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Background. The illegal wildlife trade is one of the most widespread and lucrative black markets. The
irregular trade of animals has several environmental impacts, such as the welfare harms of individuals,
extinction of species and populations, introduction of invasive species and zoonotic diseases, disruption
of ecosystem services, and on food security. Ex-situ conservation might play an essential role in
biodiversity conservation. However, that strategy is far from being a consensus since several studies
suggest a relationship between authorized and illegal animal markets. The development of new
techniques to differentiate whether animals or their products are captive-bred or wild-caught is
fundamental, since the traditional control techniques are usually inaccurate and easily defrauded. Stable
isotopes analysis has been used to identify animal provenance and some studies have successfully
demonstrated its potential to differentiate wild from captive animals. Here we performed a literature
review examining an extensive collection of publications to develop an overall picture of the application
of stable isotopes to distinguish between wild and captive animals.

Survey methodology. Peer-reviewed publications were searched in the Web of Science database and in
the references list from the main studies and reviews on the subject. We selected and analyzed 47
studies that used δ13C, δ15N, δ2H, δ18O, and δ34S in tissues from fish, amphibian, reptile, bird, and mammal
groups.

Results. Studies are using stable isotopes in wild and captive animals all over the world, but
concentrated in Europe (n = 21), and covering all main vertebrate groups, mainly fishes (n = 14). Most
publications used δ13C and δ15N, usually together, followed by δ2H specially, when involving geographic
variation. Every study that proposed to use stable isotopes to differentiate wild and captive animals was
totally or partially well succeeded. However, when analyzing all publications together, we found
significant differences between wild and captive animals only for δ18O mean values and for δ13C and δ15N
standard deviation and range. We also found heterogeneous variation in the distinction between wildlife
and captivity by analyzing the different continents, taxonomic groups, and diet.

Conclusions. The use of stable isotopes showed to be effective in distinguishing between wild and
captive animals. However, local environmental factors and the specific characteristics and objectives of
each research seem to have a more significant influence on this potential than universal factors for all
species and at a large scale. Nevertheless, we consider this review has taken a step further in
understanding how stables isotopes may be used to distinguish between wild and captive animal and we
expect to contribute to expand the use and acceptance of SIA as a reliable tool in combatting wildlife
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25 Abstract

26 Background. The illegal wildlife trade is one of the most widespread and lucrative black 

27 markets. The irregular trade of animals has several environmental impacts, such as the welfare 

28 harms of individuals, extinction of species and populations, introduction of invasive species and 

29 zoonotic diseases, disruption of ecosystem services, and on food security. Ex-situ conservation 

30 might play an essential role in biodiversity conservation. However, that strategy is far from being 

31 a consensus since several studies suggest a relationship between authorized and illegal animal 

32 markets. The development of new techniques to differentiate whether animals or their products 

33 are captive-bred or wild-caught is fundamental, since the traditional control techniques are 

34 usually inaccurate and easily defrauded. Stable isotopes analysis has been used to identify animal 

35 provenance and some studies have successfully demonstrated its potential to differentiate wild 

36 from captive animals. Here we performed a literature review examining an extensive collection 

37 of publications to develop an overall picture of the application of stable isotopes to distinguish 

38 between wild and captive animals. 

39 Survey methodology. Peer-reviewed publications were searched in the Web of Science database 

40 and in the references list from the main studies and reviews on the subject. We selected and 

41 analyzed 47 studies that used δ13C, δ15N, δ2H, δ18O, and δ34S in tissues from fish, amphibian, 

42 reptile, bird, and mammal groups. 

43 Results. Studies are using stable isotopes in wild and captive animals all over the world, but 

44 concentrated in Europe (n = 21), and covering all main vertebrate groups, mainly fishes (n = 14). 

45 Most publications used δ13C and δ15N, usually together, followed by δ2H specially, when 

46 involving geographic variation. Every study that proposed to use stable isotopes to differentiate 

47 wild and captive animals was totally or partially well succeeded. However, when analyzing all 

48 publications together, we found significant differences between wild and captive animals only 

49 for δ18O mean values and for δ13C and δ15N standard deviation and range. We also found 

50 heterogeneous variation in the distinction between wildlife and captivity by analyzing the 

51 different continents, taxonomic groups, and diet. 

52 Conclusions. The use of stable isotopes showed to be effective in distinguishing between wild 

53 and captive animals. However, local environmental factors and the specific characteristics and 

54 objectives of each research seem to have a more significant influence on this potential than 

55 universal factors for all species and at a large scale. Nevertheless, we consider this review has 

56 taken a step further in understanding how stables isotopes may be used to distinguish between 

57 wild and captive animal and we expect to contribute to expand the use and acceptance of SIA as 

58 a reliable tool in combatting wildlife crimes. 

