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Compared to aquatic ecosystems, limited information exists on organochlorine accumulation in terrestrial ecosystems, and this is specifically true for terrestrial carnivores that have received limited attention in terms of studies on pollutant bioaccumulation. The African Leopard, Panthera pardus pardus (Linnaeus, 1758), is a popular focal species for research by ethologists and ecologists, but a noticeable knowledge gap exists with regards to toxicological aspects. To address this gap, the aim of this study was to determine baseline organochlorine pesticide (OCP) concentrations in blood of live wild and captive leopards in South Africa, and to explore the relationship between OCP levels and different conservation management strategies. Peripheral blood samples of seven captive and seven wild leopards, representing regular and melanistic individuals within the captive population, were collected while under sedation. The ΣOCP concentrations in blood serum were detected by means of GC-ECD. Statistical relationships among pesticide content in leopards from three geographical areas, different sexes, age groups and conservation status were examined. Captive leopards from this study had a slightly higher mean ΣOCP concentration (901 pg/ml) than wild leopards (768 pg/ml), and captive females had lower mean levels of ΣOCPs (797 pg/ml) than males (1,058 pg/ml). OCPs accumulated in the following order DDTs (27%) > HCHs (21%) > Heptachlors (15%) > CHLs (15%) > Drins (14%) > HCB (8%). Differences in OCP composition profiles of resampled captive individuals were also found. The sources of OCPs in the leopards can be attributed to the historic and current use of, e.g., DDT and HCHs, for malaria vector control and in insecticides/avicides in South Africa. For the captive leopards in this study the main source is possibly contaminated chicken that formed the major portion of their diet. This is the first report on OCP concentrations from leopards in Africa and highlights the need for this parameter to be considered in terms of the conservation management of healthy populations.
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INTRODUCTION
Persistent Organic Pollutants (POPs), including organochlorine pesticides (OCPs), are resistant to biological, physical and chemical breakdown and as a result they have been banned world-wide through the Stockholm Convention in 2004 (Bouwman, 2004). Despite their banning, OCPs are still widely distributed in African ecosystems (Bouwman et al., 2014; Volschenk et al., 2019; Gerber et al., 2021). South Africa, a known user of OCPs in the agricultural sector (Wepener and Chapman, 2012), is the largest pesticide user south of the Sahara (Dabrowski et al., 2014). According to Dabrownski et al. (2014) pesticides are widely used for veterinary and crop protection purposes in South Africa, which helps to promote food security. Coupled with the increasing development in rural malaria-endemic areas, increased reliance on insecticides has become the trend in South Africa (Wepener and Chapman, 2012). South Africa has used DDT since the late 1940s as a means to control malaria (Bouwman, 2004) and residues have been measured in human breast milk (Bouwman et al., 1990) and blood (Gaspar et al., 2015) of residents of malaria endemic areas. The semi-volatile nature of OCPs results in their long-distance distribution to regions where there has been no direct use of these chemicals, e.g., ending up in coastal regions and remote river headwaters (Viljoen et al., 2016; Verhaert et al., 2017; Erasmus et al., 2020; Rose et al., 2020). This has led to a recent increase in studies addressing levels of OCPs in terrestrial and aquatic environments in South Africa (Thompson et al., 2017a; Volschenck et al., 2019; Gerber et al., 2021; Wolmarans et al., 2021). Due to trophic migration of compounds along the food web, the highest concentrations are usually reached at the top trophic level of a chain (Skaare et al., 2000), as seen in the study on trophic biomagnification of perfluorinated compounds in lichen, caribou and wolves (Müller et al., 2011). This results in the highest OCP concentrations usually ending up in apex predators and therefore the study of biomagnification is particularly relevant in species that are at the top of the food web.
In contrast to aquatic apex predators, reports on the incidence of POPs in terrestrial apex predators are surprisingly limited and Rodríguez-Jorquera et al. (2017) found that there is biased coverage of this subject, with most literature originating from Europe and North America (see Supplementary Table S1). Most work done to date has been on marine mammals, concentrated in Asia, western Europe and North America. The majority of studies on mammalian carnivores focused on polar bears (Ursus maritimus) (e.g., Bentzen et al., 2008a), otters (e.g., Carpenter et al., 2014) and mink (e.g., Romanić et al., 2015), which are all apex predators in aquatic systems. Very few reports on mammalian apex predators from Africa exist. Cockroft et al. (1989) determined the concentrations of PCBs, dichlorodiphenyltrichloroethanes (DDTs) and dieldrin in blubber samples of bottlenose dolphins (Tursiops aduncus) along the east coast of South Africa and recently Malarvannan et al. (2020) published the first record of POPs in serum of lion (Panthera leo), hyena (Crocuta crocuta) and cheetah (Acinonyx jubatus) from conservation areas in South Africa and the Antwerp Zoological Gardens in Belgium, while Leighton et al. (2022) recorded organochlorines in plasma and adipose tissue of caracal (Caracal caracal) from peri-urban areas in the Western Cape peninsula.
