
Accepted Manuscript

Title: Copper-Driven Avoidance And Mortality In Temperate
And Tropical Tadpoles

Author: Cristiano V.M. Araújo Cândida Shinn Matilde
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Abstract14

Amphibians have experienced an accentuated population decline in the whole world due 15

to many factors, one of them being anthropogenic contamination. The present study 16

aimed to assess the potential effect of copper, as a worldwide and reference 17

contaminant, on the immediate decline of exposed population due to avoidance and 18

mortality responses in tadpoles of three species of amphibians across climatic zones: a 19

South American species, Leptodactylus latrans, a North American species, Lithobates20

catesbeianus, and a European species, Pelophylax perezi. A non-forced exposure 21

system with a copper gradient along seven compartments through which organisms 22

could freely move was used to assess the ability of tadpoles to detect and avoid copper 23

contamination. All species were able to avoid copper at a concentration as low as 100 24

µg L-1. At the lowest (sublethal) concentrations (up to 200 µg L-1) avoidance played an 25

exclusive role for the population decline, whereas at the highest concentrations (>450 26
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µg L-1) mortality was the response determining population decline. The median 27

concentrations causing exposed population immediate decline were 93, 106 and 180 µg 28

L-1 for Le. latrans, Li. catesbeianus and P. perezi, respectively. Contaminants might, 29

therefore, act as environmental disruptors both by generating low-quality habitats and30

by triggering avoidance of tadpoles, which could be an important response contributing 31

to dispersion patterns, susceptibility to future stressors and decline of amphibian 32

populations (together with mortality).33

34

Keywords: amphibian population decline; anuran larvae; avoidance; contamination; 35

environmental disruption.36

37

1. Introduction38

Global amphibian decline has been recognized as a phenomenon of major concern as39

amphibians are one of the groups most threatened of extinction (Stuart et al., 2004; 40

McCallum, 2007). The Global Amphibian Assessment worldwide project (by the 41

International Union for Conservation of Nature) has recently reported that almost one-42

third (32%) of the world amphibian species are threatened (1,896 species) and that at 43

least 43% of all species are declining (IUCN, 2012), thus anticipating that amphibians 44

will continue to be threatened, at least in the near future. Among the several causes for 45

such decline (e.g. habitat loss and destruction, UV-B radiation, invasive species, 46

increased disease susceptibility, over-exploitation as food resource, climate change) 47

chemical contamination is considered a highly threatening factor (Beebee and Griffiths, 48

2005; Nyström et al., 2007; Blaustein et al., 2010; Hayes et al., 2010). The threat of49

contamination acting as an environmental disruptor is linked to the reduction and/or 50

fragmentation of habitat and its quality loss, causing a decrease in the density and 51

viability of populations, an increase in the susceptibility to future stressors, and changes 52

in dispersion patterns between neighboring habitats (Ribeiro and Lopes, 2013;Wilson 53

and Hopkins, 2013). 54

55
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Many amphibian species have been shown to be susceptible to toxic effects of different 56

contaminant classes (e.g. agrochemicals, metals, nitrogenous compounds and industrial 57

effluents), which can act on enzymatic activity, morphological and histological 58

development, behavior, growth, reproduction, and survival (James and Little, 2003; 59

Ferrari et al., 2005; Shinn et al., 2008, 2013; Relyea and Jones, 2009; Ossana et al., 60

2010; Gürkan and Hayretdaǧ, 2012; Marques et al., 2013). The ability to avoid 61

contaminants has been another endpoint studied in amphibians. However, such studies 62

have mainly focused on swimming ability, such as traveled distance, speed and 63

frequency of swimming (Bridges, 1997; Chen et al., 2007; Shinn et al., 2008; Denoël et 64

al., 2013), and on oviposition (Takahashi, 2007; Vonesh and Buck, 2007). In addition, 65

all these studies have been performed under forced exposure conditions, with no 66

alternative towards which organisms could present avoidance or preference responses.67

Although the ability of tadpoles to detect and avoid contamination moving towards less 68

contaminated zones has been scarcely investigated (but see study by Steele et al., 1989), 69

this response is highly relevant because it indicates possible changes regarding the 70

pattern of the organisms’ displacement dynamics and, thus, potential implications for a 71

population immediate decline (PID in Rosa et al., 2012; see also Gutierrez et al., 2012). 72

73

The present study has therefore focused on two key objectives: (i) to investigate the role 74

of a metal (copper, Cu) as habitat disruptor by triggering avoidance response in tadpoles 75

of three species of amphibians from different geographic regions, namely Leptodactylus76

latrans (Steffen, 1815), Lithobates catesbeianus (Shaw, 1802) and Pelophylax perezi77

(López-Seoane, 1885) (hereafter Le. latrans, Li. catesbeianus, and P. perezi); (ii) to 78

estimate the exposed population immediate decline (PID) due to combined avoidance 79

and mortality responses. To achieve these two goals, a non-forced exposure system80