59 Introduction

60 Illegal wildlife trade is one of the most widespread and lucrative black markets in the world, 

61 costing between US$5 and 23 billion a year and impacting local and global species and 

62 ecosystems (GIF, 2017). In 2015, the United Nations General Assembly adopted a resolution for 

63 tackling illicit trafficking in wildlife. The Sustainable Development Goals has specific targets to 

64 combat poaching and trafficking of protected species (Derek, Amy & Farooq, 2015). The 
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65 withdrawal of individuals from their original locality has direct and indirect effects on biological 

66 and ecological functions in both population and community levels (Harrison, 2011). The patterns 

67 of this activity can change considerably by country or region and involve illicit hunt, capture, 

68 poaching, rearing, transportation, and trade of wildlife (or its products) for pets, sport, human 

69 consumption, ornamental, medicinal or religious purposes (Reuter & O�Regan, 2017). The 

70 animal illegal trade has several environmental impacts, such as the welfare harms of individuals, 

71 extinction of species and populations, introduction of invasive species and zoonotic diseases, 

72 disruption of ecosystem services, and on food security (Baker et al., 2013; Dirzo et al., 2014; 

73 García‐Díaz et al., 2015; Smith et al., 2017; Biggs et al., 2021).

74 The ex-situ conservation can have an essential role in biodiversity conservation. 

75 However, the Convention on Biological Diversity (CDB) emphasizes that this strategy should be 

76 used primarily to complement in-situ conservation measures. At the same time, the Convention 

77 of International Trade in Endangerment Species of Wild Fauna and Flora (CITES) foresees 

78 licensed breeders for some species as a strategy for ex-situ conservation. The idea is that 

79 authorized breeders can supply the demand for wild animals with captive-bred individuals and 

80 thus reduce the pressure on free-living populations (Challender & MacMillan, 2014; Challender, 

81 Harrop & MacMillan, 2015). However, that strategy is far from being a consensus (Tensen, 

82 2016; Janssen & Chng, 2018). Although most species raised in captivity also occur in nature, the 

83 laws, rules, and management strategies are usually very different according to their origin. 

84 Several studies suggest a relationship between authorized and illegal animal markets, where 

85 illegally captured animals supply the former, intensifying the irregular trade and the impact on 

86 natural populations (Livingstone & Shepherd, 2016; Tensen, 2016; de Lucena Soares et al., 

87 2020).

88 The development of new techniques to differentiate whether animals or their products are 

89 captive-bred or wild-caught is fundamental to enforce wildlife laundering, since the traditional 

90 control techniques (such as trader declarations, government-issued licenses, bands, or 

91 microchips) are usually inaccurate and easily defrauded. The differentiation between wild and 

92 captive animals is also needed for analyzing animal-based human food origin, such as fish and 

93 shrimp, and even to characterize the potential invasive populations, such as wild animals that 

94 escaped from captive and settled in nature (Hammershøj et al., 2005; García‐Díaz et al., 2015). 

95 In the last decades, stable isotopes analysis (SIA) has been applied in several studies 

96 involving ecological, forensic, and commercial subjects, such as animal migration, illegal trade, 

97 and food certification (Camin et al., 2016; Hobson & Wassenaar, 2019; Meier-Augenstein, 2019; 

98 Truonghuynh, Li & Jaganathan, 2020). More recently, SIA has also been used to track 

99 individuals' life stories and presumed differences in their diet in studies involving wild (free-

100 living) and captive (farmed) individuals (Stoskopf, Barrick & Showers, 2001; Fernandez-Jover et 

101 al., 2020; Jenkins et al., 2020). Moreover, there are some studies that have successfully 

102 demonstrated the potential application of SIA to differentiate wild from captive animals (Natusch 

103 et al., 2017; Brandis et al., 2018; Andersson et al., 2021) but also applying this tool in real cases 

104 of suspected fraud (Dittrich, Struck & Rödel, 2017; Alexander et al., 2019; Jiguet, Kardynal & 
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105 Hobson, 2019). Lyons & Natusch (2015) evaluated several methodologies to differentiate 

106 between free-living and captive snakes and concluded that SIA may be the best tool in forensic 

107 context, since animals access different water and food sources in the wild and in captivity, their 

108 tissues are expected to reflect such differences.

