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Abstract
Context. Hunting has demographic effects on large and medium carnivores, causing population reductions and even 

extinctions worldwide. Yet, there is little information on carnivore demographic parameters and spatial and temporal land-
use patterns in areas experiencing sport hunting, thus hindering effective conservation plans for such areas.

Aims. We estimated densities and determined activity patterns of pumas (Puma concolor) from camera-trapping surveys 
in a protected area and in a game reserve with sport hunting, in the Caldén forest of central Argentina.

Methods. We used both non-spatial and spatial mark–resight techniques to estimate and compare puma densities and we 
used kernel-density estimation (KDE) techniques to analyse and compare puma activity patterns between study sites.

Key results. Puma densities estimated from spatial models were lower than densities estimated from non-spatial 
mark–resight techniques. However, estimated density of pumas in the protected area was always higher 
(range = 4.89–9.32 per 100 km2) than in the game reserve (range = 0.52–1.98 per 100 km2), regardless of the estimation 
technique used. Trapping rates for large mammal prey were similar across sites. Pumas exhibited more nocturnal behaviour 
and high activity peaks at 0600 hours and 1100 hours in the hunted game reserve, whereas puma activity was spread more 
evenly around the clock in the protected area.

Conclusions. The higher puma densities in the protected area reflect the potential for such areas to function as refugia in 
a human-dominated landscape. However, the game reserve had a lower puma density than the protected area despite high trap 
rates of large prey, indicating that these areas may function as attractive sinks.

Implications. Our results could indicate that puma sport hunting in the Caldén forest should be managed at a 
metapopulation, regional level, and include both no-hunting areas (protected area, as potential sources) and hunting 
areas (game reserves, as potential sinks). Considering that our study areas were small and that this was an unreplicated study, 
we urge more research to be conducted, so as to determine whether sport hunting is compatible with puma conservation in 
the region.

Additional keywords: Caldén forest, camera surveys, hunting, mark–resight, population density, Puma concolor.
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Introduction

Large carnivores are widely hunted for recreation, population
control and to reduce conflict with humans (Treves and Karanth
2003). Yet, both regulated and unregulated hunting have direct
demographic effects, especially for large and medium-sized
carnivores that have low population growth rates, and can

potentially cause population reductions and even extinctions
worldwide (Woodroffe and Ginsberg 1998; Treves 2009).
Additionally, hunting can have indirect effects on carnivore
populations by altering behaviour (e.g. daily activity), shifting
population sex and age structure, and by changing prey-selection
and reproductive patterns (Robinson et al. 2008; Paviolo et al.
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2009; Ordiz et al. 2012; Maletzke et al. 2014; Keehner et al.
2015). Although legal hunting is intentional and easy to regulate,
it can cause declines in carnivore populations, and hunting
policies may not align with ecological theory and may suffer
from lack of science-based guildlines (Creel et al. 2015).
Additionally, mismatches between policy and hunting impacts
are further complicated by difficulties in accurately measuring
trends in population dynamics with standardised monitoring
techniques.

European settlers in theAmericas viewed predators as a threat,
not only to livestock, but also to themselves and to the other wild
animals that they relied on for food (Anderson et al. 2010).
As a result, management of large and medium-sized carnivore
populations in the Americas focussed on methods of control or
elimination during European colonisation (Gill 2010). Although
management varied among and within countries, predators, as a
rule, and particularly, wolves (Canis lupus), grizzly bears (Ursus
arctos) and pumas (Puma concolor), weremanaged in threeways
to ameliorate the potential threat to livestock (Gill 2010). For the
puma, attempted eradication emerged as a strategy based on
an agricultural ethic that focussed on eliminating ‘undesirable
species’ as threats to livestock, game animals and people. This
strategy dominated until the middle of the 20th century when
the sport-hunting strategy emerged, managed by government
agencies, to provide recreational opportunity while continuing
to address livestock depredation concerns. Finally, a third,
more recent strategy of predator protection has emerged,
designed to maintain viable puma populations as part of the
ecological community (Anderson et al. 2010). Although
categorised as Least Concern on the IUCN Red List because it
is a widespread species, the puma is considered to be declining
worldwide, including in Argentina, and its conservation presents
numerous challenges (Nielsen et al. 2016).

In North America, there are numerous studies and substantial
information regarding puma demographic parameters and
puma management strategies that address conservation,
harvest or reduction of livestock depredation (e.g. Logan and
Sweanor 2001; Stoner et al. 2006; Cooley et al. 2009a, 2009b;
Anderson et al. 2010; Robinson et al. 2014; see Table 1). In
contrast, puma research in Central and South America is sparse
(see Table 1). Currently, in Argentina, puma management is
regulated at the province level, and is based on the following three
legal strategies: total protection, bounty hunting to reduce
population numbers and recreational sport hunting (Walker
and Novaro 2010). Yet, there has been little research assessing
the effects of these management strategies on puma populations.
In fact, most previous puma research in Argentina has been
restricted to dietary studies (Donadio et al. 2010; Zanón
Martínez et al. 2012, 2016). Additionally, provincial wildlife
departments areunderfunded, existing lawsareoftennot enforced
because of lack of resources (Walker and Novaro 2010), and
under-reporting is likely occurring; thus, we have little
information on the status of puma populations that have been
exposed to bounty or sport hunting.

