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Abstract

Background: Migration is a widespread strategy among ungulates to cope with seasonality. Phenology, especially
in seasonally snow-covered landscapes featuring “white waves” of snow accumulation and “green waves” of plant
green-up, is a phenomenon that many migratory ungulates navigate. Guanacos (Lama guanicoe) are native camelids
to South America and might be the last ungulate in South America that migrates. However, a detailed description of
guanacos” migratory attributes, including whether they surf or jump phenological waves is lacking.

Methods: We quantified the migratory movements of 21 adult guanacos over three years in Patagonia, Argentina.
We analyzed annual movement patterns using net squared displacement (NSD) and home range overlap and quanti-
fied snow and vegetation phenology via remotely sensed products.

Results: We found that 74% of the individual guanacos exhibited altitudinal migrations. For migratory guanacos,
we observed fidelity of migratory ranges and residence time, but flexibility around migration propensity, timing, and
duration of migration. The scarce vegetation and arid conditions within our study area seemed to prevent guanacos
from surfing green waves; instead, guanacos appeared to avoid white waves.

Conclusion: Our study shows that guanaco elevational migration is driven by a combination of vegetation availabil-
ity and snow cover, reveals behavioral plasticity of their migration, and highlights the importance of snow phenology
as a driver of ungulate migrations.
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Introduction constraints of winter, many species have evolved strate-

Seasonality, the temporal periodic fluctuations in cli-
matic conditions, plays a major role in how animals
interact with their environment [1]. In general, seasonal
habitats consist of alternating favorable and unfavorable
periods; winter being a particularly challenging period
characterized by low temperatures, snow cover, resource
limitation and energetic deficits [2, 3]. In response to the
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gies to avoid winter conditions via seasonal migration
[4]. Migration encompasses a variety of periodical round
trip movements between discrete, non-overlapping
home ranges [5] and arises in systems where seasonality
is predictable [6] and the benefits of alternating between
ranges exceeds the energetic costs and risks associated
with long distance movement [7, 8].

Among ungulates, migration is a particularly important
strategy to track food availability and reduce competi-
tion and predation [9, 10]. While some species have high
fidelity in their migration habits [11, 12] including well-
defined corridors, ranges that are regularly returned to
and relatively fixed departure dates, other species exhibit
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high levels of plasticity in their migratory behavior. These
differences occur even within populations [7, 13]. Some
species for example, are partially migratory [14], where
some individuals remain resident while others migrate,
or where the same individual can alternate between these
two strategies. Although originally understood as a par-
ticularity of some species, partial migration is now seen
as the rule among ungulates [15]. Partial migration is
often attributed to extrinsic factors such as precipitation
and resource availability, and demographic factors such
as animal density and individual age [16]. This strategy
appears to be beneficial when facing unpredictable sea-
sonality and heterogeneous, complex landscapes [17].

There is growing recognition around plasticity on other
migration characteristics (e.g., distance, timing, and
duration) as a strategy to deal with a changing environ-
ment [15]. Migration distances range from <15 km [18],
especially common in mountainous species that exhibit
short altitudinal movements [7, 8, 19], to >1600 km, in
species that inhabit low elevation plains and follow pre-
cipitation gradients and high quality vegetation [9, 20,
21]. Timing and duration in migration are also flexible
as ungulates respond to interannual and spatial variation
in green-up, snow melt and rainfall [9, 10, 22]. Indeed,
tracking vegetation green up to maximize intake of high
quality forage, or “surfing the green wave” [23], is recog-
nized as the predominant driver behind ungulate migra-
tions [24, 25]. Other species, however, jump green waves
by accelerating their migration to arrive at summer
ranges before vegetation greenness peaks, which could be
a product of non-suitable habitat along the way or due to
short migrations that do not allow surfing [26].

While the phenology of vegetation is a recognized
driver of ungulate migrations, the importance of snow
is less understood. However, several studies showed that
snow presence and snow characteristics influence migra-
tion parameters. Severe winter weather and snow cover
and depth have been found to be related to the onset of
both fall and spring migrations [27, 28]. The timing of
fall departure can be influenced by the trade-off between
extending access to summer range foraging grounds
and the risk of encountering deeper snow along the way
which leads to higher energy demands related to locomo-
tion as well as the struggles of accessing snow covered
vegetation [29]. Spring migration can also be affected by
snow depth and snow melt dates [27], which is unsurpris-
ing given the correlation of snow presence and vegetation
productivity, particularly in dry landscapes where precip-
itation occurs mainly as snow [30]. Species that inhabit
more extreme latitudes that feature longer snow seasons,
typically spend more time in their winter than summer
ranges and exhibit delayed migration starting dates com-
pared to southern species [31].
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The guanaco (Lama guanicoe) is a camelid native to
South America [32]. A monomorphic and social species,
the guanaco inhabits a wide range of habitat types [33].
Guanacos are the only known South American ungulate
with migratory populations [34, 35]. However, data on
guanaco migration movements is scanty and based on
seasonal changes in guanaco abundances and radiotrack-
ing of a few individuals. Thus, a detailed description of
the attributes of guanaco migration is lacking. Moreover,
whether migration is a plastic trait among guanacos is
unknown because previous studies last <1 year. Further,
the drivers of guanaco migration are also unknown, and
it is unclear whether guanacos surf or jump green waves
or respond to other climatic factors or resource pulses.

