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Abstract
1.	 Land use intensification, by which habitat loss, habitat fragmentation and in-

creased land ownership subdivision occurs, represents one of the largest threats 
to biodiversity. The extent to which land use intensification affects the presence 
of native mesocarnivores is largely unexplored, with great implications for all 
working landscapes where agriculture and native wildlife co-occur.

2.	 We obtained mesocarnivore detection/non-detection data from 180 4-km2 sam-
pling units in agricultural landscapes of southern Chile from January to April 2019. 
We used these data to (a) investigate the associations of private land ownership 
subdivision, forest fragmentation and forest loss with the occurrence of meso-
carnivores using single-species occupancy models, (b) assess patterns of meso-
carnivore co-occurrence with free-roaming domestic mesocarnivores (e.g. cats 
and dogs) using two-species occupancy models and (c) determine whether co-
occurrence of native and domestic mesocarnivores led to alterations in species’ 
temporal activity.

3.	 Land ownership subdivision, rather than habitat loss or fragmentation, had the 
greatest impact on native mesocarnivore occurrence, with some influence of 
domestic dogs. Mesocarnivore community occurrence varied from a native to 
domestic species composition as private land ownership subdivision increased. 
Native mesocarnivores altered their behaviour temporally when co-occurring with 
domestics. Lastly, the presence of domestic dogs was associated with an absence 
of native mesocarnivores, which merits further investigation into the contribution 
of domestic dogs to a defaunation process in agricultural areas.

4.	 Policy implications. Our evidence supports focusing efforts in three key dimensions 
to advance biodiversity conservation in agricultural landscapes. First, private land 
subdivision represents a robust proxy for measuring anthropogenic impacts on 
mesocarnivores, and we advocate its use to inform agricultural policy to mitigate 
a potential defaunation process. Second, there is a need to further engage with 
landowners and evaluate values, motivation, willingness and action to protect 
remnant native vegetation and slow land use change. And, lastly, improvements 
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1  | INTRODUC TION

Land use change and the intensification of management practices 
are among the biggest threats to biodiversity (Sala et  al.,  2000), 
with the synergy of habitat loss, habitat fragmentation, intensify-
ing farmland production and subdivision as well as the expansion 
of urban centres driving the extirpation of native species from wild 
landscapes (Foley et al., 2005; Laurance et al., 2009). Temperate re-
gions of the southern hemisphere are undergoing such processes, 
with developed areas encroaching upon remnant forests and a grow-
ing number of threatened endemic species (Armesto et  al., 2001). 
However, our understanding on the consequences and mechanisms 
by which land use intensification affects species presence remains 
rudimentary.

Landscape configuration can be altered simultaneously by both 
forest loss (i.e. a reduction in total cover) and forest fragmentation 
(i.e. a partitioning into smaller units; Fahrig, 2003). A less evident but 
equally significant pattern of land use change and intensification is 
the subdivision of private property into smaller plots for farming, 
residential and recreational use. Land subdivision can occur when 
human population growth in urban areas, coupled with an increase 
in people's purchasing power, leads to increased demand for land. 
Such demand inevitably leads to the conversion and subdivision 
of agricultural and natural lands into smaller plots (Dadashpoor & 
Somayeh, 2019; Petitpas et al., 2016). In turn, the resulting current 
patterns of private land ownership in agricultural landscapes arise 
from the ongoing development process in addition to the historic 
colonial occupation and land reform (Hansen et al., 2005). Greater 
subdivision of land ownership represents increased anthropogenic 
pressure for wildlife and their habitat (Theobald et  al.,  1997), and 
more households on the landscape often lead to a denser road net-
work (Alamgir et  al.,  2017), an intensification of human–wildlife 
conflicts (Mukeka et al., 2019), and increasing threats to native me-
socarnivores that include vehicle collisions, poaching, poisoning, and 
competition with domestic carnivores (Ambarli et al., 2016; Williams 
et al., 2018).

Mesocarnivores play a critical ecosystem role in human-modified 
landscapes, given that they are generally highly adaptive and serve as 
the top predator in areas where large carnivores are absent (Roemer 
et al., 2009). Mesocarnivores range from being habitat generalists 
to specialists (Moreira-Arce et al., 2016; Schüttler et al., 2017; Silva-
Rodríguez et al., 2010), with implications for varying adaptability to 
changing landscapes. The occurrence of native mesocarnivore spe-
cies has been observed to decrease in highly intensified landscapes 

(Farris et al., 2017), but many species remain under assessed and the 
main mechanisms of extirpation understudied (Roemer et al., 2009).

