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Livestock has become the dominant large herbivore guild in most rangelands worldwide. Current climate
adaptation frameworks emphasize extreme climatic events, although the extent to which these episodic drivers
capture the environmental conditions shaping animal behaviour remains unclear. Rising temperatures and more
frequent extreme climatic events (ECEs) are expected to influence animal behaviour, but the relative importance
of daily climatic conditions versus discrete extreme events remains poorly quantified in managed grazing sys-
tems. Movement responses are especially informative as early-warning indicators of behavioural adjustments to
environmental stress. We analysed GPS data from 26 sheep herds monitored in southern Spain between 2021 and
2022 (~12,000 animals; 6464 monitoring days). Daily distance travelled, core area (50% kernel), and home
range (95% kernel) were modelled against daily maximum air temperature, precipitation, pasture productivity
(NDVI), distance to water sources, and the heat-wave indicator. Herds travelled shorter daily distances and used
smaller core areas and home ranges as daily maximum air temperature increased, particularly during mid-
summer. Across the annual cycle, all three responses showed nonlinear relationships with temperature, peak-
ing at intermediate values, and were negatively related to NDVL In contrast, precipitation and the heat-wave
indicator were not retained in the best-supported models. Overall, daily maximum air temperature was
consistently associated with all three movement and space-use metrics, whereas the heat-wave indicator was not
retained in the best-supported models. As warming progresses, these contractions may reduce livestock move-
ment, with potential consequences for vegetation dynamics and biodiversity. Anticipating such behavioural
responses may help inform monitoring and management of Mediterranean grazing systems.

1. Introduction which has shaped both research and management perspectives. How-

ever, emerging evidence challenges this paradigm, revealing heteroge-

Grazing systems underpin both global food production and the
functioning of vast terrestrial ecosystems. Approximately 77% of the
world's agricultural land is devoted to grazing, sustaining livestock
production and rural livelihoods across a wide range of socio-ecological
contexts (Poore and Nemecek, 2018). Beyond their extent, grazing sys-
tems play a disproportionate role in regulating biogeochemical cycles
and supporting biodiversity (Bengtsson et al., 2019; Lemaire et al.,
2011). Despite their global importance, livestock grazing systems are
predominantly framed within a narrative of widespread overgrazing,

neous global dynamics with concurrent processes of livestock
intensification and destocking across regions (Anadon and Sala, 2026).
A substantial proportion of these grazing areas corresponds to high
nature value (HNV) farmlands, which play a key role in biodiversity
conservation and in maintaining ecosystem services such as local
climate regulation, erosion control, and landscape connectivity (Lomba
et al., 2014). These systems are highly sensitive to climatic variability,
particularly in regions where productivity is strongly constrained by
water availability and temperature (Herrero et al., 2016).
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Ongoing climate change is expected to profoundly alter temperature
and precipitation regimes worldwide, with particularly strong effects in
arid and semi-arid regions, including Mediterranean-type ecosystems
(Myers et al., 2000; Seneviratne et al., 2016). Within the Mediterranean
Basin, the southeastern Iberian Peninsula is particularly vulnerable to
climate-change impacts because warming, declining water availability
and increasing drought risk are expected to intensify existing aridity
constraints (Pulido-Velazquez et al., 2018). Projections consistently
indicate an increase in temperatures, greater thermal variability, and
shifts in precipitation seasonality, leading to longer and more intense
dry periods (e.g., summer) (Giorgi and Lionello, 2008). Grassland eco-
systems are especially exposed to these changes, as their productivity
and stability are tightly coupled to climate variability and to the balance
between plant growth and herbivore pressure (Maestre et al., 2022;
Pausas and Millan, 2019). These climatic shifts are therefore expected to
affect primary productivity, forage quality, and water availability, with
direct consequences for grazing systems and herbivore movement and
space use.

In addition to these gradual changes, climate change is increasing the
frequency, intensity, and duration of extreme climatic events (hereafter
ECEs), including heat waves and droughts (Perkins-Kirkpatrick and
Lewis, 2020). These events can exacerbate resource limitation and
physiological stress, particularly when occurring during already
restrictive seasonal conditions, and may interact with background cli-
matic trends to shape ecological responses (Mazdiyasni and
AghaKouchak, 2015). However, disentangling the relative roles of
gradual climatic shifts and episodic extremes remains challenging,
particularly in managed grazing systems where behavioural responses
may buffer or obscure the effects of short-term ECEs.

