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Anthropogenic activities and age class mediate
carnivore habitat selection
in a human-dominated landscape
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M. Justin O’Riain,1 and Christopher C. Wilmers2

SUMMARY

Human activities increasingly challenge wild animal populations by disrupting
ecological connectivity and population persistence. Yet, human-modified habi-
tats can provide resources, resulting in selection of disturbed areas by generalist
species. To investigate spatial and temporal responses of a generalist carnivore
to human disturbance, we investigated habitat selection and diel activity patterns
in caracals (Caracal caracal). We GPS-collared 25 adults and subadults in urban
and wildland-dominated subregions in Cape Town, South Africa. Selection re-
sponses for landscape variables were dependent on subregion, animal age class,
and diel period. Contrary to expectations, caracals did not become more
nocturnal in urban areas. Caracals increased their selection for proximity to urban
areas as the proportion of urban area increased. Differences in habitat selection
between urban and wildland caracals suggest that individuals of this generalist
species exhibit high behavioral flexibility in response to anthropogenic distur-
bances that emerge as a function of habitat context.

INTRODUCTION

Human activities affect nearly every terrestrial system on earth.1 Diverse consequences of human activities

include habitat loss, altered habitat structure and connectivity,2 and shifted ecosystem processes, distur-

bance regimes,3 and resource availability.4 Human infrastructure impedes animal movement,5 while human

activity can elicit fear in wildlife individuals, causing them to further modify their movement behavior and

habitat selection.6,7 Wild animal species that live in human-impacted landscapes are also confronted with

vehicles, poisons, and pathogens that can increase mortality8 and reduce fitness.9,10 However, in addition

to introducing novel threats, humans also provide resources, such as food, shelter, and refuge from preda-

tion.11,12 As such, wild animals living in human-dominated landscapes are challenged to take advantage of

these benefits while mitigating a suite of anthropogenic threats. Thus, species that can optimize resource-

risk tradeoffs near humans may adapt, persist, and even thrive in human-modified landscapes.13–15 Under-

standing the behavioral mechanisms that facilitate species persistence in human-dominated landscapes is

critical to informing conservation strategies in our increasingly modified world.16

An animal’s immediate response to disturbances is typically behavioral (e.g., altered habitat selection, ac-

tivity, or vigilance);17 behavioral plasticity is thus central to population persistence in rapidly changing en-

vironments.18 Human activity typically elicits anti-predator behaviors in wild animals equal to or exceeding

those caused by non-human predators.19,20 Consequent changes in animal behavior have important impli-

cations for wild animal communities and ecosystem processes.21 Animal movement and space use are be-

haviors known to be modified in response to human activity and the built environment, particularly in car-

nivores.19,22,23 Resource-specific functional responses (adjustments in selection for a resource or landscape

features as a function of changes in their availability)24 can reveal patterns of risk perception, cumulative

effects of the human footprint (e.g., spatial response to roads,25 altered predator-prey dynamics26), and

changes in species’ distributions.27,28 Furthermore, spatial patterns of attraction to or avoidance of hu-

man-modified habitats can be mediated by the availability of microhabitats or temporal refuges.22,29,30

The complexity of animal movement and space use necessitates evaluation of cross-scale behavioral ad-

aptations that promote coexistence with humans.31 Examining movement behavior in heterogeneous
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landscapes is, therefore, essential for defining habitat requirements for species; knowledge of the habitat

requirements for species can be incorporated into land-use planning.32

Studies examining wildlife habitat selection, occupancy, and activity in human-dominated landscapes have

found that wildlife species may mitigate the risk of humans by spatially or temporally avoiding human ac-

tivity or structures, or through usingmicrohabitats as refugia.22,29,30 By segregating the landscape spatially,

animals that are highly sensitive to human disturbance can achieve complete avoidance of anthropogenic

stressors.33,34 However, animals with higher tolerance of human activities may instead use fine scale refugia

to avoid direct spatial overlap with humans or conceal themselves from humans.7,35,36 Increasingly, studies

demonstrate that the presence of vegetated areas provides microhabitat refugia for wild animals in areas

with high human activity, and that the size and spatial arrangement of vegetation patches can facilitate an-

imal movement and use of disturbed landscapes.22,30,37 When animals cannot use complete avoidance or

refugia to avoid humans spatially, they may instead employ temporal avoidance of humans by becoming

more nocturnal.29

We investigated the spatial (i.e., habitat selection) and temporal (i.e., diel activity pattern) responses of a

medium-sized generalist carnivore, the caracal (Caracal caracal), to the interrelated effects of anthropo-

genic development and ecological variation in a fragmented landscape isolated by dense urbanization

in the City of Cape Town (CoCT), South Africa. We monitored adult and subadult caracals across two sub-

regions that differ in their background level of exposure to human activities and are separated by a major

road straddled by dense urban development (Figure 1A, Kommetjie Road): a fragmented urban-domi-

nated subregion in the northern section of the study area and a largely intact, wildland-dominated subre-

gion in the southern section of the study area (Figure 1A). To understand the influence of human activity and

land uses on caracal habitat selection and diel activity patterns, we tested three hypotheses, which consider

whether caracals avoid anthropogenic environments entirely (hypothesis 1 below) or instead alter their

spatial or temporal activity patterns to mitigate risk of encounters with humans while still taking advantage

of developed landscapes (hypotheses 2 and 3). The three hypotheses are: (1) Complete-avoidance hypoth-

esis, that caracals mitigate the risk of humans by avoiding human activity both temporally and spatially, (2)

Spatial-refuge hypothesis, whereby caracals mitigate risk of humans by selecting for safe microhabitats

within the human-dominated urban interface, and (3) Temporal-avoidance hypothesis, that caracals miti-

gate the risk of humans by increasing their activity during periods of low human activity (e.g., increased noc-

turnality). To test hypotheses 1 and 2, we examined habitat selection at both coarse (3-hr) and fine (20-min)

scales using step-selection functions (SSFs) because habitat selection is a hierarchical process that can

generate differing patterns of selection or avoidance depending on the spatiotemporal scales assessed,

which can have implications for conservation and management.7,38–40 Within this framework, we tested

the effects of diel period, subregion, and animal age class on habitat selection behaviors across coarse

and fine scales. To test hypothesis 3, we also examined potential differences in diel activity patterns, quan-

tified by variation in movement rates, between subregions. Our work illustrates how a generalist species

coexists with humans through intraspecific variation in behavioral responses to anthropogenic distur-

bances. This study also addresses knowledge gaps to guide local land management and biodiversity con-

servation objectives.

RESULTS

Sampling movement locations and study area

Individuals were monitored across urban-dominated and wildland-dominated subregions (Figure 1) pri-

marily within Table Mountain National Park (TMNP). The two subregions, located within the Cape Penin-

sula, are isolated from other Western Cape caracal populations by 2445 km2 of CoCT urban matrix (Fig-

ure 1). Subregions were defined by degree of fragmentation, extent of urban boundaries, and whether

they were located north (urban-dominated subregion) or south (wildland-dominated subregion) of a major

road (Figure 1A: Kommetjie Road) straddled by dense urban development (STAR Methods). However, a

630 m section of Kommetjie road was not straddled by urban development and we observed three ur-

ban-dominated subregion caracals to cross this road section.