A potential mediating influence on mesocarnivore occurrence 
within agricultural landscapes is the presence of domesticated car-
nivores. Importantly, free-roaming domestic carnivores may spread 
with the subdivision of private lands and act as competitors of native 
carnivores, thus negatively impacting populations through disease 
transmission (Acosta-Jamett et  al.,  2011) and higher interspecific 
competition (Sepúlveda et  al.,  2015; Silva-Rodríguez et  al.,  2010), 
with this being especially true with domestic dogs (Vanak & 
Gompper, 2009). Moreover, competition with domestic carnivores 
has shown to alter the temporal activity and spatial distribution of 
native mesocarnivores (Farris et al., 2016).

In this study, we assessed the effects of land use intensifica-
tion on the occurrence of native mesocarnivores in an agricultural 
landscape of southern Chile. We represented land use intensifica-
tion with variables of forest loss, fragmentation and land ownership 
subdivision, in addition to domestic carnivore occurrence. We also 
investigated whether there were temporal variations in behaviour 
by native mesocarnivores given co-occurrence of domestic meso-
carnivores. We evaluated whether the occurrence of native meso-
carnivores was affected primarily by variables related to land use 
intensification (H1); the occurrence of domestic mesocarnivores 
(H2) or both (H3; Figure 1). We predicted that the occurrence of na-
tive mesocarnivore habitat generalists would be negatively affected 
by domestic carnivores (H2), considering their use of a wide range of 
land cover types, but that mesocarnivore habitat specialists would 
be most negatively affected by land use intensification (H1) given 
their higher sensitivity to habitat modification. For the latter, we ex-
pected that the direction of the effect would hold whether they co-
occurred or not with a dominant domestic carnivore.

2  | MATERIAL S AND METHODS

2.1 | Study area and species

The study area covers ~2,300  km2 and is located in the Toltén 
catchment of the La Araucanía region in southern Chile (Figure 2), 
in the South American temperate forest ecoregion. It is part of 
the Chilean winter rainfall-Valdivian forests biodiversity hotspot 
(Myers et al., 2000). The annual average temperature is 11.5°C and 
precipitation ranges from 1,000 to 3,000  mm, with natural forest 
vegetation primarily deciduous southern beech forest (Luebert & 
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Pliscoff,  2006). The system comprises two distinct geographical 
sections common throughout Southern Chile: the Andes mountain 
range and central valley. Land use in the central valley is primarily in-
tensive agriculture and urban settlements, whereas farmland in the 
Andes is less intensively used and is surrounded by tracts of continu-
ous forest on steep slopes. Native vegetation remains as a patchy 
mosaic in agricultural valleys across the study area. Private subdi-
vision of land ownership is increasing in sub-urban areas and from 
historic land reform while native vegetation cover has remained 
constant or increased in some areas over the last 20 years (Miranda 
et al., 2015; Petitpas, 2010).

The carnivore community studied comprises nine species: puma 
Puma concolor, güiña Leopardus guigna, culpeo fox Lycalopex culpaeus, 
chilla fox Lycalopex griseus, the lesser grison Galictis cuja, Molina's hog-
nosed skunk Conepatus chinga, domestic dog Canis l. familiaris and 
domestic cat Felis catus and the introduced American mink Neovison 
vison (Muñoz-Pedreros & Yáñez,  2009). Because culpeo and chilla 
foxes were often undistinguishable from camera trap photographs and 
they share various aspects of their niche (see Appendix S1 for further 
details), we analysed their data at the genus level (Lycalopex sp.).

2.2 | Survey

We obtained mesocarnivore detection/non-detection data via a cam-
era trap survey from January to April of 2019 (i.e. summer months). 
Potential sampling units (hereafter SUs) were defined with a grid of 
4 km2 cells across the study region. The size of the SUs was informed 
by the mean estimated home range size of güiña and comparable to 
home ranges of all species under study (Johnson & Franklin,  1994; 
Kasper et al., 2012; Schüttler et al., 2017). Detectability was modelled 
based on the assumption that a 5-day survey block was a separate 
independent sampling occasion, a survey period used previously for 

mesocarnivores in southern Chile (Moreira-Arce et al., 2016). A total of 
180 SUs were selected at random from a grid of 2,243 cells (Figure 2). 
Each camera was active 48.6 days on average (SD = 7.77), with 4–14 
sampling occasions at each SU (average = 10.14 occasions, SD = 1.55).

