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preference or avoidance to traverse them (the crossing 
effect).
Methods Using GPS collar data, we combined 
Hidden Markov Models with an integrated step 
selection analysis to segment guanaco movement 
trajectories into individual behaviors and test for 
differences in road effects on movement.
Results We found that guanacos display distinct 
movement responses to different types of roads 
depending on their behavioral state. Guanacos select 
for proximity to paved roads while foraging, but 
against them when traveling. Yet, guanacos select for 
unpaved roads when traveling. Despite the selection 
for proximity to paved roads, guanacos avoid crossing 
them, irrespective of their behavioral state.
Conclusion Our findings offer significant 
implications for guanaco distribution and 
management across Patagonia. The selection for 
roads strongly influences the distribution of guanacos, 
which could concentrate grazing in some areas 
while freeing others. Despite potential benefits such 
as increased vegetation near roadsides, increased 
association with roads while foraging may result 
in an ecological trap. Finally, the strong aversion to 
crossing paved roads raises concerns about habitat 
loss and connectivity.

Keywords Road ecology · Habitat selection · 
Animal movement · South American camelid

Abstract 
Context Widespread globally, roads impact the 
distribution of wildlife by influencing habitat use 
and avoidance patterns near roadways and disrupting 
movement across them. Wildlife responses to roads 
are known to vary across species; however within 
species, the response to roads may depend on the 
season or the individual’s behavioral state.
Objectives We assess the movement behavior and 
space use of the most widespread large herbivore 
in Patagonia, the guanaco (Lama guanicoe). We 
estimated the preference or avoidance to paved 
or unpaved roads (the proximity effect) and the 
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Introduction

Animal movement is driven by the spatiotemporal 
distribution of resources as individuals search for 
food, acquire mates, and seek safety (Nathan 2008). 
However, anthropogenic changes, such as habitat loss, 
energy development, and climate change, are rap-
idly creating novel landscape conditions that impact 
animal’s resources (Chambers et al. 2022; Pike et al. 
2023). In response to these changes, animals may 
need to adapt and adjust their behavior and move-
ment patterns to survive. Human activities can also 
create both physical barriers, like fences and dams, as 
well as perceived barriers due to fear of human per-
secution. Barriers that impede movement can lead 
to a diminished capacity to track essential resources, 
thereby resulting in individual fitness consequences, 
a decline in population connectivity, and a reduced 
flow of nutrients across an ecosystem (Tanner and 
Perry 2007; Holderegger and Di Giulio 2010; Bauer 
and Hoye 2014). Therefore, it is crucial to understand 
how human activities reshape the resource landscape 
while also recognizing their potential to restrict ani-
mal movement.

Spanning over 21 million kilometers, roads are 
amongst the most widespread anthropogenic features 
on landscapes around the world (Meijer et al. 2018). 
The population impacts of roads on wildlife, like 
road-related mortality, are well documented. Vehi-
cles cause 7% of mammal, 13% of reptile, and 4% of 
amphibian mortality worldwide (Hill et al. 2019). As 
a dominant feature on the landscape, roads can also 
influence wildlife behavior through habitat modifi-
cation that drastically changes conditions like light 
and soil characteristics impacting animal foraging, 
breeding, and predator avoidance strategies (Teixeira 
et  al. 2020; Hill et  al. 2021). These changes to the 
resource landscape can lead to alterations in habitat 
selection through road avoidance or attraction. The 
proximate causes of road avoidance varies from spe-
cies to species as some individuals may be avoiding 
increased noise, differences in habitat quality, or even 
changes to the microclimate (Ortega and Capen 1999; 
McClure et al. 2013). Conversely, other species may 
select for habitat near roads due to increasing plant 
productivity, refuge from predation, thermoregula-
tion, or the facilitation of movement (Hill et al. 2021). 
Roads can also impact habitat selection by imped-
ing movement as some species avoid crossing them 

(Brehme et  al. 2013; Aiello et  al. 2023). Responses 
to roads can vary across species, but also within the 
same species. Individual decisions to associate with 
or avoid roads may be influenced by seasonal varia-
tions or their current behavioral state (resting, for-
aging, or traveling), potentially reflecting the influ-
ence of distinct proximate mechanisms underlying 
these movement patterns. Some individuals might 
be attracted to roads when traveling due to a reduc-
tion in energy costs, but that same individual might 
avoid roads when resting due to the risk of vehi-
cle collisions (Abrahms et  al. 2015; Buxton et  al. 
2020). Roads undoubtedly impact wildlife, however 
these impacts may be more dynamic than previously 
appreciated.

