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All African felids are listed as vulnerable or endangered according to the IUCN (International Union for Conservation of Nature) Red List of Threatened Species. Cheetahs (Acinonyx jubatus) in particular have declined rapidly as a result of human impacts so that development of effective strategies and tools for conservation of this highly vulnerable species, as well as African felids in general, are essential for their survival in the wild. Here we use the oxygen stable isotopic compositions of cheetah hair to determine origins of cheetah cubs destined for the illegal exotic pet trade by associating individual cubs with predicted δ18O isoscape locations. We found that cheetah cubs most likely originated in East Africa, close to the corridors responsible for this aspect of the illegal wildlife trade to the Middle East. Further refinement of these assignments using a two isotope analysis (δ18O and δ13C values) indicate that these cubs were likely sourced in Southern Ethiopia or possibly as far as Tanzania. We also demonstrate that δ18O values in tissues can provide provenance information in cases where results of δ2H analyses may be obscured by the effects of metabolic routing of nutrients during nursing, starvation, or dehydration. This study demonstrates the utility of stable isotopic tools for conservation and forensic uses for endangered mammalian species.
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1. Introduction

The cheetah (Acinonyx jubatus) is one of the most endangered felids in the world. Once wide ranging, they are now only extant in parts of Africa, except for a very small, critically endangered, population of the sub-species Acinonyx jubatus venaticus (Asiatic cheetah) in Iran (Farhadinia, 2004). Asiatic cheetahs were hunted to extinction in India, the last three likely to have been killed in 1948 (Velho et al., 2012). The subsequent half century has seen the remaining cheetah distributions contract sharply to only about 10% of their historical range and their numbers similarly decline to only about 7,000 individuals, with over half of the worlds remaining cheetahs resident in southwest Africa (Durant et al., 2017). Other populations are fragmented and small, with numbers of 200 or fewer. The threats to cheetahs are many and, like other wild felids, are primarily the result of anthropogenic pressures. Sub-Saharan Africa has one of the largest growing human populations (Cilliers, 2017) and this has resulted in decimation of wild felid numbers as a consequence of habitat destruction, agricultural expansion, prey reduction, livestock related conflicts, and direct hunting for food, trophies, or curatives (Ripple et al., 2014; Di Minin et al., 2016; Wolf and Ripple, 2017). Cheetahs are in direct competition for prey with other, larger, carnivores, such as lions (Panthera leo), leopards (Panthera pardus) and hyenas (Hyaenidae) and thus naturally occur in low numbers and are widely dispersed, a situation that makes conservation by inclusion in national parks difficult. Moreover, their low densities, declining numbers, and solitary nature has resulted in species genetic fragility (O'Brien et al., 1985). These combination of factors make the cheetah, perhaps of all the wild felids, especially vulnerable to existing and growing anthropogenic impacts (Cardillo et al., 2004).

An additional and emerging concern for conservation of cheetahs as well as other charismatic species is the illegal trade of wildlife parts and, more recently, as exotic pets. In some cases, the number of animals affected by the illegal pet market exceeds those from the smuggling of animal parts (Pires, 2012; Daut et al., 2015). Animals entering the exotic pet trade are distributed through illegal criminal organizations and are usually poached from wild populations, although some captive breeding facilities exist (Pires and Moreto, 2011; Dalberg, 2012; Ayling, 2013).

Cheetahs (once called “hunting leopards”) were historically kept and used for hunting in India because they are relatively less ferocious, smaller bodied, and easier to domesticate than other big cats (O'Brien et al., 1986; Bothma and Walker, 1999). Although no longer used for hunting, they are still captured by the modern illegal wildlife trade in Africa whereby cubs are taken alive, usually after killing the mother, and subsequently sold into middle Eastern markets to be kept as “status” pets by the very wealthy (Warchol, 2004; Tricorache et al., 2018; Marker, 2019). Cub mortality during the smuggling process is high with most cubs dying before reaching market (Warchol et al., 2003). Kept as domestic pets, the outlook is similarly grim because cheetahs do poorly in captivity, surviving only a few years without large spatial freedom and specialized diets that mimic those of wild cheetahs (Marker-Kraus, 1997; Tordiffe et al., 2016). Cheetahs are difficult to breed in captivity (O'Brien et al., 1985) so that cubs for the pet trade must be continuously supplied from wild populations, already fragmented and vulnerable. As a result, along with increasing habitat loss, this particular aspect of illegal wildlife trade is now one of the largest current threats to cheetah conservation and survival.

