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Abstract
The landscape of fear is an important driver of prey space use. However, prey can navigate the landscape of fear by exploit-
ing temporal refuges from predation risk. We hypothesized that diel patterns of predator and prey movement and space use 
would be inversely correlated due to temporal constraints on predator habitat domain. Specifically, we evaluated habitat 
selection and activity of the vicuña and its only predator, the puma, during three diel periods: day, dawn/dusk, and night. 
Pumas selected the same habitats regardless of diel period—vegetated and rugged areas that feature stalking cover for 
pumas—but increased their activity levels during dawn/dusk and night when they benefit from reduced detection by prey. 
Vicuñas avoided areas selected by pumas and reduced activity at night, but selected vegetated areas and increased activity 
by day and dawn/dusk. Vicuña habitat selection and movement strategies appeared to reduce the risk of encountering pumas; 
movement rates of pumas and vicuñas were negatively correlated across the diel cycle, and habitat selection was negatively 
correlated during dawn/dusk and night. Our study shows that an ambush predator’s temporal activity and space use pat-
terns interact to create diel refugia and shape the antipredator behaviors of its prey. Importantly, it is likely the very nature 
of ambush predators’ static habitat specificity that makes predator activity important to temporally varying perceptions of 
risk. Prey which depend on risky habitats for foraging appear to mitigate risk by feeding when they can more easily detect 
predators and when predators are least active.

Keywords Activity · Diel migration · Puma concolor · Predation risk · Resource selection · Temporal partitioning · 
Vicugna vicugna

Introduction

Prey rely on a host of behavioral risk-avoidance strategies 
to reduce interactions with predators and avoid the ulti-
mate consequence of poor decision-making—being killed. 
Predators that have narrow and predictable habitat domains 
(i.e., habitat required for hunting) should stimulate specific 
risk-avoidance behaviors that allow prey to exploit spatial 
refugia from predation risk (Schmitz 2005; Preisser et al. 
2007; Schmitz et al. 2017). While the concept of the habitat 
domain has been applied widely in a spatial context, it has 
also been recognized that prey respond to temporal variation 
in predation risk across scales including seasons (Griffin 
et al. 2005), lunar cycles (Kotler et al. 2010; Palmer et al. 
2017), diel cycles (Courbin et al. 2019), and immediate 
predator cues (Creel et al. 2008; Dröge et al. 2017). Tem-
poral variation in predation risk can arise from constraints 
that dictate when a predator can effectively exploit its habi-
tat domain. The interaction of spatial and temporal factors, 
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therefore, further limits predator habitat domains and may 
create temporal refugia for prey in risky habitats.

Temporal refugia can become available on a diel cycle 
if predators are nocturnal and the opportunity for temporal 
partitioning is therefore predictable (Dodson 1990). The 
emergence of temporal refugia during the day may be par-
ticularly strong for prey with ambush carnivore predators 
that employ a sit-and-pursue hunting strategy. Because they 
rely on stealth, many ambush carnivores exploit the cover 
of darkness to hunt and therefore experience a temporally 
varying habitat domain, where hunting “habitat” is con-
strained by the availability of effective cover in both space 
and time. As a result, ambush carnivores are generally more 
active crepuscularly or nocturnally (Harmsen et al. 2011; 
Soria-Díaz et al. 2016) or select habitats on a diel cycle, 
choosing areas where they have a high probability of suc-
cessful prey capture at night (Loarie et al. 2013). Although 
ambush carnivores do not regularly chase prey, they travel 
to seek prey or preferred hunting areas (e.g., Williams et al. 
2014), possibly explaining why activity is often higher for 
ambush carnivores during dawn/dusk and night periods. In 
turn, prey can mitigate the spatial landscape of fear by track-
ing “predator downtimes” and exploiting temporal refugia 
(Kohl et al. 2018). Ungulate prey species respond to higher 
predation risk at night by reducing their activity to decrease 
encounters with predators (Makin et al. 2017; Wu et al. 
2018) or by modifying their space use at night (Lone et al. 
2017; Kohl et al. 2018; Courbin et al. 2019) to avoid features 
like waterholes (Valeix et al. 2009; Crosmary et al. 2012) 
or areas with high cover (Leblond et al. 2010). Much of this 
existing work has either examined only predator or prey, or 
has only measured a single behavioral metric (e.g., predator 
presence, predator habitat selection, or habitat characteris-
tics; Moll et al. 2017), limiting our understanding of how 
temporal habitat domain constraints influence predator–prey 
interactions.