We captured 29 individuals, collared 26 individuals but used data from 25 caracals (STAR Methods)

because one individual was opportunistically collared outside the study area. Onemale was first monitored

as a subadult, and later monitored as an adult. Therefore, GPS collar data for 9 adult males, 10 adult fe-

males, and 7 subadult males (Figures S1–S3) yielded 17,424 3-hr GPS movement steps and 8,962 20-min
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movement steps (STAR Methods) for habitat selection analyses (Figure 1B). Subadults were only detected

and monitored in the urban-dominated subregion.

Subgroup and diel period modeling

We divided our dataset into three subgroups based on life history stage (adult vs. subadult) and the sub-

region of the study area in which individuals were sampled (urban-dominated vs. wildland-dominated). Our

three subgroups included: urban-dominated adults (n = 14), urban-dominated subadult males (n = 7), and

wildland-dominated adults (n = 5). In the urban subregion, the median distance from the urban boundary

was 335.3 m for adults (mean = 458.4, SD = 443.4) and 71.4 m for subadults (mean = 43.7, SD = 552.8); wild-

land adults were a median distance of 8049.9 m (mean = 8057.5, SD = 5515.9) from the urban boundary

(Table S1). These findings suggest the potential for differential habitat selection respective to distance

from the urban boundary. SSF models fit to examine habitat selection revealed differences among sub-

groups at both coarse and fine scales of caracal movement (i.e., the models with the subgroup interaction

term performed better than the one without, Table S2; 3-hr data, DQIC = 395.2; 20-min data, DQIC = 52.7).

SSF models fit to examine differences in habitat selection diel period (Table S3) for urban adults performed

better than pooled data for both temporal resolutions (3-hr DQIC = 31.4, 20-min DQIC = 69.3), and for ur-

ban subadults using 3-hr data (DQIC = 14.5). For wildland adults (using both 3-hr and 20-min data) and ur-

ban subadults (using 20-min data only), SSF model fits were not improved by individually modeling diel

period data and thus, we used composite day and night datasets for wildland caracal and urban subadult

20-min habitat selection analyses.

We observed that the relative probability of selection for the distance from the urban boundary was best

described by a quadratic-transformed distance for wildland caracals, and a segmented linear regression for

Dunes

A B

Figure 1. Map of the Cape Peninsula study area in Cape Town, South Africa showing the two subregions (urban

and wildland-dominated)

Table Mountain National Park is comprised both the urban and wildland-dominated subregions.

(A) Map of key land uses and extent of burned areas. Kommetjie Road divides the urban-dominated region from the

wildland-dominated region although caracals can cross the road on the western side of the peninsula. The agriculture

land use primarily comprises vineyards except for crop fields in the Cape Flats.

(B) GPS-collar locations for urban-dominated subregion adults (orange) and subadults (blue), and wildland-dominated

subregion adults (purple).
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both urban caracal subgroups. The segmented regression approach split the distance from the urban

boundary into two covariates with different slopes on either side of an optimal breakpoint (e.g., Fig-

ure 2).41,42 Breakpoint values ranged between 46 and 144 m from the urban boundary (varying across

3-hr and 20-min datasets; Table 1). These values indicated that there exists a narrow (natural area) buffer

zone around the urban matrix that caracals perceived as equal to the urban matrix itself (Table 1, Figure 2;

average subadult width = 118.8 m, average adult width = 74.8 m). We hereafter refer to the urban matrix

and the surrounding natural buffer zone as the ‘‘urban interface.’’

The supported segmented relationship of the effect of distance to the urban interface allowed us to separately

analyze habitat selection when urban individuals were within the urban interface or within natural areas (e.g.,

Figure 3). We next considered whether the relative probability of selecting for other resources (Tables S4 and

S5) was dependent onwhether individuals encountered these features within the urban interface vs. within nat-

ural areas; we selected candidate covariates (‘‘split’’ covariates; pine, burn ratio, cover, elevation, and distance

from freshwater and coast; STARMethods; e.g., Figure 3). We did not consider a split potential for Normalized

Difference Vegetation Index (NDVI), dunes, vineyards, eucalyptus, or roads (STAR Methods).

Coarse-scale habitat selection varies across age class, region, and diel period

Habitat selection analyses yielded unique trends across subgroups and diel periods (Figures 2, 3, 4, 5, and

6, Tables S6–S14). Observed model cross-validation scores (rs, calculated using spearman rank correla-

tions) were high, particularly for urban caracals (Table 1). Although observed rs scores for wildland best-

fit models were lower (possibly as an artifact of smaller sample size or landscape homogeneity), they still

outperformed rs values expected under random habitat selection.

Across subgroups, selection for sand dunes was universal while selection for greenness (NDVI) was near

universal (Figures 3 and 4, Tables S6–S14). Overall, when comparing across subgroups, a functional

response emerged whereby individuals increased their selection for proximity to urban areas as the avail-

ability of urban areas increased.

In the wildland-dominated subregion, caracals showed no linear or quadratic response to the urban

boundary. However, when dense vegetation (cover) was available, wildland caracals selected for proximity

to the urban boundary (Figure 4). Proximity to the coast was the principal driver of wildland caracal move-

ment (Figures 4 and 5, Table S6).

Caracals in the urban-dominated subregion exhibited different trends in habitat selection and trends

also differed among age classes, diel periods, and microhabitat availability (Figures 2, 3, and 5,

Tables S7–S14). While adults avoided being within the ‘‘urban interface’’ (the urban matrix surrounded

by a narrow buffer of natural area; Figures 2 and 3, Tables S7–S10), they selected to be at the breakpoint

naturalnaturalt lurbanurbanb naturalnaturalt lurbanurbanb naturalnaturalt lurbanurbanb

A B C

Figure 2. Relative selection for distance from the urban boundary for caracals in the urban-dominated region based on 3-hr datasets Relative

strength of selection represented with lines, while shading represents +/- one standard error.

(A) Selection profile based on the composite (day and night) dataset for adults and subadult males.

(B) Selection profile partitioned by diel period for urban adults. The upper standard error for the day portion of the figure extended to five, but was truncated

to ease comparison with the other plots.

(C) Selection profile partitioned by diel period for urban subadult males.
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between urban and natural areas more so than subadults (Figure 1A). At night, when within natural areas,

urban adults selected for proximity to urban areas (Tables S9). Overall, when habitat cover was available

they also selected for proximity to urban areas (Figures 3A and 3B). Adults selected for cover during the

day, but not at night when human activity decreased. Selection estimates for freshwater and the coast

was greater when individuals were located within the urban interface. When situated within the urban

interface, adults avoided burned areas, but in natural areas, the relationship was neutral (but see

20-min data models below; Figure 6). Urban adults avoided roads during the day, but not at night

when vehicle activity decreased (Figures 3A and 3B). Urban adults also avoided vineyards (Figure 3,

Tables S7–S9).