Poached cheetah cubs are funneled through the horn of Africa, across the Gulf of Aden, and into the Arabian Peninsula on their way to illegal markets for exotic pets. The semi-autonomous region of Somaliland, in conjunction with other wildlife agencies, manage to intercept some of these shipments and confiscate a few of the over 300 cheetah cubs that are estimated to move along trafficking routes and into the pet trade every year (Tricorache et al., 2018; Marker, 2019). However, while rescued in Somaliland, the origins of these cubs remain unknown. This is of great concern to conservation and law enforcement agencies, because it is important to know where these cubs are captured so that they may focus their conservation efforts. To address this, we measured the H, O, N, and C stable isotopic compositions of hair from rescued cheetah cubs to try to determine their origins.

The stable isotopic compositions of animal tissues hold great potential for conservation because they may be linked to provenance (Meier-Augenstein et al., 2013; Chesson et al., 2018) or determination of migration patterns of wildlife (Hobson and Wassenaar, 2008). The H and O stable isotopic compositions of hair are related to those of body water, and thus ingested environmental waters (Hobson et al., 1999). Because the H and O stable isotopic compositions of water varies regionally, so do those of animal tissues. Similarly, the carbon isotopic compositions of tissues are related to those of regional vegetation which varies with the relative distribution of C3 and C4 plants and is transferred upwards through the food web. The resulting isotopic landscapes, or “isoscapes,” can be used to link organisms with their environment (West et al., 2009; Hobson and Wassenaar, 2018; Vander Zanden et al., 2018). Because of their water conserving nature and obligate carnivore physiology, isotopic linking of felids to environmental water and thus location was not considered feasible (Pietsch et al., 2011). However, a recent study by Koehler and Hobson (2019) has determined that a relationship between environmental water and felid hair does indeed hold for domestic and wild cats and therefore may be used for provenance estimation. A remaining issue pertains to the use of cub hair because young mammals may be influenced by maternal nutrient inputs through nursing and such maternal effects have not been previously considered in isotopic assignments. Our objective, then, was to use isotopic techniques to establish the provenance of cheetah cubs confiscated in Somaliland and to explore means to resolve the maternal nutrient transfer issue. Ultimately though, it is our hope that this proof of concept can be further expanded to other terrestrial mammals, particularly those that are currently threatened by illegal activities.



2. Methods

Hair samples (ca. 20 mg) were collected from 2015 to 2021 during veterinary health checks from lawfully confiscated cheetah cubs (n = 96) after rescue in Somaliland. The ages of cubs ranged between 3 and 7 months, as determined by veterinary assessments after rescue. All hair samples were shipped to the NHRC Stable Isotope Laboratory under CITES export permits 0061077 and 0063888 and imported with Canadian CITES import permit 21CA01252/CWHQ. This study was approved by the University of Saskatchewan Research Services and Ethics Office, RSEO Reference number 003Exempt2020.