Variables related to forest loss and fragmentation were derived 
from remotely sensed land cover data and relevant to mesocarnivore 
space use in mixed-use landscapes (Gálvez et al., 2018). Covariate 
categories were forest loss (e.g. forest cover, largest parch index, 
radius of gyration), forest fragmentation (e.g. total edge, edge den-
sity, number of patches, landscape shape index, patch cohesion) and 
land ownership subdivision (e.g. number of private land parcels in 
the landscape; obtained from subdivision layer publicly available 
from the website of Chilean internal tax service; see Table S1 for 
details). Land cover was derived from a supervised classification of 
four Aster images at 15-m resolution from between 2002 and 2007 
(NASA). Landscape metrics were measured at two scales: landscape 
scale (400-ha circular buffer around each camera) and fine scale (10-
ha buffer) to examine the landscape-level and core home range-level 
effects, respectively, of these covariates on species’ occupancy. 
FRAGSTATS 4.1 was used to calculate landscape metrics (McGarigal 
et al., 2002). Core area variables were also used to model detection 
(Guillera-Arroita, 2017).

2.3 | Data analysis

All continuous variables were standardized to z-scores to facilitate 
interpretation of the covariate coefficients and improve model con-
vergence. We tested all 10 occupancy predictors for collinearity 
(see Appendix S2) and, when variables were correlated (Pearson's/
Spearman's |r|  >  0.7), we retained the predictor that conferred 
greater ecological meaning and ease of interpretation. We measured 
multicollinearity among variables by calculating a variance inflation 

F I G U R E  1   Hypotheses on the occurrence of mesocarnivores in agricultural landscapes of La Araucanía Region, Chile. Metrics of land 
use intensification include forest loss and fragmentation levels as well as land ownership subdivision. In the first hypothesis (H1; full land 
use intensification hypothesis), the occurrence of native mesocarnivores is affected by land use intensification variables. In the second 
hypothesis (H2; full occurrence interaction hypothesis), the occurrence of native mesocarnivores is negatively affected by the occurrence 
of domestic carnivores. In the third hypothesis (H3; combination of land use intensification and occurrence interaction hypothesis), the 
occurrence of native mesocarnivores is affected by land use intensification variables and affected negatively by domestic carnivore 
occurrence
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factor (VIF), retaining covariates with VIF <3, though we followed 
recommendations provided by Smith et  al.  (2009) for confronting 
collinearity with habitat loss and fragmentation predictors, retaining 
variables that represented distinct ecological processes or mecha-
nisms and also by considering the direction of the hypothesized ef-
fect of each variable.

2.4 | Single-species occupancy models

We fit single-season occupancy models (MacKenzie et al., 2018) for 
each species using package unmarked (Fiske & Chandler, 2011) in pro-
gram R (version 3.3.1, R Development Core Team, 2016), which used 
detection/non-detection data and repeated sampling occasions to 

separate the processes of animal occurrence (psi or ψ) and detection 
(p).

We selected single-species occupancy models in a two-step pro-
cess. First, we modelled detection probability with an all-possible-
subsets approach while maintaining a null reference occupancy 
model. Depending on the species, we used 5–7 covariates for mod-
elling detection probability, including quadratic effects on continu-
ous covariates that could have a non-monotonic effect on species 
detection (e.g. forest cover; Table S1).

Subsequently, using our top-performing model on detection, we 
modelled covariates on occupancy using a forward stepwise covari-
ate selection procedure and ranked models via Akaike's information 
criterion (AIC). We considered competitive models as those within 
2 ΔAIC of the top-performing model (Burnham & Anderson, 1998). 

F I G U R E  2   Map of agricultural landscapes of La Araucanía Region, Chile. We show four example conditions in the landscape of forest loss 
and private land ownership subdivision: (a) high land subdivision and high forest loss; (b) low land subdivision and high forest loss; (c) high 
land subdivision and low forest loss and (d) low land subdivision and low forest loss. All four boxes are at the same scale

(a) (b) (c) (d)
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To avoid uninformative parameters, we selected the model with the 
fewest parameters within ΔAIC  <  2 from top model (Burnham & 
Anderson, 1998).

2.5 | Two-species occupancy models

We fit conditional two-species occupancy models using the 
RPresence package (MacKenzie & Hines,  2018) and the detec-
tion and occupancy covariates from the single-species models 
(see Table  1 for parameters). These models permitted an in-
vestigation into the effect of domestic mesocarnivores (domi-
nant, or ‘A’ species) on the occupancy and detection of native 
mesocarnivores (subordinate, or ‘B’ species), and if the effect 
of selected covariates held both in areas where natives co-
occurred and did not co-occur with domestic mesocarnivores. 
The combinations of species investigated were restricted to 
those that (a) had sufficient data to be modelled and (b) were 
likely to interact due to their territorial behaviour and ecologi-
cal niche similarities. We quantified the level of dependence in 
occurrence between the combinations of two species by calcu-
lating the species interaction factor (SIF ν) via odds ratios from 
RPresence output, as suggested by MacKenzie et al. (2018; see 
Appendix S3 for SIF ν calculation). When SIF ν  =  1, the spe-
cies occur independently; when SIF ν < 1, they occur less often 
than expected under independence (i.e. avoidance); and when 
SIF ν > 1, the species co-occur more often than expected under 
independence (i.e. attraction; MacKenzie et al., 2018). Models 
were ranked by AIC, and we considered competitive models as 
those within 2 ΔAIC from the top-performing model. Reported 
SIF v values correspond to model-averaged estimates from the 
top models (ΔAIC < 2).