Here we use a simple large mammal system to examine 
diel patterns of prey refuge use in response to both tempo-
ral habitat selection and activity patterns of predators. San 
Guillermo National Park, Argentina, is home to a single 
ambush carnivore, the puma (Puma concolor) and a domi-
nant herbivore prey species, the vicuña (Vicugna vicugna), 
and is therefore not complicated by diverse predator and 
prey assemblages. Vicuñas also maintain relatively static 
home ranges (Franklin 1974), reducing complexity associ-
ated with migration in other large herbivore species (Heb-
blewhite and Merrill 2007, 2009, 2011). Risk and reward 
are conflated in rare, isolated patches of vegetation where 
available forage for vicuñas is concentrated and provides 
stalking cover for pumas. Areas with topographic variability 
also provide stalking cover for pumas but offer little forage 
for vicuñas. Risky habitats are interspersed in a safe but 
less rewarding matrix of extensive open plains (Donadio and 

Buskirk 2016). This unique habitat distribution allows for 
intuitive understanding of the landscape of fear and spatial 
patterns of risk-foraging trade-offs, as risk is concentrated 
in limited areas with topographic and/or vegetative cover.

Our objective was to elucidate two pathways—activity 
patterns and habitat selection—by which a predator–prey 
response race manifests on a diel cycle due to the creation of 
temporal refugia. We hypothesized that diel patterns of puma 
activity and habitat selection would show inverse relation-
ships with vicuña activity and habitat selection, providing 
evidence for vicuña exploitation of temporal refugia during 
the day. We first predicted that pumas would vary both activ-
ity and habitat selection by time of day, as is the case in other 
large ambush carnivores, by moving more and selecting for 
habitat with greater stalking cover at night (Harmsen et al. 
2011; Loarie et al. 2013). Subsequently, we predicted that at 
night vicuñas would reduce activity to minimize detection 
by pumas and select habitats with less stalking cover for 
pumas. Finally, we tested the efficacy of vicuña antipreda-
tor behaviors by examining correlations in movement rates 
and habitat selection among pumas and vicuñas on a diel 
cycle. We discuss the role of multiple interacting behaviors 
employed by predator and prey in determining the outcome 
of a temporally varying predator–prey response race.

Materials and methods

Study system and animal capture

We conducted this research in San Guillermo National Park, 
San Juan Province, Argentina (19J 471233mE 6771981mN). 
Due to limited access, San Guillermo National Park experi-
ences very low human disturbance (< 70 visitors annually; 
only one permanent structure), and therefore animal space 
use and movement is likely driven by ecological and envi-
ronmental conditions only. The park protects 166,000 ha 
of high-altitude deserts, where vegetation cover is scarce 
and forage availability limited (Donadio and Buskirk 2016). 
In this simple system, pumas are the only large carnivore 
and are responsible for over 90% of adult vicuña mortality 
(Donadio et al. 2012; Perrig et al. 2017). Vicuñas perceive 
and experience greater risk in habitats with high vegetative 
cover and topographic variability than in open habitats, as 
evidenced by decreased feeding rates and increased indi-
vidual and group vigilance (Donadio and Buskirk 2016).

We captured 24 adult female vicuñas, each in a differ-
ent family group to avoid pseudoreplication, and fitted 
them with GPS collars (GPS 6000SD, Lotek). We focused 
on adult females because they are more consistent mem-
bers of social groups (Franklin 1974) and are generally 
the most important demographic group in driving large 
herbivore population dynamics (Gaillard et al. 2000). We 
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monitored vicuñas from 4/29/2014 to 2/16/2017. We fit-
ted nine pumas (4 females, 5 males) with GPS collars 
(Iridium Track M2D, Lotek) and monitored them from 
4/8/2014 to 2/21/2017. All vicuña and puma GPS col-
lars were programmed to record locations on a 3-h fix 
rate. Fieldwork was conducted under permit #DCM 455 
and subsequent renewals issued by the Argentine Park 
Service.