To describe the movement strategies and understand
the factors driving guanaco migration we studied a wild
guanaco population during three migratory cycles in
southern South America. We examined the spatial and
temporal features that characterize this behavior, as well
as their variability. To understand their seasonal habitat
use, we analyzed location and size of their summer and
winter home ranges, as well as their movement dynam-
ics within them. Given the elevational gradient and sea-
sonality characteristic of our study area, we hypothesized
that guanacos would be migratory and generally track
favorable seasonal conditions of plant availability and
snow presence. More specifically, due to the topologi-
cal and phenological complexity of the area and lack of
competition with domestic cattle, we predicted the popu-
lation to be partially migratory along an altitudinal gradi-
ent, with summer home ranges at higher altitudes than
winter ones. Given the reduced productivity during win-
ter as well as larger social groups during this season [35],
we expected guanacos to move more during this season
while foraging, leading to larger winter home ranges
compared to summer ones. Finally, given the scarce veg-
etation typical of the study area, which is composed of a
combination of grasses that show vegetative growth dur-
ing winter and early spring, and shrubs that concentrate
phenological activity during the summer [36], we pre-
dicted that green-up phenology would not be a smooth
wave-like progression and prevent green-wave surfing.
Consequently, we predicted that the phenology of snow
cover, would become more relevant in mediating migra-
tory characteristics.

Materials and methods

Study area

The study area was located in the Patagonia region of
Argentina; it encompassed 131,100 ha and included part
of the recently created Patagonia National Park and pri-
vate lands (Fig. 1A). The climate is cold with mean tem-
peratures of 5 °C, and strong winds that prevail during the
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Fig. 1 A Study Area in Patagonia Argentina, where 25 adult guanacos (Lama guanicoe) were darted and fitted with GPS-Iridium collars. B Timelines

for individual guanacos illustrating capture and death or end of study dates. Dark blue dotted lines indicate migration analysis starting date for

individuals that were captured in their summer ranges and experienced a winter migration. Yellow dotted lines mark starting date for individuals

that were captured in their winter range and experienced a summer migration. Individuals that were not collared long enough to complete a

migration period (G08, G17, G22, G23) were excluded from the analysis. C Altitudinal contour curves (lower elevations represented by lighter colors),

GPS locations and 95% seasonal Autocorrelated Kernel Density Estimate (AKDE) home ranges with color gradients for one migratory guanaco (G02)

illustrating summer (light green) and winter (dark green) ranges

summer. Precipitation ranges from 100 to 250 mm falling
mainly in winter and spring primarily as snow, and in the
form of dew that occur year-round [37]. The landscape
is a grass-dominated steppe with high elevated plateaus
that create a west-east steep elevational gradient. To the
north-west the area is characterized by higher altitudes
represented by the Buenos Aires plateau (1200-1600 m.),
where most of our captures occurred. These plateaus are
intersected by several tributaries of the Ecker River and
have numerous permanent and ephemeral ponds. To
the south-east we find lower altitude areas (200—600 m.)
intersected by canyons with ephemeral vegas. The veg-
etation throughout the study area rarely exceeds 0.5 m in
height [38] and is composed mainly by graminoids (e.g.,
Stipa spp., Festuca spp., Poa ligularis) and shrubs (e.g.,
Berberis heterophylla, Junelia tridens).

Animal capture and data collection

From January 2019 through February 2021, we darted
25 free-ranging guanacos (9 females and 16 males) and
fit them with GPS collars (LiteTrack Iridium 420 collar;
weight: 0.6 kg; Lotek, Ontario, Canada). Only one adult
guanaco per social group was collared. We used a CO,
rifle and 1.5 ml darts, with a dose of 5 mg (0.05 mg/kg
dose) of fentanyl oxalate (Thianil, Wildlife Pharmaceu-
ticals) as an immobilization agent, and a dose of 10 mg
of naltrexone hydrochloride (Trexonil, Wildlife Pharma-
ceuticals) for every mg of Thianil as an antagonist agent.
All applicable institutional and/or national guidelines for
the care and use of animals were followed (IACUC pro-
tocol ID: A006515). We programmed the GPS collars to
collect a fix every two hours. Four individuals died before
completing a migration period and were excluded from
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the analysis. For the remaining individuals we eliminated
locations that had a dilution of precision (DOP)>10
(1.6%) and locations with altitudes that were unfeasible
(2.6%). Data management and statistical analysis were
conducted using R [39]. Fieldwork and captures were
performed under permits from Santa Cruz province’s
Wildlife Agency and subsequent renewals (Disp #19, Exp
#492749/18).