We predicted that if land use intensification was the primary 
driver of native mesocarnivore occurrence (H1), native me-
socarnivore occupancy would be the same in scenarios of co-
occurrence and absence of domestic mesocarnivores (ψBA = ψBa, 
or SIF ν = 1) while maintaining selected covariates from single-
species models (Richmond et al., 2010; see Table S2 for models 

representing each hypothesis). To the contrary, if native meso-
carnivore occurrence was primarily driven by competition with 
domestic carnivores (H2), native mesocarnivore occupancy 
would be lower with co-occurrence versus absence of domes-
tic carnivores (ψBA < ψBa or SIF ν < 1) while holding parameters 
constant (no covariates). Evidence of both drivers (H3) would 
be indicated by lower native mesocarnivore occupancy with co-
occurrence versus absence of domestic mesocarnivores (ψBA < 
ψBa or SIF ν  <  1) while maintaining selected covariates. Under 
the expectation that land subdivision was positively correlated 
with domestic mesocarnivore occupancy, we added models 
including and excluding land subdivision from ψBA and ψBa pa-
rameters in H3 (models 13–20, Table S2). Statistical support for 
models including a negative association of land subdivision on 
the ψBa parameter (domestic carnivore absent) could suggest the 
existence of other mechanisms associated with subdivision driv-
ing native mesocarnivore occurrence (e.g. poaching, road kills, 
etc.). See Supporting Information Appendix S3 for expectations 
in detection interactions.

2.6 | Overlap in temporal activity

To assess alteration in temporal activity patterns, we estimated 
species activity overlap through kernel density estimation using 
R package overlap (Ridout & Linkie,  2009). We used species’ in-
dependent detections at each camera trap station, which com-
prised detections of the same species separated by at least 60 min. 
Overlap index (Δ or D̂) represents the overlap between probabil-
ity densities of species’ activity patterns, and ranges from 0 (no 
overlap) to 1 (complete overlap). We first examined activity pattern 
overlap between native and domestic pairs of mesocarnivores. 
Next, for each native species, we compared intraspecific activity 
pattern overlap in sites with and without domestic mesocarnivore 
detection. We followed Meredith and Ridout (2018) to choose be-
tween the D̂1 or D̂4 estimator. We estimated confidence intervals 
using 10,000 bootstrap samples, and considered D̂ > 0.80 to be a 
strong overlap (Easter et al., 2020).

Parameter Definition

ψA Species A, probability of occupancy

ψBA Species B, probability of occupancy when species A is present

ψBa Species B, probability of occupancy when species A is absent

pA Species A, probability of detection when species B is absent

rA Species A, probability of detection when species A and B co-occur

pB Species B, probability of detection when species A is absent

rBA Species B, probability of detection when both species co-occur, and 
species A was detected during sampling occasion

rBa Species B, probability of detection when both species co-occur, but 
species A was not detected during sampling occasion

TA B L E  1   Parameters used in the 
conditional two-species occupancy 
models. In this study, species A 
corresponds to domestic carnivores 
(dominant species) while species B to 
native carnivores (subordinate species). 
Table adapted from Richmond et al. (2010)
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3  | RESULTS

We registered 2,764 independent detections of carnivores over 
8,742 camera trap nights. We recorded six native species (güiña, 
puma, lesser grison, culpeo fox, chilla fox and Molina's hog-nosed 
skunk), along with the introduced American mink, domestic cat and 
dog (Table 2). The carnivores with very low detections (<20; puma, 
American mink, and lesser grison) were not modelled due to high 
uncertainty and convergence problems.

3.1 | Single-species model

Land subdivision at the landscape scale was the primary driver of oc-
cupancy probability for most species, and was favoured over forest 
loss and fragmentation covariates (Table 3, Figure 3). Land subdivi-
sion had a strong positive influence on occupancy probability of dogs 
(β = 0.76, SE = 0.3) and cats (β = 0.67, SE = 0.2), but a strong nega-
tive association with occupancy probability of both Molina's hog-
nosed skunk (β = −0.724, SE = 0.144) and the fox species (β = −0.32, 
SE  =  0.164). Güiña occupancy was also negatively related to land 
subdivision (β = −0.286, SE = 0.186), though this covariate was not 
supported in the top occupancy models for the species. An increase 
in edge density was associated with greater occupancy probability 
at the core area for the güiña (β = 0.399, SE = 0.195) and at the land-
scape level for domestic cats (β = 0.554, SE = 0.194).

