratory experiment. The other 117 

two experiments tested the vulnerability of the two species in the presence of free-118 

ranging crayfish, first, in a short-term laboratory predation trial and subsequently in a 119 

long-term outdoor experiment.  120 

Experiment 1: Behavioral responses of the tadpoles to the cues of the crayfish 121 

We conducted a laboratory experiment in which we observed the activity levels of the 122 

tadpoles (PN and RS) in the presence and absence of caged, fed crayfish. This 123 

resulted in 4 treatments that were replicated 4 times each. We conducted the 124 

experiment in rectangular 13.5 L containers (35 cm x 24 cm x16 cm) filled with 6.5 L 125 

aged tap water (modified from Nunes et al. 2013). A perforated polyethylene plastic 126 

material partitioned each container into two chambers that separated the predators 127 

from the tadpoles (1/3 and 2/3, the larger partition for the tadpoles); this allowed the 128 

tadpoles to detect the cues from the predators but prevented these later from 129 

consuming the tadpoles.  130 

Each container received a group of 8 tadpoles of similar size at the start of the 131 

experiment (Gosner 27–28) (Gosner 1960). The tadpoles were fed one-two pellet of 132 

rabbit chow on a daily basis (~150–350 mg), which was rather ad libitum because 133 

leftovers still remain until the next feeding. Predators were fed two tadpoles every 134 

other day (~0.5 g) following (Nunes et al. 2013); we fed the crayfish with RS in the 135 

RS treatment and PN in the PN treatment. Half of water in the containers was 136 

changed every 3 days. The experiment was conducted in a room at 24–25 °C with 137 

natural daylight regime. 138 

We quantified the behavior of the tadpoles using scan sampling, consisting of 139 

counting the number of active tadpoles at an instant t. We performed two group-scans 140 
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a day with at least 1:30 hour between two group-scans; one group-scan consisted of 8 141 

consecutive observations on each container at 5 minutes interval between two 142 

observations. All behavioral observations were conducted during the day (10:00–143 

16:00), and by the same observer.  144 

The experiment lasted 15 days (starting from mid June) in 2014, and was repeated the 145 

following year (2015) under the same laboratory setting in a 7-day experiment. Each 146 

container was observed 240 times in the first experiment (15 days x 2 scans.day-1 x 8 147 

times.scan-1) and 112 times (7 days x 2 scans.day-1 x 8 times.scan-1) in the second 148 

year.  149 

Experiment 2: Tadpole vulnerability to the crayfish in the laboratory 150 

This short-term laboratory predation trial was conducted in 4 L transparent plastic 151 

tubs filled with 1.5 L aged tap water in which a pair of tadpoles (one individual of 152 

each species, Gosner 27-30) of the same size was exposed to one free-ranging 153 

crayfish predator. This method ensured that the time spent by crayfish in searching for 154 

food was minimal, and the crayfish could freely choose between the species (Gherardi 155 

& Barbaresi 2007). From the moment the tadpoles were introduced in the container, 156 

we recorded survival every 10 min in a 3-hour trial using instantaneous scan sampling 157 

(i.e., 18 scans), following Polo-Cavia and Gomez-Mestre (2014). The trial was 158 

replicated 15 times. After two days, we repeated the same trial using the same 159 

crayfish but different tadpoles (i.e., 15 crayfish and 30 tadpoles of PN and RS for the 160 

two trials). The tadpoles were fed ad libitum to standardize hunger level, but the 161 

crayfish were not fed 24 hours before the trials. The experiment was conducted in a 162 

lighted room at 25 °C.  163 
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Experiment 3: Tadpole vulnerability to the crayfish in outdoor pool 164 

mesocosms  165 

We conducted a second predation trial in outdoor pool mesocosms that simulated 166 

natural ponds. The mesocosms consisted of 400 L circular pools filled with 300 L of a 167 

mix of tap and rain water, and were placed in the campus of Nagoya University. The 168 