Guanacos (Lama guanicoe) are the most 
widespread large herbivore in Patagonia, but land-use 
change, overhunting, and competition with livestock 
drove their populations to approximately 3–7% 
of their original abundance by the early twentieth 
century (Baldi et  al. 2016). Roads are a potential 
threat to remaining guanaco populations. Previous 
research suggests that guanacos are negatively 
affected by roads both directly, via vehicle collisions 
and roadside fence entanglements, and indirectly, 
as roads provide hunters easy access to guanacos 
(Rey et al. 2012; Radovani et al. 2014). Still, studies 
looking at the effects of roads on guanaco abundance 
and distribution have found mixed results (Cappa 
et  al. 2017, 2019; Schroeder et  al. 2018). In La 
Payunia Reserve, unpaved roads were found to have 
no effect on guanaco abundance (Schroeder et  al. 
2018). However, guanaco responses to roads may 
differ based on the road type. Unpaved dirt roads have 
lower traffic volume and speed, and potentially offer 
easier travel for guanacos. However, this easier travel 
may come at a cost of increased accessibility for 
poachers and hunters. In contrast, paved roads, while 
posing risks from high-speed traffic, can significantly 
alter the physical terrain, potentially facilitating 
water accumulation and plant growth that could 
attract guanacos. One study in northern Argentina 
found a greater abundance of guanaco dung piles 
near unpaved roads than paved roads, potentially 
indicating that paved roads negatively affect guanaco 
distribution (Cappa et  al. 2019). Still, it is unclear 
how both paved and unpaved roads impact guanaco 
behavior, whether they attract or repel guanacos, 
and how they may act as barriers to movement. 
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Understanding this behavior is particularly important 
as guanaco population estimates almost entirely rely 
on road-based surveys. The attraction or avoidance of 
roads can introduce substantial bias, jeopardizing the 
accuracy of these estimates.

In this study, we integrate multiple animal move-
ment analyses to evaluate guanaco habitat use and 
movement behavior near both paved and unpaved 
roads (i.e., proximity effect), and to understand how 
roads influence movement across roads (i.e., crossing 
effect). The proximity effect is the probability of using 
habitat as a function of distance to the road, whereas 
the crossing effect assesses the permeability of the 
road. Further, because guanaco behavioral responses 
may be mediated by their behavioral state or by sea-
sonality, we analyzed the effects of roads separately 
by season (spring–summer vs. autumn–winter) and 
behavioral state (resting, foraging, and traveling). We 
hypothesized that roads will impact the habitat selec-
tion of guanacos, but only during specific behavioral 
states. Specifically, we predict that guanacos would 
select for roads while foraging due to greater primary 
productivity all year round, but selection for roads 
will be stronger for paved roads in the spring and 
summer months when there is less water availability 
for plant growth. In addition, we predicted that gua-
nacos would avoid paved roads when traveling due to 
high traffic volume and select unpaved roads, as they 
may facilitate less energetically demanding move-
ment. Finally, again due to the variation in traffic vol-
ume, we predict that guanacos would avoid crossing 
paved roads but would readily traverse unpaved roads. 
We do not expect these patterns to change seasonally.

Methods

Study area

Established in 2004, Monte León National Park 
(MLNP) is located on the east coast of Argentina 
within the Santa Cruz province, covering 61,000 
hectares and 30 km of coastline (Fig. 1). The park is 
characterized by coastal steppe with both shrubland 
and grassland ecosystems. Black shrub (Junellia 
tridens) and pine-scented daisy (Lepidophyllum 
cupressiforme), dominate the shrublands, while 
thatching grass (Festuca pallescens), salt grass 
(Puccinellia sp.), bentgrass (Agrostis sp.), and 

coast tussock-grass (Poa atropidiformis) dominate 
the grasslands (Oliva et  al. 2006). Average annual 
precipitation is 255  mm, characterized by rainfall 
during the autumn–winter months (April-September) 
and a dry season in spring–summer (October–March) 
(Paruelo et al. 1998). Average temperatures are 4.7 ℃ 
during the autumn–winter months and 13.8 ℃ during 
the spring–summer months. Therefore, we split our 
data into two distinct periods, the autumn–winter 
months (April-September) with lower temperature 
and more precipitation and the spring–summer 
months (October–March) with higher temperatures 
and lower precipitation.