Migration classification and parameters

To establish the occurrence of migration we combined
two different methods. First, we used the Net Squared
Displacement (NSD) analysis which measures the dis-
tances between the starting location and the subsequent
relocations for the movement path of a given individual,
and then fits the data using a priori models represent-
ing migratory, disperser and resident behaviors [31, 40,
41]. We randomly selected one location a day to thin the
data in order to improve model convergence [40, 41], and
visually inspected each individual’s relocations to deter-
mine the most appropriate starting season and date for
each migratory cycle (Fig. 1B). We then fit NSD a priori
models and classified individuals to migratory, resident
or disperser strategies based on model ranking (Akaike’s
information criterion [AICc]) (Additional file 1: Figs. S1
and S2). For migratory animals, we determined the tim-
ing, duration and distance parameters using the package
MigrateR [41]. We estimated the altitudinal differences
between seasonal ranges (J), which corresponds to the
asymptote of the double sigmoidal curve from the migra-
tory NSD model for each guanaco. We also obtained tem-
poral parameters of migration timing (6; the midpoint of
the departing movement represented by the inflection
point of the curve), migration duration (p; the period of
time the individual occupied each seasonal range), and
the duration of the migratory movement per se (¢; the
time required to complete % to % of the migration). We
originally fit both the standard NSD method (i.e., dis-
tance) and elevation. We used elevation obtained from
our GPS collars after corroborating accuracy by testing
for correlation with altitudinal data from the Terrain Ele-
vation Data 2010 (GMTED2010) (R=0.99). When com-
paring methods we found that while both models yielded
similar results (Additional file 1: Table S1), the elevation
model was a better fit our data (Additional file 1: Fig. S3).
Consequently, we report NSD results for the analysis of
elevation (Additional file 2).

For our second method, we estimated overlap of sea-
sonal ranges [42]. We first classified each guanaco’s loca-
tion to its summer range, winter range or to periods of
active migration, based on the migration timing param-
eters from the NSD analysis, using mean migration date
values obtained from guanacos classified as migratory,
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for those individuals classified as residents or dispersers
by NSD that did not have estimated parameters. We cal-
culated the 95% Kernel Density Estimate (KDE) for each
seasonal range in the package adehabitat (Fig. 1C) [43]
and evaluated the Bhattacharyya’s affinity index overlap
(BA) of each individual’s ranges [42, 44]. BA is a meas-
ure of affinity between two spatial distributions, ranging
from 0 (no overlap) to 1 (complete overlap). We selected
overlap thresholds following Cagnacci et al. [42], such
that if an individual had two consecutive seasonal ranges
(summer-winter) with a BA >0.15, we classified it as resi-
dent for the corresponding period. Furthermore, if alter-
nating seasons had a BA <0.15 but the overlap between
subsequent same season ranges (summer-summer/win-
ter-winter) was <0.5 we classified that individual as dis-
perser. Otherwise (alternating seasons BA <0.15, same
season BA > 0.5) the individual was considered migratory
for that year (Additional file 1: Figs. S4 and S5). If a
guanaco was classified as resident or disperser by over-
lap but as migratory by NSD, we constrained migration
distance parameter in NSD to only consider an individual
as migratory if its summer and winter ranges had an alti-
tudinal difference>221.5 m (altitudinal distance [d] 1st
quartile for the overall population). If an individual was
reclassified as resident when applying this constraint, it
was assigned as such.

To confirm that collared guanacos had home ranges
for each season as well as to inspect movements within
their migratory ranges, we evaluated individual semi-
variograms for distances between locations as a function
of time. We then estimated seasonal home ranges using
the 95% Autocorrelated Kernel Density Estimate (AKDE)
estimator as well as home range fidelity, based on the
overlap of seasonal AKDE ranges, and average speed of
movement within each range in the package ctmm [45].
To determine how space use varied throughout the year
we tested how home range size was influenced by season
(summer, winter) with a generalized linear mixed model
in the /me4 package, where individual guanaco and year
were random intercepts [46]. We log transformed our
data to assure residuals normality and homoscedastic-
ity and verified model assumptions using the DHARMA
package. After testing for differences between sexes and
finding no significance, individuals were pooled regard-
less of sex for all analyses.