(simulating a large water body with heterogeneously distributed contamination) with a 81

Cu gradient through which organisms could freely move was employed. The use of the 82

three species allows for a more global approach regarding the consequences of 83

contamination for amphibian populations. Although Cu is an essential metal for animals 84

and plants and a substantial input of Cu into aquatic compartments comes from natural 85

sources, it was selected given that residual levels from domestic, industrial and 86

agricultural activities have increased in many aquatic ecosystems worldwide (Ossana et 87
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al. 2010; Aronzon et al., 2011). Lastly, Cu can be highly toxic to amphibians at levels 88

often measured at contaminated sites (Redick and La Point, 2004; Aronzon et al., 2011; 89

Lance et al., 2012; Xia et al., 2012).90

91

2. Materials and methods92

2.1. Species: characteristics, origin and culture conditions93

Three amphibian species were selected to carry out this study. Leptodactylus latrans94

(sapo-ranallanero, butter frog or common thin-toed frog, also known as Le. ocellatus95

and Rana latrans - Lavilla et al., 2010) is a species widely present in South America96

(Araújo et al., 2009; Coelho et al., 2012; Heitor et al., 2012), generally found in open 97

grasslands near temporary or permanent ponds, streams or marshes (Heyer et al., 1990).98

Lithobates catesbeianus, known as the bullfrog, is originally from North America, 99

currently occurring as invasive species in lentic ecosystems across different regions,100

such as Europe, Asia and South America (Giovanelli et al., 2008). The Perez’ frog, P. 101

perezi, is a native species in Europe (found in southern France and across the Iberian 102

Peninsula), inhabiting a wide variety of temporary and permanent water bodies, such as103

streams, ditches and irrigation canals (Loureiro et al., 2010). At present, the IUCN has 104

listed the populations of Le. latrans and P. perezi as stable and of least concern, while 105

Li. catesbeianus is listed as increasing and of least concern106

(http://www.iucnredlist.org/initiatives/amphibians, last visited May 2013).107

108

Fresh feral Le. latrans egg masses were collected from an outdoor tank containing 109

natural water (pH = 8.4; dissolved oxygen = 6.9 mg L-1; conductivity = 47 µS cm-1; 110

salinity = 0), located at CRHEA (Centro de Recursos Hídricos e Ecologia Aplicada, São 111

Carlos, São Paulo, SE Brazil). Lithobates catesbeianus tadpoles were obtained from a 112

frog farm located near São Carlos city and transported to the laboratory in tap water (pH 113

= 8.1; dissolved oxygen = 7.0 mg L-1; conductivity = 27 µS cm-1; salinity = 0). Both 114

species were maintained in plastic aquaria containing tap water (pH = 7.4; conductivity 115

= 30 µS cm-1) with continuous and gentle aeration (dissolved oxygen above 7 mg L-1), 116

at 25 ºC and under a photoperiod of 12:12 h light/darkness. A few individuals of the 117
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floating macrophyte species Pistia stratiotes were placed in the aquaria during 118

acclimatization. Pelophylax perezi egg masses were collected in a lentic area of a 119

freshwater brook (40°23'10.9"N, 8°14'5.3"W) within the hydrological basin of the 120

Mondego River (Central Portugal) (pH = 7.5; dissolved oxygen = 6.5 mg L-1;121

conductivity = 126 µS cm-1; salinity = 0.1). Egg masses were transported to the 122

laboratory immediately after collection and placed in an aquarium with FETAX 123

medium (Dawson and Bantle, 1987). After hatching, larvae were transferred to 500 mL 124

glass vessels also containing FETAX, and maintained at 20 ºC on a 16:8 h 125

light/darkness cycle. Organisms of the three species were maintained under the outlined 126

culture conditions until reaching Gosner stage 25 (Gosner, 1960), at which point they 127

were used in the tests. Culture conditions were considered acceptable as until the tests128

were performed no mortality was recorded for Li. catesbeianus, whereas for Le. latrans129

and P. perezi mortality was below 10%. Organisms used in the tests were actively 130

swimming and presented mean ± standard deviation (n = 10) total body length (tip of 131

the head to the tip of the tail) of 0.9 ± 0.1 cm (Le. latrans), 1.0 ± 0.1 cm (Li. 132

catesbeianus) and 1.0 ± 0.1 cm (P. perezi). For testing, it was preferred to use tadpoles133

rather than adults due to their higher sensitivity to contaminants and because it is a life 134

stage confined to the aquatic environment (Bridges, 1997).135

136

2.3. System for avoidance tests137

A multi-compartmented non-forced static system was used in the tests (Fig. 1). Each138

system comprised of seven compartments, with a total length of 105 cm and total 139

volume of 980 mL (system #1) for tests with Le. latrans and Li. catesbeianus, and total 140

length of 98 cm and total volume of 350 mL (system #2) for tests with P. perezi. Each 141

compartment was constructed from two plastic flasks glued at the cut-out bases using 142

white glue (Sikaflex-11FC+, Baar, Switzerland). The compartments were then 143

connected with glue at the mouth of the glued bottles in order to obtain a 7-144

compartment system. The total capacity of each compartment was 140 mL (system #1) 145

and 50 mL (system #2), but only 125 and 45 mL, respectively, of test solution were 146

used during each test.147

148
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A calibration of the avoidance system was performed in order to verify the stability of 149

the contamination gradient. A sodium chloride (NaCl) solution was used for this 150

purpose as an accurate relationship with conductivity values could be easily obtained. 151