Some guanaco populations are beginning to 
recover in Patagonia due to the creation of protected 
areas and the abandonment of ranches in the region 
(Carmanchahi and Lichtenstein 2022). MLNP is one 
key area where guanaco populations are thought to 
be recovering and is one of the few places in their 
range without hunting and competition with livestock 
(Walker and Novaro 2010). The park is bordered by a 
major, heavily used state highway, Ruta 3, that sepa-
rates the park from neighboring ranches. Near MLNP, 
guanacos are often observed both on and alongside 
the paved highway.

GPS collar data

From 2019 to 2022 we monitored 29 adult guanacos 
(14 males and 15 females) during the spring–summer 
season and 28 (14 males and 14 females) during the 
autumn–winter season in Monte León National Park 
in Southern Argentina following all National Park 
regulations and protocols (Supplementary Table  1). 
Each GPS collar (LiteTrack Iridium 420, Lotek, 
Ontario, Canada) was programmed to capture one 
fix every two hours. For all subsequent analyses, we 
included GPS locations from collars that recorded 
data for a minimum of four months between 2019 
and 2022. We treated each year of monitoring for 
individual guanacos as separate individuals (referred 
to as a guanaco year) to account for changing habitat 
conditions between years of study (Prokopenko et al. 
2017). Multiple guanacos were monitored in more 
than 1 year of the study resulting in 58 guanaco-years 
for the spring–summer season and 57 guanaco-years 
during the autumn–winter season. Fieldwork was 
conducted under permit IF-2019–111378017-APN-
DRPA#APNAC and subsequent renewals issues 
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from the National Park Administration of Argentina 
(Administración de Parques Nacionales), and UC 
Berkeley IACUC Protocol # AUP-2019–10-12628.

Behavioral segmentation

We fit Hidden Markov Models (McClintock and 
Michelot 2018) to segment guanaco trajectories into 
distinct behavioral states, based on modeled step 
lengths and turning angles. Step lengths were mod-
eled using a gamma distribution, while turning angles 
were modeled using a Von Mises distribution (Lan-
grock et al. 2012). For the initial parameter values, we 
defined three behavioral states: a resting state charac-
terized by short step lengths (gamma distribution with 
a mean of 20 m and a standard deviation of 20 m) and 

uniform turning angles (Von Mises distribution with 
a mean of π and a concentration of 0), a foraging state 
with medium-sized step lengths (gamma distribution 
with a mean of 350  m and a standard deviation of 
350 m) and uniform turning angles (Von Mises distri-
bution with a mean of π and a concentration of 0), and 
a traveling state with large step lengths (gamma dis-
tribution with a mean of 1,500 m and a standard devi-
ation of 1,500 m) and directed movement (Von Mises 
distribution with a mean of 0 and a concentration of 
1.5). We then assigned each step to the most probable 
behavioral state using the Viterbi algorithm based on 
the results of the HMM. This analysis was conducted 
using the momentumHMM package (McClintock and 
Michelot 2018) in the R programming language.

Fig. 1  Map of Monte León National Park (MLNP) and location of the highway (Ruta 3) and unpaved roads within the park. Inset 
map includes Argentina with a black dot representing the location of MLNP
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Environmental covariates

Roads for our analysis were both downloaded from 
publicly available datasets and hand digitized. Ruta 
Nacional 3 (“Ruta 3”) is a major transportation cor-
ridor for Argentina that stretches from Buenos Aires 
to Tierra del Fuego. Geospatial data for Ruta 3 was 
downloaded from The World Bank (https:// datac ata-
log. world bank. org/ search/ datas et/ 00382 48). For the 
unpaved roads, we hand digitized roads using satel-
lite imagery and supplementary information from 
Administración de Parques Nacionales. The roads 
were categorized into two classes: highways, which 
are major roads characterized by high speeds and 
heavy traffic volume, and unpaved roads, compris-
ing unpaved and gravel roads that traverse the park 
with minimal usage. Traffic for both Ruta 3 and the 
unpaved roads changes from season to season, with 
traffic increasing during the spring–summer months. 
Still, as a major shipping route, Ruta 3 remains heav-
ily trafficked throughout the year. Further, while tour-
ist visitation to the park increases during the sum-
mer, visitation is relatively low. We included two 
additional environmental covariates in our habitat 
selection model (see below), the terrain ruggedness 
index (TRI) and the Normalized Difference Vegeta-
tion Index (NDVI), in our modeling framework. To 
calculate a terrain ruggedness index (TRI), we down-
loaded NASA’s STRM 30 m Digital Elevation Model 
from Google Earth Engine and calculated TRI from 
the terrain function in R. Finally, using the rgee and 
reticulate package in R, we matched each GPS loca-
tion with the closest 30 m spatial resolution Landsat 8 
image (every 16 days) and calculated the Normalized 
Difference Vegetation Index.