Environmental drivers of migration- vegetation green-up
and snow

Using Google Earth Engine, we created time series
of 16-day composite measurements of the normal-
ized difference vegetation index (NDVI) and the nor-
malized difference snow index (NDSI) for the study
area. We used a combination of Landsat and Sentinel
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2 satellite imagery at 30 m resolution. If Sentinel and
Landsat had data corresponding to the same day, we
selected the highest value for the composite; if data
from multiple days was available for a particular com-
posite, we used the average. We floored values for both
indices at 0 and replaced missing values using tem-
poral linear interpolation. We only used pixels with a
quality assessment (QA) bit=0, and used a threshold
of > 10 to determine snow presence [47]. We then cre-
ated altitudinal ranges of 200 m covering the elevation
gradient occupied by guanacos and obtained NDVI
and NDSI curves spanning the duration of our study
(summer 2019-summer 2022) to visually inspect vege-
tation and snow cover trends and correlation. We cor-
roborated the association between NDVI values and
forage availability by overlaying a landcover map from
the European Space Agency (ESA) based on Sentinel-1
and Sentinel-2 data at 10 m resolution, with a mean
summer NDVI map based on our NDVI composite,
end extracted NDVI values corresponding to different
cover types. As expected, NDVI was highest in wet-
lands, followed by grasslands and shrublands, and was
lowest in unvegetated areas (bare soil/sparce vegeta-
tion) (Additional  file 1: Fig. S6).

Using the same NDVI composites, we obtained
measurements for one randomly selected relocation
a day for each year of data, and created a space-time-
time matrix for each individual guanaco year [26]
(Additional file 1: Fig. S7), in which each row repre-
sented a spatial location the individual occupied at a
certain time (day), and each column was the NDVI
value corresponding to that location for every day
during the period being analyzed. We calculated the
cumulative NDVI value for each location, averaging
values by total amount of days to account for differ-
ences in individual-year duration. We clustered loca-
tions into summer and winter seasonal ranges, and
summer and winter migrations according to NSD tim-
ing parameters. We calculated the mean NDVI value
for each seasonal range to determine what the gua-
naco would have experienced in terms of vegetation
biomass if it would have remained resident in either
one of those ranges. Finally, we calculated the values
each individual actually experienced by adding up
the diagonal values of the matrix and compared the
experienced NDVI values with the summer and win-
ter range ones using a generalized linear mixed model
analysis with individual guanaco as a random effect.
We repeated this procedure with snow cover presence
data after using our threshold value to transform the
NDSI into a binary index where NDSI<10=0 desig-
nated lack of snow cover and NDSI>10=1 indicated
presence of snow cover.
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Results

Migration classification and parameters

We analyzed data from 21 individuals (8 females, 13
males), 9 of which had two or more years of data that we
analyzed independently to account for the possibility of
an individual switching between strategies (Additional
file 1: Table S1), totaling 35 individual years. We classified
a total of 26 years, consisting of 12 males and 6 females,
as migratory (74.3%). Eighteen of those years were identi-
fied as migratory by both methods, whereas 8 were clas-
sified as migratory by the NSD and as either resident
or disperser by overlap but were ultimately classified as
migratory. Nine years (25.7%), 3 males and 4 females,
were classified as resident. Three of those were originally
classified as non-migratory by both methods while the
other 6 were classified as migratory by the NSD and were
assigned to be resident after further inspection. Based
on their final classification for each year, 5 of the 9 indi-
viduals tracked for two years (4 migrants and 1 resident)
maintained their strategies throughout the duration of
this study, while the other 4 alternated between migra-
tory and resident strategies.

Spatial and temporal characteristics of migration
derived from our NSD analysis exhibited high individual
variability as well as seasonal trends (Additional file 1:
Table S1). Mean migration timing from summer to win-
ter ranges was March 21 in 2019 (range: Feb 8—Apr 22),
April 3 in 2020 (range: Jan 7-Jul 27) and March 22 in
2021 (range: Feb 20—May 16). Mean migration timing
from winter to summer ranges was October 10 in 2019
(range: Sep 12—Nov 18), October 1 in 2020 (range: Aug
9-Nov 2) and October 11 in 2021 (range: Sep 1-Nov
24). Individuals that were tracked for multiple migration
cycles had similar migration timing dates (Fig. 2).

Migration distance ranged from altitudinal differ-
ences of 295-1106 m with all summer ranges occurring
at higher altitudes than winter ones, which translated
to distances that ranged from 5 to 50 km. We found the
intra-individual variation for guanacos with multiple
years of data was smaller than the inter-individual vari-
ation for all migratory guanacos for all migratory charac-
teristics (Additional file 1: Table S2).