mesocosms were prepared following standard methods (Semlitsch & Boone 2010); 169 

we added 55 g of leaf litter (mainly Quercus) and 15 g of rabbit chow to each tank as 170 

initial source of nutrient. Each tank received 200 mL of pond water aliquot from a 171 

small pond located inside the university campus as a source of zooplankton. We left 172 

the tanks for 18 days to allow algal and zooplankton communities to establish, after 173 

which we introduced groups of 25 individuals of each tadpole species in each tank in 174 

the presence or absence of a free-ranging predator crayfish. These densities fall within 175 

the densities of tadpoles (Ramamonjisoa, personal observations) and crayfish (Iwata 176 

& Fukioka 2006; Ohba 2011) reported in Japanese rice paddy fields. The two 177 

treatments (i.e., absence and presence of crayfish) were replicated 4 times for a total 178 

of 8 pools. As for experiment 2, one important component of the experiment was to 179 

have all individual tadpoles (of both species) of the same size within each pool at the 180 

start of the experiment. From each batch of hatchlings of the two species (Gosner 27-181 

29), we visually selected tadpoles of the same size and weighed them in groups of 25 182 

individuals before transferring them into their respective pools. The tadpoles were 183 

transferred to the pools on the same day they were measured. Tadpole initial body 184 

mass did not significantly differ between the two species within each pool (t-test, t = -185 

0.11, P = 0.913).  We did not have initial body length of individual tadpoles, but body 186 

length of 20 randomly picked tadpoles from the batch of hatchlings of the two species 187 
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did not differ (body length Mean ± SD: 2.52 ± 0.12 cm and 2.50 ± 0.08 cm, for PN 188 

and RS, respectively; t-test, t = 0.77, P = 0.442).  189 

The mesocosms were covered with 1mm mesh for shade and to hamper colonization 190 

of non-experimental organisms. After 15 days (end of June), we emptied the tanks 191 

and removed all surviving tadpoles, which were counted and weighed to the nearest 192 

1mg in the laboratory. Water temperature in the pools was 28–31 °C (measured at 193 

11:00–13:00), falling within the range of temperature the organisms are normally 194 

exposed to in the field (17–39 °C, Kosuke Nakanishi, unpublished data). 195 

We repeated the experiment in 2015 following the same methodology (i.e., 2 196 

treatments × 4 replicates × 2 years = 16 pools in total for the two years) and the same 197 

protocol as in 2014.  198 

Data analysis  199 

We analyzed the effects of predators on tadpole activity levels (Experiment 1) with a 200 

generalized linear mixed model using a binomial distribution (moving and non-201 

moving tadpoles). We used the function “glmer” in the “lme4” package (Bates et al. 202 

2015). Our fixed effects were “presence and absence of crayfish” and “tadpole 203 

species”; we had two random factors: “year” (2014 and 2015) and “observations” 204 

nested in “experimental day”, which was in turn nested in “container”. P-values were 205 

obtained by likelihood ratio test of the full model with the effect in question against 206 

the model without the effect of explanatory variables using the function “anova”. 207 

Post-hoc tests were conducted using the function “lsmeans” (Lenth 2016) with Tukey 208 

adjustment after bootstrapping method using the package “pbkrtest” (Halekoh & 209 

Højsgaard 2014). 210 
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For the laboratory predation trial (Experiment 2), we conducted a survival analysis 211 

using mixed-effects Cox regression with the function “coxme” (Therneau 2015). We 212 

entered “species” (RS vs. PN) as independent factor, “timing of predation event” as 213 

dependent variable, and “container” as random factor. We compared the frequency of 214 

first attack on each tadpole species using Barnard's unconditional test for contingency 215 

tables with the function “barnard.test” (Erguler 2016).  216 

For the outdoor experiment (Experiment 3), we used linear mixed-effect models to 217 

analyze mortality and change in biomass (final biomass – initial biomass) in the 218 

cohort of tadpoles within the pools before and after the experiment. Change in 219 

biomass was preferred to individual growth rate because it is hard to disentangle 220 

possible size-selective predation and density-dependence effects on growth in the 221 

predator treatment. Mortality rates were computed from the number of surviving 222 

tadpoles at the end of experiment. We took “presence of predators” and “tadpole 223 

species” as fixed factors; “year” (2014 and 2015) and “container” were the random 224 

factors.  225 

We computed P-values and conducted Tukey post-hoc tests following the same 226 

procedures as in the first experiment. All statistical tests were performed with R (R 227 