Puma and vicuña GPS locations were assigned as 
occurring during the day, dawn/dusk, or night. Diel period 
assignments varied on a daily basis according to local sun-
rise and sunset times, with locations within 1 h of sunrise 
or sunset categorized as dawn/dusk.

Central to the idea that daylight creates a temporal ref-
uge is the assumption that visibility can reduce capture 
rates of vicuñas. Prey in other systems have been found to 
respond to temporal variation in visibility and their subse-
quent ability to detect predators (Prugh and Golden 2014; 
Lynch et al. 2015; Palmer et al. 2017). Camelids in South 
America, including vicuñas, appear to rely on visual cues 
to detect predators, and visual detection is hindered during 
night hours (Sarno et al. 2008).

Movement rates

To quantify diel activity patterns for pumas and vicuñas, 
we first calculated distance between each pair of succes-
sive GPS locations and divided the distance by the time 
difference to obtain a measure of meters traveled per hour. 
We then calculated the mean movement rate of individuals 
for each diel period of each day monitored. We ran mixed-
effects analysis of variance (ANOVA) tests using R pack-
age nlme for pumas and vicuñas with a variable for diel 
period as the predictor, distance traveled as the response 
variable, and a random intercept for individual, where the 
sampling unit was average movement rate in a diel period 
within a single 24-h cycle. We tested for the association 
between puma and vicuña activity by calculating the 
Pearson correlation coefficient between the two species’ 
movement rates. We calculated the population mean of 
individual mean distance traveled per hour between GPS 
locations at 3-h intervals, yielding eight movement rate 
estimates within a diel cycle. We examined diel patterns 
of movement rates by fitting generalized additive mixed 
models (GAMM) with a cyclic regression spline and a 
random intercept for individual animal using the mgcv 
package in R (Kohl et al. 2018). For pumas, we initially 
examined males and females separately to test for differ-
ences in diel movement patterns; because we found no 
differences (although males moved overall approximately 
24% father than females), we pooled sexes for subsequent 
analyses.

Habitat selection

To model habitat selection by pumas and vicuñas during 
the day, dusk/dawn, and night, we fitted resource selec-
tion functions (RSF) using GPS location data. To ensure 
independence between GPS locations, we systematically 
rarified puma and vicuña location data, reducing the sam-
ple rate to one location every 9 h by keeping every third 
location (Northrup et al. 2013). We generated one random 
location for every included GPS location by individual. 
Random locations were sampled from within the home 
range of each individual. We defined home ranges as the 
95% contour line of individual kernel utilization distribu-
tions (using a bivariate normal kernel). The smoothing 
parameter was estimated using the ad hoc method (R pack-
age adehabitatHR; Calenge 2006).

We used mixed-effects logistic regression to fit puma 
and vicuña RSFs for day, dusk/dawn, and night. Each of 
the four global models contained scaled and centered 
covariates for elevation, maximum NDVI from the year 
2015, ruggedness (the mean of the absolute differences 
between the elevation at the focal cell and the surrounding 
eight cells; Wilson et al. 2007), and an interaction between 
NDVI and ruggedness. We included the interaction term 
to account for potential vicuña risk-foraging trade-offs. 
None of the covariates were correlated above r = 0.5. We 
chose to use maximum NDVI rather than a time-varying 
metric because it facilitated a more liberal approximation 
of the location of vegetation throughout the study area. We 
evaluated temporal consistency of relative NDVI values 
and found high correlation of NDVI across seasons (Smith 
et al. 2019). All three covariates had a 30-m resolution. 
NDVI and ruggedness are both indicators of risk due to 
stalking cover, whereby cells with higher NDVI contain 
greater vegetative cover (also indicative of forage avail-
ability for vicuñas) and cells with higher ruggedness con-
tain greater topographic cover. To control for differences 
in sample sizes among individuals, we included a random 
intercept for individual animals. We ran models using all 
combinations of the covariates and determined the best 
models using Akaike’s information criterion (AIC; Burn-
ham and Anderson 2002). To validate the best models, we 
employed an area-adjusted cross-validation approach with 
100 iterations of bootstrap sampling (Boyce et al. 2002).