We observed considerable variation in the seasonal
spatial use by guanacos (Additional file 1: Figs. S2 and
S3). Some individuals had defined seasonal home ranges
between which they alternated, while others had less
constricted ranges. Indeed, for 9 of the migratory indi-
viduals this resulted in winter home ranges partially
overlapping with their summer ones, leading to differ-
ent behavioral classifications by our two methods (Addi-
tional file 1: Figs. S4 and S5). Despite this variation, home
range size differed by season (x2=27.31, p<0.001) with
winter home ranges (y= 354.6 km? Median=273.1;
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Fig. 2 A-B Individual migration timelines for 21 adult guanacos (Lama guanicoe) collared in Patagonia, Argentina during 2019-2022. A Guanacos
that started in their summer range and experienced winter migrations. B Individuals that started in their winter ranges and had a summer
migration. Yellow dots correspond to winter migration departure date and blue dots indicate summer migration departure date. Grey bars indicate
migration duration, if a dotted grey bar is present, the individual was classified as resident and is included to illustrate home range size. All timing
parameters were derived from Net Squared Displacement analysis (NSD). Larger circle’s area are scaled to represent size of the 95% Autocorrelated
Kernel Density Estimate (AKDE) home range of the corresponding season. Yellow circles are proportional to summer home ranges and blue circles
to winter ones. Stars indicate individuals with home ranges that were too small to be noticeable if scaled (color of the star indicates season that is
not scaled). If no circle is present, the individual did not have a delimited home range in that season. Light blue area indicates time of the year when
snow cover is typically present in the study area. Circles provided for scale in km?

SD=517.6) nearly 3x larger than summer ones (=
120.0 km?% Median=27.1; SD=261.6) (Fig. 2). Home
range fidelity was high both for winter (, = 0.80; SD =
0.2) and summer ranges (,= 0.67; SD = 0.2). Guanacos
moved at lower speeds within their winter ranges (=
9.1 km/day; SD = 2) compared to summer (= 10.3 km/
day; SD = 3; x2=5.2, p = 0.02), but they moved more
during winter (x= 4.3 km/day; SD = 1.0) than in summer
(x= 3.9 km/day; SD = 1.3; x2=3.9, p = 0.04). However,
we did not detect differences in overall distances moved
between migratory and resident guanacos (t = — 0.78,
df = 43, p=0.4). We also found that at least 14 individu-
als had repetitive daily time-lag-dependent behaviors
within some of their seasonal home ranges (Fig. 3). This
occurred primarily in the summer (79%) for both migra-
tory and resident individuals. Most guanacos that exhib-
ited this behavior, did so for multiple seasons.

Environmental drivers of migration-vegetation green-up
and snow

Phenology of the study area was highly correlated with
altitude. Altitudes>1000 m presented low and high

NDVI values in winter and summer respectively, with
summer’s up to 3.2x higher than in winter (xqmmer =
0.13, SD=0.02; xiner= 0.04, SD=0.06 for the 1200—
1600 m altitudinal range). However, elevations below
600 m presented an opposite pattern with NDVI peak-
ing in winter, with winter mean up to 1.5x higher than
summer mean (xqmmer = 0-11, SD=0.02; 4 inter = 0.17,
SD =0.16 for the 200-600 m altitudinal range) (Fig. 4A).
The lack of a uniform wave like progression of plant
phenology through the study area prevented any sort of
potential green wave surfing. However, guanacos were
present in their summer ranges when NDVI peaked at
higher altitudes, and migrated towards lower elevations
during the winter, when the winter green-up occurred
there (Fig. 4A). Additionally, migratory guanacos experi-
enced higher levels of green-up compared to what they
would have experienced if they had remained resident
in either one of their seasonal ranges (x2=26.2, df=3,
p<0.001), with 18 migratory individuals’ paths (69%)
having NDVI values that were higher than resident range
values (Fig. 4B, C). Specifically, migratory guanacos
cumulative NDVI was 8.4% higher than residents in their
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summer ranges, and 15.7% higher than residents in their
winter ranges.

NDSI followed the same curve-shaped pattern
throughout the altitudinal gradient with higher values
during winter, but snow cover was present more consist-
ently and for longer periods of time at higher elevations
(Fig. 5A). Guanaco summer ranges coincided with the
time of the year in which snow cover was absent in those
higher altitudes, while spending winter at lower eleva-
tions, with shorter and more sporadic periods of snow
cover (Fig. 5A). When comparing experienced versus the-
oretical snow cover presence values, we found migration
paths also typically avoided areas with higher presence
of snow (x2=95.24 Df=2, p<0.001), since 17 migratory
guanacos (65.4%) had lower NDSI values than they would
have had if they had remained resident in either of their
seasonal ranges (Fig. 5B, C). Migratory guanacos cumula-
tive NDSI was 38.2% less than summer ranges and 14.5%
less than winter ones.

Discussion

The majority—nearly three-quarters—of the guanacos
in the sampled population were migratory. These migra-
tions were typified by relatively short distances along a
steep elevational gradient. Similar to other ungulate spe-
cies in mountainous landscapes [48], and previous obser-
vations of guanacos elsewhere [34, 49], guanacos in our
study site spent the summer at elevations up 295-1105 m
above their winter ranges. These elevational movements
appeared to be influenced by both vegetation and snow
phenology. Generally, migratory guanacos avoided snow-
covered areas by occupying snow-free areas at lower
altitudes during the winter. This strategy also provided
access to higher-quality forage as guanaco’s use of sea-
sonal ranges coincided with the peak of vegetation green-
up in both winter and summer ranges. Although we
were unable to directly evaluate temperature as a driver
of migratory movements, it is worth noting that altitude
appears to be a useful proxy for temperature given the
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correlation between the two (|r| = 0.9) in the study area.
Furthermore, previous studies have found temperature
to be less important than snow cover for ungulate migra-
tion, since individuals typically use areas with low tem-
peratures as long as they are snow free [50].