Roadside fencing

Roadside fences are commonly deployed worldwide 
along high-traffic, high-speed roadways to prevent 
wildlife collisions and demarcate borders or private 
property. In some cases, these fences may exacerbate 
the barrier effect of large roadways (McInturff et  al. 
2020). Assessing the individual effects of each fea-
ture becomes challenging due to the close proximity 
of these fences to the road (Jones et  al. 2022). Fur-
ther, at a 2-h fix rate, the barrier effect observed is at 
a coarser scale and may miss occasions at which indi-
viduals quickly cross back and forth between barriers. 

At MLNP, our GPS data revealed that after crossing 
the roadside fence, guanacos crossed back over the 
fence without crossing the road 65% of the time. In 
our study, we treat Ruta 3 and the roadside fence as a 
unified barrier.

Habitat selection

We used a series of integrated step selection analyses 
(iSSA) to compare the GPS relocations of guanacos 
(i.e., used locations) with available locations to esti-
mate relative probability of use for each behavio-
ral state (Avgar et  al. 2016; Picardi et  al. 2021). To 
evaluate habitat selection, we divided the data based 
on behavioral state (resting, foraging, and traveling) 
and season (spring–summer and autumn–winter). 
We generated 10 random steps for each used step by 
randomly selecting the step length and turning angles 
from a gamma and von Mises distribution (Avgar 
et  al. 2016). The gamma and von Mises distribu-
tions were generated separately for each individual 
and behavioral state, and parameterized based on 
the empirical distribution of used step lengths and 
turning angles of that individual. For each model, 
we included consistent core environmental covari-
ates expected to influence guanaco habitat selection 
regardless of road effects (Prokopenko et  al. 2017; 
Londe et  al. 2022). Our selection of environmental 
variables was informed by previous research on gua-
naco habitat selection, which emphasized the impor-
tance of ruggedness and forage availability (Verta 
2022). Both forage availability (here estimated by 
NDVI) and terrain ruggedness have been found to be 
important predictors of guanaco movement and dis-
tribution in several studies (Marino and Baldi 2008; 
Pedrana et  al. 2010; Flores et  al. 2012; Smith et  al. 
2020; Verta 2022). For NDVI, we also included a 
quadratic term as individuals may be selecting for 
more intermediate values of forage (Verta 2022). 
These covariates were estimated at the end of each 
individual step. In all models we also included the 
step length, the logarithm of step length, and the 
cosine of the turning angles as covariates to account 
for the movement process (Avgar et al. 2016). Lastly, 
COVID-19 led to widespread restrictions in vehicu-
lar traffic in Argentina from April 2020 until Novem-
ber 2020, so we included an interaction term for the 
months with restricted traffic due to COVID-19 on 
our proximity and crossing variables.
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To model selection of proximity to each road 
type, we included a variable for the distance to a 
highway and unpaved road at the end of a random 
or observed step. This variable assumes that if a 
road influences selection, individuals will, on aver-
age, select steps that end either closer to or far-
ther away from the road compared to what would 
be expected randomly. For each distance variable, 
we used a decay function, with ɑ set to 1000 m, to 
account for a decreased behavioral response further 
from the road (Carpenter et  al. 2010). Further, we 
separately modeled a crossing effect for both road 
types. We created a crossing covariate by tracing 
movement paths from each point (used and avail-
able) to the last point. We separated models con-
taining road proximity covariates and road crossing 
covariates, as their simultaneous evaluation within 
a single model is discouraged due to collinearity 
(Prokopenko et  al. 2017; Jones et  al. 2022; Londe 
et al. 2022). Prior to modeling by season and state, 
we employed model selection with Akaike’s infor-
mation criteria (AIC) evaluation for all covariate 
combinations, finding that the full model with all 
environmental and road variables yielded the lowest 
AIC score (for details see Supplementary Table 2). 
Therefore, we included all covariates for subsequent 
modeling by season and behavior.

