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Trophic downgrading 
of an adaptable carnivore 
in an urbanising landscape
Gabriella R. M. Leighton 1,2*, William Froneman 1, Laurel E. K. Serieys 2,3,4 & 
Jacqueline M. Bishop 2

Urbanisation critically alters wildlife habitat and resource distribution, leading to shifts in trophic 
dynamics. The loss of apex predators in human-transformed landscapes can result in changes in 
the ecological roles of the remaining mesocarnivores. Decreased top–down control together with 
increased bottom–up forcing through greater availability of anthropogenic foods can result in a 
predation paradox. Understanding these changes is important for conserving ecological function and 
biodiversity in rapidly urbanising systems. Here, we use stable isotope analysis to provide insight into 
longer term changes in trophic position, niche width and overlap of an elusive, medium-sized urban 
adapter, the caracal (Caracal caracal) in and around the city of Cape Town, South Africa. Using fur 
samples (n = 168) from individuals along a gradient of urbanisation we find that overall caracals have 
a broad isotopic dietary niche that reflects their large variation in resource use. When accounting for 
underlying environmental differences, the intensity of anthropogenic pressure, measured using the 
Human Footprint Index (HFI), explained variation in both food subsidy use (δ13C values) and trophic 
status (δ15N values). The significantly higher δ13C values (P < 0.01) and lower δ15N values (P < 0.001) of 
caracals in more urbanised areas suggest that predator subsidy consumption occurs via predictable, 
anthropogenic resource subsidies to synanthropic prey. These prey species are predominantly primary 
consumers, resulting in shifts in diet composition towards lower trophic levels. Further, caracals using 
areas with higher HFI had narrower isotope niches than those in less impacted areas, likely due to their 
hyperfocus on a few lower trophic level prey species. This pattern of niche contraction in urban areas 
is retained when accounting for caracal demographics, including sex and age. The removal of apex 
predators in human-transformed landscapes together with reliable resource availability, including 
abundant prey, may paradoxically limit the ecological influence of the remaining predators, and bring 
about a degree of predator trophic downgrading. The dampening of top–down control, and thus 
ecosystem regulation, likely points to widespread disruption of trophic dynamics in rapidly developing 
areas globally.

Urbanisation has significant and often irreversible effects on natural systems, critically altering the structure of 
both the physical environment and wildlife  communities1. In remnant wildlife populations these changes can 
have important ecological and behavioural repercussions, such as shifting foraging strategies or diet composi-
tion, which can lead to altered trophic  dynamics2. In this way, human drivers of environmental change can alter, 
and sometimes completely disarticulate, long-standing ecological relationships among species that characterise 
less disturbed  systems1, 3, 4.

An important consequence of urbanisation is that apex predators are commonly extirpated locally as the 
human footprint grows and  expands5. Simultaneously, the influx of resources available to wildlife around cities 
also alters trophic interactions by favouring adaptable, synanthropic species, thereby bolstering their  abundances6, 

7. Collectively, these changes may result in an increase in medium-rank predators through the process of ‘meso-
predator release’8, 9. However, due to their smaller size and differing ecologies, medium-rank predators do not 
always assume the vacated functional roles of apex  predators10. Nevertheless, the predators that do remain may 
still drive significantly altered downstream effects through changes in their behaviour brought about by both the 
removal of top-down pressure, and their adaptation to novel  environments2, 11. For example, modified behaviours 

OPEN

1SARChI Chair in Marine Ecology, Department of Zoology and Entomology, Rhodes University, PO Box 94, 
Grahamstown 6140, South Africa. 2Institute for Communities and Wildlife in Africa, Department of Biological 
Sciences, University of Cape Town, Rondebosch, Cape Town 7701, South Africa. 3Panthera, 8 W 40th St, New York, 
NY 10018, USA. 4Cape Leopard Trust, Cape Town, South Africa. *email: gabi.leighton1@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-48868-x&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21582  | https://doi.org/10.1038/s41598-023-48868-x

www.nature.com/scientificreports/

of species in human-transformed areas can influence vulnerability to predation or access to food by disrupting 
diel patterns and vigilance  behaviours12, 13. In turn, any resulting shifts in prey communities, bottom-up subsidies, 
and altered risk landscapes in urban ecosystems can substantially affect contemporary resource use by preda-
tors relative to historic  patterns14–16. In response, the remaining smaller predators may also shift their foraging 
ecology in unexpected ways that depend on novel prey opportunities and, in doing so, contribute to significant 
alterations in the trophic ecology of cities.

In natural systems, top predators enforce balance in ecosystems through a combination of top-down and fear 
 effects11, 17, 18, and maintaining high overall biodiversity can enhance ecosystem functioning mediated through 
complex trophic  interactions19. Understanding how best to conserve ecosystem function in human-impacted 
areas where top predators are largely lost therefore requires understanding the changes in ecological roles of 
predators remaining in the system. The analysis of stable isotopes provides a valuable tool to assess changes in 
the foraging ecology of species in both disturbed and natural systems, and at population and community  levels20, 

21. Importantly, analysis of stable isotopes allows the assessment of tissue-specific integrated signals of carbon 
and nitrogen assimilated by an individual over time; this is in contrast to the biased snapshot estimates of diet 
based on what remains undigested (e.g., stomach contents, scat, or prey remains). Stable isotope analysis (SIA) 
of tissue carbon and nitrogen values can also provide valuable insight into changes in trophic position, niche 
width and overlap, ontogenetic dietary shifts, and species- and individual-level foraging strategies and habitat 
use of carnivores in disturbed  landscapes4, 22–24. While SIA does not give species-level diet information, it can 
give insight into broader trends. Specifically, higher δ13C isotope ratios reflect consumption of prey species with 
a higher proportion of plants with  C4 photosynthetic pathways, such as corn (Zea mays) and sugarcane (Sac-
charum spp.), which are common in anthropogenic food  sources25. This is in contrast to lower values associated 
with predominantly  C3 plants found in wildland  habitats26, 27. High δ15N isotope ratios indicate consumption of 
protein-enriched animal  prey21, 22, denoting trophic status and degree of carnivory (i.e., the position along the 
continuum from complete herbivory to complete  carnivory28).

Predators using human-transformed landscapes can benefit from the availability of a diverse and abundant 
prey base supported by myriad new resources, including fertilisers, water, shelter, refuse, and active provision-
ing of food. As new sources of food are incorporated into diets, SIA can reveal patterns of niche expansion of 
‘urban adapters’29 (sensu Blair 1996), and while this is most clearly observed in smaller omnivores who directly 
exploit human waste and hunt synanthropic prey (e.g.,  coyotes30, 31), this trend has also been reported in obligate 
carnivores. For example, SIA reveals that niche expansion in puma (Puma concolor) persisting on the fringe of a 
rapidly developing North American city has followed human expansion over space and time, with a significant 
shift to consumption of exotic and invasive  species15. With increasing development pumas may also shift their 
diet to predate on a greater diversity of prey, and a higher proportion of smaller  prey32. Additionally, human 
disturbance is linked to community-level shifts in predators, with increased trophic niche overlap (e.g., coyotes, 
bobcats, and grey  foxes33; seven sympatric apex and  mesocarnivores34). The net effect of changes in the prey 
base of urban-adapted predators is complex, but can be successfully revealed with stable isotopic  signatures35. 
For example, a recent global meta-analysis of multiple predator taxa revealed that δ13C isotopic ratios were con-
sistently more enriched in cities, suggesting a global pattern of increased consumption of human  subsidies27. 
Changes in trophic ecology with increasing human transformation as inferred from δ15N isotopic ratios are, 
however, less clear. While urbanisation can reduce top-down control through multiple mechanisms, it can also 
increase bottom-up forcing through greater availability of anthropogenic  foods36. In this way, predation rates 
in human landscapes can either be amplified by increased prey densities, or relaxed because of an abundance of 
easily accessible anthropogenic  subsidies27 and, in so doing, create an urban ‘predation paradox’3, 36, 37. Evidence 
suggests that a predation paradox may be occurring in the cities of the Global North, although more research 
is required in different climatic zones across the world to determine to what extent predation relaxation and 
predator proliferation are characteristic features of landscapes undergoing  urbanisation36.