2.1. Stable isotope analysis

Stable isotopic compositions of all hair samples were performed at the NHRC Stable Isotope Laboratory of Environment and Climate Change Canada in Saskatoon, SK, Canada. Prior to analyses, hair samples were cleaned of adherent debris and any surface oils were removed by rinsing in 2:1 chloroform:methanol. Hair was homogenized to powder with a ball grinder (Retsch model MM-301, Haan, Germany). The root end of the hairs were discarded as these will reflect the most recent growth and may include hair grown in captivity prior to rescue. For hydrogen and oxygen, our approach involved the measurement of both δ2H and δ18O values with the same analytical run (i.e., both H2 and CO gases were analyzed from the same pyrolysis) (Hobson and Koehler, 2015). Samples and standards were weighed to 350 ± 20 μg in silver capsules and analyzed using a Delta V Plus IRMS system (Thermo Finnigan, Bremen, Germany) equipped with a Costech Zero-Blank autosampler. The helium carrier gas rate was set to 120 mL/min. We used a HTC 1.5 m 0.25 inch 5 Å molecular sieve (80–100 mesh) GC column. The glassy carbon reactor was operated at a temperature of 1,400°C, and the GC column temperature was set to 90 °C. After separation, the gases were introduced into a Delta V plus isotope-ratio mass spectrometer via a ConFlo IV interface (Thermo Finnigan, Bremen, Germany). The eluted N2 was flushed to waste by withdrawing the CF capillary from the ConFlo interface. We used Environment Canada keratin reference standards CBS (Caribou hoof) and KHS (Kudu horn) to calibrate sample δ2H (–197 and –54.1 per mil, respectively) and δ18O values (+2.50 and +21.46 per mil, respectively Qi et al., 2011). This normalization with calibrated keratins also corrects for any hydrogen isotope measurement artifact caused by production of HCN (Gehre et al., 2015) in the glassy carbon reactor as described by Soto et al. (2017). Based on replicate (n = 10) within-run measurements of keratin standards and from historical analyses of an in-house QA/QC reference (SPK keratin), sample measurement error was estimated at ±2 per mil for δ2H and ± 0.4 per mil for δ18O . All H results are reported for nonexchangeable H and for both H and O in the standard delta notation, normalized on the Vienna Standard Mean Ocean Water—Standard Light Antarctic Precipitation (VSMOW-SLAP) scale.

For carbon and nitrogen isotope analyses, we weighed 1 mg of ground hair into precombusted tin capsules. Encapsulated hair was combusted at 1,030°C in a Carlo Erba NA1500 elemental analyser. The resulting N2 and CO2 were separated chromatographcally and introduced to an Elementar Isoprime isotope ratio mass spectrometer (Langenselbold, Germany–www.elementar.de). We used two calibrated in–house reference materials to normalize the results to VPDB and AIR: BWBIII keratin (δ13C = –20.18, δ15N = 14.31 per mil, respectively) and PRCgel (δ13C = –13.64, δ15N = 5.07 per mil, respectively). Precisions as determined from both reference and sample duplicate analyses and from within-run analyses of QA/QC bovine gelatin (BVgel) were ± 0.1 per mil for both δ13C and δ15N . For both HO and CN stable isotope analyses, most samples were run in duplicate.



2.2. Assignment to origin

We used geographical assignment algorithms as described in Van Wilgenburg and Hobson (2011). Briefly, we used rastered δ18O hair-specific isoscapes as a basis for predicting origins of cheetah cubs produced from the rescaling factors measured for known–origin cats across North America (Figure 1A) (Koehler and Hobson, 2019). These hair δ18O isoscapes were then imported into custom R scripts using the rgdal, sp and raster packages and used to plot 2-D spatial data in map form, and perform spatial statistics on the raster surfaces. We used current cheetah range shapefiles from the IUCN, but did not include the ranges of two critically endangered (i.e., < 30 individuals) cheetah subspecies, the Asiatic cheetah (A. j. venaticus) and the North African cheetah (A. j. hecki). We then applied a normalized probability density method (Hobson et al., 2009) to estimate the probability that individual cells in the calibrated felid isoscape represented a potential origin for each cub at the 67% (i.e., 2:1 odds ratio) confidence level. Digital file manipulation and assignment to origin analyses were conducted using multiple packages including “raster” v.3.6-3 (Hijmans and Van Etten, 2015) and “maptools” v. 1.1-4 (Bivand and Lewin-Koh, 2015) in the R statistical computing environment v.4.1.2 (R Core Team, 2021).
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FIGURE 1
 Cheetah hair isoscapes used in this study. (A) δ18O values. (B) δ13C values. Base maps produced from data of Terzer et al. (2013) and Terzer-Wassmuth et al. (2021) for δ18O and Still and Powell (2010) for δ13C.