Habitat selection differed among urban adults and subadults (Figures 2-3 and 5, Tables S11–S14). Sub-

adults avoided the urban interface itself, but that avoidance was 3.9 times lower than that of adults and

there were 4.7 times as many subadult locations within the urban matrix itself compared with adults (sub-

adults = 30.7%, adults = 6.5% of locations). While located in natural areas, subadults selected for prox-

imity to the urban interface, particularly at night (Figures 2 and 3, Tables S11 and S14). Within the urban

interface where human activity is highest, subadults selected for cover and avoided burned areas (Fig-

ure 3). In contrast with adults in both subregions, subadults avoided the coast (Figures 3 and 5). Sub-

adults generally selected for low elevations irrespective of where they were on the landscape. However,

when the use of high elevation areas brought subadults closer to the urban interface, they used higher

elevations (Figures 3A and 3C). Unlike adults, subadults selected for vineyards (Figure 3, Tables S11

and S14).

Fine-scale habitat selection

Median step length across all individuals during 20-min movement intervals was 136.8 m, indicating that

fine-scale decision-making about habitat use is observable on the scale of < 150 m. In some cases, the

avoidance of anthropogenic features tended to relax relative to coarse-scale analyses, while selection for

natural features tended to increase (Figure 6, Tables S6–S12). The most intriguing result of the fine-scale

habitat selection analyses in both regions was selection of burned areas. Wildland adults uniformly

selected burned areas (Figure 6; Table S6). In contrast, urban adults selected for burned areas when

they were in natural areas but avoided burned areas when they were within the urban interface (Figure 6;

Tables S7 and S10). Urban subadults avoided burned areas when within the urban interface but were

indifferent to burned areas in natural areas (Figure 6, Tables S11 and S12).

Table 1. Optimal breakpoint values and the results of 5-fold validation values across all modeled datasets and diel

periods (when diel period models were warranted)

5-fold Validation

Demographic

Diel

period

Movement

dataset

Breakpoint

distance

Observed

Mean (SD)

Random

Mean (SD)

Urban adults Composite 3-hr 65 0.97 (0.12) 0.001 (0.23)

Day 3-hr 56 0.95 (0.02) 0.01 (0.22)

Night 3-hr 96 0.94 (0.03) �0.03 (0.21)

Composite 20-min 54 0.88 (0.04) �0.02 (0.25)

Day 20-min 46 0.88 (0.05) �0.04 (0.21)

Night 20-min 132 0.78 (0.09) 0.01 (0.24)

Urban subadult males Composite 3-hr 132 0.92 (0.03) �0.001 (0.22)

Day 3-hr 144 0.89 (0.02) 0.04 (0.25)

Night 3-hr 111 0.83 (0.07) �0.02 (0.23)

Composite 20-min 88 0.73 (0.09) �0.02 (0.22)

Wildland adults Composite 3-hr NA 0.62 (0.08) �0.06 (0.25)

Composite 20-min NA 0.62 (0.13) �0.03 (0.21)

Optimal breakpoints values (represented as the distance from the urban boundary) were determined using segmented re-

gressions only for urban-dominated subregion adults and subadults and indicated the functional shift in avoidance-selection

trends from the urban interface to natural areas.
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Wildland adults selected for gentler slopes at the fine temporal scale, although a topographic covariate

was not included in the best-fit coarse temporal scale model (Table S6). For urban adults, the interaction

between distance from the urban interface and cover was particularly pronounced (Tables S7, S8, and

S10). For urban subadults, primary differences included that neither cover nor NDVI were in the best-fit

model (Tables S11 and S12).

Activity

We tested whether caracals in any subgroup increased nocturnality, defined as the proportion of active lo-

cations (movementsR 50 m within 20-min intervals;43), to avoid exposure to human activities. Activity pat-

terns were calculated from 20-min fix interval data that we subsampled to 1-h intervals to reduce autocor-

relation.44 Our dataset comprised 8,582 hourly locations collected from 22 individuals (4 wildland adults, 12

urban adults, 6 urban subadults) for which we had 20-min data. We found no significant differences in noc-

turnality among subgroups. Specifically, the variance-variance weighted mean log risk ratio among the

1,000 bootstrap replications was �0.005 (equivalent to 0.5% greater nocturnality among wildland-domi-

nated caracals), with 48.6% of replicates indicating greater nocturnality among caracals in the urban-domi-

nated region (bootstrap confidence interval: �0.18–0.18; Table S15). Overall, caracals from all subgroups

had crepuscular activity patterns (Figure S4).

 estimate

Day
NightSubadult

Adult Adult Subadult 

Everywhere Urban interface Natural areasCOVARIATE KEY:

A B C

Figure 3. Selection estimates and 95% confidence intervals for the urban-dominated subregion segmented regression models based on the 3-hr

datasets (A) composite (day and night), (B) adults, and (C) subadult males

Segmented models resulted in cases where b coefficients were generated separately for split covariates depending on whether individuals were situated

within the urban interface (squares) or natural areas (triangles). When covariates were static, the b coefficients (circles) applied throughout the landscape

irrespective of where individuals were located on the landscape. The distance from the urban boundary (urban) covariate was always split, resulting in two b

coefficients with substantially different values, thus plotted on separate axes. *indicates distance covariates where positive b values indicate a negative

association, and negative b values indicate a positive association. Where 95% confidence intervals are represented by a dashed line, the b estimate is not

significant at a % 0.05.
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DISCUSSION

We compared habitat selection and activity patterns of caracals in a fragmented urban-dominated setting

to those utilizing a contiguous, wildland-dominated setting, and among demographic classes at two

spatiotemporal scales. We tested three hypotheses centered on spatiotemporal avoidance of human ac-

tivities. We found the strongest evidence for hypothesis 2 (the spatial-refuge hypothesis), some support for

hypothesis 1 (the complete-avoidance hypothesis), and little support for hypothesis 3 (the temporal-avoid-

ance hypothesis). Caracals in landscapes exposed to high human activity appear to mitigate the risk of hu-

mans by selecting for safe microhabitats within the human-dominated urban interface. This pattern was

mediated by diel period, whereby use of spatial refugia was higher during times of greater human activity.

Despite a smaller sample size in the wildland subregion (habitat selection analyses, n = 5; activity patterns,

n = 4), we conclude that the habitat selection of caracals in the wildland-dominated subregion represents

caracal baseline habitat selection trends for the broader Cape Town region. In cases where the habitat se-

lection of urban adults deviated from that of wildland adults, we posit these differences represent behav-

ioral adaptations to frequent exposure to anthropogenic activities or landscape modification.

Although, we did not observe changes in temporal activity patterns as a function of urban exposure, car-

acals mediated risks and rewards across the diel period by changing their habitat selection. Urban adults

avoided vineyards with considerable human traffic and avoided roads during the day when vehicle traffic is

heaviest. Both urban adult and subadult avoidance of the urban matrix increased during the day, and they

selected for the urban boundary at night. Wolves (Canis lupus), brown bears (Ursus arctos) and African lions

(Panthera leo) similarly avoided anthropogenic disturbances more strongly during the day than night.7,45

Thus, particularly during the day when human activity is higher, the availability of spatial refugia may aid

the persistence of carnivores in human-dominated landscapes. The availability of resources may have

also played a role in temporal patterns being observed in habitat selection but not activity. Preferred

caracal prey are largely diurnal and are more available at the urban edge during the day,43,46 restricting

the ability for caracals to modify their activity patterns in response to people.