In this study we use SIA to explore changes in the trophic ecology of caracals (Caracal caracal) across human-
impacted landscapes within and near the city of Cape Town, South Africa. Caracals are medium-sized (6–20 kg) 
and trophically mid-ranked predators across most of their range in Africa and the Middle East. With the historic 
extirpation of local populations of Cape leopards (Panthera pardus pardus) and lions (P. leo melanochaita) in the 
Cape Town area, caracals have become the de facto apex  predator38, 39, although leopards do persist in low densi-
ties in mountainous areas north and east of the city  sprawl40. As highly adaptable generalists, caracals exploit a 
wide array of prey resources, but generally focus on the most  abundant41, 42. Around the metropole of Cape Town 
individuals alter their foraging behaviour with increasing exposure to urbanisation, hunting closer to human 
development and likely taking advantage of abundant prey which benefit from human resource  subsidies39. 
Feeding event data from scat and GPS kill-site clusters indicate that despite the presence of abundant exotic prey, 
such as introduced species and domestic animals, caracals focus on native, wild and synanthropic (i.e., human 
associated)  prey43. The importance of human subsidies and niche shifts in this peri-urban caracal population, 
however, remain difficult to quantify, as feeding event detection by both scats and GPS clusters has methodologi-
cal  biases43. To better understand the influence of rapid environmental change on the trophic ecology of urban 
adaptors like caracals, we analysed stable isotope ratios within a model-based approach to test the relationship 
between increasingly transformed human landscapes and trophic niche flexibility in our study populations. To do 
this we first assess potential modification of δ15N and δ13C values through enrichment in urban and agricultural 
systems as measured by the Human Footprint  Index44, by determining (i) the δ15N-based trophic level of both 
urban and rural caracal populations to understand how foraging near urban areas influences trophic position, 
and (ii) the relative importance of human-subsidised food resources by examining δ13C patterns in individuals 
using rural and urban areas. We then determine and compare the isotopic niche width and overlap between 
caracals in both urban and rural landscapes across the study area, and between demographic groups (age and 
sex) in these areas to test for niche expansion in human-transformed landscapes.
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Methods
Study sites
We compared caracal foraging ecology across an urban gradient, including individuals living in and around Cape 
Town, as well as individuals in more rural areas of the Karoo and Namaqualand regions of the Western Cape and 
Northern Cape of South Africa (Fig. 1). Samples were collected from around Cape Town, including the Cape 
Peninsula and Greater Cape Town area. The Cape Peninsula has a strong north–south urban gradient mainly 
due to the Table Mountain National Park dominating in the south, and is isolated from the rest of the country 
by the extensive urban sprawl of Cape Town’s metropole. Natural areas are characterised by highly biodiverse 
fynbos vegetation which grows on heavily leached sandstone soils with few  nutrients45. The mean annual rainfall 
in the city is 600–800 mm/y45. The Greater Cape Town metropole area is a mosaic of residential, industrial, and 
agricultural land (mainly vineyards, cropland, and orchards). Samples from the Karoo were mainly from the 
Lainsburg region (Western Cape), in the semi-arid Great Karoo, and the Rietbron area (Eastern Cape), both 
of which are rural areas characterised by livestock agriculture (mainly sheep farming). This area falls into the 
Nama Karoo, with higher nutrient shale soil. The mean rainfall in this southern section of the Nama Karoo is 
around 500 mm/y46. The samples from Namaqualand were from Kamiesberg, Northern Cape. This area is clas-
sified as Lowland Succulent Karoo, which is associated with varied geology, including base-rich shallow sands 
and sandy loams, and overlying bedrock (mostly granite gneiss but also quartzite) and hardpans (calcrete and 
‘dorbank’, a reddish-coloured hardpan cemented by silica), and quartz  fields47. The Kamiesberg region receives 
a rainfall of around 400 mm/y47.

Sample collection
Fur samples from the shoulder were collected from caracals while anaesthetised during GPS collar deploy-
ment (n = 26 samples) and from opportunistically collected mortalities (n = 137), mainly comprising carcasses 
retrieved from roadkill (urban areas) and lethal predator control (rural areas). Full GPS collar deployment and 
sample collection details are reported in Serieys et al.48 and Leighton et al.43. For the Cape Peninsula area, ani-
mal capture, handling, and sampling protocols followed ethical guidelines approved by the American Society 
of Mammologists and the University of Cape Town Animal Science Faculty Animal Ethics Committee (2014/
V20/LS) in accordance with ARRIVE  guidelines49, and samples were collected under permit from Cape Nature 
(AAA007-0147- 0056), and South African National Parks (SERL/AGR/017-2014/V1). Caracals were sampled 

Figure 1.  Map of caracal sampling locations in rural (green) and urban (orange) areas as determined by the 
Human Footprint Index across the Greater Cape Town area (circles), Karoo (triangles) and Namaqualand 
(squares).
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from the Karoo with a CapeNature permit (no. 0056-AAA007-00161), and from Namaqualand with permis-
sion from University of Cape Town Science Faculty Animal Ethics Committee (2013/V30/BC), South African 
National Parks (CRC-2013/029-2014) and Northern Cape Department of Environment and Nature Conservation 
(FAUNA 1157/2013; FAUNA 1158/2013).

Sample preparation for 15N/14N and 13C/12C isotope analysis
Fur samples were used to determine individual isotopic ratios. Fur samples likely represent a few months of 
 diet50, although there is no data on caracal fur growth rates or isotope turnover rates. The fur sub-samples were 
obtained from existing samples with at least 1 mg weighed out and placed in Eppendorf tubes. Samples were 
degreased using a cleaning solution of chloroform, methanol and distilled water in a ratio of 2:1:0.8 as described 
in Bligh and  Dyer51 and following Lee-Thorp et al.52. The fur samples were immersed in the degreasing solution, 
shaken, and left for at least 24 h. The degreasing solution was then removed using a pipette and the fur was then 
washed with 1 ml distilled water three times and shaken before being drained. The fur samples were then left in 
the open tubes and dried at 40 °C for at least 24 h in a drying oven.

Cleaned samples were processed in the Archaeology Department’s Isotope Laboratory at the University of 
Cape Town or the Stable Isotope Laboratory in the Mammal Research Unit of the University of Pretoria. The fur 
samples were weighed (0.3–0.5 mg) with a micro balance (Sartorius M2P micro balance) before being placed 
into tin cups to 1 mcg accuracy and folded for final processing. These were then combusted in a Delta V Plus 
organic elemental analyser/isotope ratio mass spectrometer (IRMS) via a Conflo IV gas control unit (Thermo 
Scientific, Germany). The calibrated standards used by both laboratories were DL Valine, Merck Gel, sucrose and 
Choc, which are calibrated against International Atomic Energy Agency (IAEA) standards. Nitrogen is expressed 
relative to atmospheric nitrogen, carbon is expressed relative to Pee-Dee  belemnite24.