109 Carbon, hydrogen, oxygen, and nitrogen account together for approximately 95% or more 

110 of the chemical composition of living organisms. These light elements can be analyzed for their 

111 stable isotopic ratios, and results expressed in δ values related to the proportion between the 

112 heavier and lighter isotope forms. δ13C and δ15N variation in animal tissues reflects mainly their 

113 isotopic diet composition. While δ13C  reflects the proportion of C3/C4 plants in the diet, the δ15N 

114 reflects the trophic level of the animal within food chains complexity. δ2H and δ18O have close 

115 relationship with the drinking water and food water, and their variation in animal tissue is more 

116 complex, reflecting environmental influences (mainly temperature and altitude) on isotopic 

117 fractionation of drinking water, amount of drinking water related to water from food in the diet 

118 and metabolic water use (Daniel Bryant & Froelich, 1995). Although few studies use δ34S 

119 compared with the other four elements mentioned before, sulfur isotopic ratio presents a 

120 significant potential for application in animal tracking. Sulfur is an essential constituent of amino 

121 acids, and its isotopic ratio reflects anthropogenic influences in the environment and marine 

122 sources in the diet (Hobson & Clark, 1992; Fry, 2008; Hobson & Wassenaar, 2019). 

123 Specimens raised in captivity are fed under a regular and industrialized diet, with tap 

124 water available ad libitum, whereas in wild origin specimens the source and frequency of food 

125 and water can be highly variable (Natusch et al., 2017). Wild animals are also more susceptible 

126 to nutritional and water stress, which can influence their tissue isotopic ratios (Doi, Akamatsu & 

127 González, 2017; Magozzi et al., 2019). These differences are reflected in animal tissue stable 

128 isotope ratios.

129 Although SIA applications on differentiating wild and captive animals are of increasing 

130 interest, there is no compilation gathering the information available in the literature on the topic. 

131 In this study, we examined an extensive collection of publications using SIA in wild and captive 

132 animals. The available data in the literature was organized in a database, making the 

133 systematized information available for academic and applied purposes. In addition, we 

134 performed qualitative and quantitative meta-analyzes to develop an overall picture of the 

135 application of stable isotopes to distinguish between wild and captive animals in wildlife crime 

136 enforcement.

137 Survey methodology

138 Data Source and compilation

139 Peer-reviewed publications were searched in the Web of Science database 

140 (https://clarivate.com/webofsciencegroup/solutions/web-of-science/) from 1945 - 2021 using the 

141 terms �isotop*� AND �wild OR free-rang*� AND �captiv* or farm*� as a topic. To exclude 

142 domestic animals from the results, we added the search terms �NOT �chicken OR hen* OR cattle 

143 OR pig��. The search returned 295 hits, which were initially sorted based on the title, keywords, 

144 and abstract. We considered studies of stable isotope involving any non-domestic vertebrate 
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145 species. In a second instance, we selected only research related to carbon, nitrogen, hydrogen, 

146 oxygen, or sulfur isotopes and that meet one of the following criteria: (1) used stable isotope to 

147 differentiate wild from captive animals; (2) conducted the isotopic analyzes in wild and captive 

148 animals in the same study; (3) could be directly related to works that meet one of the first two 

149 criteria. Paleontological publications were excluded, as well as those studies exclusively using 

150 compound-specific isotope analysis (CSIA) techniques. We also excluded studies that did not 

151 show the basic isotopic statistical information, such as average, standard deviation or error. Data 

152 were extracted only from original research papers rather than those found in reviews or meta-

153 analysis studies to avoid duplicates. After these two steps of filtering, 47 studies remained to  be 

154 analyzed  in this review (Table S1). To ensure that all relevant papers were included, we also 

155 checked the references list from the main studies and reviews on the subject.

156 Data were initially collected from the texts and tables of articles. When they were not or 

157 were only partially available, we contacted the authors asking for the missing or the raw data. As 

158 a last resort, we estimated isotopic values from the figures, when available, using PlotDigitizer 

159 software, version 2.1.1 (PlotDigitizer, 2022). 

160 Data and metadata structure

161 Variables related to the taxon classification, biology and morphology of animals, samples data 

162 (tissue analyzed, geographic location, year and period), rearing system, isotopic records (values 

163 of mean, standard deviation, minimum and maximum, range), methodological records from the 

164 isotope analyses (quality control estimates of analyses, lipid extraction, and international 

165 reference material), and identification of publication were registered (Table 1 and Table S1). 

166 Regarding the rearing system, the animals were classified as �wild�, �captive�, �presumed wild�, 

167 or �presumed captive�. The last two categories were used when the origin of the samples 

168 analyzed was uncertain and inferred in the research, such as in Dittrich, Struck, & Rödel (2017) 

169 and Hill et al. (2020). However, for analysis purposes, �presumed wild� and �presumed captive� 

170 were treated as �wild� and  �captive�, respectively. All stable isotope results are expressed in the 

171 conventional delta (δ) notation, in units per mil (�).