For carbon isotopes, we used δ13C isoscapes for Africa produced from the theoretical spatial distribution of plants obtained from C3/C4 plant abundance remote sensing maps (Still and Powell, 2010; Hobson et al., 2012). We did not use a rescaling factor because previous studies have indicated that cheetah fur has similar δ13C values to those of food (Voigt et al., 2014), whereas an enrichment of 1 to 4 per mil is measured for other felids (Parng et al., 2014; Montanari and Amato, 2015) (Figure 1B).




3. Results and discussion

The δ2H, δ18O, δ13C, and δ15N values of hair from 96 cheetah cubs are shown in Table 1. Values of δ15N of these cubs ranged from +8.6 to +16.9 per mil, and are significantly higher (mean = 13.4, σ = 1.7 per mil) than those reported values for African lions or leopards (Codron et al., 2007). Adult cheetahs from Namibia have similar δ15N values (+12.3 per mil) to those of other African felids (Voigt et al., 2014), largely because most felid species tend to prey on ungulates or other small bodied herbivores (Eaton, 1970; Mills, 1984). The most likely reason for the observed high δ15N values in these cheetah cubs is the well known trophic effect from nursing young to offspring, although other effects such as malnutrition, cannot be ruled out. Adult mammals isotopically integrate their environment through coupling of H, O, C, and N isotopes into tissues by direct ingestion of food and water (Hobson and Wassenaar, 2018). For nursing young, however, this relationship is complicated because young mammals obtain a significant amount of environmental water and nutrients indirectly through maternal milk thereby placing young at a higher trophic position (i.e., higher δ15N values) than their mothers. The high lipid content of milk also tends to drive cub tissue δ13C values lower than those formed after weaning.


TABLE 1 Nitrogen, carbon, hydrogen, and oxygen stable isotopic compositions of hair from cheetah cubs confiscated from the illegal pet trade, Somaliland.

[image: Table 1]

With the exception of humans, there is very little information in the literature on the relative discrimination of stable isotopes between tissues of mothers and nursing young. A few studies have compared the stable isotopic compositions of herbivores, generally cows (Bos taurus), with diet (Kornexl et al., 1997; Camin et al., 2008), or location (Chesson et al., 2010), mostly for detection of food adulteration. Jenkins et al. (2001) determined that isotopic differences between maternal and offspring plasma were variable and species dependent. Lipids are generally 13C depleted relative to other animal tissues (Tieszen et al., 1983) and also to the rest of the components in milk (Melzer and Schmidt, 1987; Wilson et al., 1988), so that we would expect tissues of nursing offspring to have lower δ13C values than those of the mother. The low δ13C values of many of these cheetah cubs (Table 1) compared with Namibian cheetahs (δ13C = –14.8 per mil Voigt et al., 2014) are consistent with this, however the δ13C values of the maternal diet are unknown so it is impossible to make comparisons.

Polar bear (Ursus maritimus) cubs have higher δ15N values and lower δ13C values than do adults from the same subpopulations (Polischuk et al., 2001; Koehler et al., 2019). Hair δ13C and δ2H values of polar bear cubs are typically lower than those of adults (Koehler et al., 2019), most likely because of the high lipid content of maternal milk with correspondingly low δ13C and δ2H values. The amount of the differences in these isotopic compositions is likely dependent on the relative ages of cubs, and thus amount of nursing, and of the lipid content of the milk. The fat content of cheetah milk (64 g/kg) is lower than milk from polar bears (350 g/kg Derocher et al., 1993) and slightly lower than lions or domestic cats (Felis catus) (De Waal et al., 2004; Osthoff et al., 2006). Therefore compared to polar bears, we would certainly expect a smaller or perhaps no difference in δ2H and δ13C values between adult cheetahs and cheetah cubs. Ultimately, though, there is no way to determine this other than using controlled diet studies.