Five NaCl concentrations (17, 33, 50, 66, and 83 mg L-1) were prepared using a stock 152

solution of 100 mg L-1 (considered 100%) plus a control (0%) of tap water used in the 153

dilutions. The parameters of the NaCl concentration-conductivity calibration curves for 154

system #1 were, y=2082x + 27.06, r2=0.9998, p<0.0001, n=7, and for system #2, 155

y=2215x + 572.4, r2=0.9999, p<0.0001, n=7. For calibration, the individual 156

compartments were isolated from each other with plasticine plugs wrapped in parafilm157

while each of the seven NaCl solutions was carefully disposed in its respective 158

compartment. The plugs were then removed to form a linear concentration gradient. The 159

calibration procedure lasted 12 h, as this was the maximum exposure time in the160

avoidance tests with organisms. Conductivity values were recorded at 0 (initial values161

before introducing the dilutions into the compartments) and 12 h (final values measured162

directly inside each compartment). The system calibration was performed in triplicate 163

without organisms. Data of the initial and final NaCl concentrations of the calibration 164

procedure are presented in Table 1. The variation observed between the initial and final 165

NaCl concentration was of 0 to 7% for system #1 and of 1 to 22% for system #2.166

167

2.4. Avoidance tests168

Using culture water in all compartments, controls were carried out to verify the 169

existence of no mortality and the random distribution of the tadpoles in the absence of 170

contamination, i.e., no preference/avoidance for any compartment of the test system.171

Each control experiment was performed once and the number of replicate systems, 172

number of organisms introduced into each compartment and the total number of 173

organisms per replicate system and per experiment were, respectively: 3, 4, 28, and 84 174

for Le. latrans; 4, 5, 35, and 140 for Li. catesbeianus and P. perezi.175

176

For avoidance tests with Cu, seven concentrations (nominal concentrations: 0, 110, 220, 177

330, 430, 540, and 650 µg L-1) were prepared and disposed in each compartment. Five 178
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organisms per compartment were then introduced and only after the plasticine plugs 179

were removed, to form a Cu gradient. Tests were performed in quadruplicate for Le. 180

latrans and Li. catesbeianus and in triplicate for P. perezi, totalling 20 and 15 organisms 181

per tested Cu concentration, respectively. All tests were performed in the dark at 26 (Le. 182

latrans and Li. catesbeianus) and 20 ºC (P. perezi). After 12 h exposure, the distribution183

of alive and dead organisms along the compartments was checked. Samples of each 184

compartment were taken to determine, by atomic absorption gas chromatography 185

(method 3113 B – APHA, 1995), the final actual Cu concentration: 35, 115, 180, 210, 186

445, 500, and 610 µg L-1 for the test with Le. latrans; 35, 115, 210, 300, 455, 510, and 187

580 µg L-1 for the test with Li. catesbeianus; and 24, 160, 220, 320, 390, 490, and 580 188

µg L-1 for the test with P. perezi.189

190

2.5. Statistical analysis191

The randomness of the distribution of organisms among compartments within each192

avoidance system, when exposed exclusively to control water for 12 h, was checked 193

with the Kruskal-Wallis test. In the avoidance test with Cu, the number of avoiders was 194

computed as the number of expected organisms minus the number of observed 195

organisms. The expected number of organisms was determined from the exposed 196

organisms (those introduced in a given compartment) plus immigrants (expected 197

organisms in the compartment adjacent of higher concentration minus the organisms 198

observed in that compartment). The avoidance percentage in each compartment was 199

determined as the number of avoiders divided by the expected ones. For the highest 200

concentration, immigrant organisms were not expected, so the number of expected 201

organisms was equal to the number of organisms initially introduced in that 202

concentration. Mortality percentages were determined from the number of dead 203

organisms out of all observed organisms. The exposed population immediate decline 204

(PID, in %) induced by Cu was calculated for each concentration used in the avoidance 205

test via the integration of avoidance and mortality results. Copper concentrations that 206

caused avoidance, mortality and PID of 50% of the population (AC50, LC50 and PID50, 207

respectively) and corresponding 95% confidence intervals (CI) were calculated using 208
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PriProbit 1.63 software (Sakuma, 1998). Calculations were performed taking into 209

account the real copper concentrations measured at the end of the tests.210

211

3. Results212

Results of the control distribution showed that organisms distributed randomly in the 213

systems in the absence of contamination, with no statistically significant difference 214