Domestic dogs had highest estimated occupancy in the study 
area (�̂ = 0.69; 95% CI = 0.61–0.76), followed by foxes (�̂ = 0.66, 
95% CI = 0.58–0.72), güiña (�̂ = 0.59, 95% CI = 0.49–0.68), Molina's 
hog-nosed skunk (�̂ = 0.34, 95% CI = 0.25–0.43) and domestic cats 
(�̂ = 0.22, 95% CI = 0.16–0.29; Table 2). Among all modelled me-
socarnivores, güiña had the lowest detection probability (p = 0.18), 
while dogs had the highest (p = 0.37; see Appendix S3 for more de-
tails on detection probability).

3.2 | Two-species model

The land use intensification and domestic carnivore interaction 
hypothesis (H3) was most supported for native foxes and Molina's 

hog-nosed skunk while the land use intensification hypothesis (H1) 
was most supported for güiña (Figure  3, column D). Occupancy 
probability of foxes was lower when co-occurring with domestic 
dogs (ψBA < ψBa, Table 4), resulting in a SIF ν < 1. However, the occu-
pancy probability of Molina's hog-nosed skunk and güiña was higher 
in places co-occurring with dogs and domestic cats, respectively 
(ψBA > ψBa, SIF ν >  1, Table 4, though the estimated factor shows 
high uncertainty). Land subdivision had a negative effect on the co-
occurrence probability of dogs with foxes and Molina's hog-nosed 
skunk (Figure 3, column C, rows 1 and 2) while it had a negative ef-
fect on güiña only where cats were absent (β  =  −0.96, SE  =  0.37, 
Figure 3, column C, row 3).

3.3 | Overlap in temporal activity

None of the two-species activity overlaps were higher than 0.8, indi-
cating a lack of high temporal overlap. Only cats and güiñas showed 
relatively high overlap (Δ = 0.78; Figure 4e), with concentrated ac-
tivity at night and early morning. When investigating intraspecific 
temporal activity of native mesocarnivores with and without domes-
tic carnivore detection, foxes showed less diurnal activity when co-
occurring with dogs (Figure 4b). Similarly, güiñas reduced diurnal and 
crepuscular activity in sites co-occurring with their domestic pair 
(Δ  =  0.77, Figure  4f). Finally, Molina's hog-nosed skunk remained 
nocturnal and with no substantial change in its temporal activity pat-
terns where it co-occurred with dogs (Figure 4d).

4  | DISCUSSION

Our data show that the composition of species varied from mostly 
native mesocarnivores to domestic carnivores as land use intensifica-
tion, particularly land ownership subdivision, increased. Importantly, 
while our study design was unable to explicitly separate the effects 
of land subdivision and occurrence of domestic dogs on mesocarni-
vore occupancy, our data suggest that the presence of both factors 
can negatively affect species occupancy, particularly that of foxes.

Land ownership subdivision was likely a strong driver of mesocar-
nivore occupancy due to its association with various anthropogenic 

Species Total detections Naïve occupancy
Estimated 
occupancy

Culpeo and chilla fox 938 0.64 0.66 (0.58–0.72)

Güiña 303 0.49 0.59 (0.49–0.68)

M. hog-nosed skunk 236 0.29 0.34 (0.25–0.43)

Lesser grison 5 0.01 Not modelled

Puma 16 0.06 Not modelled

Domestic dog 857 0.66 0.69 (0.61–0.76)

Domestic cat 346 0.24 0.22 (0.22–0.29)

American mink 9 0.01 Not modelled

TA B L E  2   Total detections and 
occupancy results (naïve and estimated 
from best single-species occupancy 
models) for each carnivore species in 
agricultural landscapes of La Araucanía 
Region, Chile. 95% Confidence intervals 
are shown in parenthesis
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TA B L E  3   Summary of model selection statistics for the five models with the smallest AIC for single-species and two-species models. The 
selected single-species models are highlighted in bold. For simplicity, we only include the land subdivision variable in occupancy parameters 
of two-species models (ψA, ψBa and/or ψBA). We included interaction models when subdivision and habitat fragmentation/loss covariates 
were supported by selection criteria