Values of hair δ2H for these Cheetah cubs were more variable and positive than we anticipated, ranging from –61 to +9 per mil. Because the δ2H values of lipids are much lower than that of other macromolecules (Sessions et al., 1999; Sachse et al., 2012), we expected the δ2H values of nursing cub hair to be lower than those of adult cats relative to their oxygen isotopic compositions, however this was clearly not the case (Figure 2). One possible explanation for this observation is that the relative enrichment in 2H in hair in cubs is the result of a trophic effect between mother and cub. Because these cubs were generally young (3–7 months), it is likely that a portion of the hair was grown before birth and prior to nursing and introduction of the lipid-rich milk diet.


[image: Figure 2]
FIGURE 2
 δ2H and δ18O values in per mil (SMOW) of cheetah cub hair. The dashed line is the relationship for domestic and wild cats in North America (Koehler and Hobson, 2019). Also shown is the global meteoric water line (MWL) of Craig (1961).


For placental mammals, in utero nutrient and gas exchange occurs across the fetal villi without exchange of blood. In humans, fetal amino acid concentrations are generally higher than maternal levels (Cetin et al., 1992), reflecting an active transport mechanism across the placental membranes. It seems unlikely that active transport of large molecules such as amino acids will result in significant isotopic fractionation, and thus we would expect the familiar trophic effect in utero that is observed in nursing young, and is consistent with the δ15N values of cubs in this survey. This has been observed in humans, where δ15N and δ13C values of newborn infant hair were higher than those of the mother (De Luca et al., 2012). For hydrogen isotopes, a trophic enrichment of 30 to 50 per mil is predicted from mechanistic models (Magozzi et al., 2019) and observed in a few studies (Birchall et al., 2005; Topalov et al., 2013). If this is the case for cheetahs, the variability in hydrogen isotope enrichment in cheetah cubs may be related to their variable ages where the δ2H values of older cubs would be more negative, reflecting more a contribution of nursing in the hair. Unfortunately, we do not have exact ages for the cubs and, historically, it is has been difficult to separate a hydrogen isotopic trophic effect from other metabolic and dietary processes with any certainty (reviewed by Vander Zanden et al., 2016).

Another complication with the cheetah cubs we examined was that they are usually extremely malnourished and dehydrated when rescued. Starvation in humans generally increases the δ13C and δ15N of hair by recycling of proteins within the body pool (Hatch et al., 2006; Mekota et al., 2006), a phenomenon also noted in birds (Hobson et al., 1993; Cherel et al., 2005). Nutritional and water stress has been suggested as the mechanism for large increases in the δ15N values in bone collagen in African herbivores (Ambrose and DeNiro, 1986). For hydrogen and oxygen isotopes, however, there appears to be very little in the literature on the effects of starvation on the isotopic compositions of animal protein. For dehydration, it seems intuitive that evaporation concurrent with respiration and diffusive water loss would result in higher δ2H and δ18O values of the body water pool with corresponding increases of those of hair. Indeed, McKechnie et al. (2004) observed that feathers of water-stressed Rock Doves (Columba livia) were enriched in 2H, similar to previous observations in humans (Schoeller et al., 1986). However, the picture is not as clear for oxygen isotopes for which there are very few measurements. Storm-Suke et al. (2012) observed similar hydrogen isotope results in Japanese quail (Coturnix japonica) as was observed for Rock Doves by McKechnie et al. (2004), but did not see any differences for oxygen isotopes. Ultimately, though, whether it can be attributed to maternal trophic effects, malnutrition, or dehydration, the relatively high δ2H values of these cubs remain enigmatic.