In La Pampa province, central Argentina, puma sport hunting
was legal until 2007. This region used to attract national and
international hunters. From 2002 to 2006, the number of puma
trophies in Argentina increased. La Pampa province itself was
the principal source of these trophies, where official records

suggested that 40–60 pumas were harvested per year.
However, because of under-reporting, the true number of
hunted individuals was probably higher, perhaps even in the
thousands (Walker andNovaro 2010). In 2007, theDepartment of
Natural Resources of La Pampa province halted puma hunting
because of illegal traffic of puma trophies and lack of puma
population studies; however, illegal hunting still occurs in this
region (J. I. Zanón-Martínez, pers. obs.). Estimating population
density is key to informing harvest regulations, creating viable
conservation strategies for rare species, monitoring management
strategies and evaluating the effects of human actions (Mills
2013). Given the lack of data, there is an urgent need for research
that estimates puma density and activity, so as to inform
conservation status of puma populations in La Pampa province
in areas where they are hunted and not hunted.

Estimating carnivore density, particularly for felines, is
difficult; however, camera-trapping methodologies are
effective, non-invasive and economical for studying elusive
carnivore species such as pumas, which are typically difficult
to sample (Kelly et al. 2012). The use of camera traps has
increased, in part because of advances in quantitative
population estimation techniques that can be applied to species
where only a portion of the population has natural marks, thereby
obtaining better-quality information on highly critical species
over large areas of interest (O’Brien 2011). Currently, several
studies have expanded on the traditional capture–recapture (CR)
models (e.g. Otis et al. 1978; Karanth 1995) and used mark–
resight (MR; e.g. Arnason et al. 1991; White and Shenk 2001;
McClintock et al. 2009; Rich et al. 2014) or spatial mark–resight
(SMR) models (e.g. Chandler and Royle 2013; Sollmann et al.
2013a, 2013b; Rich et al. 2014; Royle et al. 2014) to estimate
puma densities (Kelly et al. 2008; Paviolo et al. 2009; Negrões
et al. 2010; Sollmann et al. 2013a; Rich et al. 2014).

In the present study, we compared puma densities, prey
encounter rates and circadian activity patterns in two areas
under different management strategies: a protected area
without hunting and a game reserve with sport hunting, within
the region of the Caldén forest in La Pampa province. We
hypothesised that the densities of puma in our study areas
would be a function of prey activity, with higher prey
encounter rates resulting in a higher puma density. We also
hypothesised that the area with existing human activity (i.e.
primarily hunting activity) would have a lower puma density
and pumas would change activity patterns from crepuscular or
cathemeral to strictly nocturnal.

Materials and methods
Study sites

The study area is located in the central region of La Pampa
province, Argentina (Fig. 1). This region corresponds to the
Caldén District of the Espinal phytogeographic province,
which includes habitat types such as Caldén forest, sand
grassland and salt deposits (Cabrera 1976). The Caldén forest
is situated in central Argentina (between 33.59�S and 40.56�S,
and 63.31�W and 65.94�W) and has been severely fragmented
by deforestation and conversion to agriculture (González-
Roglich et al. 2012). The caldenal is a xerophilic forest
ecosystem (average canopy tree cover varies from 30% to
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50%, grasslands cover the herbaceous stratum with a low cover
of bushes) dominated by Caldén tree (Prosopis caldenia). The
topography is characterised by plateaux, valleys, hills and plains
(ranging from ~50m to ~200m, Cano et al. 1980). The weather
is subhumid–dry, with annual precipitation of 550mm. The
average temperature in summer is 23�C and 8�C in winter,
with a minimum of �12�C. The two areas under different
management strategies are (1) the 76-km2 Parque Luro Natural
Reserve (PLNR), the only protected area of Caldén forest in La
Pampa province, and (2) the 200-km2 La Escondida Game
Reserve (LEGR), a region that has received the highest
number of habitat modifications and introductions of ungulates
in the past century.

Originally, PLNR was a game reserve. In 1907, red deer
(Cervus elaphus) and wild boar (Sus scrofa) were introduced.
In 1968, the area was established as a natural reserve (Amieva
1993) and now PLNR is enclosed by a 2-m-high maintained
perimeter fence that prevents deer fromexiting the park; however,
pumas can get over or under the fence. LEGR was a sheep ranch
from 1930 until the mid-1970s, when it was converted to cattle
production. In the 1990s, it was established as a game reserve,
whenmanagement practices began for red deer, wild boar, and, in
1995, blackbuck (Antilope cervicapra), which were introduced

for sport hunting. In2005, the ranchwasenclosedwith a2-m-high
perimeter fence, preventing deer from exiting the ranch. At
present, the game reserve supports multiple human activities
such as agriculture, cattle production and game hunting.