We examined puma and vicuña diel differences in habi-
tat selection by calculating the Pearson correlation coeffi-
cient between the spatial estimates of habitat selection for 
day and night. Spatial estimates were cropped to the 98% 
kernel density surface isopleths derived from all puma and 
vicuña locations.
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Results

Pumas moved less during the day (176.2 ± 3.8 SE m/h) 
than during dawn/dusk (290.5 ± 5.9  SE  m/h) and night 
(274.9 ± 7.8 SE m/h; F = 126, df = 2, p < 0.001; Fig. 1a). 
Conversely, vicuñas moved 3 × as far during the day 
(151.6 ± 1.1  SE  m/h) and 4 × as far during dawn/dusk 
(199.4 ± 1.9 SE m/h) than at night (50.2 ± 0.5 SE m/h; 
F = 4088, df = 2, p < 0.001; Fig. 1b). Mean puma and vicuña 
movement rates across the diel cycle were negatively cor-
related due to high nocturnal puma activity and high diurnal 
vicuña activity (R = − 0.188; Fig. 1c); however, both species 
exhibited a dip in movement rates in the middle of the day 
(Fig. 1c) and had the highest activity during the dawn/dusk 
period (Fig. 1a).

The best models for puma day, dawn/dusk, and night habitat 
selection included elevation, ruggedness, and NDVI (Tables 
S1, S2, S3; Fig. 2). During all periods, pumas selected for 
ruggedness and NDVI and against elevation (Table S4). Spa-
tial predictions of puma habitat selection in day and night 
were very strongly correlated (R = 0.956, Fig. 3). The best 
models for vicuña day, dawn/dusk, and night habitat selec-
tion included elevation, ruggedness, NDVI, and an interaction 
between ruggedness and NDVI (Tables S5, S6, S7). Vicuñas 
consistently selected against ruggedness (Fig. 2) and had a 
negative interaction between ruggedness and NDVI at all 
times of day (Table S3). Elevation was selected by vicuñas 
at night and dawn/dusk but avoided during the day (Table S3; 
Fig. 2). Vicuñas selected for NDVI during the day and dawn/
dusk but selected against NDVI at night (Table S3; Fig. 2). 

Fig. 1  Mean movement rates of a pumas and b vicuñas during the 
day, dawn/dusk, and night; 95% confidence intervals shown. Letters 
above the bars represent significant differences at p < 0.05 identi-
fied by a Tukey’s HSD test. c Movement rates with standard errors 
by hour for pumas and vicuñas, fit with a generalized additive mixed 
model

Fig. 2  Relative probability of selection of environmental covariates 
from vicuña (brown) and puma (teal) habitat selection models using 
day (light), night (dark), and dawn/dusk (intermediate) locations. The 

shown range of each covariate is representative of the range of values 
within a 98% kernel density surface isopleth derived from all vicuña 
or puma locations (color figure online)
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Spatial predictions of vicuña habitat selection in day and night 
were not positively correlated (R = − 0.008, Fig. 3). Puma and 
vicuña spatial predictions of habitat selection were positively 
correlated during the day (R = 0.377) and negatively correlated 
at dawn/dusk (R = − 0.564) and at night (R = − 0.897). 

Discussion

In this system, prey exploit predator downtimes to take 
advantage of feeding habitats required by both predator 

Fig. 3  Spatial predictions of habitat selection using day, dawn/
dusk, and night vicuña and puma GPS locations (red = selection; 
blue = avoidance), and the difference between day and night habitat 
selection predictions (orange = greater comparative daytime prefer-

ence; purple = greater comparative nighttime preference). Polygons 
represent the 98% kernel density surface isopleths derived from all 
vicuña and puma locations. Scale bars are shown in kilometers (color 
figure online)
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and prey. Our results suggest that puma habitat domains 
are constrained by conditions that change through time, 
creating temporal refugia in habitats that would be consid-
ered “risky” from a purely spatial assessment. We found 
that vicuñas exploit these temporal refugia by altering both 
their habitat selection and movement rates on a diel cycle 
in response to perceived predation risk. Vicuñas exhibited 
strong temporal risk avoidance by both moving less and 
selecting habitats characterized by reduced stalking cover 
(i.e., lower ruggedness and vegetation) or habitats avoided 
by pumas (i.e., higher elevation) at night, when pumas 
were most active. Importantly, an interaction between rug-
gedness and vegetation was observed in all vicuña habitat 
selection models regardless of time of day, indicating the 
significance of a risk-foraging trade-off in foraging habitat 
that has topographic attributes which favor the ambush 
strategy of pumas. Therefore, topographically variable for-
aging habitats may always be risky due to reduced capacity 
to detect predators.