Notwithstanding their important ecological role, the distribution of some of the most wide-ranging African predators has diminished by more than 76% (Ray et al., 2005). The African leopard (Panthera pardus pardus) is the least studied of all big cats (Bailey, 1993; Maheshwari, 2006). They are highly adapted to live in diverse habitats, can persist regardless of various pressures and utilize food resources not favoured by other large carnivores (Norton et al., 1986; Bailey, 1993; Spong et al., 2000). These cats are generalists and will eat whatever food is easiest to obtain, ranging from beetles to large ungulate species (Bailey, 1993; Hayward et al., 2006). Leopards have the ability to live in human-modified habitats whereas other large felids such as lions and tigers cannot (Ray et al., 2005; Athreya and Belsare, 2007), with the largest part of their population occurring outside formally protected areas (Daly et al., 2005). This puts them more frequently in contact with anthropogenic factors than any other big cats in Africa. Nationally protected areas where leopards are still known to exist in viable populations include the Kgalagadi Transfrontier Park, Kruger National Park and Addo Elephant National Park (Daly et al., 2005). The constraints in capturing and working with large, dangerous apex predators make it problematic to investigate the occurrence and effects of toxic chemicals in these animals. As Rodríguez-Jorquera et al. (2017) pointed out, the most convenient way of obtaining data in this subject area is to process carcasses and rely on post-mortem results, which does not necessarily provide information on the effects of sub-lethal concentrations in live animals.
The aims of this study were to 1) establish baseline concentrations of OCPs in African leopards in South Africa; 2) compare differences between captive and wild leopards; and 3) do a preliminary assessment of individual and group category differences to account for anticipated life history effects of sex, age class, phenotypes and conservation management approaches.
MATERIALS AND METHODS
Study area
Fourteen leopards were sampled at six localities in central and northern South Africa (Figure 1) over a period of 3 years (2013–2015), and a total of 16 samples were analyzed as two of the captive leopards were sampled twice (Table 1). It is acknowledged that the sample size may be construed as being relatively small, but this does represent the largest single sampling of live African leopards to date. The limited number of individuals available for this study again shows the difficulty in obtaining material from live African leopards, even from captive animals since of the 11 facilities throughout South Africa, only two (one in the Free State and one in Mpumalanga) agreed to the sampling of their animals. For this study, leopards were classified as “captive” if they were born or raised in captivity from an early age (<1 month-old). Leopards were classified as “wild” when born or caught at an adult stage in the wild or when held at rehabilitation centres for less than 6 months with the aim to relocate. Captive-bred leopards were sampled at two facilities in Bloemfontein, Free State Province ((29.1121° S, 26.2063° E and (29.0667° S, 26.1555° E)) and one facility in the Mpumalanga Province (25.2259° S, 30.1496° E). Wild leopards were sampled in the Mpumalanga (25.2259° S, 30.1496° E) and northern Limpopo provinces (24.5659° S, 31.0377° E and 24.5151° S, 30.9029° E). No leopards were sampled from the southern distribution areas.
[image: Figure 1]FIGURE 1 | Ten core South African leopard populations (blue lined areas) in relation to formally conserved areas. Sampling locations indicated by yellow and red dots. Orange striped polygons: areas of leopard observations; Green polygons: conserved areas; Yellow bubble: captive leopards; Red bubble: wild leopards. Numbers indicate the number of individual leopards sampled at each location.
TABLE 1 | Leopards sampled during this study from January 2013 to December 2015.
[image: Table 1]Sample collection and blood preparation
All leopards were sedated and sampled by a qualified veterinarian surgeon following standard procedures as prescribed and approved by AnimCare, a national registered Animal Ethics committee (North-West University ethics approval no. NWU-00255-17-A5). Wild leopards were sampled at night and were caught by means of baiting, as well as free darting. Captive leopards were sampled during the daytime hours and were sedated in their enclosures by resident veterinarians familiar to these animals. All leopards were sampled while under sedation and under the supervision of the registered veterinarian of that specific region. The pharmaceuticals used to induce sedation was unique for each veterinarian throughout the study and mostly constituted the use of a solution of ketamine (Anaket-V; Centaur labs) (20–25 mg) and Domitor® (Zoetis; South Africa) (dose 80–90 μg/kg), diluted with saline. All leopards were handled with sterile gloves and it took an average of 20 min to collect samples. Following sampling, leopards were revived by the veterinarian through injection with Antisedan® (Zoetis; South Africa). All leopards were carefully monitored until they were fully awake and alert.