Complex vegetation offers the best cover for ambush predators to stalk prey,47 and it offers concealment

from humans.7,37 In our study system, this resource (cover) appears to play an important role in promoting

urban caracal use of areas in proximity to the urban edge. Previous studies have observed that other carni-

vore species, such as spotted hyenas (Crocuta crocuta),48 brown bears,49 lions,7 and pumas (Puma con-

color)40 increase their use of protective vegetation when in proximity to humans. Caracals are known to

 estimate

Figure 4. Selection estimates and 95% confidence intervals for day and night best-fit models for adults in the

wildland-dominated subregion based on the 3-hr datasets

*indicates distance covariates where positive b values indicate a negative association, and negative b values indicate a

positive association. Where 95% confidence intervals are represented by a dashed line, the b estimate is not significant at

a % 0.05.
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occupymore open habitats than other similarly sized wild cats50 and thus that wildland adults utilizing areas

with substantially less human activity were indifferent to cover was not surprising. In contrast, urban adults

that were more exposed to human activity selected for cover during the day when human activity was high,

but not at night when human activity decreased. Subadult response to cover was evenmore nuanced; when

within the urban interface where human activity is highest, they selected for cover, but when in natural areas

further from human activity their relationship with cover was neutral. Our findings suggest that in areas with

high human activity, caracals will use complex vegetation as microhabitat refugia to conceal themselves

from humans.

Caracals in the wildland-dominated subregion used areas an average of 16-fold further from urban areas than

caracals in the urban-dominated subregion, despite having access to urban areas. This may support the

contention that animals with less exposure to human development are more likely to use a complete-avoid-

ance strategy, in contrast to the spatial-refuge strategy observed in animals in themore developed subregion.

In contrast to wildland adults, the distance of urban subadult locations were an average of 44m from the urban

edge; adult locations were on average 458m from the urban edge. Because the generation of available points

sufficiently constrains their location such that any observed effect cannot be an artifact of landscape compo-

sition, but rather reflects areas within caracal home ranges, our habitat selection results demonstrate selection

for proximity to urban areas by urban caracals. A similar trend of differential selection of anthropogenic land-

scapes by individuals with varying exposure to anthropogenic activities was observed for pumas inhabiting ru-

ral and wilderness areas in Canada; rural individuals reduced their avoidance of oil and gas pipelines and well

sites as those features becamemore commonon the landscape.51 In a foraging-explicit habitat selection study

of the same caracal population, wildland caracals avoided the urban edge whereas urban caracals selected for

the urban edge while foraging.46 Our findings, combined with the results from Leighton et al.,46 illustrate the

ability of individuals exposed to varying degrees of human activity to modify their habitat selection strategies

depending on the landscape in which they find themselves.

Additionally, we observed that urban adult and subadult selection for freshwater, and adult selection for

the coast, increased when the caracals encountered those features within the urban interface. These find-

ings, combined with selection for the urban edge while moving (observed in this study) and foraging,46 sug-

gest that valuable resources lie within the urban edge. Other studies have likewise found selection for

developed areas possibly to access valuable foraging opportunities in bobcats (Lynx rufus)52 and pumas.53

Figure 5. The relative selection for the coast for adults in the wildland and urban-dominated subregions, and

subadult males in the urban-dominated subregion based on 3-hr datasets

Relative strength of selection represented with lines, while shading represents +/- one standard error.

Wildland adults were a maximum distance of approximately 4.4 km from the coast. Their selection profile is plotted

accordingly.
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Anthropogenic disturbances can provide novel foraging opportunities for a variety of wild animal species

because of greater ease of hunting, decreased search effort, or increased capture success,54 making inhab-

iting areas near and within urban areas attractive for a variety of carnivore species.55 Our results are consis-

tent with these trends, particularly for caracals in areas with greater access to urban spaces.

However, the ability of urban caracals to take advantage of anthropogenic resources may come at a cost.

The near constant exposure of caracals to human activities in the urban-dominated subregion could habit-

uate them to human disturbance,56 or lead to reduced anti-predator behavior with increasing exposure to

high-risk situations (risk-allocation hypothesis).57 Life on the edge comes with severe fitness-reducing

costs; they are vulnerable to mortality due to vehicle collision, poaching and lethal management, and do-

mestic dog attacks (> 82% of mortalities, Serieys et al. unpubl.data), in addition to exposure to noxious

chemicals, such as rat poisons58 and persistent organic pollutants.59

Young carnivores (particularly males) disperse from their natal range.60 Thus, habitat selection for this

cohort is essential to understand landscape features that promote connectivity.61 Subadult males selected

locations in or close to the urban interface more so than urban adults. We anticipate that these subadult

space use patterns may be explained by use of marginal habitat to avoid intraspecific competition and

high relative tolerance for risk. In addition to using habitats, such as the urban matrix and vineyards that

adults avoided, subadults avoided coastal areas that adults preferred (Figure 5). Similar use of marginal

habitat by subadults has been documented in numerous other carnivore species that inhabit human-domi-

nated landscapes,61,62 including other medium-sized felids such as bobcats63 and Iberian lynx (Lynx pardi-

nus).64 The costs of competing with adults may be substantial for younger individuals attempting to estab-

lish home ranges in this type of system. At least two subadult caracals have been killed by older adult males

(Serieys et al., unpubl.data). Future investigations could focus on the dynamic interactions65 between

adults and subadults or explore the latency after visitation by pairs of adults and subadults,66 to explicitly

examine the influence of adult movement on subadult movement.

Selection patterns varied between scales of temporal data resolution. At fine scales (20-min locations), in some

cases, selection for natural landscape features (e.g., burned areas, NDVI, selection for the coast) was stronger

burn intensity

Figure 6. Avoidance and selection of burned areas (measured as the vegetation index normalized burn ratio 2

[NBR2]) depended on region, age class, and for adults and subadults in the urban-dominated region, where on the

landscape individuals were situated (e.g., within urban interface or natural areas)

Relative strength of selection represented with lines, while shading represents +/- one standard error.

Figure based on night 20-min dataset for each group. More severe fire damage is represented by lower NBR2 values.
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than avoidance of risky landscape features such as the urban matrix and vineyards (e.g., urban adults night,

Table S9), as has been observed in other carnivore studies.7,40 The fine-scale analyses (20-min data) indicated

that wildland caracals avoid steep slopes, which are energetically costly to movement40,67,68 and have been

observed to drive habitat selection at fine, but not coarse, temporal scales in other carnivores.40 The fine-scale

models also provided important insights into nuanced selection and avoidance patterns of burned areas (Fig-

ure 6, Tables S6, S7, and S10). For example, wildland caracals, and urban adult caracals when in natural areas,

selectedburned areas at fine scales, possibly because seeds from fynbos vegetation that are released post-fire

can be a valuable resource for small mammals.69 With reduced protective cover because of fire, however,

those small mammals may be more easily detected and preyed upon. Urban caracals avoided burned areas

when within the urban interface, possibly because they were more exposed to humans, which may be an

example of sacrificing optimal foraging to avoid risky areas.

Many studies have examined carnivore spatial or temporal strategies for living in a human-dominated

landscape.7,21,22,29,30,63 However, recent research has indicated that risk-reward tradeoffs are inherently

spatiotemporal in nature as the two processes interact.70 This should be especially true for animal responses

to humans, which are complex and dynamic. Our study indicates that landscape context drives spatiotemporal

avoidance behaviors in a generalist carnivore, but thatmore fine-scale avoidance behaviors emerge in individ-

uals that experience greater levels of human exposure. Exploring such complexity is necessary to understand

dynamics of human-carnivore coexistence and the ecology of carnivores in shared landscapes.