We built mixed conditional logistic regression 
models for each model by state and season, with 
strata for each pairing of used and available loca-
tions and guanaco year as a random effect. All 
covariates were scaled and centered. We defined 
each model using the R package glmmTMB to allow 
for each guanaco year as a random effect (Brooks 
et al. 2017). We evaluated the support for each fixed 
effect by examining the 95% confidence intervals, 
and we interpreted variables with confidence inter-
vals that did not overlap zero as significant. We also 
calculated the Variance Inflation Factor for each 
variable to ensure an acceptable level of collin-
earity (VIF < 4.0 for all predictors in each model). 
Lastly, we evaluated the performance of each model 
by calculating the continuous Boyce index which 
compares the predicted values with expected val-
ues across the study area (Hirzel et  al. 2006). Val-
ues for the continuous Boyce index range from 0 
to 1 with values closer to 1 indicating better model 
performance.

Results

The average number of relocations varied across 
seasons with each guanaco having on average 1,982 
(SD = 1,131) observed steps in the spring–summer 
season and 1,971 (SD = 1,267) observed steps in the 
autumn–winter season. Estimated mean step length 
(SD) was 10 (7) m for the resting state, 266 (231) 
m for the foraging state, and 1,012 (811) m for the 
traveling state (Supplementary Material Figs.  1, 3 
and 5). Turning angle distribution (concentration 
parameter) had an estimated mean of 3.11 (0.34) for 
the resting state, 2.95 (0.02) for the foraging state, 
and 0.04 (0.87) for the traveling state (Supplemen-
tary Material Figs. 2, 4, and 6  l). Overall, using the 
Viterbi Algorithm, guanacos were resting 28% of the 
time, foraging 48% of the time, and traveling 24% of 
the time. During the daytime guanacos were resting 
1% of the time, foraging 60% of the time, and trave-
ling 39% of the time. However, during the nighttime, 
guanacos were resting 55% of the time, foraging 36% 
of the time, and traveling 9% of the time. During the 
spring–summer period, guanacos were resting 21% 
of the time, foraging 56% of the time, and traveling 
23% of the time. Similarly, during the winter-autumn 
period, guanacos were resting 36% of the time, forag-
ing 42% of the time, and traveling 22% of the time.

During the spring–summer season, guanacos had 
4,961 (8%) and 41,389 (67%) observed steps within 
1 km of the highway and unpaved roads, respectively 
(Fig.  2). During this time, guanacos crossed the 
highway a total of 101 times and unpaved roads 5,899 
times. During the autumn–winter season, guanacos 
had 6,424 (10%) and 31,358 (59%) observed steps 
within 1  km of the highway and unpaved roads, 
respectively. During this time, guanacos crossed the 
highway a total of 51 times and unpaved roads 3,345 
times. Proximity to the highway was not contingent 
on the time of day, with 56.1% of the observed steps 
within 1 km of the highway occurring during the day 
and 43.9% at night. Likewise, proximity to unpaved 
roads was not dependent on the time of day, with 
54.6% of the observed steps within 1 km of unpaved 
roads occurring during the day and 45.4% at night. 
There were 2,497 GPS points within one average 
step length (245 m) of the highway, and of all those 
points, 2,401 points (96%) were on the parkside. 
There was considerable individual variation as the 
maximum number of highway crossings observed 
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by an individual was 35, while the minimum was 0, 
and the median was 2. Six individuals never crossed 
the highway. Of the 152 times guanacos crossed the 
highway, they crossed back within 24  h 88% of the 
time (n = 133).

Model parameter estimates for the proximity 
model differed by behavioral states and season 
(Fig.  3). The interaction term between the COVID-
19  months and the proximity and crossing 
variables was not significant in all models and 
was therefore removed (p > 0.05 in all cases). In a 
resting state, guanacos only selected for proximity 
to unpaved roads during the autumn–winter 
season (autumn:winter 95% CI 0.01—0.04). In a 
foraging state, guanacos selected for proximity to 
highways in both seasons (spring:summer 95% CI 

-0.06—-0.04 and autumn:winter 95% CI -0.03—-
0.01), but only selected for unpaved during the 
spring–summer season (spring:summer 95% 
CI -0.03—-0.01). However, in a traveling state, 
guanacos selected against proximity to highways 
in both seasons (spring:summer 95% CI: 0.04—
0.09 and autumn:winter 95% CI: 0.20—0.70), and 
for proximity to unpaved roads (spring:summer 
95% CI -0.08—-0.03 and autumn:winter 95% CI 
-0.04—-0.01).