Camera-trapping surveys

Between June and December 2008, we completed two surveys
to estimate abundance of pumas inPLNRandLEGR(Table 2).At
each study site, we set camera traps arrayed at regular intervals
(2–3 km) in a grid-like formation covering the entire fenced-in
area (Fig. 1). ThePLNRwas subdivided into two samplingblocks
of eight camera stations each, and each blockwas surveyed for 38
consecutive days; thereafter, we moved the camera stations from
first block to second block for an additional 38 days, following
Design 4 of Nichols and Karanth (2002). In LEGR, we deployed
23 camera stations in a single block, and they were functioning
for 90 consecutive days. We placed two unbaited cameras per
trapping station on opposing sides of the road or trail, taking
advantage of their availability and because pumas often use roads
and trails tomove. Cameraswere active 24 h per day,with a delay
of 1min between triggering events. We visited camera stations
every 10 days for routine maintenance. We used Moultrie Game

67°0'0"W 65°0'0"W

N

63°0'0"W 61°0'0"W

67°0'0"W 65°0'0"W 63°0'0"W 61°0'0"W

35°0'0"S

37°0'0"S

39°0'0"S

35°0'0"S

37°0'0"S

39°0'0"S

Legend

Camera station

Provicial boundary

Caldén Forest

First block 0 100

0 2.5 5 Km

0 2.5 5 Km

La Escondida
Game Reserve

Parque Luro
Natural Reserve

200 Km

Second block

Fig. 1. Locations of study areas, the protected Parque Luro Natural Reserve (76 km2) and the hunted La Escondida Game Reserve
(200 km2) in the Caldén forest in La Pampa province, Argentina, and camera trap-station design within each survey area.
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Spy 4.0 MP DGTL white-flash cameras (Moultrie Products,
LLC., Alabaster, Alabama, USA). Our sampling period was
�90 days to meet the assumption of a closed population
(Karanth and Nichols 2002). We defined independent
detections of pumas as photo events separated by �60min
(Di Bitetti et al. 2006), unless different individuals could be
distinguished by subtle marks, or more than one individual was
in a single photo.

Identification of pumas

Pumas were identified according to protocols in Kelly
et al. (2008). Three investigators independently identified
photographed puma individuals by obvious and subtle
markings (e.g. kinked tails, scars, ear nicks, tail-tip coloration
and shape, or undercoat spot patterns). Each researcher labelled
photographic captures of pumas as either (1) identifiable
individuals, (2) marked but not unambiguously identifiable
individuals or (3) unmarked individuals following Rich et al.
(2014).

Abundance and densities of pumas by non-spatial
mark–resight

We estimated abundance using mark–resight models in Program
MARK (McClintock and White 2012). Recently, this technique
has been used to estimate puma abundances in Belize, Bolivia
and Argentina when only a portion of the population has natural
marks (Rich et al. 2014). Mark–resight models incorporate
photographic captures of uniquely marked (i.e. identifiable
individuals), unmarked (i.e. individuals only identifiable to
the species level) and marked but not identifiable individuals
(McClintock et al. 2009; McClintock and White 2012).
Encounter histories contain the count of the total number of
times an individual was re-sighted during the primary
sampling interval and include an overall count of the number
of events where pumas were classified as unmarked or as marked
but not identifiable (Rich et al. 2014). We constructed a three-
group, capture–recapture history of individual pumas for each
study site by combining identifications made by all investigators,
described by Rich et al. (2014). The first group corresponded
to marked individuals when all investigators agreed on the
individual’s identification; the second group consisted of
individuals marked but unknown, when investigators did not
agree on the identification; and the third group consisted of
unmarked individuals if more than one investigator identified
the photo as unmarked. Our last two categories allowed us to
include puma photographs that otherwise would have been
discarded in the previous traditional analysis.

In program MARK we used the zero-truncated Poisson-log-
normal (zPNE) mark–resight model because marked individuals
could not have all-zero encounter histories (i.e. had to be
photographed at least once to be known; McClintock et al.
2009; McClintock and White 2012; Rich et al. 2014). We
used the closed resight model because we only had one
primary sampling interval. This model included three
parameters: the intercept for mean resighting rate (a),
individual heterogeneity (s) and number of unmarked
individuals in the population (U). We used no covariates and
compared twomodels only: onewith no individual heterogeneity
(i.e. fixed s = 0) and one model that estimated s to test for
individual heterogeneity (Rich et al. 2014) for each study area.
The best models were selected using Akaike’s information
criterion corrected for a small sample size (AICc), with delta-
AIC of�2 denoting competing models (Burnham and Anderson
2002). We used the top-ranked model to derive an estimate of
total population size (N) and overall mean resighting rate (l).

The size of each surveyed area was calculated using a
combined capture–recapture history from all investigators to
estimate the size of the surveyed area (effective survey area) in
both study areas; we used data only from individually identifiable
pumas that were detected at two or more camera stations. We
calculated the maximum distance moved among camera stations
for each unique puma to create an overall mean. Half of this
distance (1/2MMDM) was used as the circular buffer radius
around each camera-station location (Dice 1938; Wilson and
Anderson 1985; Kelly et al. 2008; Paviolo et al. 2009). We
estimated 1/2MMDM and the surveyed areas in ArcView (ESRI
1999) by using X-tools or Spatial Analyst, which we also used to
dissolve internal buffers surrounding camera stations and to
calculate survey area. We then divided the number of pumas
estimated from top model for each survey by the effective survey
area, to obtain density of pumas. We estimated standard errors
using the delta method described in Nichols and Karanth (2002).