(Kruskal-Wallis Statistic - H) among the number of organisms observed in each 215

compartment: p=0.6761, H=4.005 for Le. latrans; p=0.6265, H=4.372 for Li. 216

catesbeianus; p=0.0899, H=10.953 for P. perezi.217

218

Percentages of avoidance, mortality and PID for each tested Cu concentration are shown 219

in Fig. 2. All species were able to avoid sublethal Cu concentrations. At concentrations 220

around 200 µg L-1 the avoidance was ca. 80%, while mortality was lower than 5%. At 221

concentrations higher than 200 µg L-1 the percentage of avoidance declined and 222

increases in mortality began to be recorded. The PID curve followed the same trend as 223

the avoidance response at the lowest concentrations (until ca. 200 µg L-1), whereas at 224

the highest concentrations (>450 µg L-1) mortality was the response leading to the 225

population immediate decline.226

227

Avoidance was a response three to six times more sensitive than mortality. On the other 228

hand, the effective Cu concentrations for avoidance and PID that affected 50% of the 229

population were very similar (Table 2). Regarding the AC50 values, the three species 230

responded similarly to Cu exposure, with a difference of less than double, although 231

avoidance by P. perezi showed to be relatively less sensitive (highest AC50 value)232

(Table 2) than that of the other species.233

234

4. Discussion235
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Avoidance from Cu contamination by tadpoles of three species of amphibians, Le.236

latrans, Li. catesbeianus and P. perezi, was studied in a multi-compartmented non-237

forced system. All species showed to be able to detect and avoid sublethal Cu 238

concentrations and the sensitivity of this response for the three species was very similar.239

Avoidance, being more sensitive than mortality, played a more relevant role for the 240

exposed population immediate decline, but only at the lowest concentrations as at the 241

highest concentrations it was mortality that played an evident role in declining the 242

amphibian population (see below). Taking as a reference the concentration of 100 µg L-243
1 Cu, at which the avoidance response was considerable, other studies using a forced 244

exposure revealed different sublethal effects at that same concentration, such as longer 245

time to metarmophosis in Li. sphenocephalus (Lance et al., 2012) and decreased 246

swimming performance and time to metamorphosis in Rana pipiens (Chen et al., 2007).247

Avoidance showed to be, therefore, a sensitive, obvious and reliable sublethal response 248

that could have important repercussions for amphibian population migration dynamics: 249

although dispersal occurs mainly in adults, the avoidance of tadpoles is expected to 250

increase with each decrease in the gradient of contamination. Thus, for amphibians 251

inhabiting large water bodies, particularly those with a heterogeneously distributed252

contamination, the present results reinforce the hypothesis of underestimating the risk of 253

population decline and possible extinction if only forced exposure tests are used (Rosa 254

et al., 2012).255

256

Only at concentrations higher than 200 µg L-1 of Cu - when tadpoles were possibly not 257

able to move towards less contaminated zones - did the importance of the mortality for 258

the population decline increase. This decrease or even loss of the ability to avoid 259

contamination, which can be due to moribundity, was similarly recorded in stream 260

macroinvertebrates of the genus Anomalocosmoecus exposed to crude oil (Araújo et al., 261

submitted) and in cladocerans and copepods exposed to metals and to the insecticide 262

endosulfan (Gutierrez et al., 2012). Many other contaminants have shown to weaken the 263

swimming ability of tadpoles, thus possibly impairing avoidance ability (Wojtaszek et 264

al., 2004; Chen et al., 2007; Shinn et al., 2008; Denoël et al., 2013). A possible effect of 265

Cu on the neuromuscular function of tadpoles has been hypothesized as the cause of 266

decreased swimming ability and, consequently, ability to escape (Chen et al., 2007).267
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When exposed to high concentrations at which avoidance response is impaired268

(therefore they cannot escape from the toxic habitat), organisms would be more 269

susceptible to suffer the lethal toxic effects of the contaminant.270

271

Copper has been extensively studied regarding its toxicity to many amphibian species, 272

showing to be a toxic substance that can cause effects on morphological and histological 273

development, behavior, swimming activity, growth, reproduction, and survival (Ferreira 274

et al., 2004; Chen et al., 2007; Ossana et al., 2010, Gürkan and Hayretdaǧ, 2012). The275

results of the present study indicate that Cu can also effectively trigger an avoidance 276

response in tadpoles of different amphibian species even at non-lethal concentrations. A 277

similar response has been described by Lopes et al. (2004) and Gutierrez et al. (2012)278

for cladocerans and copepods. Given that avoidance can lead to a population immediate 279

decline by the displacement of organisms to more favorable zones (Moreira-Santos et 280

al., 2008; Rosa et al., 2012), its consequences are more enhanced at the ecosystem level 281

than at the individual level. Contaminants can, thus, act as lethal toxicants as well as 282