Formula ΔAIC Wi K -LL

Single-species occupancy models

Güiña p(PLAND10 + catcount), ψ(ED10) 0.00 0.18 5 590.6

p(PLAND10 + catcount), ψ (Subd * NP^2) 0.66 0.13 7 588.9

p(PLAND10 + catcount), ψ (Subd10 * ED10) 1.24 0.10 7 589.2

p(PLAND10 + catcount), ψ (ED^2) 1.94 0.07 5 591.6

p(PLAND10 + catcount), ψ (Subd) 2.22 0.06 5 591.7

Culpeo and chilla fox p(julian + effort), ψ (Subd10 * ED10^2) 0.00 0.36 7 877.9

p(julian + effort), ψ (Subd * NP) 2.69 0.09 7 879.3

p(julian + effort), ψ(Subd) 2.69 0.09 5 881.3

p(julian + effort), ψ (Subd10) 3.50 0.06 5 881.7

p(julian + effort), ψ (Subd10 * NP10^2) 4.15 0.05 7 880.0

Molina's hog-nosed skunk p(ED10 + ED10^2), ψ (Subd * PLAND^2) 0.00 0.26 6 374.5

p(ED10 + ED10^2), ψ (Subd * ED) 0.40 0.21 6 374.7

p(ED10 + ED10^2), ψ(Subd) 0.97 0.16 4 377.0

p(ED10 + ED10^2), ψ (Subd * PLAND) 1.37 0.13 6 375.2

p(ED10 + ED10^2), ψ (Subd * ED^2) 1.91 0.10 6 375.5

Domestic cat p(.), ψ(Subd + ED) 0.00 0.62 4 387.4

p(.), ψ (Subd * ED) 2.00 0.23 5 387.4

p(.), ψ (Subd * PLAND) 4.09 0.08 5 388.4

p(.), ψ (Subd) 6.69 0.02 3 391.7

p(.), ψ (Subd * ED^2) 7.31 0.02 5 390.0

Domestic dog p(ED10 + effort), ψ(Subd) 0.00 0.27 5 905.3

p(ED10 + effort), ψ (Subd10 * NP10^2) 1.29 0.14 7 903.9

p(ED10 + effort), ψ (Subd * ED^2) 2.12 0.09 7 904.3

p(ED10 + effort), ψ (Subd10 * ED10^2) 2.17 0.09 7 904.3

p(ED10 + effort), ψ (Subd * ED) 2.36 0.08 7 904.4

Two-species occupancy models

Dog(A)/Foxes(B) ψA, ψBa, ψBA(Subd), pA, rA, pB, rBA 0.00 0.29 14 1,773.1

ψA, ψB(Subd), pA, rA, pB, rBa, rBA 0.66 0.21 13 1,774.5

ψA, ψBa(Subd), ψBA(Subd), pA, rA, pB, rBA 0.80 0.20 15 1,772.5

ψA, ψBa, ψBA(Subd), pA, rA, pB, rBa, rBA 1.78 0.12 15 1,773.0

ψA, ψB(Subd), pA, rA, pB, rBa, rBA 2.45 0.09 14 1,774.4

Dog(A)/M. hog-nosed skunk(B) ψA, ψBa, ψBA(Subd), pA, rA, pB, rBa, rBA 0.00 1.0 13 1,254.6

ψA, ψBa, ψBA, pA, rA, pB, rBa, rBA 9.04 0.01 12 1,260.2

ψA, ψBa, ψBA(Subd), pA, rA, pB, rBA 12.19 0.00 12 1,261.7

ψA, ψBa, ψBA(Subd), pA, pB, rBa 14.18 0.00 11 1,263.7

ψA, ψB(Subd), pA, rA, pB, rBa, rBA 15.35 0.00 12 1,263.3

Cat(A)/Güiña(B) ψA, ψBa(Subd), ψBA, pA, rA, pB, rBA 0.00 0.34 14 943.0

ψA, ψBa(Subd), ψBA(Subd), pA, rA, pB, rBA 1.42 0.16 15 942.7

ψA, ψBa(Subd), ψBA, pA, rA, pB, rBa, rBA 1.72 0.14 15 942.9

ψA, ψBa, ψBA, pA, rA, pB, rBA 2.03 0.12 13 945.0

ψA, ψBa(Subd), ψBA(Subd), pA, rA, pB, rBa, rBA 3.13 0.07 16 942.6

Note: Subd: number of land ownerships inside the landscape; PLAND: Sum of the areas of all patches of forest, divided by total landscape area × 100; 
ED: sum of all forest edge segments/total landscape area × 10,000; NP: number of forest patches in the landscape; julian: days elapsed from 1st of 
January; effort: nights of operation of the camera trap in site i and occasion j; catcount: number of detections of domestic cats in site i and occasion j.
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threats, such as roadkills, poaching, poisoning and competition 
with domestic carnivores (Mukeka et  al.,  2019). This variable was 
found to be important in the extinction probability of güiña (Gálvez 
et  al.,  2018), and related metrics have shown detrimental effects 
on the occurrence of carnivores in Madagascar (Farris et al., 2016), 
Mozambique (Easter et al., 2020) and Kenya (Schuette et al., 2013), 
among others (Williams et al., 2018; Woodroffe, 2000). Land subdi-
vision is a recent and ongoing phenomenon in the study area, with 
residential area increasing 670.26% from 1983 to 2007 in the region 
(Petitpas et  al.,  2016). This trend is expected to continue, given a 
growing human population and increasing demand on residential 
land for recreational use (Hidalgo & Zunino, 2012).