Densities of pumas by spatial mark–resight

Weused spatial mark–resight (SMR)models that also considered
part of the population marked and another part unmarked
individuals (Royle et al. 2014), which have recently been
applied in studies to determine puma (Sollmann et al. 2013a;
Rich et al. 2014) andAfrican lion (Panthera leo;Kane et al. 2015)
densities. Because puma photographic captures were sparse,
we grouped data into blocks such that one encounter occasion
consistedof 6-day timeperiods for both studyareas, thus avoiding
estimated detection rates close to 0 that can prevent model
convergence. As with our non-spatial mark–resight methods,

Table 2. Summary of puma (Puma concolor) camera-trapping grid characteristics in two study areas, the protected Parque Luro Natural Reserve
(PLNR) and the hunted La Escondida Game Reserve (LEGR), in La Pampa province, Argentina

Both reserves are completely fenced and cameras were spaced at 2–3 km apart to cover the entire fenced-in areas

Study area Date Area
fenced
(km2)

Number of
camera
stations

Survey
duration
(days)

Survey
effort

(trap-nights)

%Puma trap success
(capture events

per 100 trap-nights)

PLNR June–September 2008 76 16 76A 608 10.69
LEGR September–December 2008 200 23 90 2070 0.58

AEight cameras were moved after 38 days to the second block.

Puma densities in central Argentina Wildlife Research E



wecreated capturehistories from theuniquelymarked individuals
and summed detections across encounter occasions. The
unmarked pumas constituted those photographs where at least
one researcher identified the individual as unmarked.We created
capture histories that included an accumulated count of the
number of photos of these unmarked pumas at each camera
station during each encounter occasion. Marked pumas that
we were not able to determine identity for (i.e. marked but
unidentifiable) were removed from the analysis, because we
would run the risk of underestimating encounter rate and
overestimating abundance (Royle et al. 2014). We also
recorded camera malfunctions, time and location across all
encounter occasions.

As in non-spatial mark–resight models, we assumed that
marked individuals represent a random subset of population,
but, additionally, the marked individuals must represent a
random sample of individuals in the State-space S. We can
assume a homogeneous point process for both the marked and
the unmarked part of the population. Similar to spatially explicit
capture–recapture models, we assumed that each Individual i has
an activity centre, si, and we distributed potential si uniformly
across the State-space S, an area including the trapping grid and a
buffer large enough to include all animals potentially exposed
to our sampling (Royle et al. 2009). We also assumed that the
number ofPuma iphotographs atCamera station j andOccasion k,
yijk, was a Poisson random variable with mean encounter rate of
lijk. We modelled the mean encounter rate using a half-normal
decreasing function of the distance from Camera-trap station j to
the individual’s Activity centre si, dependent on the baseline trap
Encounter rate l0 (i.e. the probability of capture of Individual i at
Trap j during a sampling occasion when an individual’s Activity
centre si is located precisely at Trap j) and Parameter s (i.e. scale
parameter of the half-normal function, which relates decline in
probability of animal capturewith distance away from the activity
centre, expressed in kilometres (Royle et al. 2009).

To define S, we used a 10-km buffer in PLNR and a 15-km
buffer in LEGR from the outermost coordinates of trapping grids.
This resulted in an area for S of 817.88 km2 and 1539.97 km2 in
PLNR and LEGR respectively. To ensure that our buffers were
large enough to include home-range centers outside the trapping
grid, we used the recommended three to four times the estimate
of our spatial scalar, s, to define the state-space (Royle et al.
2009). As long as the buffer is sufficiently large, Swill scale with
estimated N, such that density should not change. We
implemented the SMR model proposed by Royle et al. (2014)
using Just Another Gibbs Sampler (JAGS) program through
the ‘rjags’ package interface in software R version 3.0.2
(R Development Core Team 2013). To estimate N, we applied
data augmentation to themarked (50), and unmarked (50) pumas,
and N is the sum of the estimated number of marked individuals
and the estimated number of unmarked individuals (Royle et al.
2014). For the unmarked pumas, encounter histories are latent
(i.e. unobservable) andwe observed only the accumulated counts
of unmarked pumas, and, thus, these are essentially considered
as missing data (Sollmann et al. 2013b). We adapted a Bayesian
framework and used Markov-chain Monte Carlo (MCMC)
sampling to update missing data using their full conditional
distribution (Sollmann et al. 2013a; Rich et al. 2014; Royle
et al. 2014).For each studyarea,we ran three chainsof theMCMC

sampler with 200 000 iterations each, discarding 100 000
iterations as burn-in. We calculated the Gelman–Rubin statistic
R-hat (Gelman et al. 2004) using the R package coda to check
for chain convergence (Plummer et al. 2006); values <1.1
indicated chain convergence. We reported the posterior mean
with standard error (defined as the standard deviation of
the posterior distribution of a parameter) and the Bayesian
credible intervals. For density estimates we reported the mode
rather the mean because simulations have shown the mode to be
less biased than the mean with low sample sizes (Chandler and
Royle 2013; Sollmann et al. 2013b; Rich et al. 2014). Density,
D, was derived by dividing N by the area of S.