Guanacos exhibited a combination of fidelity and
plasticity regarding migratory characteristics. Even
though our data on multiple migration periods was
limited, we found individuals that displayed fidelity
to migration (for up to three migratory cycles) as well
as individuals that switched between migratory and
resident strategies between consecutive years. Gua-
nacos with multiple years of data that did not switch
between strategies, tended to revisit the same sum-
mer and winter ranges, and exhibited similar residency

times in their migratory ranges. With one exception, all
guanacos that switched between strategies had sum-
mer ranges that, while still at higher altitudes than
their winter ones, were not located in the high eleva-
tion plateau where most guanacos migrated to but
were rather neighboring to their winter ranges. This
change between strategies could be a result of guana-
cos often presenting exploratory movements outside
of their home ranges, coupled with lower NDVI years
that could force resident guanacos out of their usual
boundaries for foraging purposes. We also observed
important behavioral plasticity around the timing and
duration of migration, both within and between indi-
viduals, with interindividual variation being highest.
Indeed, migration departure dates differed by >100
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days, and duration of migration ranged from 1 to 21
days. Changes in migration timing could be related to
annual variations in climatic conditions, as we found a
trend for a later summer migration departure date in
2020, which registered a longer period of snow cover
compared to 2019 and 2021, leading to a later snowmelt
date.

Variation in migratory characteristics has also been
described for a number of other ungulate species [51].
Typically, differences in migration timing, distance and
duration have been associated with individual attrib-
utes, like age, sex, and reproductive status [16, 31, 52].
Although we did not detect notable differences between
sexes, we did not account for guanacos’ age, nutritional

and reproductive status. Given the tight social nature of
guanacos that tend to migrate in family groups however,
we would not expect major behavioral differences driven
by individual attributes.

While most collared guanacos were migratory, we
observed variation in migration propensity, with nine
individual-years, corresponding to 7 guanacos, that
remained resident in the winter ranges. This could be
related to density-dependent resource release that fol-
lows departure of migratory individuals [48, 52], as well
as to the absence of domestic cattle in the winter range
that has been shown to overlap extensively with guana-
cos resulting in competition for resources [53, 54]. Par-
tial migration appears to be common for guanacos across
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their distributional range [49, 53, 55]. Moreover, partial
migration seems to be the predominant strategy among
ungulates, with >27 species exhibiting a mix of migra-
tory and resident individuals within the same population
[15, 52]. This strategy has been related to increased fit-
ness and resilience, given the capacity of the population
to respond to environmental changing conditions as well
as to fluctuations in population density and predation
risk [56]. Because pumas (Puma concolor), guanacos’
main predator, have been found to not follow migratory
individuals [49] and occur throughout the study area,
and resident guanacos move as much as migratory ones
within their home ranges, we do think neither preda-
tion risk nor energetic costs influence whether guanacos
migrate. Instead, migratory guanacos likely benefit from
accessing newly emerged vegetation, whereas resident
guanacos benefit from reduced competition during the
mating and breeding seasons. Resident guanacos may
also reduce risks associated with encountering roads and
fences during migration.

Multiple studies have shown that ungulate migrations
follow certain patterns of plant phenology [22, 57]. For
instance, the progression across the landscape of the
instantaneous rate of green-up, a proxy of “springness”
[26] can be compared to individual locations to evalu-
ate whether animals are maximizing the use of newly
emerged vegetation by surfing or jumping green waves
[57-59]. However, we found that these wave-like patterns
are not representative of the phenology in our study area.
The Patagonian shrub and grass steppes exhibit a com-
plex relationship between precipitation, temperature and
annual variations in NDVI, with lower elevation areas
presenting a lagged vegetative green-up that occurs in
early winter [60, 61]. This corresponds with the pattern
we detected in our study area, where higher elevations
had wave like patterns with summer peaks while lower
elevations had more unpredictable patterns with late fall
and winter peaks. The particularities of the phenology
along with the short migratory distances, therefore, likely
hamper the ability of guanacos to surf green waves. How-
ever, we detected higher primary productivity levels in
the greenscape experienced by migratory guanacos com-
pared to the available greenscapes corresponding to their
summer and winter ranges had they remained resident.
Thus, although guanacos did not appear to surf green-
waves, migratory guanacos did track general patterns of
vegetation green-up.