Residential development and questionable animal welfare poli-
cies help free-roaming dogs thrive (Bhalla et al., 2020). In our study 
area, the ubiquity of domestic carnivores in highly subdivided land-
scapes could be the cause for the lower occupancy probability of 
native habitat generalists, as shown by the spatial avoidance of foxes 
with dogs, and a more severe effect of land subdivision for Molina's 
hog-nosed skunk where co-occurring with dogs. Native generalist 
carnivores can be unaffected by urban or ex-urban environments 
where free-roaming dogs are rare (Ordeñana et  al.,  2010; Stark 
et al., 2020) but have declined near urban areas where free-roaming 
dogs are common, with interspecific competition, direct aggression/
mortality or disease transmission likely causes of this decline (Farris 
et  al.,  2017; Williams et  al.,  2018). Free-roaming dogs have been 
documented pursuing and killing Molina's hog-nosed skunk (Kasper 
et al., 2009) and chilla foxes (Silva-Rodriguez et al., 2010). Moreover, 
10.4% of all chilla foxes admitted in wildlife rescue and rehabilita-
tion centres in Chile were attacked by dogs (Romero et al., 2019). 
Furthermore, free-roaming dogs are reservoirs and transmitters of 
canine distemper and have caused outbreaks in chilla foxes from 
central Chile (Acosta-Jamett et al., 2011).

While a combination of land use intensification and competition 
with domestic carnivores (H3) may explain patterns in the occu-
pancy of native generalists, we did not see any evidence of domes-
tic carnivores affecting occupancy of the güiña, a forest-dependent 
species (Fleschutz et al., 2016). It is possible that a negative effect of 
domestic cats was not detectable given their low occurrence. While 
free-roaming cats do represent a large threat to biodiversity (Legge 
et al., 2017), dogs may be more harmful to native species occurrence 
where cats are uncommon (Morin et al., 2018).

As predicted, forest fragmentation and loss were not mean-
ingful predictors for the occupancy of native foxes and Molina's 

hog-nosed skunk, possibly as a result or their highly adaptable 
nature to habitat change (Moreira-Arce et al., 2016). Interestingly, 
although güiña are a forest-dependent species, they were not af-
fected by forest loss or fragmentation, possibly due to their rel-
ative tolerance towards habitat loss (Gálvez et  al.,  2013, 2018). 
Habitat specialist carnivores have been observed to favour par-
ticular habitat types regardless of resource availability in agricul-
tural landscapes (Petersen et al., 2019). However, it is likely that 
the species most sensitive to forest loss and fragmentation may 
have already been extirpated from our study area (e.g. Darwin's 
fox: Silva-Rodríguez et al., 2018).

4.1 | Behavioural alterations

We found that native mesocarnivores displayed altered tem-
poral activity when co-occurring with domestic carnivores. 
In particular, foxes and güiña altered temporal activity when 
co-occurring with domestic dogs and cats, respectively. 
Mesocarnivores altered their activity when co-occurring with 
free-roaming domestic carnivores, possibly as a means to 
achieve coexistence (Zapata-Ríos & Branch, 2016). Alterations 
of activity could have repercussions in predation patterns, ac-
cess to prey species and energy expenditure, having an over-
all impact on individual fitness and survival (Hut et  al.,  2012; 
Kronfeld-Schor & Dayan, 2003).

4.2 | Limitations

First, given the scarcity of sites highly subdivided and with no dog 
occurrence, it is still uncertain if the negative effect of subdivision 
on foxes is mostly due to the interaction with dogs (hypothesis 2) or 
to other factors related to the subdivision of land ownership in our 
study area, and is therefore an important area of future research. 
Second, land use change and intensification can cause disturbance 
that may not be observable in patterns from satellite images. For ex-
ample, in agricultural landscapes, there are different types of crops, 
agricultural practices and differences in biodiversity management. 
Agricultural practices influence the level of waste, pesticides, herbi-
cides, harvest patterns and mitigation measures, all of which could 
be meaningful variables of land use intensification driving species 
occurrence (Balestrieri et al., 2019).