Animal movement is a central mechanism linking environmental
variability, foraging behaviour, and ecosystem processes. By deter-
mining where and for how long herbivores use particular areas, move-
ment and space use patterns influence resource acquisition and the
spatial distribution of grazing impacts. For example, reduced daily
displacement under thermal stress may concentrate herd activity in
fewer patches, whereas longer movements can spread herbivory more
broadly across the landscape. Thus, GPS-derived movement and space
use metrics provide indirect but informative proxies for potential
changes in grazing distribution and consumer-vegetation coupling
(Bailey et al., 1996; Nathan et al., 2008). This interpretation is empiri-
cally supported by previous work showing that GPS-derived utilization
distributions were used to map herbivory pressure and were associated
with long-term NDVI-based vegetation trends and vegetation sensitivity
to climate (Rincon-Madronero et al.,, 2026). GPS-derived gra-
zing-intensity indices have also been linked to soil properties (Marks
et al.,, 2025). Behavioural adjustments in movement often represent
rapid responses to environmental perturbations and can precede de-
mographic or distributional changes, thereby providing early indicators
of climate stress (Berger-Tal et al., 2016). Such responses are increas-
ingly recognized as critical components of acclimatization to rapid
environmental change and in the use of climate refugia (Beever et al.,
2017; Doxa et al., 2022). In managed grazing systems, changes in live-
stock movement in response to climatic anomalies may influence pro-
duction efficiency, pasture condition, and management costs,
underscoring the need to understand how grazers respond behaviourally
to climatic variability and thermal stress.

Ecosystem responses to drought, heat waves, and herbivory are
highly context dependent and can vary substantially across spatial and
temporal scales (Abraham et al., 2019; Ruppert et al., 2015). Although
drought and heat stress generally reduce primary productivity, herbiv-
ory can either exacerbate ecosystem degradation (Xu et al., 2023) or,
under certain conditions, enhance ecosystem resilience through mech-
anisms such as nutrient recycling, reduction of standing biomass, and
modulation of plant community composition (Klope et al., 2025). In-
teractions between herbivores and vegetation can thus influence
ecosystem resistance and recovery under variable climatic conditions,
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shaping spatial and temporal patterns of biodiversity and ecosystem
functioning (Sommer et al., 2025; Xu et al., 2023). However, empirical
studies jointly addressing herbivory and ECE drivers across multiple
temporal scales remain limited, particularly in multifunctional land-
scapes such as HNV grazing systems (Lomba et al., 2014). This gap
contrasts with the large body of research modelling the effects of climate
change on vegetation dynamics, which often overlooks the key role of
herbivores as regulators of ecosystem processes and mediators of vege-
tation responses to climatic variability (Maestre et al., 2022; Xu et al.,
2023).

In this study, we use fine-scale GPS data from sheep herds to examine
how daily environmental conditions, including temperature extremes,
are associated with movement and daily space use in Mediterranean
rangelands. The pastoral system in our study area is predominantly
transhumant, with herds using these high-elevation rangelands mainly
during the grazing season. Specifically, we assess how daily maximum
air temperature, precipitation, vegetation productivity (NDVI), distance
to water sources, and the occurrence of heat waves are associated with
key movement metrics, including daily displacement and the daily
extent of core area (50%) and home range (95%). Analyses were con-
ducted throughout the full period of herd permanence in the study area,
and separately for the hotter months (i.e. the mid-summer period), when
thermal stress is highest due to higher daily air temperatures and
environmental constraints are most pronounced (Bailey et al., 1996;
Redfern et al., 2005). By comparing model support across contrasting
seasonal contexts, this study aims to improve understanding of how
continuous daily environmental conditions and heat-wave occurrence
are associated with livestock movement and daily space use, providing
insights relevant for the adaptive management and long-term sustain-
ability of extensive grazing systems under climate change.