Peripheral blood was usually collected from the jugular or the cephalic vein by venipuncture with the use of a sterile Vacutainer system, in BD Vacutainer® (Franklin Lakes, United States) CAT (Clot Activator Tubes). Samples were left overnight in a cooler box with an ice pack to keep temperatures stable, allowing blood components to separate. Early the following morning the separated serum was aliquoted into smaller Eppendorf vials (approximately 1 ml each), labelled and stored at -20°C and transported to the analytical laboratories of the North-West University, South Africa for further analyses. Blood samples were obtained from representative leopards of three core wild populations as identified by Daly et al. (2005). Samples from captive leopards represented two colour variations, six had the regular colour variation and three leopards were melanistic. Four captive males and five females were used for this study. Although two age classes, as defined by Fattebert et al. (2015), were noted, the effect of age was not analysed due to the small sample size (n = 3) for the subadults. Two captive leopards, a regular female and a melanistic male, from the same facility, were sampled twice throughout the study, with at least 1 year between the first and second sampling.
Organochlorine analysis
Levels of α-HCH, β-HCH, γ-HCH, δ-HCH, HCB, aldrin, dieldrin, endrin, heptachlor, oxy-chlordane, cis-heptachlor-epoxide, trans-heptachlor-epoxide, trans-chlordane, trans-nonachlor, cis-chlordane, cis-nonachlor, o,p’-DDE, p,p’-DDE, o,p’-DDD, o,p’-DDT, p,p’-DDD and p,p’-DDT in serum were determined using adaptations of a method by Keller et al. (2004). A known volume of serum (approximately 1 ml) of serum from each leopard was used for extraction. Prior to extraction 100 μl of 100 μg/l chlorinatedbiphenyl (PCB #143) and 100 μl of 100 μg/l epsilon-hexachlorocyclohexane (ε-HCH) was added to each sample as internal standard. PCB #143 was used as an internal standard for the organochlorine pesticides as it has similar functional groups, polarity, and molecular size to the larger OCPs but is not expected in environmental samples. Unfortunately, no suitable OCP was found with no probability of environmental presence to serve as the perfect Internal standard for larger OCPs in this analysis. The use of certain PCBs as internal standards for OCPs is a long-standing accepted practice for this reason (see Covaci et al., 2001; Covaci 2006; López et al., 2007). Sample extraction consisted of liquid-liquid extraction using 2 ml formic acid (>88%) and 4 ml of amethyl tert-butyl ether (MTBE) and hexane mix (MTBE:hexane = 1:1 v/v) in 15 ml polypropylene tubes. Samples were briefly vortexed (Vortex-Genie 2; Scientific Industries, Inc.) to ensure solvent interaction, followed by sonication for 20 min in an ultrasonic bath (Scientech) at 25°C. Following sonication samples were centrifuged for 5 min at 2,000 rpm in a Centrifuge 5,430 (Eppendorf), and the organic phase collected. The extraction process was repeated three times in total, with the second and third extraction performed only with 4 ml MTBE:hexane (1:1 v/v). The collective organic extract sample volume was reduced to <10 ml at 36°C in a Turbo Vap ® Classic (Biotage) evaporator. Sample clean-up consisted of elution through a 40 cm glass column tightly packed with 4 g Florisil (5% deactivated), topped with (≈1 cm) sodium-sulfate, and prepared with hexane. The sample was eluted with 35 ml of dichloromethane:hexane (3:7 v/v) after which it was evaporated to near dryness (≈5 μl) under a gentle N2 stream at 36°C. The sample was reconstituted in 100 μl n-decane containing tetrachloro-m-xylene (100 μg/l) as surrogate marker and analysed using gas chromatography (Hewlett Packard ®6890) coupled with a63Ni micro-electroncapture detector (GC-μECD).