Spatial variables
For each mortality individual, we calculated a buffer polygon which was sized according to mean home range 
sizes for adult male, juvenile male and female caracals (see Leighton et al.53 for details). For collared individu-
als we calculated 95% local convex hull (LoCoH) home range estimates using the T-LoCoH package in R (see 
Leighton et al.53 for more details). We calculated the mean Human Footprint Index (HFI, a score 0–50) 2018 
 release44, 54, 55 within each home range or buffer polygon. HFI is an effective proxy for human development and 
disturbance as it incorporates built environments, human population density, electric infrastructure, crop lands, 
pasture, roads, railways and navigable waterways into a single metric at a global  scale44. Home ranges or buffers 
with < 25 HFI were classified as ‘rural’, while all other locations (≥ 25; i.e., half the HFI score) were classified as 
‘urban’. This split was reasonable based on classification of known individuals. According to this classification, 
rural areas are those outside of a town or city, with low population density and small settlements with or without 
agricultural activity. This resulted in 92 urban and 76 rural individuals. The strong aridity gradient in South Africa 
is known to affect isotope ratios, where lower rainfall is strongly associated with higher δ15N56–58. An aridity 
index raster was therefore calculated by dividing precipitation with evapotranspiration using high-resolution 
(< 5  km2) data from TerraClimate (climatologylab.org/terraclimate.html)59.

Statistical analysis
Differences in δ15N and δ13C values in caracal fur between areas (urban vs. rural; Fig. 1), sex (male vs. female) 
and age classes (adult vs. juvenile) were tested using MANOVAs followed by post-hoc one-way ANOVAs and 
Tukey tests. Multivariate ellipse-based metrics calculated in SIBER (Stable Isotope Bayesian Ellipses in R; Jackson 
et al.60) were used to test the isotopic niche width of the caracal groups and to determine levels of niche overlap. 
Bayesian ellipses calculate isotopic niche as Standard Ellipse Area (SEA), and SEA corrected for small sample 
size (SEAc), and niche overlap as the proportional ellipse overlap between groups. Overlap is calculated as the 
percentage of the non-overlapping area of the two ellipses of specified groups. We then calculated the proportions, 
and hence probability, that the posterior ellipse areas differed for sex and age classes between sites (i.e., rural vs 
urban). To understand how isotope signatures changed with increasing human development while accounting 
for aridity, we ran linear models (using lm) for δ13C and δ15N as dependent variables with area (categorical vari-
able: urban vs rural), HFI, and aridity index as independent variables. We selected the top model using  AICc61 
by fitting models with all covariate permutations using the MuMin  package62. To test whether potential patterns 
were maintained at a local scale, we also ran models with only the individuals in the Greater Cape Town area (i.e., 
excluding Karoo and Namaqualand samples; n = 128). Collinearity between variables was assessed with variance 
inflation factors (VIF < 2). All statistical analyses were conducted using R version 4.0.263 (2020-06-22). Plots were 
created in R using SIBER and ggplot2 and the map was created using QGIS version 3.28.664.

Results
Caracal fur sampled across the study area showed a wide range of both δ13C (mean = -20.53 ± 1.80, mini-
mum = -24.37, maximum = -15.22 ‰) and δ15N values (mean = 10.60 ± 3.20, minimum = 5.37, maximum = 21.78 
‰).

Caracal isotopic ecology in urban and rural areas
Just over half of the samples (55%) were analysed from individuals originating from urban areas (HFI > 25; 
Table 1).

Overall, site (rural vs urban) was significantly associated with both δ13C and δ15N (MANOVA; Pillai’s Trace 
test statistic = 0.31, P < 0.001; large effect size, ηp2 = 0.31). The ANOVAs showed that urban and rural caracals 
had significantly different δ15N values (F1,161 = 47.68, P < 0.001), where Tukey post-hoc tests revealed caracals 
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from rural areas had a relatively more enriched δ15N value range compared to the urban group (Table 1, Fig. 2). 
Further, the urban and rural caracals had significantly different δ13C values (F1,161 = 4.82, P < 0.05), where Tukey 
tests revealed that caracals sampled from urban areas were more enriched in δ13C than those sampled in rural 
areas (Table 1, Fig. 2). Additionally, there was decreased variance in both δ13C and δ15N values with increased 
urbanisation (Table 1).

Spatial analysis of δ15N and δ13C signatures
According to model selection based on AICc, the top linear model for δ15N included an interaction between 
sampling site (i.e., urban vs rural) and aridity (see Table S1 for full model results).

Overall, as mean aridity in home ranges or buffers increases, caracal fur is less enriched with δ15N 
(F1,165 = 81.53, P < 0.01; Fig. 3), an effect that was more pronounced in rural areas where the range of aridity 
values was higher. The effect of aridity was also maintained on the local scale for the Greater Cape Town area 
(i.e., excluding Karoo and Namaqualand individuals; F1,126 = 6.69, P < 0.05). This aridity effect is particularly 
driven by rural individuals in the Namaqualand region of the country (see Fig. 4). Importantly, this trend was 
also significantly influenced by sampling site, where urban individuals (mean = 9.23 ± 1.86 ‰) had lower δ15N 
than rural (mean = 12.26 ± 3.70 ‰; Table 1) individuals overall (site: F1,164 = 70.8166, P < 0.01; Fig. 3). In contrast, 
model selection based on AICc revealed that the top model for δ13C included only a positive association with 
HFI, and not site. As human footprint increases, caracal fur showed significantly more enriched δ13C signals 
(HFI: F1,161 = 6.5821, P < 0.05; Fig. 3). The site (urban vs rural) was not included in the top model, suggesting 
the continuous HFI was a better explanatory variable than this categorical variable. This trend was conserved 
when only caracals around Cape Town were considered (i.e., excluding Karoo and Namaqualand individuals; 
F1,126 = 6.7819, P < 0.05). The  R2 values for these models were low (Table S2), likely due to high interindividual 
and interpopulation variation, and suggesting that the addition of other spatial explanatory variables may explain 
more of the variation in δ13C values.

Table 1.  Mean ± SD and variance of δ13C and δ15N values of caracal fur samples analysed from both urban and 
rural areas of South Africa as determined by Human Footprint Index. Within columns, different superscript 
letters indicate significant differences (P < 0.05) between paired values, estimated from Tukey post-hoc tests. 
Mean ± SD human footprint index values are reported for each site.

Site n δ13C δ13C variance δ15N δ15N variance Human Footprint Index

Rural 76 − 20.86 ± 1.86a 3.47 12.26 ± 3.68a 13.54 11.30 ± 6.43

Urban 92 − 20.26 ± 1.70b 2.09 9.23 ± 1.86b 3.45 32. 80 ± 4.10

Figure 2.  Violin plots with raw data points, and means plotted as diamonds for (A) δ15N  (F1,161 = 47.68, 
P < 0.001) and (B) δ13C  (F1,161 = 4.82, P < 0.05) in caracal fur from urban (n = 92) and rural (n = 76) areas of the 
South African study region.
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Isotopic niche space for urban and rural caracals
To compare isotopic niche between caracals in urban and rural areas we fitted Bayesian models and calculated 
their associated ellipse parameters (Fig. 4).

The posterior distribution of Bayesian ellipses revealed that urban caracals had a smaller overall isotopic niche 
than rural caracals (100% of posterior ellipses were larger for rural caracals; Table 2, Fig. 4 and Fig. S1). There was 
a relatively low overlap of 36.55% of total ellipse area for urban and rural caracals (Fig. 4). Although overlap was 
higher (63.75%), this pattern of smaller isotopic niche in urban caracals was maintained when considering only 
individuals around Greater Cape Town (i.e., excluding individuals from arid areas of Karoo and Namaqualand; 
91.53% of posterior ellipses were larger for rural caracals).

Figure 3.  Relationship between (A) aridity δ15N  (F1,165 = 81.53, P < 0.01) and (B) Human Footprint Index 
 (F1,161 = 6.5821, P < 0.05) δ13C values for caracals sampled in urban and rural areas. Shaded areas represent 95% 
confidence intervals.