172 Whenever possible, selected metadata used the same language or criteria as other isotopic 

173 databases such as the R package Sider (Healy et al., 2018) and IsoBank 

174 (https://isobank.tacc.utexas.edu/). When not provided, the geographical coordinates of the 

175 samples were estimated based on the authors� most detailed geographic information (e.g., city, 

176 region, fishing area zones). Sampling latitude and longitude were identified using Google Earth 

177 Pro software, version 7.3.48573 and presented in decimal degrees considering geodesic 

178 projection (horizontal datum) WGS-84. Graphics design was performed on Venngage v. 2.3, 

179 2001. 

180 We compared mean, standard deviation and range isotopic values of wild and captivity-

181 raised animal using Student�s t-test and verified differences in stable isotope ratios between diets 

182 using one-way ANOVA, followed by a Tukey HSD posthoc test. We used a significance level of 

183 5% in hypothesis testing. We performed all statistical tests in R, v. 1.4.1106 (R Development 

184 Core Team).

PeerJ reviewing PDF | (2022:07:75293:0:0:NEW 9 Jul 2022)

Manuscript to be reviewed



185 To better understand the general findings in the use of stable isotopes to distinguish 

186 between wild and captive animals, we performed a deeper qualitative analyze including 

187 specifically the studies that had this purpose. We focused on information about local, taxon, and 

188 the δ13C, δ15N, δ2H δ18O and δ34S  from the target tissue used in every study. This analysis 

189 overview was summarized in Table S2.

190

191 Quality assurance and quality control

192 As part of the quality assurance, data were carefully checked in different steps of the database 

193 building, trying to keep the information as close as possible to the original one. We made a 

194 double-check for values of mean, standard deviation, and range of isotopic ratios extracted by 

195 PlotDigitizer. We also double-checked in the original source outliers detected by boxplots for the 

196 same variables.

197 Species names were kept as in the original publications and as �fishes� are a paraphyletic 

198 group, we checked the taxonomic class of each species using Eschmeyer�s Catalog of Fishes 

199 (Van der Laan & Fricke, 2022). Species diets classifications were checked using the R package 

200 Sider (Healy et al., 2018) or looked for in peer-reviewed papers.

201 Results

202 General trends

203 In total, 47 publications were analyzed. Most of them used stable isotopes to distinguish wild 

204 from captive animals in different contexts such as forensic, ecological, and commercial, or 

205 analyzed stable isotopes in wild and captive vertebrates focused on dietary analysis. Some 

206 studies measured SIA in wild or captive animals of a same species and that come from the same 

207 geographic region were also included in this survey.

208 We found studies distributed in 37 countries worldwide (Fig. 1A) with the United States 

209 and Italy standing out in the number of publications (n = 6, each). Regarding the continents, 

210 Europe (n = 21) and Africa (n = 3) had the largest and smallest number of studies, respectively. 

211 Most of the studies focused only on one species or group of species from the same 

212 taxonomic class. Amphibia was the least representative group, present in only 4.3% of the 

213 studies, while fish accounted for over 45% of the publications (Fig. 1B). 

214 Most studies used stable isotopes of carbon, nitrogen, or both (Fig. 1C), especially those 

215 related with dietary research, when the controlled captive environment was used to make 

216 inferences about resource use in free-living animals or to distinguish between wild and captive 

217 animals in local or regional scale. On the other hand, hydrogen stable isotope ratios in animal 

218 tissue were primarily used when the research involved geographic variation. 

219 Fifty-five species from different vertebrate taxonomic groups (mammals, birds, reptiles, 

220 amphibians, and fishes) were heterogeneously studied around the world (Fig. 2). While studies 

221 on reptiles and amphibians were concentrated in Asia and Oceania, studies with fish occurred 

222 more worldwide distributed, but especially in Europe (Fig. 2).

223 Muscle, and inert organic tissues, such as feathers, hair, skin, scales, and claws, were the 

224 most analyzed tissues (see Table S1). Muscle and bone were more commonly used in works 
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225 related to animal products or resources, especially fish, while inert tissues were widely used in 

226 studies involving living animals.

227 Considering all publications together, we did not find significant differences between 

228 captive and wild animals when the mean isotopic ratios were compared, except for δ18O (Table 

229 2). However, wild animals showed significantly higher values for δ13C and δ15N standard 

230 deviation and range.  On the other hand, for δ2H, δ18O, and δ34S there was a tendency towards a 

231 higher standard deviation for wild animals, but it was not significant (Table 2). Despite the 

232 relevant role statistical parameters related to data dispersion (such as standard deviation and 

233 range) can play in differentiating between wild and captive animals, only Molkentin et al., 

234 (2007) tested for such distinction, and they found significant differences in δ13C variation of wild 

235 and farmed salmons.