The GC-ECD analysis was performed using a splitless injection (1 μl) at inlet temperature of 225°C. This was specifically lowered from initial methods of 260°C during the method development phase to prevent thermal degradation of DDT during chromatographic analysis, which was confirmed to have no significant impact on analysis repeatability at 225°C through the method validation process. The oven program initiated at 100°C held for 1 min, followed by a ramp of 20°C/min to 200°C, then changing to a ramp of 6°C/min until 260°C held for 4 min. Separation of compounds was achieved using a 30 m length × 0.25 mm I.D. × 0.25 μm film HT8-MS (SGE) column and H2 carrier gas at a constant flow of 1.5 ml/min. The detector temperature was set at 310°C with N2 as the make-up gas (60 ml/min). Calibration of the 22 OCP peaks was performed using a 7-point calibration curve of the Ehrenstorfer® pesticide mix 1,023 (LGC Standards) ranging between 5 and 1,000 μg/L with a linear regression R2 > 0.998 for all analytes. The instrumental limit of detection (LOD) and limit of quantification (LOQ) was calculated based on 3 times and 10 times (respectively) the standard deviation of the slope of the calibration curve of each compound The instrumental LODs were as follows: α-HCH = 1 μg/L, HCB = 10 μg/L, β-HCH = 5 μg/L, γ-HCH = 3 μg/L, δ-HCH = 0.8 μg/l, heptacLlor = 12 μg/L, aldrin = 9 μg/L, oxy-chlordane = 5 μg/L, cis-heptachlor-epoxide = 6 μg/L, trans-heptachlor-epoxide = 8 μg/L, o,p’-DDE = 11 μg/L, trans-chlordane = 11 μg/L, trans-nonachlor = 11 μg/L, cis-chlordane = 14 μg/L, p,p’-DDE = 6 μg/L, dieldrin = 14 μg/L, o,p’-DDD = 17 μg/L, endrin = 13 μg/L, o,p’-DDT = 26 μg/L, cis-nonachlor = 5 μg/L, p,p’-DDD = 30 μg/L, p,p’-DDT = 34 μg/L. The mean internal standard recovery was >80% for ε-HCH and slightly lower and more variable, 66 ± 20%, for PCB#143.
The extraction and GC analysis method was validated using Bovine blood as a matrix substitute spiked with the same pesticide mix used for calibration. Spiked samples were left to equilibrate for 24 h at 4°C prior to extraction. No matrix interference was observed within the retention time range of interest for any of the pesticides (tested through Blank Bovine blood analysis). The spiked bovine blood method validation samples had an average recovery of 78.8 ± 17% for all pesticides in 15 samples extracted and analysed in 3 batches over several days.
The analytical batches contained a blank after every 2 samples to assess the potential for carry-over. A quality control (QC) check for system stability was analysed with every 10th sample. Quality control standards had RSD <10% for all pesticides except p,p-DDT that showed an RSD of 11.8%.
Statistical analysis
All OCP concentrations are expressed as pg/ml and OCP profiles represent the relative percentage contribution of the detected compounds to the ΣOCP concentrations. To allow for statistical analysis, all concentrations that were below the LOQ were transformed to a value by multiplying the detection frequency with the LOQ (Wepener et al., 2012). The respective frequencies of detection for detected compounds were as follows: α-HCH 100%, HCB 91.7%, β-HCH 8.3%, γ-HCH 75%, δ-HCH 66.7%, heptachlor 100%, aldrin 58.3%, cis-heptachlor-epoxide 16.7%, trans-heptachlor-epoxide 25%, o,p’-DDE 33.3%, trans-chlordane 66.7%, trans-nonachlor 8.3%, cis-chlordane 33.3%, p,p’-DDE 50%, dieldrin 0%, o,p’-DDD 83.3%, endrin 100%, o,p’-DDT 33.3%, cis-nonachlor 58.3%, p,p’-DDD 100%, and p,p’-DDT 25%.
Data were analyzed with GraphPad Prism version 7 for Windows (GraphPad Software, La Jolla California United States, www.graphpad.com). All data were checked for normality and homogeneity of variance prior to analyses using the D’Augustino-Pearson omnibus normality test and Levene’s test, respectively. If data met the normality and homogeneity of variance assumptions, differences between the OCP levels in the selected cases were determined using the unpaired t test with Welch correction. Means of data that did not meet the normality and homogeneity of variance assumption were compared using a Mann-Whitney U test. Significant differences were regarded as p < 0.05. 
RESULTS
Organochlorine pesticide contamination in South African leopards
To our knowledge these are the first data on OCPs in wild and captive African leopards. Varying concentrations of OCPs were detected in all leopards from this study. All the OCPs tested for, with the exception of cis- and trans-heptachlor-epoxide, o,p’-DDT, p,p’-DDT and o,p’-DDE were recorded in leopard serum samples during the present study (Table 2). The average total OCP concentrations in the blood serum of leopards measured were 770 ± 230 (range 434–1,383) pg/ml. The OCP contamination pattern was in the decreasing order of DDTs (27%) > HCHs (21%) > heptachlors (15%) > CHLs (15%) > drins (14%) > HCB (8%) (Figure 2). Concentrations of α-HCH, HCB, endrin, heptachlor and p,p’-DDD were present in all fourteen leopards, at varying concentrations.
TABLE 2 | Organochlorine concentrations (pg/ml) in serum samples from wild and captive leopards. The sample size (n) is presented in brackets. Bold p-values indicate a significant difference p < 0.05. <LOD, below limit of detection. Na, not applicable.
[image: Table 2][image: Figure 2]FIGURE 2 | The relative contribution of main compound groups (ΣHCHs; ΣChlordanes; ΣDrins; ΣHeptachlors; ΣDDTs; ΣHCB) to ΣOCP concentrations as analyzed in all captive and wild leopards.