Local city and national park land managers have expressed interest in using the movement data of caracals to

promote biodiversity conservation within the CoCT. Caracals, especially reproductive adults, avoid the urban

matrix. Yet the CoCT is a rapidly urbanizing landscape71 and this caracal population is effectively isolated and

restricted to habitat fragmentswithin TMNP. Despite being fragmented and isolated, TMNP is one of themost

important biodiversity hotspots on Earth.72 Maintaining this rich biodiversity and the ecological processes that

underpin it require dedicated, adaptive interventions to conserve populations and habitats. Our findings point

to four critical interventions needed to sustain the Cape Peninsula’s caracal population. The first is to maintain

asmany coastal areas andwetlands as possible for wild animals; based on our analyses, these are resource-rich

areas on the peninsula. Second, our monitoring efforts demonstrate that small reserves (< 3 km2) within the

heavily impacted Cape Flats (Figure 1) can support caracals. The purchase (by the CoCT) of even relatively

small tracts of land, particularly dune systems (selected for by caracals), within the Cape Flats (Figure 1) can

increase the amount of viable habitat and possibly new avenues of connectivity. Third, our fine-scale analyses

reveal that to restore impacted areas, areas close to urban development (< 200 m) should be prioritized for

restoration of vegetation. Fourth, areas such as pine plantations (that were avoided) should be restored by

South Africa National Parks (SANParks) to native fynbos vegetation. We encourage the CoCT, SANParks,

and their partners to take the steps needed to ensure that key habitats utilized by wildlife are protected

and maintained. Achieving this goal, and conserving fauna globally throughout the rapidly expanding ur-

ban-wildland interface, requires data-informed conservation strategies and initiatives that better accommo-

date many challenges wild animals face living in human-dominated landscapes.

Limitations of the study

We experienced two primary limitations of this study. Our trapping permits in the wildland-dominated sub-

region constrained us to a few hundred meters from the coast, which potentially contributed to an inability

to sample subadults (that avoided the coast in the urban-dominated region) in the wildland subregion.

Additionally, we did not have explicit data on human activity, so we were unable to disentangle the influ-

ence of human infrastructure from various human activities on the behavioral parameters we assessed.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for materials should be directed to Dr. Laurel Serieys (Lserieys@

panthera.org).

Materials availability

This study did not generate new unique materials.

Data and code availability

d All data are publicly available. Tracking data are available through the Movebank: https://www.

movebank.org/cms/webapp?gwt_fragment=page=studies,path=study1832666571. Data used for ana-

lyses are available through Mendeley Data: https://doi.org/10.17632/n7c4ntkz7f.1

d Code is available from the lead contact upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal handling was approved by the University of Cape Town Animal Ethics Committee (2014/V20/LS),

Cape Nature (AAA007-0147-0056), and SANParks (2014/CRC/2014-017, 2015/CRC/2014-017, 2016/CRC/

2014-017, 2017/CRC/2014-017).

METHOD DETAILS

Study area

We assessed habitat selection and activity of free-ranging caracals on the Cape Peninsula (Figure 1) and

within a small nature reserve (False Bay Nature Reserve, Figure 1A), both of which are isolated from other

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Caracal GPS collar dataset Movebank https://www.movebank.org/cms/webapp?gwt_

fragment=page=studies,path=study1832666571

Dataset used for step selection functions Mendeley Data https://doi.org/10.17632/n7c4ntkz7f.1

Dataset used for activity analyses Mendeley Data https://doi.org/10.17632/n7c4ntkz7f.1

Other

GIS layer denoting urban boundary City of Cape Town Urban edge

GIS layer denoting roads City of Cape Town Roads

GIS layer for sand dunes City of Cape Town Dunes

GIS layer for wetlands and freshwater City of Cape Town Freshwater

GIS layer for vegetative cover DEA National Landcover 2018 (sanbi.org) Cover

GIS layer denoting location of pine plantations South African National Parks Pine plantations

GIS layer denoting vineyards and other agriculture City of Cape Town Vineyard

Normalized burn ratio 2 Landsat 8 (USGS 2018, usgs.org) Burn.index

Eucalyptus Hand-drawn in QGIS Eucalyptus

Normalized difference vegetation index (NDVI) Landsat 8 (USGS 2018, usgs.org) NDVI

GIS layer with 10 m elevation resolution City of Cape Town Elevation
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caracal populations by 2445 km2 of dense urban matrix (encompassing residential, commercial, and indus-

trial areas) of the City of Cape Town. Within the Cape Peninsula, we primarily monitored individuals in

TMNP, which encompassed approximately 320 km2 of fragmented, natural habitat, which we split into

the ‘urban-dominated subregion’ and the ‘wildland-dominated subregion’ (Figure 1). The urban and wild-

land-dominated subregions of the Cape Peninsula were separated by a major road (Kommetjie Road, Fig-

ure 1A) with dense urban development on both sides of the road except for one 630 m section where car-

acals were able to move between the two subregions of the study area. While we did observe urban

caracals to use the northern boundary of the wildland-dominated subregion, we did not observe wildland

caracals to utilize the urban-dominated subregion of the study area. We monitored two additional individ-

uals in an urban-dominated region within the small fragmented False Bay Nature Reserve (comprising

<3 km2) surrounded by an extremely densely populated region of Cape Town (Cape Flats human popula-

tion densities: 9,000–17,000 people/km2).

The northern ‘urban-dominated subregion’ of the study area comprised six habitat patches that encom-

passed 190 km2 (northern half, Figures 1A), 78.7% of which was bordered by urban development and

21.3% of which was bordered by ocean. The southern ‘wildland-dominated subregion’ (Figure 1A) encom-

passed 133 km2 of contiguous protected national park area, 46.2% of which was bordered by urban devel-

opment and 53.8% of which was bordered by ocean. In both subregions, land uses included low to high

density urban development, light industrial and commercial areas, golf courses, vineyards (only 3.9% of

land area in the wildland-dominated subregion), eucalyptus stands, and pine plantations (urban-domi-

nated subregion only). The fynbos biome that comprised low-growing, dense shrubland with a fire-depen-

dent ecology dominated the natural areas of both the urban- and wildland-dominated subregions. Across

the study period, 35.2% of the available wildlife habitat intensively burned while caracals were monitored.

Extensive coastal sand dune fields were also common natural features (Figure 1A).