236 The differences between wild and captive animals found for each individual study (see 

237 below) in δ13C and δ15N mean ratios are heterogeneous, varying with the geographic location and 

238 taxonomic group (Fig. 3). While in some continents isotopic mean ratios tended to be higher in 

239 captive animals (such as δ13C  in North America and δ15N in Europe), in others, the values were 

240 higher in wild animals (such as δ13C  in Africa  and δ15N in South America).

241 We found significant variation in the means only for δ13C in North America (t35.08 = 4.14, 

242 p < 0.01) and δ15N in South America (t26.42 = -2.79, p < 0.01; Fig. 3A and 3B) when comparing 

243 wild and captive animals per continent. However, there was a tendency of greater isotopic values 

244 variation in samples from wild animals than in captive ones, although significant differences 

245 were found only in the standard variation of δ13C in Europe (t39.62 = -3.40, p < 0.01) and of δ15N 

246 in Asia (t14.33 = -2.27, p = 0.04), and in the range of δ15N in Europe (t19.31 = -2.10, p = 0.05).

247 Different isotopic statistical parameters also drove the distinction of the rearing system 

248 for the taxonomic groups (Fig. 3C and 3D). All statistical parameters of δ15N differed the rearing 

249 system in amphibians (mean: t2..05 = -9.76, p < 0.01; standard deviation: t2.24 = -5.09, p = 0.03; 

250 range: t1.54  = -8.41, p = 0.03), while only the range distinguished in fish (t44.89 = -2.33, p = 0.02). 

251 For other groups there were no differences in isotopic parameters for δ15N. The mean for δ13C 

252 differed between the rearing system in birds (t20.32 = 4.41, p < 0.01) and reptiles (t13.26 = 2.33, p = 

253 0.04), but not for other groups, neither did the other isotopic parameters. Although we found no 

254 other significant differences, the isotopic space occupied by individuals considering C and N 

255 simultaneously tended to diverge in all groups, either at the mean position or range (Fig.1S).

256 The δ13C and δ15N isotopic means significantly differed according to the animal main diet 

257 (δ3C : F2,232 = 13.36, p < 0.01; δ15N: F2,190 = 35.63, p < 0.01; Fig. 4). Herbivores exhibited the 

258 highest δ13C values, while δ15N of carnivores were significantly higher than herbivores and 

259 omnivores. 

260 Due to the small number of studies, we did not perform more detailed analyses for δ2H, 

261 δ18O, and δ34S. However, individual studies indicated the potential of these elements to 

262 differentiate between wild and captive animals.

263 Publications that aimed to distinguish between wild and captive animals
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264 The first studies using stable isotopes to distinguish wild and captive animals dated 

265 around two decades ago and aimed to evaluate the potential of SIA as a tool to differentiate wild 

266 from recent farm-scaped salmons (Salar salar, Dempson & Power, 2004) and minks (Mustela 

267 vison, Hammershøj, Asferg & Kristensen, 2004). Since then, the number of studies using this 

268 tool and its applications has been growing. Currently, its use involves several branches of 

269 science, such as commercial, forensic, or ecological purposes. 

270 Of the 47 studies reviewed, 32 used stable isotopes to differentiate between wild and 

271 captive animals, including all vertebrate groups (fishes, amphibians, reptiles, birds, and 

272 mammals) (see Table S2). Fish was the most studied group, especially in commercial questions, 

273 followed by birds and mammals focused on forensic or ecological goals. 

274 The δ13C and δ15N were the main isotopes used, usually together, to distinguish between 

275 captive and wild animals, especially on a local scale, followed by δ2H, particularly when some 

276 geographic variation was involved (Table S2). To identify such differences the studies performed 

277 discriminant tests, frequentist statistics (such as t-tests and ANOVA), or both. The exception is 

278 Rojas et al. (2007), where the authors relate a trend of higher  δ13C in wild salmons, compared to 

279 captive ones, but no statistical analysis was performed. Table S2 shows the summary of the 

280 research that used stable isotopes to differentiate wild from captive animals, including an 

281 overview of the main results found in each study. About 87% of the papers found significant 

282 differences between wild and captive animals. When discriminant tests were used, the accuracy 

283 ranged from 58% to 100. 

284 A couple of studies showed some overlap between wild and captive samples, depending 

285 on the characteristics of captivity analyzed (e.g., more or less intensive) or how long an animal 

286 had changed from the breeding system. On the other hand, Van Schingen et al. (2016) simulated 

287 and tested differences between three different breeding systems, which they called �wild�, 

288 �captive� or �semi-captive�. Despite the overlap, they found between semi-captive and the two 

289 other groups, discriminant tests using δ13C and δ15N correctly classified 89% of the semi-captive 

290 samples. Other studies could isotopically distinguish animals from different breeding systems at 

291 even more detailed levels, such as differentiating free-living individuals from those 

292 conventionally and organically farmed or even distinguishing different breeders of the same 

293 species.