Development Core Team 2007) and the graphs were made on SPSS 17 (IBM, SPSS 228 

17).  229 

Results  230 

Experiment 1  231 

The presence of caged, fed crayfish influenced tadpole behavior (glmm, Chi (1) = 232 

245.48, P <0.001), but only the tadpoles of PN significantly reduced activity level in 233 

the presence of the predator (glmm, Chi (1) = 315.64, P <0.001, Fig. 1). There was an 234 
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interactive effect between “presence of predator” and “tadpole species” on tadpole 235 

behavior (glmm, Chi (1) = 265.78, P <0.001).  236 

Experiment 2  237 

In the short-term laboratory predation trials (3 hours), the crayfish did not 238 

discriminate between the tadpoles of PN and RS of equal size (mixed effects Cox 239 

regression, z = 1.24, P = 0.21, Fig. 2). The first attack was not directed towards any 240 

specific prey (12/30 on RS, 13/30 on PN, and 5/30 simultaneously on PN and RS; 241 

Barnard test, z = -0.26, P = 0.88).  242 

Experiment 3  243 

Biomass of PN increased more than that of RS, both in the presence and in the 244 

absence of the crayfish in outdoor pool mesocosms (Table 1, Fig. 3). The presence of 245 

predators did not affect change in biomass in the tadpoles (non significant interactive 246 

effect of predation and species on tadpole biomass Table 1). Mortality rates were 247 

similar in the tadpoles in the absence of predators (Tukey post-hoc test, P = 0.765). In 248 

predator-environments, however, PN experienced higher mortality rates than RS 249 

(39% vs. 17%, Tukey post-hoc test, P < 0.001, Table 1).  250 

Discussion  251 

This study sought to understand the behavioral responses and the vulnerability of two 252 

sympatric tadpoles to the invasive crayfish P. clarkii. The tadpoles of Rhacophorus 253 

schlegelii and Pelophylax nigromaculatus differentially responded to the novel 254 

predator (Fig. 1). Only PN clearly reduced activity level in response to cues of fed P. 255 

clarkii. In the short-term laboratory experiment, the tadpoles were equally vulnerable 256 

to the crayfish when they were of equal size (Fig. 2). In the outdoor experiment, 257 
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however, increment in body mass in PN was higher (both in the presence and in the 258 

absence of crayfish) but this species experienced higher mortality (Fig. 3). 259 

Reduction in activity level in the presence of P. clarkii has been documented in other 260 

larval amphibian populations (Nunes et al. 2013; Pearl et al. 2003). Although the 261 

tadpoles of some amphibian species are able to innately detect the cues of P. clarkii 262 

(Pease & Wayne 2014), some common mechanisms have been suggested to explain 263 

the behavioral response observed in native prey to the cues of novel predators 264 

(reviewed by Ferrari et al. 2010). First, prey may recognize the invasive predator 265 

through phylogenetic similarities with native predators co-occurring with the prey 266 