Model parameter estimates for the crossing model 
also differed by behavioral state and season (Fig.  4). 
Due to the short step lengths of the resting state, 
only 1 available step crossed the highway. Therefore, 
the crossing model for the resting state during both 
seasons failed to converge. During the foraging state, 

Fig. 2  Guanacos foraging along the highway (Ruta 3). The map includes all GPS locations within 1 km of the highway east and 
every GPS location west of the highway. Parque Nacional Monte León, Santa Cruz Province, Argentina
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guanacos selected against crossing the highway 
during both seasons (spring:summer 95% CI -1.55—-
0.99 and autumn:winter 95% CI -2.20—-1.42) and 
unpaved roads during the spring–summer season (95% 
CI -0.12—-0.04). Similarly during a traveling state, 
guanacos selected against crossing the highway during 
both seasons (spring:summer 95% CI -2.10—-1.51 and 
autumn:winter 95% CI -2.70—-1.98), but showed no 
selection for or against crossing unpaved roads.

Finally, each model had a relatively high predic-
tive performance (Hirzel et al. 2006). The continuous 
Boyce index values were all higher than 0.70 (Sup-
plementary Table 3).

Discussion

Roads are among the most prominent anthropogenic 
features on the planet, yet their impact on wildlife 
can be difficult to discern because it can vary by 
species, behavioral state, and season. Our findings 
indicate that the guanaco, the most widespread 
large herbivore in Patagonia, responds differently 
to different types of roads based on their behavioral 
state. When foraging, guanacos selected strongly 
for highways. However, when traveling, guanacos 
selected for unpaved roads and against highways. 
Despite strong selection for highways when 
foraging, guanacos consistently avoided crossing 
them. The aversion to crossing highways was 
observed regardless of their behavioral state. 
Combined, the strong selection of proximity to 

Fig. 3  Spring–summer 
(A) and autumn–winter (B) 
proximity model parameter 
estimates by separate 
behavioral state models. 
Parque Nacional Monte 
León, Santa Cruz Province, 
Argentina
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highways while foraging and the avoidance of 
crossing them, drastically impact guanaco behavior. 
This pattern could have substantial effects on 
guanaco distributions throughout Patagonia, with 
potential implications for the conservation and 
management of this species.

We found that guanacos selected for roads, 
particularly while they are foraging. Guanacos may 
be foraging near roads to capitalize on the facilitation 
of foraging opportunities provided by the presence 
of roads. In addition, the selection of intermediate 
values of NDVI while foraging further supports 
these findings. In fact, previous research also found 
guanaco to prefer intermediate values of vegetation 
cover (Verta 2022). Roads can have significant 
impacts on vegetation patterns and productivity, and 
these effects may be more pronounced in semi-arid 
and arid ecosystems. In these environments, where 
water is typically a limiting factor for plant growth, 
the runoff water from roads can enhance vegetation 
productivity, resulting in patches of more abundant 
and diverse vegetation along road edges (Dean et al. 
2019). Plant communities alongside roads may also 
include more introduced species that green up faster 
than the surrounding landscape (Roever et al. 2008). 
Additionally, the concentration of total dissolved 
nitrogen can be higher near roads. Therefore, changes 
to vegetation productivity and quality may result 

in increased selection of habitat near roads. In the 
semi-arid saltbrush steppe of Australia, kangaroos 
are attracted to roads during drought years when 
resources are scarce (Lee et  al. 2004; Klöcker et  al. 
2006). Guanacos in Patagonia, however, appear to be 
consistently attracted to the highway while foraging 
throughout the year. Further, some species may 
associate with roads to avoid predation (Hill et  al. 
2021). Across their range, pumas, the main predator 
of guanacos at MLNP, are thought to mostly avoid 
high-use, paved roads (Dickson et  al. 2005; Caruso 
et  al. 2015). Despite potential anti-predator benefits, 
the scarcity of guanaco sightings near roadsides 
at night suggests road association is unlikely to be 
driven primarily by predator avoidance. Ultimately, 
the proximate mechanism for this behavior is still 
not well understood and future work should test 
for differences in nutrient availability or minerals 
in plants along the road to better understand if 
differences in forage availability results in increased 
selection of roads.