habitat disruptors. The former role can be differentiated by directly measuring acute or 283

chronic responses on organisms, while a role as habitat disruptor can be observed by 284

generating habitats with low quality and triggering avoidance before toxic effects are 285

detected. The latter effect is particularly important given that concentrations at which it286

might occur could be considered non-risky as no toxic effect at the individual level 287

would be usually observed. This has been shown for the cladoceran Daphnia magna288

exposed to atrazine (Rosa et al., 2012) and the copepod Boeckella occidentalis289

intermedia exposed to crude oil (Araújo et al., submitted) in avoidance experiments 290

under laboratory conditions. Habitat disruption caused by contaminants has also been 291

hypothesized based on historical and experimental evidence: elevated nitrate and 292

phosphate concentrations and resulting decline of Litoria aurea populations (Harmer et 293

al., 2004), habitat degradation due to increasing levels of fertilizers and pesticides 294

(Beebee and Griffiths, 2005), unsuccessful reproduction of amphibians linked to 295

eutrophication (Nyström et al., 2007), and selective oviposition of the gray tree frog296

triggered by the presence of a pesticide (Vonesh and Buck, 2007). Accordingly, even at 297

concentrations considered safe at the individual level, if avoidance is induced by the 298

presence of a contaminant, modifying and reducing the quality of the environment, the299
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stability of populations could be seriously affected (Vonesh and Buck, 2007; Vonesh 300

and Kraus, 2009; Ribeiro and Lopes, 2013).301

302

The disrupting effect of contaminants on ecosystems can be comparable to the loss and 303

fragmentation of habitats (Green, 2003; Beebee and Griffiths, 2005; Ribeiro and Lopes, 304

2013; Wilson and Hopkins, 2013). Habitats with low quality due to contamination are305

less probable to effectively support an amphibian population or even to serve as sink 306

habitats for surrounding populations, as distance between high-quality habitats is 307

increased and dispersion rates between neighboring habitats is reduced (Wilson and 308

Hopkins, 2013). Heard et al. (2012) suggested that the rapid decline of the Australian 309

frog Litoria raniformis may have been due to metapopulation collapse, driven by habitat 310

loss, degradation and fragmentation, and stochastic perturbations. This scenario 311

deserves special attention given that amphibian populations are structured in small312

subpopulations with permanent dispersion of individuals from one subpopulation to 313

another, being prone to stochastic events and, therefore, dependent on good-quality 314

surrounding habitats (Beebee and Griffiths, 2005; Wilson and Hopkins, 2013).315

316

5. Conclusion317

Tadpoles of Le. latrans, Li. catesbeianus and P. perezi showed to be able to avoid Cu 318

contamination. Avoidance was a more reliable and sensitive response than mortality. 319

Therefore, at lower concentrations the avoidance response plays a more important role 320

than mortality in the population decline. Although further studies are needed to gauge 321

the ecological implications of the present results (e.g. other contaminants, avoidance 322

response in space and over time), avoidance is suggested to be an important response 323

contributing to the local decline of amphibian populations across climatic zones. On the 324

other hand, contaminants, by triggering avoidance, might exert an important role as 325

environmental disruptors generating low quality habitats that can affect the dispersion 326

pattern of amphibians.327

328

Acknowledgments329



Page 12 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

12

This study was partially funded by the European Fund for Economic and Regional 330

Development (FEDER) through the Program Operational Factors of Competitiveness 331

(COMPETE) and National Funds though the Portuguese Foundation of Science and 332

Technology (postdoctoral fellowships to CVM Araújo - SFRH/BPD/74044/2010 and C 333

Shinn - SFRH/BPD/78642/2011, Ciência 2007 - POPH and QREN, and to the research 334

projects PTDC/AAC-AMB/104532/2008, PTDC/AAC-CLI/111706/2009, and 335

PTDC/BIA-BIC/3488/2012) and by FAPESP (São Paulo Research Foundation, Brazil,336

#11/07218-6. The authors are grateful to Amândio M. Nogueira, Ana Vasconcelos, 337

André Luis Sanches, Danieli Delello-Schneider, Lucas Mendes, and Macelo Menezes 338

Nogueira. Graphical assistance was provided by FR Diz. The manuscript was revised by 339

a native English speaker.340

341

References342

APHA, AWA, WPCF (American Public Health Association, American Water Works 343

Association, Water Pollution Control Federation), 1995. Standard Methods for the 344

Examination of Water and Wastewater. American Public Health Association, 19th Ed, 345

Washington DC, USA.346

347

Araújo, C.V.M., Moreira-Santos, M., Sousa, J.P., Ochoa-Herrera, V., Encalada, A.C., 348

Ribeiro, R. Active avoidance from a crude oil soluble fraction by an Andean paramo 349

copepod. Chemosphere (submitted).350

351

Araújo, O.G.S., Toledo, L.F., Garcia, P.C.A., Haddad, C.F.B., 2009. The amphibians of 352