Capture, GPS-collaring, and subgroup classification

The caracal occurs throughout much of Africa except for the Sahara and Namib deserts, and the dense

equatorial forests of central and west Africa. They also occur in parts of Turkey and the Middle East, and

in south-west Asia.73 They are found in a variety of habitats including coastal scrub, woodland savannas,

dry forest, grasslands, and arid semi-desert regions.50 Although their ecology is poorly studied, they are

considered solitary and territorial.50,73

We sampled a previously unstudied population occupying approximately 320 km2 of natural habitat with

severely limited connectivity to neighboring populations. Between November 2014 and September

2016, during approximately 3500 trap nights, we captured 29 caracals, and collared 26, using custom-built

box traps (length: 125 cm, width: 36 cm, height: 55 cm). Trapping locations were distributed across all major

habitat fragments and collared individuals used almost the entirety of available habitat (Figures 1B and S1–

S3). Three captured individuals were kittens that were too young to collar. One individual was opportunis-

tically collared outside of the study area and thus data from only 25 collared individuals were included in our

analyses. Collared animals weighed aminimum of 6.5 kg and the collars (215 g) weighed nomore than 3.5%

of the animal’s body weight. Individuals were chemically immobilized using a mixture of ketamine HCl

(7 mg/kg) and medetomidine (0.08 mg/kg). Once immobilized, we recorded age class, sex, weight, and

morphological measurements. Individuals were classified as subadults or adults based on body size,

weight, tooth wear and eruption, and reproductive status.74 Males were considered adult if their estimated

age was >2 years, because this is the approximate age at which they typically establish home ranges and

reproduce.75 Females were considered adult if their estimated age was >1 year because they sexually

mature between 7 to 12 months of age.76 Individuals were fitted with Tellus 1C collars (FollowitTM, Lindes-

berg, Sweden) that were programmed to record GPS locations at three-hour intervals throughout the 24 hr

cycle. To assess fine-scale movement patterns and the use of potential movement corridors through urban

areas, we increased the GPS-sample rate to 20-minute intervals every 10th day for 24–36 consecutive hours

(resulting in a target of 72–96 consecutive locations). Collar data were downloaded via that FollowIt�GEO

web interface or obtained directly from collars after units dropped-off. Collars were equipped with both a

drop-off mechanism and a rot-off cotton spacer to ensure eventual drop-off. The drop-off mechanism func-

tioned in three ways: 1) a drop-off date was pre-programmed, 2) the drop-off could be activated through

the FollowIt� GEO web interface, or 3) the drop-off could be activated using Followit’s portable terminal

ground unit (RCD-04) that allowed us to send a signal to the collar. We primarily used method 3 because

method 2 often did not function and collars often lost battery power before the pre-programmed drop
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date. In every case but one, we successfully retrieved dropped collars. We were not able to locate the collar

of the animal opportunistically collared outside of the study area, although even if the drop-off mechanism

failed, the cotton spacer would have rotted such that the collar dropped-off eventually. Individuals were

collared for an average of 123.0 days (SD = 49.6, median = 132.0).

Individuals were monitored throughout the two subregions in the Cape Peninsula. One urban individual

was initially collared as a subadult, and subsequently recollared as an adult. His GPS data were classified

according to his respective age class. In total, 19 unique individuals (but data for 7 adult males, 7 subadults

males, 6 adult females) were GPS-collared in the urban-dominated subregion. In the wildland-dominated

subregion, six individuals (2 adult males, 4 adult females) were captured. However, one wildland female

presented a unique case. After being initially detected preying on endangered African penguins (Sphenis-

cus demersus), the City of Cape Town and SANParks decided to capture, GPS-collar, and relocate her (on

the day of capture) 21 km north to the urban-dominated region. We reclassified her as an urban individual

but excluded the first 23 days (during which time her movements stabilized) of her data. We included her

subsequent locations in habitat selection and activity analyses.

Landscape covariates

Caracals primarily used undeveloped habitat patches with intact shrubland vegetation (hereafter ‘natural

areas’), and secondarily, areas within the fully transformed urban matrix (consisting of commercial, residen-

tial, altered open areas, etc.). To capture the influence of the urban matrix on caracal habitat selection, we

used distance measure (urban) that fell along a continuum of negative to positive values, where 0 indicated

the line (in our GIS layer, Table S4) demarcating the urban matrix-natural area boundary (hereafter ‘urban

boundary’). Negative values were measured as the distance inside the urban matrix from the urban bound-

ary; positive values represented the distance into natural areas.

To control for the relative influences of natural and anthropogenic landscape features on caracal habitat

selection, we tested the influence of natural features including topography (slope, elevation), distance

from freshwater (freshwater) and coastline (coast), and whether individuals were located in sand dune fields

(dunes). We used three different measures of vegetation: i) cover (cover; binary), ii) NDVI (continuous), and

iii) habitat burn intensity (burn ratio, normalized burn ratio 2 [NBR2], continuous). Vegetative cover informa-

tion was extracted from the 2018 South African National Landcover dataset (Department of Environmental

Affairs, www.sanbi.org) which described 72 vegetation classes using Landsat Spectral Indices 8 imagery

(usgs.gov). Among these 72 vegetation classes, we characterized whether each class offered caracals: i)

low cover (e.g., bare ground, beaches, manicured grass lawns), or ii) high cover (e.g., intact fynbos, well-

vegetated ornamental urban gardens, vineyard vines). We also tested the interaction between cover and

the distance from the urban boundary (cover x urban).

We included an indication of burn intensity because the landscape is fire prone. TheNBR2 provides a useful

metric of habitat burn intensity and post-fire recovery in Mediterranean ecosystems.77 Because of frequent

wildfires, we attempted to sample NDVI and the burn ratio covariates within a two-week period of eachGPS

location (matching the frequency of Landsat Spectral 8 updates). However, daily cloud cover frequently

interfered with the satellite imagery and consequently confounded our ability to evaluate all locations

within our preferred two-week interval. Therefore, where NDVI and NBR2 information was unavailable

for a particular time point and location within an individual stratum (the collection of used and available

points used for SSFs, see ‘Step selection functions’ below for more information), we substituted extraction

for all locations within that stratum to the next closest time point that vegetation information was available

for that location that was seasonally consistent (maximum 94 days). The median time difference between

location date and vegetation index date was seven days for 3-hour fix intervals and six days for 20-min

fix intervals.

Anthropogenic features included pine plantations (pine), eucalyptus stands (eucalyptus), vineyards (vine-

yards), and distance from arterial roads (roads, high traffic primary and secondary arterial roads where

vehicle speeds > 55 kmph). Each categorical variable was converted to indicator covariates (vineyard, euca-

lyptus, pine, dunes, cover).

All covariates were standardized (across all individuals in a single dataset) to have a mean = 0 and a stan-

dard deviation = 2.78 However, for the urban-dominated subregion caracals, instead of centering the urban
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covariate, we simply standardized by two standard deviations because the urban distribution for available

locations was disproportionately skewed towards negative values. Importantly, this method of standard-

izing urban did not change the selection coefficients or standard errors that resulted from urban-domi-

nated subregion models; rather this standardization approach aided our ability to create representative

plots of the relative probability of selection for the distance from the urban boundary (e.g., Figure 2).

We calculated variance inflation factors (VIF) to ensure that no two covariates were strongly colinear

(VIF <3.0).79 In the wildland-dominated region, distance from roads and the distance from the urban

boundary were highly colinear (VIF >20), although they were not colinear in the urban-dominated subre-

gion. Thus, for wildland-dominated region, we used only the distance from the urban boundary in

model-fitting.