Comparing density estimates of puma between study
areas and techniques

We compared puma densities between studies areas, PLNR and
LEGR, and between modelling techniques MR and SMR. We
considered estimates to be different from each other if their
95% confidence or credible intervals did not overlap each
other (Payton et al. 2003).

Encounter rate of prey

We calculated and compared encounter rates for prey species
between the two study areas to explore relationships with puma
densities. For each prey species, we recorded the photographic
rate (number of photographic events of prey species/100 trap-
days). A photographic event consisted of photo captures of any
distinctly different individuals of a species within a 60-min time
period, regardless of number of photographs. We grouped prey
into the following different categories: large mammals (red deer,
wild boar, blackbuck and guanaco (Lama guanicoe)); medium
mammals (European hare (Lepus europaeus), Patagonian mara
(Dolichotis patagonum), large hairy armadillo (Chaetophractus
villosus) and plains viscacha (Lagostomus maximus)); big birds
(lesser rhea (Rhea americana)); medium birds (tinamidae
(Nothoprocta cinerascens), Eudromia elegans and Nothura
sp.) and small birds (eared dove (Zenaida auriculata)). We
considered prey encounter rates to be different between study
areas if 95% confidence intervals (CIs) did not overlap (Payton
et al. 2003).

Activity patterns

We used the time printed on photographs obtained during the
surveys to describe puma activity patterns. To avoid
autocorrelation, we considered records to be independent if
they were more than 1 h apart at the same station, except when
it was possible to identify distinct puma individuals (Silveira
et al. 2003; Ridout and Linkie 2009). Because puma behaviour
might be conditioned on the events of sunrise and sunset, we
first recalculated the time records as time to (or from) those
astronomical events (Nouvellet et al. 2012) and then standardised
them to a 24-h day to allow comparison between different surveys
and seasons.Wecompared pumaactivity patterns betweenPLNR
andLEGRusingMardia–Watson–Wheeler test to assesswhether
the daily frequency distributions of captures of two different
samples have the same distribution (Batschelet 1981; Paviolo
et al. 2009).
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Also, we classified puma activity patterns into the following
four categories according to van Schaik and Griffiths (1996):
(1) diurnal, when puma’s activity is between 1 h after the sunrise
and 1 h before the sunset; (2) nocturnal, when puma’s activity is
between 1 h after the sunset and 1 h before the sunrise;
(3) cathemeral, when puma’s activity is distributed
approximately evenly throughout the 24 h of the daily cycle,
orwhen significant amounts of activity occurwithin both the light
and dark portions of that cycle; and (4) crepuscular, when puma’s
activity occurred 1 h before and after sunrise and sunset. Then,we
fit kernel-density functions to time of observations of pumas to
describe activity patterns and calculate the temporal overlap in
puma activity between the two sites with the D1 overlap term
(Ridout and Linkie 2009). The D1 overlap term is suggested for
small samples of a quantitative index D of overlap, which ranges
from0 to 1 and is calculated as the area under the curve formed by
taking the smaller of two density functions at each time point
(Ridout and Linkie 2009). Thus, values close to 1 amount to large
temporal overlap inpumaactivity at PLNRversusLEGR.Finally,
we obtained 95% CIs for these estimates from 10 000 bootstrap
samples. All statistics were analysed using the overlap package
(Ridout andLinkie 2009) in the softwareR3.0.2 (RDevelopment
Core Team 2013).

Results

Camera-trapping surveys and identification of pumas

We accumulated 608 trap-nights in 76 days in PLNR and 2070
trap-nights in 90 days at LEGR (Table 2). We obtained 65 and
12 puma photographs as independent events, corresponding to
10.69 and 0.58 capture events per 100 trap-nights in PLNR and
LEGR respectively (Table 2). Interestingly, most puma
photographs were identified to the individual level, namely, 61
of 65 events in PLNR and 10 of 12 events in LEGR. Pumas
categorised asmarked but not identifiable were 0 and 1, and those
categorised as unmarked were 4 and 1 in PLNR and LEGR
respectively (Table 3).

Abundance and densities of pumas by non-spatial
mark–resight

For PLNR, the mark–resight model without individual
heterogeneity had the most support. Conversely, the best
model for LEGR included individual heterogeneity. Top-
ranking models resulted in abundance estimates that were
higher in PLNR (mean� s.e.; 12.76� 0.37) than in LEGR
(4.70� 0.56; Table 3).

At PLNR, the 1/2MMDM value was 2.75 km and the area
surveyed was 136.87 km2 and in LEGR the 1/2MMDM was
4.03 km and the area surveyed was 248.59 km2 (Table 3).
Puma density (D� s.e.) was considerably higher at PLNR at
9.32� 1.05 pumas per 100 km2, than at LEGR with 1.98� 0.27
pumas per 100 km2 (Table 3).