Figure 4.  Isotopic niche space of caracal fur sampled in urban (n = 92) and rural (n = 76) areas of the South 
African study region. Higher δ15N indicates feeding on nitrogen enriched prey, while higher δ13C indicates 
feeding on anthropogenic food subsidies through prey consumption of  C4 plants.
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Isotopic niche patterns by sex and age
Demographic information on sex and age was available for a subset of individuals (sex: n = 123, 68 male and 55 
female; age: n = 163, 91 adults and 72 juveniles, including subadults and kittens) and these were used to explore 
niche width and overlap across these demographic parameters in rural and urban individuals.

A MANOVA showed that site (rural vs urban; Pillai’s Trace test statistic = 0.06, P < 0.05; medium effect size, 
ηp2 = 0.06) and sex (male vs female; Pillai’s Trace test statistic = 0.05, P < 0.05; medium effect size, ηp2 = 0.05) 
were significantly associated with both δ13C and δ15N values (Table 3).The ANOVAs with post-hoc Tukey tests 
further revealed that this association was not significant for δ15N for either site or sex (P > 0.05). However, males 
had enriched δ13C values (F1,120 = 5.49, P < 0.05; Table 3, Fig. S2) regardless of site (F1,120 = 1.79, P = 0.18; Fig. S2). 
There was relatively high overlap between males and females in both the urban (mean overlap area of 64.34% 
of the total ellipse area) and rural areas (56.33% of the total ellipse area), indicating less distinction between the 
groups in terms of isotopic niche space (Fig. S3). Nevertheless, the Bayesian ellipses revealed that male isotopic 
niche was generally larger than females in both rural (44.38% of the male posterior ellipses were larger than 
females) and urban areas (99.3% of male posterior ellipses were larger; Fig. S3 and S4). Further, rural caracals 
had a larger isotopic niche than those in urban areas, for both males (68.9% of posterior ellipses were larger for 
rural males) and females (99.28% of posterior ellipses were larger for rural females; Fig. S3 and S4).

For age class, the MANOVA revealed that both site (urban vs. rural; Pillai’s Trace test statistic = 0.32, P < 0.001; 
medium effect size, ηp2 = 0.32) and age (adult vs. juvenile; Pillai’s Trace test statistic = 0.04, P < 0.05; small effect 
size, ηp2 = 0.04) was significantly associated with both δ13C and δ15N values. The ANOVAs further revealed 
significant differences between groups for δ15N values (Table 3), where Tukey tests showed that rural caracals 
had higher values than urban caracals (F1,160 = 34, P < 0.001; Fig. S5), and adults were more δ15N enriched than 
the juveniles (F1,160 = 19.38, P < 0.001). Tukey tests indicated that urban caracals had marginally significantly 
higher δ13C values than rural caracals (F1,160 = 3, P = 0.09; Fig. S5) regardless of age (P > 0.05). The Bayesian ellipse 
analysis revealed relatively high overlap levels between juveniles and adults in both the urban (mean overlap area 
of 47.13% of the total ellipse area) and in rural areas (49.51% of the total ellipse area; Fig. S6; Table 2). However, 
analysis of the Bayesian ellipses also revealed that in urban areas juveniles had a greater isotopic niche than 
adults (99.95% of juvenile posterior ellipses were larger than adults) but not so for rural areas, where adult niche 
was larger (98.32% of adult posterior ellipses were larger; Fig. S7; Table 2). Further, caracals in urban areas had 
smaller isotopic niches, for both adults (100% of the posterior ellipses were larger for rural adults; Fig. S7) and 
juveniles (75% of the posterior ellipses were larger for rural juveniles; Fig. S7).

Discussion
We used SIA to explore the foraging ecology of an adaptable carnivore across a gradient of urbanisation and 
human impact in the Cape region of South Africa. Our results reveal the extent to which rapid environmental 
change is altering the ecological role of predators, specifically within an urbanising system. Across our study area, 
caracals show a wide range of δ13C and δ15N values, indicating remarkable dietary flexibility. However, adaptation 

Table 2.  Bayesian ellipse parameters for fur samples of caracals from rural and urban areas across the study 
region, including for subsets of individuals for which demographic information was available. The TA (total 
convex hull area), SEA (standard ellipse area) and SEAc (SEA corrected for small sample size) are based on the 
maximum likelihood estimates of the means and covariance matrices of each group.

Urban Rural

All Male Female Juvenile Adult All Male Female Juvenile Adult

n 96 49 39 54 37 72 19 16 18 54

TA 55.34 33.94 18.13 47.01 20.93 82.00 27.74 23.10 40.60 74.07

SEA 8.11 8.25 4.66 9.85 4.88 20.61 9.63 9.82 11.71 22.07

SEAc 8.20 8.42 4.80 10.04 5.02 20.89 10.23 10.52 12.44 22.50

Table 3.  Mean ± SD, minimum and maximum of δ13C and δ15N values of fur samples of caracals of differing 
demographics from rural and urban areas of the South African study region.

Site Demographic n Mean δ13C Min δ13C Max δ13C Mean δ15N Min δ15N Max δ15N

Rural

Female 16 − 20.80 ± 1.78 − 23.92 − 16.55 9.97 ± 1.94 6.36 12.46

Male 19 − 20.74 ± 1.91 − 23.83 − 16.50 9.34 ± 2.07 6.58 14.92

Juvenile 18 − 20.98 ± 1.82 − 23.92 − 16.50 9.66 ± 2.19 6.58 14.92

Adult 54 − 20.76 ± 1.93 − 24.37 − 16.55 13.20 ± 3.78 6.36 21.78

Urban

Female 39 − 20.85 ± 1.27 − 23.63 − 17.96 8.88 ± 1.51 5.37 11.58

Male 49 − 19.87 ± 1.86 − 23.95 − 15.22 9.56 ± 2.00 5.91 14.69

Juvenile 54 − 20.11 ± 1.85 − 23.95 − 15.22 9.42 ± 2.14 5.54 14.69

Adult 37 − 20.45 ± 1.48 − 23.63 − 17.22 8.87 ± 1.26 5.37 11.68
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to urbanisation significantly influences their isotopic niche width and trophic dynamics, with marked differences 
between urban and rural communities and demographic groups.

Urban niche contraction in an adaptable carnivore
Overall, caracals living in more urban areas have a narrower isotopic niche and were particularly depleted in 
δ15N compared to those individuals found in more rural areas. This was unexpected given literature suggest-
ing expansion of wildlife niches in response to human disturbance and changing prey  availability65–67 vis a vis 
the Niche Variation Hypothesis. This hypothesis posits that niche expansions occur at a population level with 
increased inter-individual variation in resource use primarily due to release from interspecific  competition68–70. 
This literature is largely supported by studies on biological invasions, where populations released from interspe-
cific competition are observed to become more  generalised71–74. Further, the results reported here are in contrast 
to, for example, previous work on an apex predator, the puma, suggesting niche expansion due to diet shifts in 
urban areas to incorporate novel  prey15. However, our results are in agreement with a more recent study on an 
iconic mesopredator urban adaptor, the red fox (Vulpes vulpes), which found narrower isotopic niches and lower 
δ15N values in urban  individuals75.