For geographical assignments, tissue δ2H values in consumers are generally preferred over δ18O values because of their greater range and smaller relative error (Hobson and Koehler, 2015). But, because of all the aforementioned uncertainties involved with the use of δ2H values of hair from cheetah cubs, we decided to avoid these complexities altogether and instead use hair δ18O values for geographical placement. The δ18O values of adult and cub hair from polar bears from the same locations did not show any significant difference, although there were large differences in δ2H , δ15N, and δ13C values (Koehler et al., 2019). This is most likely because lipids in maternal milk contain little oxygen and the δ18O values of milk protein is similar to those of the maternal diet. Because oxygen is more weakly routed from diet to consumer tissues, it is likely that the isotopic compositions of oxygen in these tissues will be less confounded by environmental and dietary considerations than hydrogen (Bowen et al., 2009; Soto et al., 2011; Wolf et al., 2015), and thus will more closely reflect the isotopic compositions of environmental water. It is currently unknown whether malnutrition or dehydration can cause changes to the δ18O values of mammal hair.


3.1. Geographical origins of cheetah cubs

Cheetah females are polyesterous and are thus non-seasonal breeders (Crosier et al., 2018, 2022). As a result, cubs are captured in the illegal trade throughout the year, with a slight bias to dry season (Jul-Aug), perhaps as a result of easier transport along illegal trade routes. Assuming the cubs are, on average, 6 months old, this indicates they were likely born during a wet season in East Africa. Here, with the exception of northern Ethiopia, the majority of precipitation falls during two wet seasons (Levin et al., 2009). In this case, the mean annual oxygen isoscape is appropriate because the bulk of the precipitation occurs in the wet seasons and the isoscape is representative of this. Considering the wide range of ages of the cubs and that cubs can be taken at any time during the year, it is impossible to associate a particular season with most of the cubs with any accuracy.

For geographic placement, we cannot assume a single batch of cubs captured at a single time. In reality, cubs were captured in small batches (1 to a few) from 2015 to 2021. We also have to consider the isotopic integration that occurs through the foodweb which will tend to average out wet season-dry season differences in stable isotopic compositions of hair. While prey species are more closely coupled to the underlying precipitation isoscape, they will also tend to average out yearly precipitation to some extent based on growth characteristics and seasonal isotope patterns in plants. Considering all of this, we treated all 96 cubs as a single batch of time-integrated samples and assigned them to origin using the mean amount averaged oxygen isoscape. This approach provides an estimation of the total geographic range of cub origins, an important consideration for law enforcement and conservation.

Because oxygen isotopic compositions are rarely used, it is important to take into account the error envelope involved in geographical placement of cheetah cubs. If we examine the standard error of δ18O values reported for the RCWIP dataset and translate those to the cheetah isoscape as seen on Figure 1A, oxygen isotopic compositions of cheetah fur are only expected to vary by about 0.4 per mil at any single location in east Africa, similar to our measurement error for δ18O values. Our measured range of δ18O values in cheetah fur exceeds 5 per mil (Table 1) so that we are confident that geographic placement is outside the analytical error. In addition, the assignment algorithm takes this error into account so that the oxygen isotopic composition of any cub that matches the isoscape does so at the 2:1 odds ratio or the 67% (1σ) confidence interval.

The Geographical placement of cheetah cubs based on δ18O values of hair are shown in Figure 3. This analysis places these cubs in northwestern Kenya, northern Ethiopia, or southern Ethiopia close to the border with Somalia. These areas, particularly along the Somalian border are close to the expected routes for the illegal trade in live cubs (Marker, 2019).


[image: Figure 3]
FIGURE 3
 Probable origins of cheetah cubs rescued from the illegal pet trade based on δ18O isoscapes. Legend is the number of individuals assigned to a pixel based on the odds ratio criterion used.