(Ferrari et al. 2010). However, this assumption may not be valid in this system 267 

because the only native crayfish in Japan, Cambaroides japonicus, does not occur in 268 

the region. A second possible mechanism is a learned response based on cues of 269 

conspecifics eaten by the crayfish. A number of studies have demonstrated that the 270 

larvae of a variety of amphibians can react to chemical cues from injured/consumed 271 

conspecifics (Mirza et al. 2006; Pueta & Perotti 2016); although tadpoles cannot 272 

innately recognize the cues of novel predators, they may exhibit behavioral defense in 273 

the presence of novel predators that are fed conspecific prey (Nunes et al. 2013). It is 274 

intriguing, however, why only PN responded to the presence of P. clarkii between the 275 

two sympatric tadpoles, but difference in sensitivity to consumed conspecific alarm 276 

cues could represent one mechanism (Nunes et al. 2013; Pearl et al. 2003). 277 

Reduced activity level is a typical adaptive antipredator response in prey (Lima & Dill 278 

1990), but, still, the less active PN in the laboratory experienced higher mortality rate 279 

in the outdoor experiment. Assuming that mortality of RS and PN tadpoles was 280 

similarly affected by density-dependence effects (no significant differences in 281 

mortality between the two species in the non-predator treatment), the fact that PN 282 
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were more vulnerable than RS does not necessarily mean that reduced activity is not 283 

effective at increasing survival against the crayfish in this species. The literature on 284 

the adaptive value of being motionless in prey in the presence of P. clarkii has yielded 285 

mixed results. For example, Gomez-Mestre & Díaz-Paniagua (2011) reported that 286 

dragonfly larvae-induced tadpoles survive better than naive tadpoles in the presence 287 

of the crayfish. In contrast, Cruz & Rebelo (2005) found that many Iberian tadpoles 288 

reduced activity level and/or altered microhabitat use in the presence of P. clarkii, but 289 

these behavioral modifications did not reduce their vulnerability to the crayfish. Later, 290 

Nunes et al. (2013) revealed that tadpoles normally exhibit more reduction in activity 291 

level in the presence of dragonfly larvae than in the presence of the crayfish, 292 

suggesting that the degree of behavioral alteration in tadpoles may influence their 293 

vulnerability to the crayfish. In this respect, differences in cue intensities between the 294 

laboratory and the outdoor experiment might explain our results. Many species of 295 

tadpoles typically adjust their phenotypic responses to the level of threat, which they 296 

assess by the intensity of conspecific cues in the environment (Schoeppner & Relyea 297 

2008). In fact, in our outdoor experiment, the crayfish preyed on average on 8–9 298 

tadpoles in each pool over 15 days; that is, less than 0.6 tadpole.day-1 in 300 L. This 299 

concentration was much lower than the one the tadpoles were exposed to in the 300 

laboratory, where the crayfish were fed approximately one tadpole.day-1 in 6.5 L (i.e., 301 

nearly 75 times weaker in intensity). It follows that conspecific cues in mesocosms 302 

might not have been strong enough to elicit behavioral defenses in the tadpoles (Mirza 303 

et al. 2006). These results also raise the assumption that concentration of conspecific 304 

cues in the environment might influence the impact of invasive predators on prey 305 

community though more studies are needed to test these assumptions.   306 
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PN biomass increment was significantly higher than RS’s in the outdoor mesocosms 307 

both in the presence and in the absence of predator. Typically, PN grows faster than 308 

RS (Ramamonjisoa and Natuhara 2017), which may explain its larger biomass at the 309 

end of the experiment, at least in the absence of predator.  PN change in biomass did 310 

not significantly differ between the two treatments although the species experienced 311 

on average 39% mortality (Fig. 3), suggesting that PN growth increased at lower 312 

density.  313 

The mechanism underlying prey mortality remains unclear from our experiment. 314 

Behavior (McPeek 2004), size-selective predation, and density-dependence effects 315 

could be all factors that might have affected mortality and growth in this study. The 316 

crayfish appears to be indiscriminate when the tadpoles were of the same size 317 

(Experiment 2) suggesting that the evolution of size difference between the two 318 

species within the mesocosms might have increased PN vulnerability, as they became 319 

larger in the containers. Crayfish are thought to prefer smaller prey (e.g. Gonçalves et 320 

al. 2017), but this assumption is based on studies that typically evaluated the 321 

predator’s choice on mollusk prey, for which shell thickness increases with body size. 322 