This pattern of niche contraction in urban areas is also retained when accounting for sex and age in cara-
cals. A detailed analysis of those individuals with demographic information revealed that juvenile caracals had 
broader niches than adults in more urbanised areas, likely due to both the use of more varied landscapes while 
still establishing their home range and consuming a wider variety of small prey species (i.e., they exhibit less spe-
cialised diets than  adults43). This is also supported by analysis of the habitat selection of Cape Peninsula caracals 
revealing larger home ranges in more urbanised  areas39, and by scat and GPS cluster analysis revealing juveniles 
feeding more evenly across prey groups than  adults43. On the Cape Peninsula region of our study, where most 
‘urban’ classified individuals originated, diet analysis reveals that adult caracals feed on many prey species (> 65 
species); but in terms of frequency of occurrence and biomass consumed, they focus on only a few  species43, 
including Guinea fowl (Numida meleagris), Egyptian geese (Alopochen aegyptiaca), vlei rats (Otomys irroratus), 
and antelope, all of whom are primary consumers. Adult male caracals had broader isotope niches than females, 
likely reflecting their larger home ranges and body  size39, as well as feeding on a more diverse prey base than 
the smaller females (males: 57 species, females: 48  species43). This hyperfocus on a few low trophic level species 
likely explains the narrower isotopic niche in the urban caracal community. Importantly, changes in trophic level 
and trophic niche of carnivores, such as increases or decreases in the level of carnivory or specialisation, have 
cascading effects with whole ecosystem  impacts14, 36, 76.

Dietary and trophic shifts with increasing human footprint
Spatial analysis of isotopic signatures revealed that increasing anthropogenic pressure (i.e., higher HFI) was 
associated with enriched δ13C values but that δ15N values were lower in urban areas, even when accounting 
for aridity. Although variation in δ13C was high for caracals in the study area, likely due to interindividual and 
site differences, this trend was significant. Similar increases in δ13C have been reported for other carnivores 
using human-transformed areas (e.g., red  foxes75, kit  foxes77,  coyotes30, and black  bears78), suggesting a high 
input of anthropogenic food sources (e.g., δ13C enriched  C4 photosynthetic plants) being directly consumed 
or consumed by prey. In our study system it is likely that caracals in and around urban Cape Town incorporate 
more synanthropic (i.e., human associated native species) and exotic (i.e., domestic and introduced species) 
prey into their diet who benefit from human subsidies. This is similar to SIA of urban coyotes who have been 
found to consume more protein-poor food than their rural counterparts, as a result of anthropogenic  subsidies30. 
Together, our results on a carnivore in the Global South corroborate the findings of a recent meta-analysis27, 
which demonstrates that urban predators have variable trends in δ15N but are usually enriched in δ13C. The 
meta-analysis concluded that consumption of enriched carbon food items increased in cities due to direct and 
indirect consumption by prey species of corn, wheat and sugar-rich anthropogenic  refuse27. In general, urban 
wildlife may shift their preference to anthropogenic food over natural sources because of constant availability, 
predictability, and lower foraging  costs16, particularly for omnivores, like red  foxes79,  gulls80 (Larus hyperboreus) 
and  dingoes14 (Canis lupus dingo). However, obligate carnivores like  pumas15, 32,  bobcats81, 82 and caracals also 
clearly shift their diets to exploit the availability of synanthropic prey, and thereby benefiting from a stable supply 
of anthropogenic foods, albeit indirectly.

The higher δ15N values in those caracals from rural areas, particularly from Namaqualand, may indicate higher 
trophic level feeding (i.e., not majority primary consumers), which represents greater incidence of feeding on 
other carnivores (i.e., secondary or tertiary consumers). On the Cape Peninsula, carnivore species comprise ~ 5% 
of caracal diet (e.g., large spotted genet, Genetta tigrina, and Cape grey mongoose, Galerella pulverulenta43). In 
more rural areas, this proportion has been reported as higher. For example, in the Karoo,  Stuart83 reported 5.2% 
occurrence of carnivores in caracal diet, while Drouilly et al.84 report 7.8%. In agricultural areas of the southern 
Cape, occurrence of carnivores in caracal diet ranges from ~ 5–12%85. However, there are also studies reporting 
lower occurrence in caracal diet, including in Karoo National  Park86 (2%), Namaqua National  Park87 (< 2%), and 
the Bedford district of the Eastern  Cape88. Further, caracals in the rural Karoo and Namaqualand commonly 
feed on  sheep84, 87, 88, which have significantly elevated δ15N in these areas (~ 10‰) compared to the southern 
Western Cape (~ 5‰)89, 90. It should be noted that scat and GPS cluster feeding sites provide only a snapshot of 
diet, limiting their comparative value to the integrated signatures of SIA. Importantly, in South Africa, plant and 
animal δ15N values vary strongly with  rainfall56–58, with high δ15N values (> 10 ‰) for herbivores occurring in 
areas receiving less than 400 mm of rain per  annum91, as in the Karoo and Namaqualand. Our results also reveal 
a strong positive association between δ15N and aridity, particularly in the Namaqualand individuals. This trend 
is likely due to the adaptive increased excretion of isotopically light urea, which allows prey animals in these arid 
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areas to reduce their volume of urinary  output91. Further, the open nutrient cycling in water-limited systems in 
southern Africa means the resulting natural abundance of plant foliar 15N in these systems is  enriched56. The 
higher δ15N values of caracal fur in the rural areas may also reflect the nutrient-enriched soils across the distinct 
geologies of the Namaqualand and Karoo rural sites compared to the Cape Town  area20, which is known for 
nutrient-poor  soils45, 92.

Stable isotope insight into the urban ‘predation paradox’
Increasing evidence suggests that through providing augmented resource subsidies, anthropogenic systems may 
decouple predator–prey  relationships3, thereby creating an urban ‘predation paradox’36. The predation paradox is 
created when reductions in predation rates (i.e., predation relaxation) and increases in predator abundance (i.e., 
predator proliferation) lead to conflicting predictions on the effects of top-down control in urban and non-urban 
 environments36. The predation rate of a given population is represented by the proportion of that population 
killed by predators per unit time. In urban areas predation pressure may decrease because a smaller proportion 
of a given population succumbs to predation than in less developed  areas93. According to the predation paradox 
hypothesis, low predation rates can be a result of predator subsidy consumption, prey hyperabundance, and prey 
 specialisation36. For example, a recent meta-analysis found that predation rates on birds were significantly higher 
in rural than urban habitats, signifying reduced predation pressure with increasing  urbanisation37.

Our results suggest that an urban predation paradox may characterise the rapidly developing area of Cape 
Town and its surrounds. Here, focused predator subsidy consumption may occur because of predictable, anthro-
pogenic subsidies to synanthropic prey; because these are predominantly primary consumers, the resulting shifts 
in dietary composition of caracals towards lower trophic level prey, results in reduced δ15N values and increased 
δ13C values. Anthropogenic subsidies certainly lead to hyperabundance of prey in the urban areas of our study, 
such as Guinea fowl and Egyptian geese, which are found in much higher densities closer to Cape Town’s urban 
 edge94 and are likely buffered from the effects of top-down regulation. As a result, caracals using their preadapted 
ambush hunting technique have likely specialised on these species because of their relative abundance around 
urban areas, thus reducing predation pressure on alternative prey species. A better understanding of the predation 
paradox and the role of anthropogenic subsidies in predator proliferation in our study area requires detailed data 
on caracal abundance in and around Cape Town. Importantly, given their highly opportunistic diet, an increase 
in the caracal population in and around urban areas driven by synanthropic prey consumption could negatively 
impact wild, indigenous species that are not buffered by human  subsidies3, 95, including rare or endemic birds 
and reptiles. For example, several threatened species, such as the Black oystercatcher (Haematopus moquini; Near 
Threatened), African penguin (Spheniscus demersus; Endangered), Cape cormorant (Phalacrocorax capensis; 
Endangered), and Bank cormorant (Phalacrocorax neglectus; Endangered), occur in the diet of Cape Peninsula 
 caracals43. Unfortunately, while caracals appear to be breeding successfully in our study area, there is no associ-
ated temporal data on population trends.