294 Discussion

295 Stable isotopes are important biomarkers of animal provenance. Besides the geographic origin, 

296 for which they have already been widely used (Kelly, Heaton & Hoogewerff, 2005; Camin et al., 

297 2016; Vander Zanden et al., 2018; Hobson & Wassenaar, 2019), SIA raised as a potential tool to 

298 identify different rearing systems in the last few decades. Such information has been applied in 

299 different fields of science, such as anthropology (Somerville, Nelson & Knudson, 2010; 

300 Sugiyama, Fash & France, 2018), commercial (Molkentin et al., 2015; Vasconi et al., 2019), 

301 ecology (Hammershøj et al., 2005; Kays & Feranec, 2011), and forensics (Kelly, Thompson & 

302 Newton, 2008; Alexander et al., 2019; Jiguet, Kardynal & Hobson, 2019). The development of 

303 tools to identify the actual origin of an animal rearing system, in turn, has crucial applications in 
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304 animal traffic enforcement through the identification of wildlife laundering, animal-based food 

305 certification, and even illegal introductions of species.

306 The 32 analyzed publications that used stable isotopes to specifically look for differences 

307 between wild and captive animals were partially or totally succeeded, which highlights the 

308 relevance of this tool to identify the origin of animals rearing system. Despite these consistent 

309 findings in individual surveys, we did not find a general trend in how this differentiation occurs. 

310 This is not entirely surprising, considering the complexity and variability in the analyzed data 

311 involving different tissues from different species, originating from different biomes, ecosystems, 

312 and captives with very distinct conditions.

313 Therefore, it is essential to consider research-specific characteristics when designing and 

314 interpreting surveys using stable isotopes to differentiate between free-living and captive 

315 animals. For example, it is expected that captivity animals have access to a more homogeneous 

316 diet, and consequently, isotopic ratios variability to be lower compared to wild reared animals. 

317 This pattern was observed in most studies. However, if the free-living population in a 

318 hypothetical research is limited to a few individuals or it comes from specific regions or 

319 ecosystems, and the captive collections are from many farms with diverse characteristics, this 

320 trend may be reversed (see Anderson et al., 2021). In addition, it is essential to consider the 

321 biological context of the species. Different element isotopes may be helpful in identifying 

322 differences between captive and wild animals depending on whether the animal is migratory, if it 

323 changes and how it changes its habitat according to life stage, or what its primary diet is. 

324 The choice of the tissue used in the research is also fundamental. Tissues with a higher 

325 turnover rate, such as blood, are more subject to seasonal or physiological variations, especially 

326 in the wild, where animals are more exposed to uncontrolled environmental conditions. In these 

327 cases, samples ideally should be collected at similar periods in both wild and captive. A great 

328 variability in isotopic values was found in studies made in large period of time, such as Codron 

329 et al. (2013) and Farabegoli et al. (2018). On the other hand, the influence of such external 

330 factors is minimized in studies with animal products or using inert tissues, such as feathers, 

331 claws, and scales. At the same time, if the animal has changed from free-living to captive or vice 

332 versa, it is important to consider which environment the isotopic composition of each tissue is 

333 expressing, according to the time elapsed since the change. Or, if this period is unknown, 

334 simultaneous analysis of more than one tissue can indicate the period when the change occurred.

335 It is also important to mention that samples had lipids extracted in some research, but not 

336 in all of them. Some studies did not even mention if this procedure was taken, as did not present 

337 the analytical error associated with isotope-ratio mass spectrometry measures. These 

338 methodological aspects could also have contributed to the great heterogeneity found in the results 

339 of the different publications.

340 Fish was the most studied group in the publications analyzed in this review, especially in 

341 Europe, where surveys often addressed issues related to the origin of animal-based food. All fish 

342 studies involved species of a single Class (Actinopteri), and most of them involved species used 

343 for human consumption (e.g., European seabass, meagre, and different species of salmon). 
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344 Mammals, birds, and reptiles research were mainly associated with ecological or forensic 

345 purposes, such as identifying the origin of a wolf population (Canis lupus) in an area where they 

346 were previously extinct (Kays & Feranec, 2011); the potential use of stable isotopes to identify 

347 the provenance of invasive alien species (Trachemis scripta) (Hill et al., 2020); or to detect 

348 crocodile lizard (Shinisaurus crocodilurus), short-beak echidnas (Tachyglossus aculeatus), and 

349 yellow-crested cockatoos (Cacatua sulphurea) laundering (van Schingen et al., 2016; Brandis et 

350 al., 2018; Andersson et al., 2021)

351 δ13C and δ15N were the elements most used, followed by δ2H, δ18O, and δ34S. This is not 

352 surprising, considering that those two former elements isotopic ratios are effect of diets and that 

353 wild versus captive isotopic differences are based on the assumption that the animals have 

354 different diets in these two systems. In general, our results suggest that this assumption is valid. 