São Paulo State. Biota Neotrop. 9, 197-209.353

354

Aronzon, C.M., Sandoval, M.T., Herkovits, J., Pérez Coll, C.S., 2011. Stage-dependent 355

susceptibility to copper in Rhinella arenarium embryos and larvae. Environ. Toxicol. 356

Chem. 30, 2771-2777.357



Page 13 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

13

358

Beebee, T.J.C., Griffiths, R.A., 2005. The amphibian decline crisis: a watershed for 359

conservation biology? Biological Conservation 125, 271-285.360

361

Blaustein, A.R., Walls, S.C., Bancroft, B.A., Lawler, J.J., Searle, C.L., Gervasi, S.S.,362

2010. Direct and indirect effects of climate change on amphibian populations. Diversity363

2, 281-313.364

365

Bridges, C.M., 1997. Tadpoles swimming performance and activity affected by acute 366

exposure to sublethal levels of carbaryl. Environ. Toxicol. Chem. 16, 1935-1939.367

368

Chen, T-H., Gross, J.A., Karasov, W.H., 2007.Adverse effects of chronic copper 369

exposure in larval northern leopard frogs (Rana pipiens). Environ. Toxicol. Chem. 26, 370

1470-1475.371

372

Coelho, I.P., Teixeira, F.Z., Colombo, P., Coelho, A.V.P., Kindel, A., 2012. Anuran 373

road-kills neighboring a peri-urban reserve in the Atlantic Forest, Brazil. J. Environ. 374

Manage. 112, 17-26.375

376

Dawson, D.A., Bantle, J.A., 1987. Development of a reconstituted water medium and 377

preliminary validation of the frog embryo teratogenesis assay–xenopus (FETAX). J. 378

Appl. Toxicol. 7, 237–244.379

380

Denoël, M., Libon, S., Kestemont, P., Brasseur, C., Focant, J-F., De Pauw, E., 2013. 381

Effects of a sublethal pesticide exposure on locomotor behavior: a video-tracking 382

analysis in larval amphibians. Chemosphere 90, 945-951.383



Page 14 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

14

384

Ferrari, L., de la Torre, F.R., Demichelis, S.O., García, M.E., Salibián, A., 2005. 385

Ecotoxicological assessment for receiving water with the premetamorphic tadpoles 386

acute assay. Chemosphere 59, 567-575.387

388

Ferreira, C.M., Lombardi, J.V., Machado-Neto, J.G., Bueno-Guimarães, H.M., Soares, 389

S.R.C,, Saldiva, P.H.N., 2004. Effects of copper oxychloride in Rana catesbeiana 390

tadpoles: toxicological and bioaccumulative aspects. Bull. Environ. Contam. Toxicol. 391

73, 465-470.392

393

Giovanelli, J.G.R., Haddad, C.F.B., Alexandrino, J., 2008. Predicting the potential 394

distribution of the alien invasive American bullfrog (Lithobates catesbeianus) in Brazil. 395

Biol. Invasions 10, 585-590.396

397

Gosner, K.L., 1960. A simplified table for staging anuran embryos and larvae with 398

notes on identification. Herpetologica 16, 183-190.399

400

Green, D.M., 2003. The ecology of extinction: population fluctuation and decline in 401

amphibian. Biol. Conserv. 111, 331-343.402

403

Gürkan, M., Hayretdaǧ, S., 2012. Morphological and histological effects of copper 404

sulfate on the larval development of green toad, Bufo viridis. Turk. J. Zool. 36, 231-240.405

406

Gutierrez, M.F., Paggi, J.C., Gagneten, A.M., 2012. Microcrustaceans escape behavior 407

as an early bioindicator of copper, chromium and endosulfan toxicity. Ecotoxicology 408

21, 428-438.409



Page 15 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

15

410

Harmer, A.J., Makings, J.A., Lane, S.J., Mahony, M.J., 2004. Amphibian decline and 411

fertilizers used on agricultural land in south-eastern Australia. Agric. Ecosyst. Environ 412

102, 299-305.413

414

Hayes, T.B., Falso, P., Gallipeau, S., Stice, M., 2010. The cause of global amphibian 415

declines: a developmental endocrinologist’s perspective. J. Exp. Biol. 213, 921-933.416

417

Heard, G.W., Scroggie, M.P., Malone, B.S., 2012. The life history and decline of the 418

threatened Australian frog, Litoria raniformis. Austral Ecology 37, 276-284.419

420

Heitor, R.C., Lacerda, J.V.A., Silva, E.T., Peixoto, M.A., Eloi, R.G., 2012. Predation of 421

Hypsiboas pardalis (Anura, Hylidae) by the butter frog Leptodactylus cf. latrans422

(Anura, Leptodactylidae), in municipality of Espera Feliz, State of Minas Gerais, 423

southwestern Brazil. Herpetology Notes 5, 23-25.424

425

Heyer, W.R., Rand, A.S., Cruz, C.A.G., Peixoto, O.L., Nelson, C.E., 1990. Frog of 426