In summary, our findings point to trophic shifts in an adaptable obligate carnivore driven primarily by anthro-
pogenic subsidies in a rapidly urbanising region of the Global South. SIA results suggest that urban caracals have 
shifted to lower trophic level prey compared to rural caracals. Under a scenario where urban top predators focus 
mainly on low trophic level prey, their functional role in top-down processes is likely to be substantially altered 
relative to their rural counterparts. Here, we argue that a trend of narrowing isotopic niche and lower trophic 
level feeding points to ‘trophic downgrading’ of urban-adapted caracal in our study system (sensu Estes et al.96). 
Rather than ascending to the position of apex predators (e.g., in Cape Town via the local extinction of leopard 
and lion), the altered ecology of mesopredators in human-transformed landscapes can result in dampening of 
their top-down  control10. Further research is needed to determine the degree to which this pattern characterises 
other adaptable carnivores in human-transformed landscapes. Ordiz et al.11 argue that humans have demoted 
large carnivores from their apex position in food webs but do not substitute their ecological roles. The removal of 
apex predators in human landscapes with concurrent provision of resources, may ironically limit the ecological 
influence of medium-sized carnivores as ecosystem regulators, and likely points to a widespread disruption of 
trophic dynamics in the world’s rapidly urbanising areas.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable 
request.

Received: 23 February 2023; Accepted: 30 November 2023

References
 1. Alberti, M. et al. The complexity of urban eco-evolutionary dynamics. BioScience 70, 772–793 (2020).
 2. Faeth, S. H., Warren, P. S., Shochat, E. & Marussich, W. A. Trophic dynamics in urban communities. BioScience 55, 399–407 (2005).
 3. Rodewald, A. D., Kearns, L. J. & Shustack, D. P. Anthropogenic resource subsidies decouple predator-prey relationships. Ecol. Appl. 

21, 936–943 (2011).
 4. Layman, C. A., Quattrochi, J. P., Peyer, C. M. & Allgeier, J. E. Niche width collapse in a resilient top predator following ecosystem 

fragmentation. Ecol. Lett. 10, 937–944 (2007).
 5. Ripple, W. J. et al. Status and ecological effects of the world’s largest carnivores. Science (80-) 343, 1–11 (2014).
 6. Bateman, P. W. & Fleming, P. A. Big city life: Carnivores in urban environments. J. Zool. 287, 1–23 (2012).
 7. Fleming, P. A. & Bateman, P. W. Novel predation opportunities in anthropogenic landscapes. Anim. Behav. 138, 145–155 (2018).
 8. Prugh, L. R. et al. The rise of the mesopredator. Bioscience 59, 779–791 (2009).
 9. Soulé, M. et al. Reconstructed dynamics of rapid extinctions of chaparral-requiring birds in urban habitat islands. Conserv. Biol. 

2, 75–92 (1988).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21582  | https://doi.org/10.1038/s41598-023-48868-x

www.nature.com/scientificreports/

 10. Avrin, A. C. et al. Can a mesocarnivore fill the functional role of an apex predator?. Ecosphere 14, e4383 (2023).
 11. Ordiz, A., Bischof, R. & Swenson, J. E. Saving large carnivores, but losing the apex predator?. Biol. Conserv. 168, 128–133 (2013).
 12. Ritzel, K. & Gallo, T. Behavior change in urban mammals: A systematic review. Front. Ecol. Evol. 8, 1–11 (2020).
 13. Gaynor, K. M., Hojnowski, C. E., Carter, N. H. & Brashares, J. S. The influence of human disturbance on wildlife nocturnality. 

Science (80-) 360, 1232–1235 (2018).
 14. Newsome, T. M. et al. Human-resource subsidies alter the dietary preferences of a mammalian top predator. Oecologia 175, 139–150 

(2014).
 15. Moss, W. E., Alldredge, M. W., Logan, K. A. & Pauli, J. N. Human expansion precipitates niche expansion for an opportunistic 

apex predator (Puma concolor). Sci. Rep. 6, 1–5 (2016).
 16. Oro, D., Genovart, M., Tavecchia, G., Fowler, M. S. & Martínez-Abraín, A. Ecological and evolutionary implications of food 

subsidies from humans. Ecol. Lett. 16, 1501–1514 (2013).
 17. Terborgh, J. Ecological meltdown in predator-free forest fragments. Science (80-) 294, 1923–1926 (2001).
 18. Gaynor, K. M., Brown, J. S., Middleton, A. D., Power, M. E. & Brashares, J. S. Landscapes of fear: Spatial patterns of risk perception 

and response. Trends Ecol. Evol. 34, 355–368 (2019).
 19. Wu, D., Xu, C., Wang, S., Zhang, L. & Kortsch, S. Why are biodiversity—Ecosystem functioning relationships so elusive? Trophic 

interactions may amplify ecosystem function variability. J. Anim. Ecol. https:// doi. org/ 10. 1111/ 1365- 2656. 13808 (2022).
 20. Peterson, B. J. & Fry, B. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst. 18(18), 293–320 (1987).
 21. Marshall, H. H. et al. Stable isotopes are quantitative indicators of trophic niche. Ecol. Lett. 22, 1990–1992 (2019).
 22. West, J. B., Bowen, G. J., Cerling, T. E. & Ehleringer, J. R. Stable isotopes as one of nature’s ecological recorders. Trends Ecol. Evol. 

21, 408–414 (2006).
 23. Colborn, A. S., Kuntze, C. C., Gadsden, G. I. & Harris, N. C. Spatial variation in diet–microbe associations across populations of 

a generalist North American carnivore. J. Anim. Ecol. 89, 1952–1960 (2020).
 24. Ben-David, M. & Flaherty, E. A. Stable isotopes in mammalian research: A beginner’s guide. J. Mammal. 93, 312–328 (2012).
 25. Jahren, A. H. & Kraft, R. A. Carbon and nitrogen stable isotopes in fast food: Signatures of corn and confinement. Proc. Natl. Acad. 

Sci. U. S. A. 105, 17855–17860 (2008).
 26. Galetti, M., Rodarte, R. R., Neves, C. L., Moreira, M. & Costa-Pereira, R. Trophic niche differentiation in rodents and marsupials 

revealed by stable isotopes. PLoS ONE 11, e0152494 (2016).
 27. Gámez, S. et al. Downtown diet: A global meta-analysis of increased urbanization on the diets of vertebrate predators. Proc. R. 

Soc. B Biol. Sci. 23, 20212487 (2022).
 28. Pollard, M. D. & Puckett, E. E. Evolution of degrees of carnivory and dietary specialization across Mammalia and their effects on 

speciation. bioRxiv 1–22 (2021). https:// doi. org/ 10. 1101/ 2021. 09. 15. 460515.
 29. Blair, R. B. Land use and avian species diversity along an urban gradient. Ecol. Appl. 6, 506–519 (1996).
 30. Murray, M. et al. Greater consumption of protein-poor anthropogenic food by urban relative to rural coyotes increases diet breadth 

and potential for human-wildlife conflict. Ecography (Cop.) 38, 1235–1242 (2015).
 31. Newsome, S. D., Garbe, H. M., Wilson, E. C. & Gehrt, S. D. Individual variation in anthropogenic resource use in an urban car-

nivore. Oecologia 178, 115–128 (2015).
 32. Smith, J. A., Wang, Y. & Wilmers, C. C. Spatial characteristics of residential development shift large carnivore prey habits. J. Wildl. 

Manag. https:// doi. org/ 10. 1002/ jwmg. 21098 (2016).
 33. Smith, J. A., Thomas, A. C., Levi, T., Wang, Y. & Wilmers, C. C. Human activity reduces niche partitioning among three widespread 

mesocarnivores. Oikos 127, 890–901 (2018).
 34. Manlick, P. J. & Pauli, J. N. Human disturbance increases trophic niche overlap in terrestrial carnivore communities. Proc. Natl. 