The OCP profiles of captive and wild leopards differed in that the contribution of heptachlors and drins were greater in wild leopards (Figure 2). Although the total OCP concentrations in wild leopards were lower than captive leopards it was not significantly different (Table 2). There were no significant differences in DDTs between wild and captive leopards with p,p’-DDD making up the highest concentration of the isomers (Table 2). Similarly, the HCHs did not differ significantly between wild and captive leopards with α-HCH being the predominant isomer. The heptachlors and chlordanes also did not differ significantly between wild and captive leopards. Only endrin was significantly higher in wild leopards (t = 2.3, df = 9, p = 0.042), while HCB were significantly higher in captive leopards (t = 2.9, df = 9, p = 0.015) (Table 2).
It was not possible to statistically compare the wild female and male OCP levels due to the small sample size for females (n = 2) (Table 2). However, based on the mean concentrations, total OCP concentrations appeared to be similar in wild males and females. Wild males had higher concentrations of HCB and heptachlors, while wild females had higher concentrations of HCHs and drins. Small insignificant differences between concentrations of chlordanes and DDTs were found.
Organochloride pesticide contamination in captive leopards
We acknowledge that sample sizes are too small to obtain meaningful inter- and intra-group comparisons, but in some cases we conducted statistical analyses to obtain preliminary insights into e.g., differences between life stages (sub-adult vs. adult) and colouration (normal vs. melanistic) in captive leopards. In captive leopards only the HCHs were significantly higher in males than females (t = 2.6, df = 8, p = 0.032) (Table 2). Notable, although not significant, was that all the OCP compounds/isomers were higher in captive males than in females (Table 2). Captive adult leopards had higher mean OCP serum concentrations than subadults, albeit not significant. Adults also had higher mean concentrations of hepatchlor and drins, while subadults had higher mean concentrations of HCHs, HCB and significantly higher concentration of chlordanes (U = 8, df = 11, p = 0.049) (Table 2). Except for heptachlor, the concentrations of OCP compounds/isomers were higher in captive melanistic leopards compared to the regular coloration leopards (Table 2).
Two captive leopards from the same facility in the Free State were sampled twice with at least 2 years between the sampling events. Total OCP concentrations in serum of the regular female decreased by 35% from 666 to 434 pg/ml between the two sampling periods. Notable changes in her OCP contamination profile were observed between samplings (Figure 3), which showed that heptachlors were higher during the second sampling but both the HCB and chlordanes decreased to below LOD. Total OCP concentrations in the melanistic male serum also decreased (39%) between the two sampling periods from 1,383 to 842 pg/ml. A notable change in the male’s OCP contamination profile was decreased chlordane and heptachlor concentrations from the second sampling event. The HCHs were the predominant compound in the male’s 2015 sample compared to DDTs in the 2013 sample (Figure 3). The only compounds that increased between sampling was heptachlors in the female (156%) and HCB in the male (34%). Unlike the female, no compounds in the male decreased to below LOD between samplings.
[image: Figure 3]FIGURE 3 | The relative contribution of main compound groups (ΣHCHs; ΣChlordanes; ΣDrins; ΣHeptachlors; ΣDDTs; ΣHCB) to ΣOCP concentrations as analyzed in the two resampled captive leopards.
DISCUSSION
There are clear gaps in knowledge with regards to toxicological work on apex predators. The constraints in capturing and working with large, dangerous carnivores make it problematic to investigate the occurrence and effects of toxic chemicals in these animals. According to Rodríguez-Jorquera et al. (2017) it is convenient to obtain tissue from carcasses for chemical residue analysis, but it does not necessarily provide information on sub-lethal concentrations in live animals. In contrast, the advantages of using blood serum samples include the possibility of resampling individuals in future studies, and stress inducement on study subjects are less due to its lower invasiveness. Few studies report on OCP concentrations from blood or plasma samples of apex terrestrial carnivores (Supplementary Table S1), and these authors only report on a few OCP compounds. Whilst it is acknowledged that the sample size of this study was relatively small and precludes from undertaking meaningful statistical analyses, it is still worthwhile commenting on some of the findings. In addition, we do acknowledge that for some compounds the recovery rates were below 80% and for these the reported concentrations were adapted correspondingly. Despite the levels of OCPs being low in the serum of leopards, we are confident that the data are relatively accurate since they are all within the same order of magnitude as OCPs reported in blood/plasma/serum of mammalian carnivores elsewhere in the literature (see Supplementary Table S1).