Although regionally accurate, assignments of cheetah cubs to geographic origin are fairly broad based only on δ18O values. To further refine these assignments we examined the utility of a multivariate placement using both δ18O and δ13C values. Values of δ13C of cheetah cubs range from –22.7 to –12.7 per mil and show a clear bimodal distribution (Figure 4 and Table 1). While relatively high δ13C values of cubs were expected from the east African savannahs where the C4 grasses dominate in the warm, arid lowlands (Tieszen et al., 1979b), many cubs had unexpectedly low δ13C values. At first, we attributed these low δ13C values of these cubs to consumption of a high lipid diet during nursing, but on further analysis this seems unlikely. Polar bear cubs have δ13C hair values that are only 1–3 per mil lower than those of adults (Koehler et al., 2019) concurrent with very high concentrations of lipids in maternal milk. Cheetahs have lower amounts of lipids in maternal milk, so it seems unlikely that there would be asimilar large negative offset in δ13C values between cheetahs adults and nursing young. If ingestion of lipid rich milk were responsible for the low δ13C values observed, we would also expect a similar decrease in δ2H values, but we see the opposite. Furthermore, fur from free ranging Namibian cheetahs have δ13C values about –14.8 per mil (Voigt et al., 2014), very close to the –12 to –13 per mil predicted from the African carbon isoscape (Figure 1B), which reflects the abundance of C4 plants and therefore C4-eating prey in tropical grasslands. Feeding studies of adult cheetahs also indicate there only minor differences in δ13C values between cheetahs and food sources (Voigt et al., 2014). These observations suggest that, overall, the isotopic discrimination of carbon isotopes is close to 0 per mil between cheetahs and their environment. Therefore, if the consumption of a lipid rich milk is responsible for the low δ13C values measured in these cubs, we would expect that hair from cheetah cubs should have δ13C values around –15 per mil.
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FIGURE 4
 Carbon and nitrogen stable isotopic compositions of cheetah cub fur in per mil PDB and AIR, respectively.


An important consideration is that accurate transfer of carbon isoscapes based on terrestrial foodwebs have never been ground-tested for mammals. Stable carbon isoscapes are based on the predicted spatial proportions of C4 and C3 plants obtained from remote sensing and, as a result, there is a uncertainty differentiating between grasses and non-tree herbaceous layers in the present carbon isoscapes (Still and Powell, 2010). In theory, carnivores should integrate the total carbon isotopic compositions of these relative proportions and therefore should closely reflect their 13C environment. Herbivores tend to be selective and can be classified as grazers (C4-eating) or browsers (C3-eating). Therefore, provided that browsers and grazers are in proportion to the relative proportions of C3 to C4 plants and that predators are non-selective, the carbon isotopic compositions of predator tissues should be similar to those of the carbon isotope biome in which they inhabit.

In practice, however, it is undoubtedly more complicated. The δ13C values of tissues in carnivores will be a function not just of the underlying carbon isoscape, but will also be compounded by trophic discrimination factors, hunting behavior, and foraging behavior of prey. For higher level taxa, such as felids or canids, we would also expect a variation of hunting behaviors depending on availability and/or individual preferences. Indeed, we know that cheetahs can develop strategies to overcome particular prey animals (Mills, 1984; Marker et al., 2003) and this may account for the clear exploitation of either grazers or browsers as prey in a mixed tree/grass savannah (Figure 4). Higher δ15N values in cub hair with low δ13C values seem to confirm this as mixed feeding gazelles have relatively high δ15N values compared to grazers (Ambrose and DeNiro, 1986).

Impalas (Aepyceros melampus), Grants gazelles (Nanger granti) and Thompsons gazelles (Eudorcas thomsonii) comprise a large part of the diet of East African cheetahs (Eaton, 1970), all of which are mixed feeders wherein their diet consists of both C3 and C4 plants and varies temporally depending on species and the season (Spinage et al., 1980). Grants gazelles, which tend to browse more than they graze, occur in Ethiopia and South Sudan, whereas Thomsons gazelles and impalas, which can graze or browse, are more common in Kenya and Tanzania (Arctander et al., 1996). Consequently the δ13C values of the stomach contents of these prey species can vary from average values of –21.9 per mil for Grants gazelles to –17 per mil for Thompsons gazelles, with Impalas averaging about –19 per mil (Tieszen et al., 1979a). Therefore, it is likely that the bimodal δ13C and δ15N values of these cubs simply reflect prey preference of the mother and thus are only loosely coupled to the underlying carbon isoscape.