F I G U R E  3   Main occupancy modelling results. Numbers 1–5 at the left denote rows, while letters A, B, C and D denote columns. Column 
A shows modelled mesocarnivores. In columns B and C, we show the relation of private land ownership subdivision with occupancy 
parameters, using models within 2 ΔAIC. All parameters where this variable was found meaningful are shown (except for güiña, graph 
with an asterisk, column B, row 3). Variable's betas are shown for each parameter, along with average occurrence interaction factor (SIF ν) 
from supported two-species models. Coloured area shows estimated 95% confidence intervals, with cyan colour for single-species models 
and orange for two-species models. In graph B-3, ‘cat’ in lower case denotes the absence of this species. Column D highlights support for 
hypotheses (Figure 1). Figure E. is a graphical representation of the general occupancy patterns with regard to land use intensification 
variables. Transparency of species relates to occupancy probability



     |  9Journal of Applied EcologyGÁLVEZ et al.



10  |    Journal of Applied Ecology GÁLVEZ et al.

4.3 | Implications for working landscapes

Based on our results, we suggest focusing efforts in three key di-
mensions to foster conservation in working landscapes. First, 
private land ownership subdivision represents a good proxy for 
anthropogenic impact on mesocarnivores. We advocate its use in 
agricultural policy, particularly where fine-scale population metrics 

(i.e. human density) are not available, to safeguard these landscapes 
from further development and potential defaunation (e.g. Fontaine 
et  al.,  2017). Second, we need to further understand and engage 
with landowners and evaluate values, motivation, willingness to 
protect remnant native vegetation to mitigate land use change (e.g. 
Cortés-Capano et al., 2020). Currently, cropland expansion has con-
tinued under outdated laws (Chile, 1974), and land use policy must 

Parameter

Estimate (95% CI)

Dog/Foxes
Dog/Molina's hog-
nosed skunk Cat/Güiña

ψA 0.69 (0.57–0.78) 0.7 (0.58–0.78) 0.25 (0.16–0.36)

ψBA 0.64 (0.53–0.74) 0.73 (0.62–0.83) 0.87 (0.71–0.95)

ψBa 0.76 (0.52–0.9) 0.33 (0.2–0.51) 0.63 (0.47–0.78)

SIF ν 0.6 (0.09–0.96) 5.61 (2.42–12.99) 20.72 (1.7–1,374.15)

TA B L E  4   Averaged parameter 
estimates (ΔAIC < 2) for two-species 
models of mesocarnivores in agricultural 
landscapes of La Araucanía Region, Chile. 
95% Confidence intervals are shown in 
parenthesis. Species A corresponds to 
domestic carnivores (dominant species) 
while species B to native carnivores 
(subordinate species). Lowercase refers 
to the absence of the dominant species. 
See Table S3 for results on detection 
parameters and their interaction

F I G U R E  4   Interspecific (orange) and 
intraspecific (cyan) overlap of daily activity 
patterns of focal species. Intraspecific 
overlap serves to identify differences 
in daily activity of native species in 
sites where they co-occurred with their 
dominant domestic pair, and where they 
occurred without it. Blue and black ticks 
indicate the independent events used 
to create the density curves. Estimated 
overlap (Δ) is shown with 95% confidence 
intervals in parentheses
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be revised to safeguard agricultural areas, regulate where land may 
or may not be subdivided, and offer protection to forest remnants 
(e.g. Cortés-Capano et  al.,  2020; Garibaldi et  al.,  2020). Third, re-
strictions on free-roaming dogs may reduce the impacts of land use 
intensification, making social marketing strategies to change dog 
management urgently needed. Dogs are a popular pet in Chile, and 
free-roaming behaviour is culturally ingrained as accepted manage-
ment and recently supported by policy (i.e. a recent law allowing 
and protecting free-roaming ‘community-kept dogs’; Chile, 2017), 
which is contrary to effective dog population management (Smith 
et al., 2019). Marketing strategies should focus on rural inhabitants 
with the main objective to keep dogs within personal enclosures. 
This will require a behaviour change which could be achieved by fur-
ther understanding the audience and rigorously evaluating a mix of 
marketing tools (Veríssimo et al., 2019).

5  | CONCLUSIONS

Land subdivision and presence of domestic carnivores have a del-
eterious impact on native carnivore occurrence in agricultural land-
scapes of southern Chile and are an initial indication that a potential 
defaunation process may be occurring. Future research should ad-
dress the underlying correlates of land subdivision (e.g. human pres-
ence, poaching, roadkills) that affect native carnivore occurrence. 
Also, a multi-season analyses of abundance trends as well as two-
species occupancy could further reveal dynamics of the potential 
extirpation of mesocarnivores. We advocate that domestic dogs, 
made more abundant through the land subdivision process, are play-
ing a major role on a potential defaunation process in agricultural 
areas of this biodiversity hotspot.
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