Densities of pumas by spatial mark–resight

The posterior mean density using Bayesian techniques (D� s.e.)
was also higher at PLNR at 4.90� 1.51 than at LEGR at
1.38� 0.91 pumas per 100 km2; for both study areas, the
posterior mode was lower, at 4.89 (slightly) and 0.52 pumas
per 100 km2, respectively. The baseline encounter rate, l0, was
higher inPLNR(0.24� 0.08) than inLEGR(0.02� 0.03) and the
posterior mean for the movement parameter s was smaller in
PLNR (3.25� 0.77) than in LEGR (6.00� 1.78) (Table 4). All
parallel Markov chains appeared to converge, as the
Gelman–Rubin statistic R-hat for all parameters was <1.1

Comparing density estimates of puma between study
areas and techniques

Regardless of the modelling technique used, densities of pumas
were always higher in PLNR than LEGR, as indicated by non-
overlapping CIs. Spatial mark–resight (SMR) models were more
conservative, generally producing lower puma estimates than
those from non-spatial mark–resight techniques (Fig. 2a).

Table 3. Number of pumas (Puma concolor) recorded and comparisons of models with and without heterogeneity used to estimate puma abundance
in the protected Parque Luro Natural Reserve and the hunted La Escondida Game Reserve from La Pampa province, Argentina

Puma classifications were made in conjunction with three investigators. Half mean of the maximum distances moved (1/2MMDM) among individuals was used
as a radius around camera traps to determine the effective survey areas. Density was estimated from the abundance estimate (N) from the top model for Parque
LuroNatural Reserve.a, mean resight rate;s, individual heterogeneity;U, number of unmarked individuals; (.), parameter constant; (0), parameter set to 0;l, the
overall mean resighting rate; n*, the number of pumas identified to the individual level; II, the total number of puma photographic-capture events classified as
individually identifiable; MBNI, the number of pumas marked but not unambiguously identifiable; and UM, unmarked pumas; AICc, Akaike’s information
criterion with small sample size; DAICc, differences in AICc; Log(l), maximized log likelihood; K, number of estimable parameters; wi, Akaike weights

Site Number of puma
photographic-
capture events

Model
definitiona

AICc DAICc Log(l) K wi N (s.e.) l (s.e.) 1/2 MMDM
(km)

Effective
survey

area (km2)

Density
(s.e.)

per 100 km2

n* II MBNI UM

Parque Luro
Natural
Reserve

12 61 0 4
a(.)s(0)U(.) 62.61 0.00 57.41 2 0.83 12.76 (0.37) 5.05 (0.66)

2.75 136.87 9.32 (1.05)a(.)s(.)U(.) 65.80 3.20 57.14 3 0.17 12.74 (0.40) 5.03 (0.72)

La Escondida
Game
Reserve

4 10 1 1 a(.)s(.)U(.)A 23.30 0.00 13.30 3 0.50 4.70 (0.56) 2.45 (0.85) 4.03 248.59 1.98 (0.27)

ABecause of the small sample size, the models with and without individual heterogeneity could not be distinguished; therefore, we used the heterogeneity
model as there was support for this model in the traditional modelling approach (i.e. Program CAPTURE not included in the this paper).
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Prey encounter rates

Prey encounter rates varied within and between study sites
(Fig. 2b). Interestingly, the protected PLNR had a lower prey
species richness than did the hunted LEGR, because blackbuck,
guanaco, Patagonian mara and plains viscacha were not present.
However, the large-mammal potential-prey category showed
similar encounter rates across sites (i.e. overlapping 95% CIs;
Fig. 2b), although there was much higher variability at
PLNR. Medium-sized mammals and large birds had higher

encounter rates in the hunted LEGR than in the protected
PLNR, whereas medium-bird, small-bird and puma encounter
rates were higher in PLNR than LEGR (Fig. 2b).

Activity patterns

Daily puma activity patterns were not different between PLNR
and LEGR (Mardia–Watson–Wheeler test, X2= 1.26, d.f. = 2,
P = 0.53). However, puma activity was spread more evenly
around the clock at the protected PLNR, although being

Table 4. Summary statistics of parameter estimates from a spatial mark–resight model incorporating photographic captures of puma
(Puma concolor) from camera-trapping surveys conducted in the protected Parque Luro Natural Reserve and the hunted La Escondida