Acad. Sci. U. S. A. 117, 26842–26848 (2020).
 35. Yeakel, J. D., Bhat, U., Elliott Smith, E. A. & Newsome, S. D. Exploring the isotopic niche: Isotopic variance, physiological incor-

poration, and the temporal dynamics of foraging. Front. Ecol. Evol. 4, 1 (2016).
 36. Fischer, J. D., Cleeton, S. H., Lyons, T. P. & Miller, J. R. Urbanization and the predation paradox: The role of trophic dynamics in 

structuring vertebrate communities. Bioscience 62, 809–818 (2012).
 37. Eötvös, C. B., Magura, T. & Lövei, G. L. A meta-analysis indicates reduced predation pressure with increasing urbanization. Landsc. 

Urban Plan. 180, 54–59 (2018).
 38. Anderson, P. M. L. & O’Farrell, P. J. An ecological view of the history of the city of Cape Town. Ecol. Soc. 17, 28 (2012).
 39. Leighton, G. R. M. et al. Hiding in plain sight: Risk mitigation by a cryptic carnivore foraging at the urban edge. Anim. Conserv. 

25, 244–258 (2021).
 40. Amin, R., Wilkinson, A., Williams, K. S., Martins, Q. E. & Hayward, J. Assessing the status of leopard in the Cape Fold Mountains 

using a Bayesian spatial capture–recapture model in just another Gibbs sampler. Afr. J. Ecol. 60, 299–307 (2022).
 41. Avenant, N. L. & Nel, J. A. J. Home-range use, activity, and density of caracal in relation to prey density. Afr. J. Ecol. 36, 347–359 

(1998).
 42. Pohl, C. F., Avenant, N. L. & Sliwa, A. The diet of caracal (Caracal caracal) in the Southern Free State. Department of Zoology and 

Entomology MSc (University of the Free State, 2015).
 43. Leighton, G. R. M. et al. An integrated dietary assessment increases feeding event detection in an urban carnivore. Urban Ecosyst. 

https:// doi. org/ 10. 1007/ s11252- 020- 00946-y (2020).
 44. Venter, O. et al. Sixteen years of change in the global terrestrial human footprint and implications for biodiversity conservation. 

Nat. Commun. 7, 1–11 (2016).
 45. Cowling, R. M., MacDonald, I. A. W. & Simmons, M. T. The Cape Peninsula, South Africa: Physiographical, biological and histori-

cal background to an extraordinary hot-spot of biodiversity. Biodivers. Conserv. 5, 527–550 (1996).
 46. Mucina, L. et al. Nama-karoo biome. In The vegetation of South Africa, Lesotho and Swaziland 324–347 (Strelitzia, 2006).
 47. Cowling, R. M., Esler, K. J. & Rundel, P. W. Namaqualand, South Africa: An overview of a unique winter-rainfall desert ecosystem. 

Plant Ecol. 142, 3–21 (1999).
 48. Serieys, L. E. K. et al. Widespread anticoagulant poison exposure in predators in a rapidly growing South African city. Sci. Total 

Environ. 666, 581–590 (2019).
 49. du Sert, N. P. et al. Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 18, e3000411 

(2020).
 50. Tieszen, A. L. L., Boutton, T. W., Tesdahl, K. G. & Slade, N. A. Fractionation and turnover of stable carbon isotopes in animal 

tissues: Implications for δ13C analysis of diet. Oecologia 57, 32–37 (1983).
 51. Bligh, E. G. & Dyer, W. J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 37, 911–917 (1959).
 52. Lee-Thorp, J. A., Sealy, J. C. & van der Merwe, N. J. Stable carbon isotope ratio differences between bone collagen and bone apatite, 

and their relationship to diet. J. Archaeol. Sci. 16, 585–599 (1989).
 53. Leighton, G. R. M. et al. Poisoned chalice: Use of transformed landscapes associated with increased persistent organic pollutant 

concentrations and potential immune effects for an adaptable carnivore. Sci. Total Environ. 822, 153581 (2022).
 54. Venter, O. et al. Last of the wild project, version 3 (LWP-3): 2009 Human Footprint, 2018 Release. (2018).
 55. Sanderson, E. W. et al. The human footprint and the last of the wild. Bioscience 52, 891–904 (2002).
 56. Swap, R. J., Aranibar, J. N., Dowty, P. R., Gilhooly, W. P. & Macko, S. A. Natural abundance of 13C and 15N in  C3 and  C4 vegetation 

of southern Africa: Patterns and implications. Glob. Chang. Biol. 10, 350–358 (2004).

https://doi.org/10.1111/1365-2656.13808
https://doi.org/10.1101/2021.09.15.460515.
https://doi.org/10.1002/jwmg.21098
https://doi.org/10.1007/s11252-020-00946-y


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21582  | https://doi.org/10.1038/s41598-023-48868-x

www.nature.com/scientificreports/

 57. Aranibar, J. N. et al. Nitrogen isotope composition of soils,  C3 and  C4 plants along land use gradients in southern Africa. J. Arid 
Environ. 72, 326–337 (2008).

 58. Heaton, T. H. E. The  15N/14N ratios of plants in South Africa and Namibia: Relationship to climate and coastal/saline environments. 
Oecologia 74, 236–246 (1987).

 59. Abatzoglou, J. T., Dobrowski, S. Z., Parks, S. A. & Hegewisch, K. C. TerraClimate, a high-resolution global dataset of monthly 
climate and climatic water balance from 1958–2015. Sci. Data 5, 1–12 (2018).

 60. Jackson, A. L., Inger, R., Parnell, A. C. & Bearhop, S. Comparing isotopic niche widths among and within communities: SIBER—
Stable isotope Bayesian Ellipses in R. J. Anim. Ecol. 80, 595–602 (2011).

 61. Burnham, K. P. & Anderson, D. R. Avoiding pitfalls when using information-theoretic methods. J. Wildl. Manag. 66, 912–918 
(2002).

 62. Bartoń, K. MuMIn: Multi-model inference. R package version 1.43.17. (2020).
 63. R Core Team. R: A language and environment for statistical computing. https:// www.r- proje ct. org/ (2023).
 64. QGIS Development Team. QGIS Geographic Information System version 3.28.6-Firenze. (QGIS Association, 2023).
 65. Battles, A. C., Moniz, M. & Kolbe, J. J. Living in the big city: Preference for broad substrates results in niche expansion for urban 

Anolis lizards. Urban Ecosyst. 21, 1087–1095 (2018).
 66. Pagani-Núñez, E. et al. Niches in the Anthropocene: Passerine assemblages show niche expansion from natural to urban habitats. 

Ecography (Cop.) 42, 1360–1369 (2019).
 67. Lato, K. A., Fuirst, M., Veit, R. R. & Thorne, L. H. Peri-urban systems alter trophic niche size and overlap in sympatric coastal bird 

species. Ecosphere 14, e4643 (2023).
 68. Bolnick, D. I., Svanbäck, R., Araújo, M. S. & Persson, L. Comparative support for the niche variation hypothesis that more general-

ized populations also are more heterogeneous. Proc. Natl. Acad. Sci. U. S. A. 104, 10075–10079 (2007).
 69. Larson, R. N., Brown, J. L., Karels, T. & Riley, S. P. D. Effects of urbanization on resource use and individual specialization in coyotes 

(Canis latrans) in southern California. PLoS ONE 15, e0228881 (2020).
 70. Van Valen, L. Morphological variation and width of ecological niche. Am. Nat. XCIX, 377–390 (1965).
 71. Broennimann, O. et al. Evidence of climatic niche shift during biological invasion. Wiley Online Libr. 10, 701–709 (2007).
 72. Fitzpatrick, M. C., Weltzin, J. F., Sanders, N. J. & Dunn, R. R. The biogeography of prediction error: Why does the introduced range 

of the fire ant over-predict its native range?. Glob. Ecol. Biogeogr. 16, 24–33 (2007).
 73. Pearman, P. B., Guisan, A., Broennimann, O. & Randin, C. F. Niche dynamics in space and time. Trends Ecol. Evolut. 23, 149–158 

(2008).
 74. Tingley, R., Vallinoto, M., Sequeira, F. & Kearney, M. R. Realized niche shift during a global biological invasion. Proc. Natl. Acad. 