Our finding that vicuñas responded to puma activity pat-
terns was substantiated by negatively correlated puma and 
vicuña movement rates throughout the diel cycle, although 
both species moved most during dawn/dusk periods. Vicuñas 
avoided areas selected by pumas at night and dawn/dusk, 
indicating that vicuñas perceive spatial overlap with pumas 
to be riskier when visibility is low and puma activity is high. 
Our results indicate that the interaction between activity and 
habitat selection temporally constrains puma habitat domain 
and creates a temporal refuge for vicuñas in “risky” but prof-
itable foraging areas during the day.

Our result that high nocturnal predator activity contrib-
utes to temporal patterns of prey antipredator behaviors is 
consistent with other studies on diel patterns of ungulate 
risk avoidance (Fischhoff et al. 2007; Burkepile et al. 2013; 
Bogdan et al. 2016; Kohl et al. 2018). However, unlike other 
studies of diel patterns of ambush predator habitat selec-
tion (Loarie et al. 2013), pumas in our study did not exhibit 
any temporal changes in habitat preference; pumas instead 
selected for vegetation and ruggedness (both of which pro-
vide stalking cover) regardless of time of day. Consistent 
puma selection for cover may prevent vicuñas from being 
able to entirely avoid habitats preferred by pumas, because 
it is in those habitats where vicuñas find abundant and high-
quality forage (Donadio and Buskirk 2016). Puma selection 
for habitats with forage throughout the diel period is likely 
what drives the strong vicuña diel migration toward veg-
etated areas during the day and away from them at night. 
Vicuña diel migration to feeding grounds is responsible 
for the highest vicuña movement rates occurring at dawn/
dusk and may also explain increased puma activity during 
dawn and dusk periods. More work is needed to substantiate 
whether predation risk is greatest for vicuñas during times of 
shared high crepuscular activity rates in predator and prey.

It is worth noting that pumas were present throughout our 
study area, therefore we are unable to assess vicuña behavior 
in the absence of predators. In addition, because we were 
only able to track nine individual pumas for this work, our 
sample may not represent space use and activity patterns at 
the population level. However, high overlap in utilization 
of habitat patches by both males and females in this sys-
tem indicates that there is low variation in the habitat types 
and distributions experienced by individual pumas (Smith, 
Donadio, and Middleton unpubl. data).

Evidence for diel patterns of risk-avoidance behaviors by 
vicuñas suggests that prey use multiple strategies to mitigate 
predation risk. In addition to the spatial and activity patterns 
we describe, vicuñas in this study area exhibit greater vigi-
lance behavior in risky habitats that contain stalking cover 
for predators (both topographic and vegetative; Donadio and 
Buskirk 2016). Research on the non-consumptive effects of 
predation risk, including trait-mediated indirect effects, may 
overestimate risk effects if only one risk-avoidance behav-
ior is measured (Geraldi and Macreadie 2013). In this case, 
temporal constraints on puma hunting domain may allow 
for greater utilization of high-quality forage by vicuñas 
than would be predicted by habitat domain theory alone. 
However, the presence of predators appears to reduce pres-
sure on vegetation by stimulating prey avoidance of vegeta-
tive cover at night and increased movement during the day 
(whereby a single patch is less likely to be depleted). We 
suggest that temporal refugia may facilitate the stability of 
similar systems, whereby prey can access but not overexploit 
their forage resources. Investigation of other temporal scales 
of environmental variation including lunar cycles and sea-
sons might further illustrate the consequences of behavioral 
decisions made by predator and prey. We encourage future 
research that explores the effects of temporal predator habi-
tat domain constraints on prey behavior, demography, and 
trophic cascades.
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