Tadpoles have soft bodies and, following predictions of foraging theories, there is no 323 

apparent reason why the crayfish should be limited to small prey. Besides, predation 324 

on larger tadpoles could increase due to their lower swimming and predator escape 325 

performance (Dayton et al. 2005). Other traits that are not related to body size include 326 

body coloration and innate agility to escape attack from the predator. We believe, 327 

however, that body coloration could be less important because the two tadpoles still 328 

experienced equal predation risk in transparent containers in a lighted room, which 329 

should favor the use of vision in the crayfish. 330 
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Our experimental approach carries some limitations. This study was based on 331 

simplified laboratory observations and may not fully encapsulate the behavior prey 332 

and predators would adopt in their natural environments. Natural habitats are 333 

generally complex where both prey and predators have access to refuge and could be 334 

exposed to cues from different origins, which could ultimately influence their 335 

behavior. More detailed behavioral observations such as the agility of the respective 336 

tadpole species according to body size would also provide a better understanding of 337 

the mechanisms mediating mortality. Furthermore, red swamp crayfish can be active 338 

during the day, but they tend to be more active at night (Gherardi & Barbaresi 2000). 339 

Having information on temporal variation in predation rate and the subsequent prey 340 

responses would complement the conclusions drawn from this study. We did not 341 

discriminate male and female crayfish in this experiment, and although previous 342 

studies revealed no sexual difference in diet and aggressiveness (Gherardi & 343 

Barbaresi 2008; Gonçalves et al. 2016), whether male and female P. clarkii produce 344 

similar cues remains largely unknown.  345 

Our results show that co-occurring tadpoles may differentially respond to the novel 346 

predator P. clarkii. This study illustrates the possible contribution of life history traits 347 

in influencing prey vulnerability, though the exact mechanism remains unclear. With 348 

current and ongoing amphibian decline (Stuart et al. 2004), it could be fruitful to 349 

understand these mechanisms in order to predict the possible impacts of alien 350 

predators on amphibian communities in newly invaded systems. 351 
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Table 1 Results of linear mixed-effect models describing the effects of the presence and 

absence of Procambarus clarkii on changes in biomass and mortality rates of Rhacophorus 

schlegelii (RS) and Pelophylax nigromaculatus (PN) in outdoor pool mesocosms. P-values 

were obtained by likelihood-ratio tests 

 Change in biomass Mortality rate 

 Chi (1) P Chi (1) P 

Presence of predator (Pred.) 0.42 0.513 22.03 < 0.001 

Tadpole species (Species) 38.84 < 0.001 13.32 < 0.001 

Pred. x Species 0.30 0.582 8.91 0.002 
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Fig. 1 Tadpole activity levels in the presence and absence of caged, fed Procambarus clarkii 

in a laboratory experiment. Values represent the proportion of moving tadpoles recorded by 

scan sampling (240 scans in 2014 and 112 scans in 2015 on each container). Values are Mean 

± SE. Different letters mean significant difference at alpha=0.05 (adjusted Tukey post-hoc 

tests following a generalized linear mixed-effects model). 

 

 

Fig. 2 Cumulative survival of the tadpoles of Rhacophorus schlegelii and Pelophylax 

nigromaculatus in the presence of a free-ranging Procambarus clarkii in laboratory predation 

trials. The tadpoles were of the same size. Mortality was recorded every 10 minutes in a 3-

hour experiment. The experiment was replicated 30 times. 

 

 

Fig. 3 Changes in biomass and mortality rates of Rhacophorus schlegelii and Pelophylax 

nigromaculatus when reared together in the presence and absence of the crayfish 

Procambarus clarkii in outdoor mesocosms over 15 days. Values are Mean ± SE. Different 

letters mean significant difference at alpha=0.05 (adjusted Tukey post-hoc tests following 

linear mixed-effects models). 
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