Boracéia. Arq. Zool. 31, 231-410.427

428

IUCN 2012. IUCN red list of threatened species.429

http://www.iucnredlist.org/initiatives/amphibians. Downloaded on 06 May 2013.430

431

James, S.M., Little, E.E., 2003. The effects of chronic cadmium exposure on American 432

toad (Bufo americanus) tadpoles. Environ. Toxicol. Chem. 22, 377-380.433

434



Page 16 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

16

Lance, S.L., Erickson, M.R., Wesley Flynn, R., Mills, G.L., Tuberville, T.D., Scott,435

D.E., 2012. Effects of chronic copper exposure on development and survival in the 436

southern leopard frog (Lithobates [Rana] sphenocephalus). Environ. Toxicol. Chem. 437

31, 1587-1594.438

439

Lavilla, E.O., Langone, J.A., Caramaschi, U., Heyer, W.R., de Sá, R.O., 2010. The 440

identification of Rana ocellata Linnaeus, 1758. Nomenclatural impact on the species 441

currently known as Leptodactylus ocellatus (Leptodactylidae) and Osteopilus brunneus 442

(Gosse, 1851) (Hylidae). Zootaxa 2346, 1-16.443

444

Lopes, I., Baird, D.J., Ribeiro, R., 2004. Avoidance of copper contamination by field 445

populations of Daphnia longispina. Environ. Toxicol. Chem. 23, 1702-1708.446

447

Loureiro, A., de Almeida, N.F., Carretero, M.A., Paulo, O.S., 2010. Atlas dos anfíbios e 448

répteis de Portugal. Esfera do Caos Editores, Lisboa, Portugal, 252 pp.449

450

Marques, S.M., Chaves, S., Gonçalves, F., Pereira, R., 2013. Evaluation of growth, 451

biochemical and bioaccumulation parameters in Pelophylax perezi tadpoles, following 452

an in-situ acute exposure to three different effluent ponds from a uranium mine. Sci. 453

Total Environ. 445-446, 321-328.454

455

McCallum, M.L., 2007. Amphibian decline or extinction? current declines dwarf 456

background extinction rate. J. Herpetol. 41, 483-491.457

458

Moreira-Santos, M., Donato, C., Lopes, I., Ribeiro, R., 2008. Avoidance tests with 459

small fish: determination of the median avoidance concentration and of the lowest-460

observed-effect gradient. Environ. Toxicol. Chem. 27, 1575-1582.461



Page 17 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

17

462

Nyström, P., Hansson, J., Månsson, J., Sundstedt, M., Reslow, C., Broström. A., 2007. 463

A documented amphibian decline over 40 years: possible causes and implications for 464

species recovery. Biol. Conserv. 138, 399-411.465

466

Ossana, N.A., Castañé, P.M., Poletta, G.L., Mudry, M.D., Salibián, A., 2010. Toxicity 467

of waterborne copper in premetamorphic tadpoles of Lithobates catesbeianus (Shaw, 468

1802). Bull. Environ. Contam. Toxicol. 84, 712-715.469

470

Redick, M.S., La Point, T.W., 2004. Effects of sublethal copper exposure on behavior 471

and growth of Rana pipiens tadpoles. Bull. Environ. Contam. Toxicol. 72, 706-710.472

473

Relyea, R.A., Jones, D.K., 2009. The toxicity of Roundup Original Max® to 13 species 474

of larval amphibians. Environ. Toxicol. Chem. 28, 2004-2008.475

476

Ribeiro, R., Lopes, I., 2013. Contaminant driven genetic erosion and associated 477

hypotheses on alleles loss, reduced population growth rate and increased susceptibility 478

to future stressors – an essay. Ecotoxicology 22: 889-899.479

480

Rosa, R., Materatski, P., Moreira-Santos, M., Sousa, J.P., Ribeiro, R., 2012. A scaled-up 481

system to evaluate zooplankton spatial avoidance and population immediate decline 482

concentration. Environ. Toxicol. Chem. 31, 1301-1305.483

484

Sakuma, M., 1998. Probit analysis of preference data. Appl. Entomol. Zool. 33, 339-485

347.486

487



Page 18 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

18

Shinn, C., Marco, A., Serrano, L., 2008. Inter- and intra-specific variation on sensitivity 488

of larval amphibians to nitrite. Chemosphere 71, 507-514.489

490

Shinn, C., Marco, A., Serrano, L., 2013. Influence of low levels of water salinity on 491

toxicity of nitrite to anuran larvae. Chemosphere 92: 1154-1160.492

493

Steele, C.W., Strickler-Shaw, S., Taylor, D.H., 1989. Behavior of tadpoles of the 494

bullfrog, Rana catesbeiana, in response to sublethal lead exposure. Aquat. Toxicol. 14,495