Game Reserve
All model parameters converged as the Gelman–Rubin R-hat of <1

Parameter Parque Luro Natural Reserve La Escondida Game Ranch
Mean (s.e.) Mode 2.50% 97.50% Mean (s.e.) Mode 2.50% 97.50%

s (km) 3.25 (0.77) 2.89 2.35 5.40 6.00 (1.78) 4.70 3.18 9.63
l0 (daily mean encounter rate) 0.24 (0.08) 0.20 0.14 0.42 0.02 (0.03) 0.01 0.01 0.08
N (super population) 40.08 (12.35) 40 16 64 21.33 (14.07) 8 6 57
D (individuals per 100 km2) 4.90 (1.51) 4.89 1.96 7.83 1.38 (0.91) 0.52 0.39 3.70
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Fig. 2. Estimated densities and encounter rates in the protected Parque Luro Natural Reserve (PLNR) and the hunted La
EscondidaGameReserve (LEGR). (a) Puma (Puma concolor) density, and the associated 95%confidence intervals, calculated by
the following two methods: mark–resight with 95% confidence intervals, and spatial mark–resight (with 95% credible intervals)
models from camera-trapping surveys. (b) Potential prey and puma encounter rates (number of photographic-capture events per
100 trap-nights) from camera-trap surveys; error bars are 95% confidence intervals; n, total number of photographic events.
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predominately nocturnal (0.50 of kernel density), with a minor
peak at just before 0600 hours and a larger peak at ~2200 hours.
At the hunted LEGR, puma activity peaked dramatically just
before 0700 hours and again at 1900 hours (Fig. 3) and pumas
exhibited no activity from ~1000 hours to 1700 hours, although
most activity was also nocturnal (0.41 of kernel density). The
density functions showed that pumas in both study areas had
somecrepuscular activity, both at sunrise and sunset, but inPLNR
pumas could be active during any time of the day (Fig. 3). Despite
no significant difference, overall puma activity patterns appeared
different between the study areas, with a low level of overlap,
D1 = 0.57, between the sites (Fig. 3).

Discussion

Regardless of the estimation method, density of pumas was
always higher in the protected PLNR (range = 4.89–9.32
pumas per 100 km2) than in the LEGR (range = 0.52–1.98
pumas per 100 km2) study site. Additionally, our results
showed that the densities of pumas were not a function of prey
trapping rate and activity patterns of pumas were different
between PLNR and LEGR, which could have been influenced
by existence of human activity.

Our density estimates in PLNRwere also substantially higher
thanwere density estimates reported in other protected areas from
Argentina (range 0.3–1.55 pumas km–2) (Kelly et al. 2008;
Paviolo et al. 2009; Quiroga et al. 2016). The protected PLNR
is a forest island surrounded by agriculture and cattle ranches, and
pumas are likely to use the forest for refuge, because this reserve
includes high-quality habitat. Pumas are hunted and captured in
the ranches neighbouringPLNR,wherewe obtained photographs
of an adult male with a snare cable around its abdomen.
Additionally, forest rangers have noted pumas with leg snares
several times.Woodroffe andGinsberg (1998) considered border
areas of reserves as high risk for predators because of the conflict
with people on reserve borders that can be a major cause of
carnivore mortality. Thus, PLNR could act as a source patch

within the landscape, yet the border edges could be a sink, owing
to a high levels of emigration of young individuals thatmay suffer
highmortality as they disperse from PLNR. Protected areas, such
as national parks or lightly hunted areas, are generally source
areas for pumas (Laundré and Clark 2003), which have been
shown toexhibit higher densities than in areaswithhigher hunting
intensity (Stoner et al. 2006; Cooley et al. 2009a, 2009a;
Robinson et al. 2014). Also, in this ecosystem, forest refugia
in the Caldén forest such as PLNR, lack jaguars (Panthera onca),
which could potentially contribute to higher puma densities in the
area, because pumas may be freed from intraspecific competition
for prey resources or from direct killing by jaguars, and thus may
increase in abundance or expand their spatio-temporal niches
(Palomares and Caro 1999).

From 2000 to 2007, puma hunting was permitted in LEGR,
and, in 2007, three individuals, namely two females andonemale,
were harvested (L.Córdoba, pers. comm., LEGRmanager). Total
numbers of pumas hunted in other years are unknown. However,
the low puma density in LEGR is similar to the density estimated
in the Atlantic Forest of Argentina (0.67� 0.16 pumas per
100 km2), where poaching and illegal timber extraction have a
negative impact on the population density of pumas (Kelly et al.
2008; Paviolo et al. 2009). LEGR could act as an ecological trap
for pumas, becauseLEGRappears to have highdiversity andhigh
encounter rates of prey. Several North American studies have
shown that heavily hunted areas act as sinks, where puma
densities can be similar to those in source areas as a result of
the immigration of individuals into hunted (sink) populations
(Stoner et al. 2006; Robinson et al. 2008; Cooley et al. 2009a,
2009b).

Another cause of decline of large wild-cat populations is low
prey abundance (Sunquist and Sunquist 2002; Wilson and
Mittermeier 2009), and, in general, puma abundance depends
largely on prey abundance (Pierce 2000; Logan and Sweanor
2001). Paviolo et al. (2009) suggested that low abundance of
pumas in the Green Corridor of north-eastern Argentina could be
attributed to low abundance of prey. Our trapping rates of
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potential prey (i.e. large mammals) were similar and high in both
studyareas; however, in theprotectedPLNR,highencounter rates
of introduced ungulates, namely red deer and wild boar,
corresponded with a high density of pumas, perhaps indicating
a numerical response of predators to prey. However, this was not
the case in the huntedLEGR,wherepumadensitywas lowdespite
high large-prey encounter rates. Red deer are restricted to PLNR,
because of the high perimeter fence, yet the fencing does notwork
for wild boar. Additionally, there are no other native herbivores
such as guanacos and pampas deer (Ozotoceros bezoarticus) that
could compete for food resources. Thus, large introduced
herbivores in the PLNR could be closer to ecological carrying
capacity and, therefore, availability of this speciesmaybe high, as
is evident in PLNR puma-diet analyses (Zanón Martínez et al.
2016).