Although less common than vegetation phenology,
snow is also a major driver of ungulates migrations [59,
62—-64]. Ungulates tend to avoid snow because increas-
ing snow depth reduces mobility, exacts additional ener-
getic costs, and hinders the search for forage, resulting in
an overall poor nutritional condition [31]. As predicted,
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guanacos’ migration was associated to snow cover as they
appeared to avoid “white waves”: migratory individuals
occupied high altitude areas in spring and summer when
snow was absent, but moved into low altitude areas fea-
turing less now, during late fall and winter. Indeed, migra-
tory individuals experienced less snow compared to what
they would have experienced in their summer range.
Having remained in their winter ranges in some cases
however, would have meant even less exposure to snow,
which could indicate that a synergy of both vegetation
and snow phenology are driving guanacos’ migrations. In
fact, given the strong correlation between these two vari-
ables, in which snow cover mediates vegetation green-
up dynamics [65, 66], it is difficult to disentangle their
effects at such spatial and temporal resolutions. This was
the case in our study area, particularly so for high alti-
tudes where NDSI reached higher values and snow cover
was present for extended periods of time (Additional file
1: Fig. S8). Tracking vegetation waves has been identified
as a primary cause behind ungulate migration [67, 68].
Our findings highlight the importance of disentangling
other potential environmental factors driving migrations,
particularly in arid environments where green waves may
not occur. Given that ungulate migrations are declining
globally [69], understanding the drivers behind these sea-
sonal movements, as well as their spatial and temporal
characteristics will be important for effective conserva-
tion of migratory ungulates.

Snow has also been related to smaller winter home
ranges given the constraints it can have on animal move-
ment [63, 70]. While we found that guanacos moved
slower during the winter season, they had winter ranges
that were larger than summer ones. Larger winter ranges
are uncommon among migratory ungulates [50, 70-72]
and could be related to snow depth being insufficient
to constrain movement, or to a combination of factors
including the fact that winter ranges are shared between
migratory and resident individuals, as well as the fact
that guanacos form larger social groups during this sea-
son [35] which could limit vegetation availability and
force individuals to forage in larger areas. This is particu-
larly relevant given that guanacos shift to browsing dur-
ing winter which requires larger ranges due to the usual
patchiness of this resource [73]. Snow cover could be a
factor influencing winter home range size, but by reduc-
ing forage availability, as 2020 was both the year with
higher snow presence cover and larger winter home
ranges. Additionally, displaying male guanacos during
the mating season might constrain movements and pre-
vent access to certain areas leading to a reduction of the
space effectively available in summer months [53]. Larger
home ranges, particularly when covered by snow, may
imply that animals are less selective of the areas they use,
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since they navigate the landscape following coarser-scale
cues [72]. Consequently, animals appear to move more
between different patches, leading to increased use of
the landscape and even into the use of risky patches they
would otherwise avoid.

While migration occurs at a landscape and seasonal
level, driven by broad scale variables, such as snow and
vegetation phenology, within seasonal ranges, habi-
tat selection occurs at finer scales, driven by the daily
need to maximize foraging while reducing predation
risk and minimizing competition [2, 74]. We found that
more than half of the collared guanacos exhibited daily
micro-migrations nested within their seasonal ones.
Such behaviors were more common during summer,
and among residents (6/7 residents vs. 12/18 migrants)
and resulted in small home ranges. Contrary to what we
described for large winter home ranges, these micro-
migrations seem to be in response to proximate cues
and take advantage of landscape heterogeneity while
prioritizing risk avoidance. These daily movements are
possibly driven by local trade-offs between resource
availability and perceived risk, as it has been found previ-
ously among vicuiias [75] that tended to visit highly pro-
ductive but also high risk foraging sites during the day,
while moving into lower productivity yet safer sites at
night. Future work can explore the differences in nutri-
tional state and predation events between guanacos that
exhibit this daily behavior and the ones that do not to
understand the benefits associated with these repetitive
daily movements.

Guanacos exhibit a mixture of both fidelity and plastic-
ity regarding migration, which might prove to be criti-
cal for the continuity of this strategy in the face of rapid
environmental change. Climate change could negatively
impact migration by creating a mismatch between cli-
matic conditions, vegetation green-up and migratory
movements. This in turn could decrease the benefits of
migratory behaviors, which has been observed in other
species of migratory ungulates [76]. Similarly, land use
change and habitat fragmentation, such as those caused
by roads and fences, may impact migratory movements
by altering connectivity between seasonal ranges. Indi-
vidual variations in temporal and spatial migration
characteristics, including the ones we described for this
guanaco population, could provide the necessary plastic-
ity for this species to adapt to changing environmental
conditions.

Conclusion

Understanding of where, when, and why animals migrate
is important to assess potential adaptations to future
scenarios and to inform conservation policies to pro-
tect summer and winter ranges as well as corridors
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that connect them. We found guanacos have altitudinal
migrations that track vegetation and snow phenology,
displaying a combination of fidelity and flexibility in the
temporal and spatial characteristics of their movements.
Provided that habitat and connectivity are maintained,
and climate change does not outpace the capacity of this
species to adapt, the high degree of plasticity in gua-
naco migration has the potential to buffer these effects.
Altering migration timing or location of their seasonal
ranges can ensure guanacos continue to match vegetation
green-up and snow patterns to their seasonal habitat use,
allowing this species the capacity to respond to change
without losing their ancestral seasonal migrations.