Further details for covariates are reported in Tables S4 and S5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Step selection functions

We analyzed habitat selection using step-selection functions which assess habitat selection while animals

are moving across the landscape (SSFs).80 To ensure we used only movement relocations, we removed lo-

cations associated with feeding and resting sites (where animals are stationary and not making continuous

habitat selection decisions). We filtered consecutive GPS-locations to have R50-meter step lengths

because, for both fix intervals, a 50-meter step length was the validated criteria for detecting caracal

foraging and resting sites in our study area43 and follows Hertel et al.44

We assessed both fine-scale (20-min) and coarse-scale (3-hr) habitat selection because habitat selection is a

hierarchical process and step selection analyses are sensitive to both the spatial and temporal scale at

which available habitat is defined.23,80,81 Analyses at two different scales can provide unique insights

into differing factors influencing movement on the landscape.39,40,80 Indeed, it has been recommended

that analyzing movement over multiple spatial scales yields models more representative of animal move-

ment-making decisions.39 At fine scales, movement choices reflect options within several hundred me-

ters7,80 and thus can elucidate landscape features that connect habitats82 and inform conservation plan-

ning.37,83 In contrast, using intermediate fix intervals (e.g., 3-hour) for habitat selection analyses best

captures the response to risky anthropogenic landscape features relative to natural landscape features.7,40

We performed SSFs on both 3-hour and 20-min interval data separately using a 1:20 match-case control

empirical design. Strata were created where each individual’s end ‘used’ location (t) was paired with 20

‘available’ locations.84 ‘Available’ locations were created using random vectors originating from the loca-

tion immediately preceding ‘used’ location t (i.e., location t-1). Random vectors were drawn based on the

empirical distribution of turn angles and step lengths between consecutive locations derived from data on

all individuals that were the same sex and age group as the focal individual but excluding the focal individ-

ual to avoid circularity.84

For both fix intervals, three resource-independent movement parameters (step length, log-transformed

step length, and directional persistence) were calculated for all steps within each stratum to control for

inherent biases in animal movement that influence habitat use.7,85–87 Step length (calculated between t

and t-1) and log-transformed step length control for the habitat selection biases arising from the ability

of individuals to travel to available locations. Directional persistence controlled for the inherent tendency

of individuals to move in a constant direction and was calculated between t, t-1, and t-27,86,87 as

(Equation 1):

cosðqt � qt� 1Þ (Equation 1)

where qt is the absolute (angle relative to North) of the vector resulting in the current step t, and qt-1 is the

absolute angle of the preceding vector resulting in step t-1. For the fine scale 20-min interval data subset,

we additionally calculated terms to control for potential tendency for movement along the same topo-

graphical gradient. Elevation persistence and slope persistence were calculated as the difference in eleva-

tion or slope between consecutive locations (t and t-1). We tested the performance of each term in fine-

scale habitat selection models and found that controlling for slope persistence substantially improved

model performance.
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To assess whether habitat selection varied with differing degrees of exposure to human activities, we

divided our data into diel period based on local sunset and sunrise times. Caracals, as with other carni-

vores,7,22,37,63 may perceive less risk from humans at night when human activity is lower, potentially result-

ing in differing habitat selection trends across diel periods.

We estimated selection (b) coefficients using the coxph function in the survival package88 for R statistics

software.89 To account for autocorrelation we calculated robust standard errors for selection coefficients

using generalized estimating equations (GEE)90,91 by specifying intra-group (‘cluster’) correlation.91

GEEs are only appropriate for datasets in which individual variation is low. Thus, we first calculated the

slope of individual-based random effects using the coxme function in the survival package.88 We detected

little variation across individual subgroups (urban adult variance = 0.001, SD = 0.036, subadult variance =

0.0002, SD = 0.014, wildland adult variance = 0.0006, SD = 0.024), indicating that our downstream model

results represent generalized trends across individuals.

To specify clusters, we used a destructive sampling approach91 which required that we first estimate the

time lag past which temporal autocorrelation between successive caracal locations is no longer significant

(a = 0.05). We fit an intercept-only mixed-effects model85 and plotted the autocorrelation function of the

model (Figure S5). Autocorrelation decayed after a lag of 54 h. We collected data during 31 collaring events

from 25 unique individuals and it is recommended to use a minimum of 20 clusters per analysis group.91

Thus, we destructively sampled our data (by removing 54 hours) of data between successive clusters result-

ing in 1–6 clusters per collaring event (urban-dominated subregion: 31 adult and 27 subadult male clusters,

wildland-dominated subregion: 24 adult clusters; range: 13–92 days/cluster). Because 20-min data collec-

tion occurred every 9th-10th day, we assigned clusters according to the individual ID and consecutive period

of collection (n = 277 clusters).

To assess model performance, we compared quasi-likelihood under independence criterion (QIC) scores

of each model and selected that with the lowest QIC.90 We fit models consisting of every combination of

terms and compared the QIC of all resulting models. In cases where >1 best-fit model was identified with a

DQIC <2, we selected the most parsimonious model. In cases where there wereR2 models with the same

number of terms and DQIC <2, we report that with the lowest QIC in figures and results, and report all best-

fit models in the Supplemental Tables. We report the selection coefficient b, and 95% confidence intervals

calculated using the robust standard errors (Tables S6–S14).

Testing model complexity: Subgroups

We identified three putative subgroups based on sampling subregion and demographics (urban adults,

urban subadults, wildland adults). We predicted selection differences between urban adults and subadults

because subadult carnivores are previously documented to utilize more human land uses compared with

adults in human-dominated landscapes.62–64 We also predicted that selection for human land use covari-

ates would differ between caracals in the wildland and urban-dominated subregions because exposure to

anthropogenic activities may increase the caracal tolerance to human activity.46,51 We expected that car-

acals in different subregions would experience differential tolerance to human activities because: 1) the

median distance of individuals captured in the urban subregion from the urban boundary was 335.3 m

for adults and 71.4 m for subadults, while wildland adult median distance from the urban boundary was

8049.9 m (see results, Table S1); and 2) individuals captured in the wildland-dominated subregion were

not recorded in the urban-dominated subregion, while only three adult males (Figure S1) captured in

the urban-dominated subregion utilized only the northern edge of the wildland-dominated subregion

abutting urban development (Figure 1B). While situated in the wildland-dominated subregion, the median

distance of the two adult urban male locations was 85.9 m (mean = 217.4, SD = 383.5) from the urban

boundary, indicating that most of their locations, while situated in the wildland-dominated region, were

<100 m from the urban boundary.

We used a model-selection process to test the validity of these subgroupings. To approach the model se-

lection, we made hypotheses (Table S2) and predictions about differing selection trends for select covari-

ates that included distances from the urban boundary, freshwater, and coast, and vineyard. We ran two
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models where we calculated the relative probability of selection w for landscape covariate x using coeffi-

cients b via the standard exponential model92(Equation 2):

wðxÞ = expðb1x1 + .bnxnÞ (Equation 2)

The first model was a global model with all individuals and all covariates (without a subgroup interaction

term; see list of all covariates in Tables S4 and S5). In contrast, the second global model included all indi-

viduals and all covariates, but with a subgroup interaction term on distances from the urban boundary,

freshwater, and coast, and vineyard (see Table S2 for hypotheses surrounding each covariate interaction

term). We found the subgroup models were best-supported, and thus for all downstream modeling, we

modeled each subgroup separately.

Testing model complexity: Diel period

We expected potential varying diel period habitat selection for each group.7,37 Therefore, we used a similar

approach as described above to determine whether running separate models according to diel period was

warranted for each subgroup’s datasets. We performed the model selection process for each subgroup

individually and individually for each subgroups’ 20-min and 3-hr datasets. Thus, for each subgroup’s data-

sets, we ran two models: 1) a model that included all covariates, and 2) a model that included all covariates

but with a diel period interaction on select covariates that included distances from the urban boundary and

roads, and vineyards, NDVI, and cover (see hypotheses concerning these covariate interactions in

Table S3).