355 However, some overlap in isotope ratios can still occur. Since the food received by animals in 

356 captivity tends to be a simplification of their diet in nature, the more similar the captivity is to the 

357 natural environment, the greater the tendency of overlapping isotopic values of the tissues 

358 analyzed. In Liu et al. (2020), for example, δ13C and δ15N could clearly distinguish between 

359 wild-caught and pond-farmed carps, but the lake-farmed ones had overlapping isotopic ratios 

360 with the two other groups. In this case, the lake is a more extensive captivity compared to the 

361 pound, considered as a �semi-captive� environment.

362 One possible solution to minimize this overlap is to analyze more isotopes 

363 simultaneously. Studies in free-living and captive individuals in the same region combining δ13C 

364 and δ15N tend to lead to a more accurate differentiation than a single isotope. Pereira et al. (2019) 

365 found the worst performance in the discriminant analysis using stable isotopes to distinguish 

366 between wild or captive arapaima fish (Arapaima spp.) in Brazil with 58% of correct 

367 classification. But besides some uncertainty of the origin of the fish purchased at the markets, 

368 they used only δ13C to do the classification. Possibly the additional use of δ15N could provide 

369 better discrimination.

370 In addition, if the research involves individuals from different geographic locations, δ2H 

371 and δ18O would perform better if used together with carbon and nitrogen. Although less 

372 explored,  these water elements isotopes may also vary due to different water availability and 

373 consumption, and possible different metabolic responses in captivity. Research involving species 

374 with different levels of anthropogenic impact, a mixture of terrestrial and aquatic resources, or 

375 various aquatic sources in their diet, as in Liu et al. (2020), could show benefit from δ34S 

376 analysis. 

377 The analysis of more than one statistical parameter, such as means and data dispersion 

378 variables could also help to identify the breeding system, especially if the intention is to detect 

379 the origin of a group instead of a specific individual. The mean isotopic ratios will depend on 

380 specific environmental and physiological factors, such as tissue, groups' diet and geographic 

381 location. These factors, in turn, may vary according to the taxon, scale, seasonality, and other 

382 specific characteristics of each research. Measures of dispersion, such as standard deviation and 
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383 range, are also exposed to external influences but are expected to be smaller in captive-bred 

384 animals since their conditions tend to be more homogeneous. 

385 Finally, two others possibilities to reduced overlaps which is already being adopted by 

386 some researchers are the use of complementary methodology such as elemental data (e.g., 

387 Brandis et al., 2018; Gopi et al., 2019) fatty acid profile (Farabegoli et al., 2018; Vasconi et al., 

388 2019) or the use of compound-specific isotope analysis (CSIA) (Aursand, Mabon & Martin, 

389 2000; Molkentin et al., 2015; Wang et al., 2018; Andersson et al., 2021). CSIA is a robust tool 

390 for measuring the molecular-level isotopic composition of organic chemical compounds such as 

391 hydrocarbons, fatty acids, and amino acids. The principle is similar to bulk tissue isotope 

392 analysis. Moreover, since many subparts of the macromolecules have specific biochemical 

393 pathways, CSIA has the potential to provide more detailed information on the rearing system 

394 based on metabolic route of compounds (e.g., amino acids, fatty acids)  (Whiteman et al., 2019). 

395 For example, in Molkentin et al. (2015) and Wang et al. (2018), the isotopic analyses of bulk 

396 tissue could differentiate conventionally farmed from wild salmons. However, there was some 

397 overlap with organically farmed animals. The authors used CSIA to analyze δ13C of fatty acid 

398 and amino acids, respectively, and both obtained a more precise separation of three rearing 

399 systems: wild, conventionally, and organically farmed salmon.

400 Conclusions

401 Our study reveals that SIA has been proved to be useful to distinguish between wild and captive 

402 in different vertebrate groups and methodological designs worldwide. Local environmental factors 

403 and the specific characteristics and objectives of each research seem to have a more significant 

404 influence on this potential than universal factors for all species and at a large scale (global or 

405 continental). These findings indicate the importance of considering and presenting such factors 

406 when performing research. Also, it is fundamental the information about some methodological 

407 procedures (such as the lipids extraction or analytical error), and the presentation of basic statistical 

408 parameters (such as the mean and some data dispersion variable) to evaluate if the results of a 

409 specific research could be applied to another one or could be used to confidentially identify 

410 irregularities in animas trade. 