Contextualising organochlorines in leopards
This study found limited significant differences in ΣOCPs, individual compounds and isomers among many of the groups tested. The OCP contamination pattern found in wild leopards were similar to that found in wild lions, spotted hyenas (Malarvannan et al., 2020) and caracal (Leighton et al., 2022) in South Africa. The only group in which ΣDDTs was not the main contributing compound was in captive males, where like reports from brown bears and grey wolves in Croatia (Romanić et al., 2015), ΣHCHs were the main compounds. ΣDDTs concentrations from leopards (0.22 ng/ml) were lower than that of domestic sled dogs (29 ng/ml) from Greenland (Sonne, 2010), wild spotted hyenas (1.6 ng/ml) from South Africa (Malarvannan et al., 2020) and wild caracal (2.5 ng/ml) from South Africa (Leighton et al., 2022). The ΣDDTs concentrations in leopards were however similar to that of wild lions (0.27 ng/ml) from South Africa (Malarvannan et al., 2020). Other mammals in which ΣDDTs was the main contributing compound in plasma or blood samples include red foxes and wolverines from Sweden (Polder et al., 2009), Eurasian lynxes from Norway (Polder et al., 2009), masked palm civets from Japan (Yamamoto et al., 2012), wild lions and hyenas from South Africa (Malarvannan et al., 2020) and caracal from South Africa (Leighton et al., 2022).
Traces of p,p’-DDE, o,p’-DDD and p,p’-DDD were detected in wild and captive leopards from this study. Comparatively higher concentrations of p,p’-DDE have been reported from the blood of other terrestrial mammalian carnivores such as red foxes, wolverines and Eurasian and Iberian lynxes (Polder et al., 2009; Mateo et al., 2012), lions, spotted hyenas and cheetahs (Malarvannan et al., 2020) and caracal (Leighton et al., 2022). Leighton et al. (2022) and Malarvannan et al. (2020) also found traces of p,p’-DDT in wild lions, spotted hyenas and caracal from South Africa, respectively and captive lions and cheetahs in Belgium. Reports on o,p’-DDD and p,p’-DDD from other tissues such as liver and muscle of mammalian terrestrial carnivores are more frequent (see Supplementary Table S1), but not comparable to the results of this study due to the lipophilic nature of the tissues reported on. There is an anomaly in our data that we cannot explain where the concentrations of p,p’-DDD in wild leopards from our study, were much higher than the concentrations reported from other studies in the northern hemisphere [i.e., red foxes in Sweden, Norway Polder et al. (2009) and Spain (Mateo et al., 2012), Polar bears in Norway (Skaare et al., 2001), Wolverines in Norway (Polder et al., 2009), Iberian lynxes in Spain (Mateo et al., 2012) and Eurasian lynxes in Sweden (Polder et al., 2009). The chromatograms were re-evaluated, and we are confident that the peaks that were recorded were not due to any cross-contamination and due to the elution of p,p’-DDD. This is an aspect that requires further investigation. The p,p’-DDE in wild and captive leopards were similar to levels reported elsewhere in the literature and is usually the predominant metabolite of DDT encountered in terrestrial mammals (Bernhoft et al., 1997; Hoshi et al., 1998; Mateo et al., 2012; Romanić et al., 2015; Malarvannan et al., 2020). Its prevalence is indicative of historical contamination from DDT. It is therefore likely that the DDT contamination in leopards from this study can be attributed to the historic use of DDT in South Africa.
To the best knowledge of the authors, the detection of HCH-isomers from blood or plasma samples are rarely reported (see Supplementary Table S1). Unlike other studies, specifically the study on wild lions and spotted hyenas by Malarvannan et al. (2020) in South Africa, our study did not find traces of β-HCH in any leopards. This is surprising, as Willett et al. (1998), Bernhoft et al. (1997) and Bentzen et al. (2008b) suggested that β-HCH is far more persistent in mammals than α–HCH and γ-HCH isomers. In our study α–HCH was the largest of the HCHs, with concentrations higher in captive than in wild leopards. Interestingly, this contrasts with the results from Malarvannan et al. (2020) on lions and hyenas, who found that γ-HCH was the most prevalent HCH isomer. These authors suggested that this result might reflect a preferential usage of lindane, which consists of purified γ-HCH, in the regions their animals were sampled. The predominance of α–HCH in leopards from our study corresponds to the suggestion of Tomza-Marciniak et al. (2014), who reported that this is usually highest in animals near agricultural areas where mixtures of HCHs were recently used. This may suggest that leopards from our study are either continuously exposed to these mixtures of HCHs in agricultural areas, or that the leopard metabolism is better at metabolizing HCHs than that of other terrestrial mammalian carnivores. Contrary to the information generated in our study, no records of blood/plasma concentrations of α–HCH could be found in literature, even though studies by Romanić et al. (2015) suggest that these isomers contribute substantially to the OCP profiles of carnivores such as brown bears and grey wolves.