Although guanacos forage near highways, they 
consistently avoid crossing them, indicating that high-
ways serve as significant barriers to their movement. 
Ruta 3, the highway bordering MLNP, is a heav-
ily trafficked transportation and shipping route fre-
quented by freight trucks. Throughout the length of 
the study, we observed very few instances in which 

Fig. 4  Spring–summer 
(A) and autumn–winter (B) 
crossing model parameter 
estimates by separate 
behavioral state models. 
Parque Nacional Monte 
León, Santa Cruz Province, 
Argentina
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guanacos crossed the highway. However, around 
MLNP and other areas with high densities of guana-
cos, it is very common to see individuals walking on 
the highway. So, given our 2-h fix rate, it is likely that 
we missed events in which guanacos quickly crossed 
the highway, but then crossed back. Still, guanaco 
locations within an average step length of the high-
way were concentrated in the parkside (96%), sug-
gesting minimal crossing events. It is widely known 
that roads can be barriers to movement for wildlife, 
hence the proliferation of road crossing structures in 
recent years (Smith et al. 2015; Sijtsma et al. 2020). 
However, considering the strong preference for roads 
while foraging, the extent of the barrier effect on gua-
naco movement is surprising. The ultimate explana-
tion for this barrier effect is still not fully understood. 
Factors such as high traffic volume and roadside fenc-
ing are both commonly cited reasons for road avoid-
ance and likely deter some individual guanacos from 
crossing (Jacobson et  al. 2016). However, if indi-
viduals are crossing short spatiotemporal scales but 
returning to the park side of the road, it could indi-
cate lower vegetation quality in ranchlands or the 
avoidance of private lands due to fear of persecution 
as potential drivers of this behavior. In fact, previous 
studies, for example, have found that guanacos have 
increased flight behavior where hunting pressure is 
high (Donadio and Buskirk 2006). A barrier effect 
that limits guanaco space use is a major concern, so 
further unpacking whether the driver of this barrier is 
traffic, roadside fencing, forage availability in neigh-
boring ranches, or other human influences may be 
critical for future guanaco conservation efforts (Puig 
et al. 1997; Schroeder et al. 2014).

The road-induced impacts on guanaco behavior 
requires further investigation to mitigate potential 
management and conservation challenges. First, 
while the attraction of guanacos to roads can benefit 
some individuals, it can also result in an ecological 
trap, leading to detrimental consequences for 
individuals and populations. For other species, 
increased association with roads can lead to 
increases in vehicle collisions, poaching, exposure 
to heavy metals, noise pollution, and artificial 
light (Frangini et  al. 2022). Second, increased 
association with roads may contribute to both 
a public perception of guanaco overabundance 
and skewed population estimates by managers, 

potentially leading to the mismanagement of this 
species. Throughout Patagonia, sheep ranchers 
are increasingly concerned about the recovery 
of some guanaco populations due to potential 
competition with livestock, and many believe that 
current populations are overabundant, beyond 
carrying capacity, and contributing to a decline in 
the profitability of livestock husbandry (Flores et al. 
2023). In response to concerns about declining 
productivity, the Santa Cruz province implemented 
a resolution in 2023 that increased the daily guanaco 
harvest quota from 1 to 2 animals per hunter (El 
Consejo Agrario Provincial de Santa Cruz 2023). 
Regular sightings of guanacos along the roadside 
may be influencing the public perceptions of these 
animals, fueling a bad reputation of this camelid 
in the region. In addition to local perceptions of 
guanaco overabundance, the attraction to roads 
may also be contributing to inaccurate population 
estimates. Due to their cost-effectiveness and ability 
to be easily repeated, ground transect surveys 
conducted along both paved and unpaved roads are 
the main methodology used for estimating guanaco 
population densities (Baldi et  al. 2001; Travaini 
et  al. 2007, 2015; Pedrana et  al. 2010; Marino 
et al. 2014; Zubillaga et al. 2018). Even in MLNP, 
population estimates for guanacos are conducted 
from roads. However, a major assumption of 
population estimates from road surveys is that the 
impact of roads on the target species distribution is 
negligible. Therefore, it’s possible that population 
estimates for guanacos in MLNP and other regions 
where guanacos are drawn to roads may be inflated. 
An overestimation of the guanaco population can 
have direct impacts on harvest and other wildlife 
policies, so park managers and researchers should 
explore other options to measure their densities 
(e.g. drones, or ground surveys away from roads) to 
ensure accurate assessments of guanaco populations 
and informed wildlife management policies.
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