411 We consider this review has taken a step further in understanding how stables isotopes may 

412 be used to distinguish between wild and captive animals, besides highlighting some essential 

413 factors that should be considered in using or analyzing the use of this technique. We expect the 

414 present study to contribute to expanding the use and acceptance of SIA as a reliable tool in 

415 combatting wildlife crimes, and, as consequence, contribute to the efficiency of ex situ 

416 conservation strategies and the protection of natural populations. 
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Figure 1
Distribution of studies using stable isotopes of carbon, nitrogen, hydrogen, oxygen, and
sulfur in wild and captive animals worldwide (A), by taxonomic group (B), and by
elements isotope ratios (C).
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Figure 2
Percentage of studies involving the different taxonomic groups (mammals, birds,
reptiles, amphibians, and fishes) per continent (Africa, Asia, Europe, North America,
Oceania, and South America) (A) and of studies involving the continents per taxonomic
gro
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Figure 3

δ13C (A and C) and δ15N (B and D) means isotopic ratios for wild and captive animals by
continent (left) and by taxon group (right), considering all review publications
simultaneously.
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Figure 4

Animals δ13C (left) and δ15N (right) ratios mean according to the diet.
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Table 1(on next page)

List and description of the variables selected to be included in the database.
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1 Table 1. List and description of the variables selected to be included in the database

VARIABLE EXPLANATION

Reference Publication included in the data collection.

Taxon group Mammal, Bird, Reptile, Amphibian, Fish. 

Taxon Most detailed taxon identified (usually species or genus) 

Life-stage Adult or subadult

Size-range or 

weight

Body size in centimeters or weight in kilograms

Diet Herbivore, carnivore or omnivore

Continent Where data were collected: Africa, Asia, Europe, Oceania, North 

America, and South America. 

Multiple countries? Yes or no. Were samples collected in more than one country?

Country/Region Country(ies) or subcontinental region where data were collected.

Region/city City, estate, or region within a country.

Lat Latitude (m). UTM system 

Long Longitude (m). UTM system

Month/period Month or other information available about samples collection period.

Year Year of samples collection.

Tissue Animal tissue used in the isotopic analysis. E.g., feather, muscle, blood.

Subtissue A specific part of a given tissue. E.g., red blood cells, type of feathers.

System Rearing system: wild, captive, presumed wild or presumed captive

Subgroup When there are different treatments within a wild or captive condition.

N The number of sampled animals.

Breeding system 

change

Time the animal changed from wild to captive or captive to wild (in 

months). 

Mean δzx (�) isotopic ratio means.

SD δzx (�) isotopic ratio standard deviation 

MIN δzx (�) isotopic ratio minimum value

MAX δzx (�) isotopic ratio maximum value

Range δzx (�) Difference between maximum and minimum isotopic ratios

Lipid extraction Yes or no. Were lipids extracted during sample preparation?

Analytical error Error that might be associated with isotope-ratio mass spectrometry 

Reference standard Compounds with well-defined isotopic compositions used to ensure 

accuracy in mass spectrometric measurements of isotope ratios
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Observation Any additional relevant information

Related publication DOI or link to the publication 

2
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Table 2(on next page)

Comparison of the mean isotopic ratios, standard deviation, and range of δ13C, δ15N, δ2H,
δ18O, and δ34S in captive and free-living animals considering all 47 analyzed publica

Significant differences are indicated by different letters.
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1 Table 2. Comparison of the mean isotopic ratios, standard deviation, and range of δ13C, δ15N, δ2H, 

2 δ18O, and δ34S in captive and free-living animals considering all 47 analyzed publications. 

3 Significant differences are indicated by different letters. 

δ13C δ15N δ2H δ18O δ34S

μw -20.42 ± 4.13a 10.92 ± 4.20a -68.80 ± 33.90a 23.20 ± 1.83a 1.50 ± 8.74a

μc -19.68 ± 3.09a 10.18 ± 3.45a -61.21 ± 38.89a 19.05 ± 1.66b 8.16 ± 7.28a

SDw 0.90 ± 0.63a 0.86 ± 0.70a 10.35 ± 3.70a 1.89 ± 0.48a 2.17 ± 2.32a

SDc 0.68 ± 0.61b 0.56 ± 0.53b 6.73 ± 5.71a 1.44 ± 0.50a 1.24 ± 2.34a

Rangew 3.31 ± 2.35a 3.50 ± 2.53a 37.02 ± 24.49a 7.3 ± 2.24a 6.24 ± 6.48a

Rangec 2.48 ± 1.98b 2.04 ± 1.70b 29.29 ± 29.64a 6.02 ± 2.46a 7.92 ± 9.73a

4

5
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