The comparison of OCP contamination between species and intraspecific groups must always be approached with caution (Skaare et al., 2000). Numerous factors such as age, sex, seasonality, feeding habits and reproductive status can influence levels of concentration within individuals. Differences in diet can result in variation within and between species (see Hop et al., 2002; Borgå et al., 2004; McKinney et al., 2009; 2013).
Diet and organochlorine accumulation
Although no necropsies and actual stomach content identifications were undertaken during our study, dietary regimes were obtained for captive leopards via interviews with their ex-situ managers and general information on the generalist diet of leopards and their feeding ecology is relatively common (Norton et al., 1986; Bailey, 1993; Hayward et al., 2006). So even though the home ranges of wild leopards from our study included agricultural areas, where pesticides are used on a regular basis, the captive leopards had higher ΣOCP concentrations in their blood. Data collected during visits to ex-situ facilities showed that captive leopards are regularly treated for ecto- and endoparasites with products such as Frontline. The portion of chicken meat in the diet of captive leopards, obtained from commercial broilers, is higher than that of red meat. It has been reported that commercial chicken meat in South Africa is contaminated with OCPs such as Chlordanes and DDTs (Quinn et al., 2011; Thompson et al., 2017a; 2017b). Keeping in mind that wild leopards may not have regular access to chicken meat but would rely more on whatever food source they can find, chicken meat may therefore be a contributing factor to increased OCP exposure among captive leopards in South Africa.
The only significant differences between captive and wild leopards were in their burdens of HCB and endrin. Captive leopards (0.07 ng/ml) had higher HCB levels in their blood serum than wild leopards (0.03 ng/ml), while wild leopards (0.12 ng/ml) had almost twice as much endrin in their blood than captive leopards (0.08 ng/ml). This is indicative of the differences in exposure routes and concentrations of these two groups. Wild leopards in South Africa are known to roam agricultural areas, where insecticides/avicides are regularly used for pest management. Reports on OCP contamination in livers of ground birds such as guinea fowl (e.g., p,p' -DDD–57 ng/g) and francolins (e.g., p,p' -DDD–345 ng/g) from these agricultural areas (Barnhoorn et al., 2009) may already be cause for concern as these birds are known to constitute quite a large part of the leopard diet. Contrary to our expectations, captive leopards had slightly higher concentrations of ΣOCPs, ΣHCHs, ΣHCB, ΣChlordanes and ΣDDTs than wild leopards. However, this result does correspond with levels reported by Malarvannan et al. (2020) from wild and captive lions. This is supported by the findings of Leighton et al. (2022) who attributed higher OCP bioaccumulation in caracal drawn to urbanised areas to the consumption of “exotic” prey (i.e., prey that would not form part of their natural diet in the wild). This results in a co-incidental increase in exposure to OCPs.
Life history and organochlorine accumulation
All leopards from this study had unique OCP profiles. Captive males had significantly higher ΣHCHs and HCH isomer (α–, β- and γ-HCH) concentrations than females, with all concentrations higher than that reported from the plasma of polar bears in Norway (Skaare et al., 2001) and lions and spotted hyena (Malarvannan et al., 2020). Apart from cis-nonachlor and endrin, captive males had higher OCP contamination of every compound and isomer tested, and an overall higher ΣOCP concentration than females. However, this was not the case for all mammalian carnivores, as can be seen in the study on Alaskan Arctic foxes (Harley et al., 2016) and British Eurasian otters (Mason et al., 1986), where the OCP burdens are higher in the blood of females than males. On the other hand, Polder et al. (2009) and Mateo et al. (2012) reported that sex may not be a factor in OCP contamination in Iberian lynx and Red foxes from Europe, and similar findings were documented by Shore et al. (2001) in Russian wolves. These findings coincide with the conclusion of Romanić et al. (2015), indicating that the effect of gender on OCP contamination may be species specific and that little is understood about how felids accumulate and metabolize OCPs. From our results it appears that in the case of leopards that gender differences in OCP contamination exist and it is most probably due to the unloading effect that pregnancies and lactation might have on females’ OCP burdens (also see below).
This study is the first to report on intraspecific differences in ΣChlordane concentrations among captive adult and subadult carnivores. Captive adult leopards had significantly lower ΣChlordane contamination than captive subadults. ΣChlordane concentrations from our study (0.13 ng/ml) was much lower than that reported from plasma of domestic sled dogs (770 ng/ml) from Greenland (Sonne, 2010), but much higher than that reported from the blood of caracal (0.03 ng/ml) (Leighton et al., 2022). Our findings concur with that of Bytingsvik et al. (2012), who reported that polar bear cubs had higher OCP concentrations in their blood plasma than their mothers. On the other hand, Mateo et al. (2012) found that age does not influence OCP concentrations in wild terrestrial carnivores such as the Iberian Lynx and red foxes. Our results suggest that leopards may be born with OCP contamination obtained during the foetal stage from the female or has been exposed to contamination during suckling (Bernhoft et al., 1997; Skaare et al., 2000; Greig et al., 2007; Jaspers et al., 2010).