Abbreviations

AKDE:: Autocorrelated Kernel density estimate; AlCc:: Akaike's information cri-
terion; BA: Bhattacharyya's affinity index; KDE:: Kernel density estimate; NDSI::
Normalized difference snow index; NDVI:: Normalized difference vegetation
index; NSD:: Net squared displacement.
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Additional file 1: Fig. S1. Net square displacement plots of each migra-
tory cycle for 3 guanacos (GO1, G02, G04) that remained migratory for the
duration of the study showing all three a priori models (migrant, disperser
and resident) fit to the individual's relocations (black points were used

fit the migratory model, grey points were not due to poor fit), with their
corresponding AIC value, and the distribution and classification of each
relocation to either the starting range (range 1, red points), their migratory
range (range 2, blue points) or unclassified locations (grey points). Fig. S2.
Net square displacement plots for 2 individual guanacos (G11, G13) that
were originally classified as migratory showing all three a priori models
(migrant, disperser and resident) fit to the individual’s relocations (black
points were used fit the migratory model, grey points were not due to
poor fit), with their corresponding AIC value, and the distribution and
classification of each relocation to either the starting range (range 1, red
points), their migratory range (range 2, blue points) or unclassified loca-
tions (grey points). When incorporating the home range overlap method,
G11 was considered to have switched strategies in 2021 and was finally
classified as resident, and G13 was considered resident for both cycles.
Fig. S3. Standard (distance) and elevation Net Square Displacement (NSD)
plots for 2 individual guanacos (G01, G11) to visually represent differ-
ences in model fit and grouping of locations into two seasonal ranges,
showing all a priori models (migrant, mixed-migrant, disperser, nomad
and resident) with their corresponding AIC value. Black points correspond
to the locations that are used to fit the migratory model, grey points are
locations that are discarded due to their poor fit. Fig. S4. GPS locations
and 95% Kernel Density Estimate (KDE) home ranges with color gradients
for three guanacos classified as migratory by the home range overlap
method (G01, G02, G04) illustrating summer (lighter) and winter (darker)
ranges with different degrees of overlap and Bhattacharyya's affinity

index (BA = 0 for all migratory cycles of G02 and G04; 0 > BA > 0.15 for all
migratory cycles of GO1). Fig. S5. GPS locations and 95% Kernel Density
Estimate (KDE) home ranges with color gradients for two guanacos (G11,
G13) illustrating summer (lighter) and winter (darker) ranges with different
degrees of overlap and Bhattacharyya’s affinity index. G11 was classified
as migratory by the home range overlap method for 2019 (0 > BA > 0.15)
but was classified as resident for 2020 and 2021 (BA < 0.15). G13 was
classified as resident for both cycles (BA < 0.15). Fig. $6. Summer mean
NDVI values for all pixels that fall under different landcover types in our
study area. Landcover types were obtained from the European Space
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Agency (ESA) based on Sentinel-1 and Sentinel-2 data at 10m resolution.
Wetland had the highest NDVI values ((X) = 45.63, SD = 11.2) followed
by shrublands ((X) = 18.58, SD = 8.9) and grasslands ((X) = 14.25,SD =
6.6) and was lowest in barren/scarce vegetation ((X) = 11.148, SD = 4.6).
Fig. S7. Schematic representation of the space-time-time matrix, where
rows represent each location the individual used (li); columns represent
days (ti) that span throughout the duration of our study; and the diagonal
(IET)(T)) represents the day the animal was actually present at the cor-
responding location. Fig. $8. Plots of raw Normalized Difference Snow
Index (NDSI) and Normalized Difference Vegetation Index (NDVI) summer
2019 to summer 2022, for 200 m altitudinal ranges covering the elevation
gradient of the study area, in Patagonia, Argentina. Table S1. Attributes
of migration for 21 adult guanacos (Lama guanicoe) equipped with

GPS collars in Patagonia, Argentina 2019-2022. Identification of seasonal
behaviors (migratory, residential or dispersal) according to two methods,
altitudinal Net Squared Displacement (NSD) and Seasonal Range Overlap,
final classification and migration parameters regarding timing, duration
and distance for individuals classified as migratory obtained from the top
NSD model. Table S2. Intraindividual coefficient of variation for migratory
guanacos with multiple years of data (3 individuals with 3 years of data
and 2 individuals with 2 years of data) compared to intraindividual varia-
tion for all collared guanacos for different migratory characteristics.

Additional file 2. Net squared displacement raw data corresponding
to 5 guanaco migratory periods, 3 summers (2019-2021) and 2 winters
(2019-2020).
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