An alternate, but less likely, explanation is that the C3 group of cubs are younger because they were captured closer to the trafficking routes in the Horn of Africa in the mixed savannah proximal to the Ethiopian highlands. In this case, the low δ13C values will be augmented by lipids in milk and the elevated δ15N values may be partially the result of maternal trophic effects.

The dual-isotope model places the origins of these cubs primarily in south western Ethiopia, as do the assignments based only on δ18O values (Figure 5). However, the abundance of low δ13C values in cheetah cub hair suggests many cubs originated in the savannah highlands where most of the forbs, shrubs, and trees are C3 types or, possibly, as far south as the great rift region of Tanzania. Considering all of the complexity involved in transfer of the carbon isotopes into predator tissues, however, this analysis cannot be taken as diagnostic and is of limited usefulness. While it is unlikely that these cubs could survive transport over the >1,000 km between Tanzania and Somalia, it is certainly possible that many could have been captured in southwestern Ethiopia where, presumably, Grants gazelles would make up a larger part of the adult diet.
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FIGURE 5
 Multivariate isotope assignment of cheetah cubs to location based on a δ18O and δ13C values. Legend is the number of individuals assigned to a pixel based on the odds ratio criterion used.





4. Conclusions

Based on δ18O values only, it is evident that cheetah cubs destined for the illegal pet trade are sourced from East Africa, primarily northern Ethiopia, western Kenya, and along the Somali border with Kenya. Further refining these placements by using a two isotope multivariate assignment suggests that it is possible that these cubs could have been sourced as far south as Tanzania. The two isotope analysis is, at best, uncertain because of complexities relating the underlying carbon isoscape to the terrestrial foodweb. It seems obvious that geographic placement of cheetah cubs places them proximal to the illegal trade routes. However, this appoach also demonstrates the general usefulness of stable isotopic placement for forensic analyses in terrestrial mammals, particularly the carnivores. In addition, it is our strong recommendation that oxygen isoscapes be considered for geographic placement in cases where the normal transfer of nutrients into tissues are complicated by the effects of nursing or nutritional stress.

Moving forward, it is our hope that these isotopic techniques can be developed into a robust analytical protocol that can be used by law enforcement and conservation agencies to address the many aspects of the illegal wildlife trade, not just for cheetahs, but for other vulnerable or endangered species. To this end, the addition of other intrinsic markers, such as genetic or chemical information, will help to refine geographical placement or identification of individuals for forensic applications. In the short term, automatic sampling and archiving of all confiscated illegally captured cheetahs is needed. Ultimately though, successful development and use of stable isotopic techniques will require a concerted effort from scientists, law enforcement, conservation groups, and policy makers. Like cheetahs, many of the worlds iconic species are currently under threat and these novel avenues for wildlife conservation may contribute to their very survival.
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B2 -13.1 8.6 -38 129 Major -199 13.2 -33 15.6
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Hermione -13.6 10.2 -38 14.4 Faduma -18.4 13.4 -29 15.1
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Ben -12.8 10.9 -39 13.6 Micket -184 13.5 -33 14.6
Mike -129 11.3 -39 14.3 James-4269 -182 13.5 -35 15.0
Darwin -13.0 10.7 -31 14.0 Idris -20.0 14.5 -10 15.6
Nico -13.0 10.8 -29 13.8 Elba -19.6 13.8 -7 17.6
Kayla -127 11.8 =31 12.9 Astur -20.4 14.3 1 12.8
Merlot -133 10.8 =21 15.7 Kaiir -20.7 14.7 9 13.8
Romeo -145 111 -11 15.8 Jaleelo -199 14.0

Khayjay -13.0 11.3 -18 14.9 Galiil -20.5 15.0 -4 14.9
Rosy -133 11.2 -15 154 Rajo -18.5 13.4 =21 12.3
Solo -13.1 111 -10 153 Cizi -18.6 13.0 4 14.7
Amani -13.2 10.6 -10 147 Emmeh -185 138 -38 13.0
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Blondeman -138 114 -43 16.2 Bagheer -184 13.0 =31 12.7
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