Sci. U. S. A. 111, 10233–10238 (2014).
 75. Scholz, C. et al. Individual dietary specialization in a generalist predator: A stable isotope analysis of urban and rural red foxes. 

Ecol. Evol. 10, 8855–8870 (2020).
 76. Hebblewhite, M. et al. Human activity mediates a trophic cascade by wolves. Ecology 86, 2135–2144 (2005).
 77. Newsome, S. D., Ralls, K., Van Horn Job, C., Fogel, M. L. & Cypher, B. L. Stable isotopes evaluate exploitation of anthropogenic 

foods by the endangered San Joaquin kit fox (Vulpes macrotis mutica). J. Mammal. 91, 1313–1321 (2010).
 78. Braunstein, J. L., Clark, J. D., Williamson, R. H. & Stiver, W. H. Black bear movement and food conditioning in an exurban land-

scape. J. Wildl. Manag. 84, 1038–1050 (2020).
 79. Contesse, P., Hegglin, D., Gloor, S., Bontadina, F. & Deplazes, P. The diet of urban foxes (Vulpes vulpes) and the availability of 

anthropogenic food in the city of Zurich, Switzerland. Mamm. Biol. 69, 81–95 (2004).
 80. Weiser, E. L. & Powell, A. N. Does garbage in the diet improve reproductive output of Glaucous Gulls. Condor 112, 530–538 (2010).
 81. Tigas, L. A., Van Vuren, D. H. & Sauvajot, R. M. Behavioral responses of bobcats and coyotes to habitat fragmentation and cor-

ridors in an urban environment. Biol. Conserv. 108, 299–306 (2002).
 82. Riley, S. P. D., Boydston, E. E., Crooks, K. R. & Lyren, L. M. Bobcats (Lynx rufus). In Urban Carnivores: Ecology, Conflict, and 

Conservation (eds Gehrt, S. D. et al.) 121–138 (Johns Hopkins University Press, 2010).
 83. Stuart, C. T. Aspects of the biology of the Caracal (Felis caracal Schreber 1776) in the Cape Province, South Africa. (1982).
 84. Drouilly, M., Nattrass, N. & O’Riain, M. J. Dietary niche relationships among predators on farmland and a protected area. J. Wildl. 

Manag. https:// doi. org/ 10. 1002/ jwmg. 21407 (2017).
 85. Braczkowski, A. et al. The diet of caracal, Caracal caracal, in two areas of the southern Cape, South Africa as determined by scat 

analysis. South Afr. J. Wildl. Res. 42, 111–116 (2012).
 86. Palmer, R. & Fairall, N. Caracal and African wild cat diet in the Karoo National Park and the implications thereof for hyrax. South 

Afr. J. Wildl. Res. 18, 30–34 (1988).
 87. Jansen, C., Leslie, A. J., Cristescu, B., Teichman, K. J. & Martins, Q. Determining the diet of an African mesocarnivore, the caracal: 

Scat or GPS cluster analysis?. Wildlife Biol. 2019, 1–18 (2019).
 88. Pringle, J. A. & Pringle, V. L. Observations on the lynx Felis caracal in the Bedford district. South Afr. J. Zool. 14, 1–4 (1979).
 89. Erasmus, S. W., Muller, M., Van Der Rijst, M. & Hoffman, L. C. Stable isotope ratio analysis: A potential analytical tool for the 

authentication of South African lamb meat. Food Chem. 192, 997–1005 (2016).
 90. Erasmus, S. W., Muller, M., Butler, M. & Hoffman, L. C. The truth is in the isotopes: Authenticating regionally unique South African 

lamb. Food Chem. 239, 926–934 (2018).
 91. Sealy, J. C., van der Merwe, N. J., Thorp, J. A. L. & Lanham, J. L. Nitrogen isotopic ecology in Southern Africa: Implications for 

environmental and dietary tracing. Geochim. Cosmochim. Acta 51, 2707–2717 (1987).
 92. Rebelo, A. G., Holmes, P. M., Dorse, C. & Wood, J. Impacts of urbanization in a biodiversity hotspot: conservation challenges in 

Metropolitan Cape Town. South Afr. J. Bot. 77, 20–35 (2011).
 93. Shochat, E. Credit or debit? Resource input changes population dynamics of city-slicker birds. Oikos 106, 622–626 (2004).
 94. Suri, J., Sumasgutner, P., Hellard, É., Koeslag, A. & Amar, A. Stability in prey abundance may buffer Black Sparrowhawks Accipiter 

melanoleucus from health impacts of urbanization. Ibis (Lond. 1859) 159, 38–54 (2017).
 95. Newsome, T. M. et al. The ecological effects of providing resource subsidies to predators. Glob. Ecol. Biogeogr. 24, 1–11 (2015).
 96. Estes, J. A. et al. Trophic downgrading of planet earth. Science (80-) 333, 301–306 (2011).

Acknowledgements
We would like to thank Rhodes University, the National Research Foundation (NRF), the Department of Sci-
ence and Technology/NRF South Africa Research Chair Initiative (SARCHi), Cape Leopard Trust, University 
of Cape Town’s Faculty of Science, Institute for Communities and Wildlife in Africa (iCWild), Botanica Wines, 
Stellenbosch University, Big Cat Rescue, Wildlife ACT, and numerous private donors for their generous fund-
ing and support of this research. We would also like to acknowledge M. Drouilly and S. Viljoen for assistance 
in sample collection, and R. Brink for laboratory assistance. We thank J. Luyt and P. Groenewald at the Stable 
Light Isotope Laboratory, University of Cape Town, and G. Hall at the Stable Isotope Laboratory, University of 
Pretoria for their laboratory support.

https://www.r-project.org/
https://doi.org/10.1002/jwmg.21407


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21582  | https://doi.org/10.1038/s41598-023-48868-x

www.nature.com/scientificreports/

Author contributions
G.R.M.L.: Conceptualization, Data curation, Formal analysis, Writing—original draft. P.W.F.: Conceptualiza-
tion, Resources, Writing—review and editing. L.E.K.S.: Conceptualization, Writing—review and editing. J.M.B.: 
Conceptualization, Writing—review and editing.

Competing interests 
The authors declare that they have no known competing financial or non-financial interests or personal relation-
ships that could have appeared to influence the work reported in this paper.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 48868-x.

Correspondence and requests for materials should be addressed to G.R.M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-48868-x
https://doi.org/10.1038/s41598-023-48868-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Trophic downgrading of an adaptable carnivore in an urbanising landscape
	Methods
	Study sites
	Sample collection
	Sample preparation for 15N14N and 13C12C isotope analysis
	Spatial variables
	Statistical analysis

	Results
	Caracal isotopic ecology in urban and rural areas
	Spatial analysis of δ15N and δ13C signatures
	Isotopic niche space for urban and rural caracals
	Isotopic niche patterns by sex and age

	Discussion
	Urban niche contraction in an adaptable carnivore
	Dietary and trophic shifts with increasing human footprint
	Stable isotope insight into the urban ‘predation paradox’

	References
	Acknowledgements