The behaviour of wildlife can be influenced by anthropogenic
activity. Pumas were recorded during all hours in the protected
PLNR, whereas in the hunted LEGR, pumas were rarely active
during themiddle of the day (1000 hours to 1600 hours; albeit we
note that sample sizes were small for LEGR). Higher nocturnal
puma behaviour exhibited at LEGR could be due to higher
human activity and hunting of pumas during daylight hours.
This effect has been shown in other studies where pumas were
more active during the first hours of the day in the well protected
area, whereas in the least-protected areas they showed bimodal
activity peaks, being active in the early morning and early
evening, and remaining active during the night (Paviolo et al.
2009). Our study showed even stronger evidence of bimodal
activity (at 0700 hours and 1900 hours) at the site with high
human disturbance.

Determining demographic parameters such as population
density for a large carnivore is crucial to understanding the
impacts of past management practices and is necessary to
outline future conservation and management plans (Gittleman
et al. 2001; Ray et al. 2005; Mills 2013). We used camera-trap
information on puma populations where a majority of the
population was individually identifiable by obvious and subtle
marks and we used a mark–resight and a spatial mark–resight
modelling framework to incorporate unmarked animal photo
captures into our estimates of abundance and density.
Traditional capture–recapture models have been applied to
estimate abundance in puma populations (Kelly et al. 2008;
Paviolo et al. 2009; Negrões et al. 2010); however, in these
studies, ambiguousphotoswerediscarded and thusnot used in the
analyses, removing valuable information on puma captures.
Mark–resight models incorporate information from both
marked and unmarked individuals, to obtain a more reliable
population-size estimate (Sollmann et al. 2013a; Rich et al.
2014; Royle et al. 2014). Spatial mark–resight models (SMR)
also take the camera locations directly into the estimation process
and, thus, avoid problems associated with using ad hocmethods
to convert abundance to density (Efford 2004; Borchers and
Efford 2008; Royle et al. 2009, 2014).

Densities of pumas estimated from SMR models were more
conservative than those estimated from traditional capture–
recapture and mark–resight techniques. Similar results have
been reported by Rich et al. (2014), suggesting that non-
spatial models are likely to not fully account for animal
movement out of the sampling grid, such that 1/2MMDM may

be too small to accurately reflect animal movements, potentially
leading to overestimation of density, which is highly problematic
for species conservation. When we applied the SMRmodels, we
defined the spatial extent of the puma populations in both study
areas by setting a state-space, S, to be large enough to include all
animals potentially exposed to our sampling (Royle et al. 2009),
including pumas occurring outside the fences and the camera
grid. Thus, the spatial models were not confined to the minimum
convex polygon (MCP) of the camera grids themselves.
However, we do recognise that the sizes of our study areas
were small and the number of camera stations fewer than in
other studies that have estimated puma density (Kelly et al. 2008;
Paviolo et al. 2009; Negrões et al. 2010). We also note that our
study was unreplicated and, thus, should be interpreted with
caution. Given that small fenced reserves established for sport
hunting are common inLaPampaprovince,weurge future studies
to focus on such reserves to provide much needed information
on the status of puma populations in such areas.

Conservation of pumas in La Pampa

We have provided the first density estimates of pumas for a
semiarid forest in South America, including two areas under
different management scenarios, i.e. with and without sport
hunting of both pumas and their prey. In Argentina, mainly in
La Pampa province, hunting pumas for sport or predator control
is legal. Sport hunting is not well regulated; in fact, hunting
permits are granted without reliable information on population
status of this species. For example, puma hunting is permitted
in game reserves as small as 10 km2.

Our findings of lower puma density in a hunted game reserve
despite high prey encounter rates, is useful information for
wildlife managers in La Pampa province, and points to the
need for future study on the long-term viability of the puma in
such reserves. Additionally, we demonstrated that the protected
and intact forest, although small, at PLNR can hold high puma
densities. There are 56 similar fenced-in game reserves located in
the Caldenal region covering over 3222 km2 or 4.4% of the
ecosystem in the province (González-Roglich et al. 2012).
Most have high abundance of large prey species and optimal
habitat, and, therefore, may have high puma densities too. Pumas
may be drawn into the areas by potential large prey as fences do
not deter pumas. However, in this province, threats to puma
populations are still present, mainly through poaching. In La
Pampa province, the puma is not endangered; however, if sport
hunting is to be a viable strategy, it is necessary to develop and
implement management plans for puma populations, together
with strict control over game reserves. Thehuntingof pumas inLa
Pampa province requires an adequate regulatory scheme to assure
theviabilityof this species. Forhunting tobeviable, it is likely that
some reserves will need to be strictly protected, such as PLNR, so
as to act as safe refuges for pumas across the landscape.
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