Modeling approach for each subgroup

A primary objective was to evaluate the relationship between proximity to the urban matrix and habitat se-

lection. Thus, we built our SSF modeling framework around the urban covariate, which captures additional

impacts of urban areas such as heightened human activity (e.g., pedestrian and vehicle traffic). For each life

history and regional subgroup, we used a model selection procedure within the SSF framework to evaluate

the functional form of the relationship between proximity to the urban matrix and habitat selection. We hy-

pothesized that different subgroups would not only show differential selection for urban areas, but also

that the functional form of that selection may differ. We therefore tested whether the relative probability

of selection for the distance from the urban boundary was best described by a linear, quadratic-trans-

formed, log-transformed, or a segmented linear regression approach. Using the model selection process,

we determined that amodel with a quadratic-transformed distance from the urban boundary covariate per-

formed best for wildland caracals. The segmented linear regression performed best for both caracal sub-

groups in the urban-dominated subregion.

The segmented linear regression used for urban caracals split the distance from the urban boundary into

two (or three) covariates with different slopes on either side of a breakpoint.41,42 The value of the

segmented approach is that it identifies breakpoints in selection response which in the context of our

study, provides valuable information on how animals perceive the urban edge and the influence of human

activity beyond the immediate footprint of urban development. We tested candidate breakpoint values at

one-meter intervals ranging between the minimum and maximum distances from the urban boundary. We

selected the optimal breakpoint using a grid search approach by comparing QIC scores of candidate

segmented models (Figure S6). At the scale of one-meter intervals, multiple well-supported breakpoints

were identified (DQIC <2) but the difference in distances among the well-supported breakpoints was trivial

(<10m). Thus, we averaged well-supported candidate breakpoint values to obtain a single value. Next, for

urban caracals, we split their data according to diel period when warranted and performed the same grid

search.

For caracals in the urban-dominated subregion, we next considered that the relative probability of select-

ing certain landscape features was dependent on where individuals encountered this feature (urban inter-

face vs. natural area). Candidate covariates included pine burn ratio, cover, elevation, and distance from

freshwater and coast (‘split’ covariates). We predicted the potential for split pine, burn ratio, and cover

because these features are indicative of available vegetative concealment that may be more strongly

selected (i.e., cover) or avoided (i.e., pine, burn ratio) within the urban interface where concealment would

mitigate detection risk. Within the urban interface, we predicted that the relative importance of elevation

would diminish substantially. Freshwater within the urban interface may be linked with increased opportu-

nity to find urban-associated prey.43,46 We predicted that caracals would avoid coastline closely bordered
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by residential or commercial development. We did not consider a split potential for NDVI, dunes, vineyard,

eucalyptus, or roads, because with rare exception, roads, eucalyptus stands, and vineyards were primarily

located within, in proximity to, or adjacent to the urban interface. We could not think of a biological reason

why selection for dunes or NDVI would differ with proximity to the urban boundary.

To incorporate split covariates in urban-dominated subregion models, we created an indicator variable I,

where I = 1 when an individual was within natural areas, and I = 0 when individuals were within the urban

interface. This allowed us to model parameters an representing the selection estimate when individuals

were within the urban interface, and an + ßn representing the selection estimate when individuals were

within natural areas. For caracals in the urban-dominated subregion, we calculated the relative probability

of selection w for landscape covariates x as follows (Equation 3):

wðxÞ = expðb1x1 + ða2 + b2IÞx2.bnxn + ðan + bnIÞxnÞ (Equation 3)

In contrast, for wildland-dominated subregion caracals, we calculated the relative probability of selectionw

for landscape covariate x using coefficients b via the standard exponential model92 described above

(Equation 2).

For each of the three caracal subgroups, diel period, and fix interval-specific data subset, we modeled the

relative probability of a caracal selecting a particular location as a function of landscape covariates. For car-

acals in the urban-dominated subregion, we tested an additional interaction urban x elevation to assess

whether caracals select for proximity to urban areas because urban areas are generally at lower elevations

in this region.

Cross validation

To evaluate the robustness of all top (best-fit) models we used 5-fold cross validation following.37,93 We

built case-control SSFs using covariates retained in the top model fit to 80% of randomly selected strata.

We used this model to predict w(x) scores for used and available locations from the 20% of withheld strata.

For each stratum comprising used (n = 1) and available (n = 20) movement locations, we calculated the w(x)

score which was then used to assign each location a rank of 1–21 (lowest to highest). We next used

spearman rank correlations to compare the frequency with which the withheld used locations received

each of the 21 possible rankings. We iterated this process 100 times for each top model. We report the

mean and standard deviation values of Spearman correlation coefficients (rs) across all iterations (Table 1).

Models with strong predictive power exhibit mean rs values close to 1. We also report mean rs values ex-

pected under random habitat selection (i.e., if models have no predictive power).93

Activity

We assessed relative activity patterns to test whether caracals in the urban-dominated region changed ac-

tivity patterns mitigate risk of detection in areas with high human activity.29 We additionally assessed

whether subadults in the urban-dominated region alter activity patterns to avoid interactions with adults.

We defined risk as a function of whether: i) individuals utilized the urban-dominated subregion (as opposed

to the low-risk wildland-dominated subregion), and ii) individuals were of the subadult male demographic.

For risk scenario (i), we compared the activity data of four adults from the wildland-dominated subregion,

and 12 adults from the urban-dominated region (for which we had 20-min data). For risk scenario (ii), we

compared the activity data of 12 adults to the data of six subadult males in the urban-dominated region.

We assessed effect size using log risk ratios (‘‘RR’’)29 calculated from 20-min fix interval data that we sub-

sampled to one-hour intervals to reduce autocorrelation.44,49 RR is a ratio of the mean nocturnality at sites

of high human disturbance to the mean nocturnality at sites of low human disturbance. We defined each

caracal observation as ‘‘active’’ if individuals moved R50 meters in the 20-minutes preceding each one-

hour observation (otherwise, the time point was classified as ‘‘inactive’’). This selectedmovement threshold

is consistent with the threshold described above to isolate movement locations from the larger GPS data-

set, and follows the approach previously described for classifying active periods based on GPS-movement

data.44

Our dataset was skewed towards more daytime than nighttime locations because 20-min data were

collected for an interval of 36-hours beginning at 02:00. We thus used bootstrap resampling to control

for individual effects and maintain even sampling among individuals. We sampled without replacement

24 daytime observations and 24 nighttime observations for each caracal for 1000 replications. For each
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replicate, we calculated the log proportion of active observations that occurred during the night for pop-

ulations in both the urban and wildland-dominated subregions. We report a weighted mean log RR with

weights assigned according to the inverse variance of each replicate, the proportion of replicates for which

nocturnality was greater in the population in the urban-dominated subregion, and the 95% bootstrap con-

fidence interval based on the 25th and 95th greatest RRs. To interpret our results of these analyses, we back-

transformed mean effect sizes and converted to unlogged risk ratios to assess percent shift towards noc-

turnality in areas of high risk. We assessed significance using confidence intervals– those that overlapped

zero were not significant.
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