331-344.496

497

Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues, A.S.L., Fischman,498

D.L., Waller, R.W., 2004. Status and trends of amphibian declines and extinctions 499

worldwide. Science 306, 1783–1786.500

501

Takahashi, M., 2007. Oviposition site selection: pesticide avoidance by gray treefrogs. 502

Environ. Toxicol. Chem. 26, 1476-1480.503

504

Vonesh, J.R., Buck, J.C., 2007. Pesticide alters oviposition site selection in gray 505

treefrogs. Oecologia 154, 219-226.506

507

Vonesh, J.R., Kraus, J.M., 2009. Pesticide alters habitat selection and aquatic 508

community composition. Oecologia 160, 379-385.509

510

Wilson, J.D., Hopkins, W.A., 2013. Evaluating the effects of anthropogenic stressors on 511

source-sink dynamics in pond-breeding amphibians. Conserv. Biol. 27: 595-604.512

513



Page 19 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

19

Wojtaszek, B.F., Staznik, B., Chartrand, D.T., Stephenson, G.R., Thompson, D.G.,514

2004. Effects of Vision® herbicide on mortality, avoidance response, and growth of 515

amphibian larvae in two forest wetlands. Environ. Toxicol. Chem. 23, 832.842.516

517

Xia, K., Zhao, W., Wu, M., Wang, H., 2012. Chronic toxicity of copper on embryo 518

development in Chinese toad, Bufo gargarizans. Chemosphere 87, 1395-1402.519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536



Page 20 of 27

Acc
ep

te
d 

M
an

us
cr

ip
t

20

Figure captions537

Figure 1. Schematic diagram of the multi-compartmented non-confined static avoidance 538

assay system featuring one of the seven compartments. For systems #1 and #2, 539

respectively: A, 8 x 2.5 and 7 x 1.5 cm; B, 140 and 50 mL; C, 4 and 3 cm; D, 1 and 0.9 540

cm; E, 15 and 14 cm.541

542

Figure 2. Concentration-response curves for avoidance and mortality responses, and of 543

the estimated PID (exposed population immediate decline) of tadpoles of three species 544

of amphibians exposed to copper.545

546
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Tables561

Table 1. NaCl concentrations (± standard deviation; mg L-1) of the dilutions used in the 562

calibration of the avoidance test systems #1 and #2 at 0 h (initial; before introducing the 563

dilutions in the compartments; n = 1) and 12 h (final; inside each compartment; n = 3).564

565

Table 2. Copper concentrations (and respective 95% confidence intervals; µg L-1) that 566

cause avoidance (AC50), mortality (LC50) and exposed population immediate decline 567

(PID50) of 50% of the tested amphibian species.568

569
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Table 1. NaCl concentrations (± standard deviation; mg L-1) of the dilutions used in the 569

calibration of the avoidance test systems #1 and #2 at 0 h (initial; before introducing the 570

dilutions in the compartments; n = 1) and 12 h (final; inside each compartment; n = 3).571

System #1 System #2
NaCl (0 h)

12 h 12 h

0 1.9 (±0.5) 0.03 (±2.0)

17 18.2 (±0.5) 20.7 (±0.9)

33 35.5 (±3.0) 36.2 (±2.9)

50 49.3 (±3.1) 50.7 (±3.6)

66 65.8 (±1.7) 63.2 (±2.3)

82 81.6 (±2.5) 77.6 (±3.8)

100 99.2 (±2.6) 97.8 (±4.3)

572

573
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Table 2. Copper concentrations (and respective 95% confidence intervals; µg L-1) that 573

cause avoidance (AC50), mortality (LC50) and exposed population immediate decline 574

(PID50) of 50% of the tested amphibian species.575

Species AC50 LC50 PID50

Le. latrans 102 (73 - 122) 606 (525 - 768) 93 (34 - 186)

Li. catesbeianus 101 (nc) 372 (196 - 1442) 106 (0.7 – 231)

P. perezi 178 (176 - 181) 487 (467 - 512) 180 (63 – 247)

nc: not calculated.576

577
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Highlights:577

- Three species of amphibian were studied for avoidance response to copper.578

- A seven-compartment non-forced system with a copper contamination gradient was 579

used.580

- Avoidance and mortality were integrated to predict the exposed population decline.581

- Avoidance was a reliable and more sensitive response than mortality.582

- Cooper showed to be an environmental disruptor even at sublethal concentrations.583

584
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584

585

Figure 1. Schematic diagram of the multi-compartmented non-confined static avoidance 586

assay system featuring one of the seven compartments. For systems #1 and #2, 587

respectively: A, 8 x 2.5 and 7 x 1.5 cm; B, 140 and 50 mL; C, 4 and 3 cm; D, 1 and 0.9 588

cm; E, 15 and 14 cm.589
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Figure 2. Concentration-response curves for avoidance and mortality responses, and of 592

the estimated PID (exposed population immediate decline) of tadpoles of three species 593

of amphibians exposed to copper.594

595