There were some interesting observations related to OCP accumulation in captive melanistic and regular leopards that are worth mentioning. In general, most of the OCPs measured during this study were higher in the melanistic leopards when compared to the regular, e.g., leopards. Notably the δ-HCH were 14 times higher, trans-chlordane were seven times higher and the o,p’-DDD concentrations were double than regular leopards. This is while both groups are fed similar diets and have similar parasite treatment regimes. These data may indicate that black leopards are not able to metabolize these isomers as efficiently as their regular counterparts. It is, therefore, interesting to speculate that these findings may be attributed to the physiological effects accompanying melanism in mammals since it is known that melanin-producing cells have been reported to be effective at isolating potentially toxic metal ions (Sarna et al., 2022). Since the overall ΣChlordane concentrations are very similar between captive males and females from this study, it may be deducted that melanism in leopard males may influence the accumulation of ΣChlordanes, especially trans-chlordane. However, more sampling is needed to come to a definitive conclusion.
Organochlorine accumulation in resampled leopards
The OCP composition profiles of both resampled individuals changed between samples and ΣOCP concentrations decreased in both leopards. However, the ΣHeptachlor concentrations increased in the female and the ΣChlordanes levels increased in the male. Since this female had a litter of cubs between sampling, the female seemed to have either completely metabolized HCB, trans-nonane, cis-nonachlor, aldrin and o,p’-DDD from her blood or transferred it to her cubs through lactation, while there was a build-up of heptachlor and endrin, with very little change in the concentration of p,p’-DDD. These findings further support the phenomenon of maternal transfer of OCPs from the female to cubs, as discussed previously. It would thus stand to reason that the decrease in the abovementioned OCP compounds and isomers may be attributed to a number of factors: that the body is able to metabolize these compounds over time; levels decrease due to maternal transfer directly to the foetus and later lactation, or that exposure to these compounds diminish as the diet of leopards are changed as they get older.
Management implications
Concurring with Hall et al. (2006), the consideration of environmental pollutants should be a highly important factor in conservation and management concerns. There is growing literature that shows that despite the banning of many OCPs there is still a considerable amount that enter South African conservation areas (Volschenk et al., 2019; Gerber et al., 2021; Wolmarans et al., 2021). Currently, no specific guidelines for managing ex-situ leopard populations exist in South Africa. A successful conservation strategy promotes the awareness of the importance of leopard conservation, which includes an increased emphasis on ex-situ conservation. Effective conservation efforts should take a holistic approach, with all-inclusive evaluation of the occurrence of contaminants and the possible threats posed to apex predators.
CONCLUSION
The global leopard population is increasingly exposed to intensifying pressures due to habitat loss and impacts of chemical pollution on apex predator populations are seldom considered. Reports on OCP contamination in living terrestrial apex predators, with the possibility of resampling, are rare. As the first report establishing important base-line data for OCP contamination in South African leopards, coupled with our results show similar OCP serum concentrations compared to decade-old data reported for lion and hyena by Malarvannan et al. (2020) and more recently for caracal (Leighton et al., 2022). This study found that dietary factors have a greater influence on OCP accumulation than other intraspecific factors such as age and sex. Attention should be paid to implications for population growth, especially during harsh periods such as droughts when leopards may expand their home ranges, subsequently increasing their presence in agricultural areas where pesticides are used. Our study shows the need for future, continuous monitoring of POPs in terrestrial predators, especially in countries that are known users of OCPs in their agricultural sector and combating malaria, such as South Africa.
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Individual code Gender Colour variation Age class Location

Captive leopards
CF1 Female Regular Adult Captivel
CR2 Female Regular Adult Captive2
CF3 Female Melanistic Subadult Captive2
CF4 Female Melanistic Adult Captive2
CF5 Female Regular Adult Captive3
cM1 Male Regular Subadult Captive2
cM2* Male Melanistic Adult Captive2
M3 Male Regular Adult Captive2
M4 Male Regular Subadult Captive3

Wild leopards
WE1 Female Regular Adult wild1
WE3 Female Regular Subadult wild2
WML Male Regular Adult wild3
wM2 Male Regular Adult wild3
WM3 Male Regular Adult wild3
WM4 Male Regular Adult wild2
WMS Male Regular Adult wild2

Captivel —ex-situ facility in the Free State Province.
Captive2—ex-situ facilty in the Free State Province.
Wild2—formally protected area in the Limpopo Province.
Wild1 —agricultural area in the Mpumalanga Province.
Wild3—conservancy area in the Limpopo Province.
Captive3—ex-situ facility in the Limpopo Province.
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