2. Material and methods
2.1. Study area

The study was conducted in Campos de Hernan Perea (CHP), a high-
elevation karstic plateau (~1700 m a.s.l.) located in the Sierra de
Segura, within the Sierras de Cazorla, Segura y Las Villas Natural Park
(Jaén Province, southeastern Spain). CHP constitutes one of the largest
continuous karst plateaus in the Iberian Peninsula and is underlain by
Jurassic dolomitic and calcareous substrates, which promote high
infiltration rates and result in shallow, nutrient-poor soils (Benavente,
2008; Gomez-Mercado, 2011). The climate is cold sub-humid Mediter-
ranean, with strong seasonality characterized by cold winters with
frequent snowfall and dry summers occasionally interrupted by
convective storms (Gomez-Zotano et al., 2015). Due to its enclosed
topography, the plateau experiences marked thermal inversions and
large daily temperature amplitudes (i.e., ranges), making it particularly
sensitive to temperature variability (Whiteman, 2000). During the study
period (2021-2022), daily maximum air temperature ranged from 0.9 to
36.7 °C, with a mean of 24.2 £+ 6.6 °C. As expected, mid-summer air
temperatures were consistently higher and less variable, ranging from
21.9 to 36.7 °C, with an average of 29.9 + 2.7 °C. Mean monthly min-
imum air temperatures ranged from —0.7 °C in January to approxi-
mately 16.4-16.5 °C in July and August (Table S1), reflecting
pronounced diurnal thermal amplitudes typical of high-elevation Med-
iterranean plateaus. Although mean annual precipitation is moderate,
summer water availability is limited by rapid infiltration and low soil
water retention, reinforcing the importance of temperature as a climatic
constraint.

Vegetation is dominated by supra- and oro-Mediterranean xerophi-
lous grasslands and shrublands adapted to harsh climatic and edaphic
conditions. The plant community is characterized by species such as
Erinacea anthyllis, Genista longipes, Helianthemum spp., and scattered
stands of Juniperus spp. and Pinus nigra, interspersed with thorny shrubs
including Berberis vulgaris and Crataegus monogyna (Benavente, 2008;
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Gomez-Mercado, 2011). These communities reflect long-term grazing
pressure and are typical of Mediterranean mountain rangelands shaped
by extensive pastoral use (Oteros-Rozas et al., 2013).

CHP supports a traditional transhumant pastoral activity, with
extensive grazing systems based on the autochthonous Segurena sheep
breed from May to November, and seasonal movement of herds to lower-
elevation wintering areas in the southern Iberian Peninsula. Livestock
densities in CHP during the summer season reach approximately 130
sheep km 2, whereas wild ungulates, mainly mouflon (Ovis orientalis
musimon), occur year-round at much lower densities (~4 individuals
kmfz) (Rincon-Madronero et al., 2026). The long-term coexistence of
domestic and wild herbivores has contributed to maintaining open
grassland-shrub mosaics and has played a key role in shaping vegetation
structure, biodiversity and soil properties (Aguilera-Alcala et al., 2022;
Marks et al., 2024). Overall, CHP represents a well-preserved example of
Mediterranean mountain rangelands under extensive pastoral manage-
ment, providing an appropriate setting to assess how climatic con-
straints, particularly air temperature, interact with livestock movement
and daily space use.

2.2. GPS data processing and movement-related variables

GPS collar data from grazing sheep were collected in the CHP be-
tween 2021 and 2022 (Fig. 1), comprising a total of 126,188 GPS lo-
cations obtained from 30 sheep herds (approximately 12,000 sheep).
The original GPS fix interval varied among collars and/or deployment
settings, ranging from approximately 4 to 30 min. Although the tradi-
tional pastoral system in CHP is predominantly transhumant, and most
herds move between November and May to lower-elevation wintering
areas outside the study area, a small subset of GPS-collared herds
remained year-round within the municipality (i.e., non-transhumant
herds). For these resident herds, we kept GPS records corresponding
to the November-May period, as their movements still occurred within
the spatial extent of the study area and provided relevant information on
spatial dynamics under cooler seasonal conditions. In several herds,
more than one collar was deployed simultaneously. To ensure inde-
pendence among sampling units, we selected a single representative
collar per herd. Collars considered duplicates from the same owner or
showing inconsistencies across years (e.g., marked changes in spatial
coverage between 2021 and 2022) were excluded. Each collar was
assumed to represent the movement of the entire flock, an assumption
supported for highly cohesive livestock species such as sheep and cattle
(Hassan-Vasquez et al., 2022; Moritz et al., 2012). All analyses were
therefore conducted at the herd level.

GPS locations were standardized prior to analysis. First, data were
resampled to regular 1-h intervals, yielding up to 24 fixes per day. Herds
with fewer than 180 recorded locations within the study area (i.e., less
than approximately one week of presence) were excluded to ensure
comparable temporal coverage across herds and to minimize bias
associated with short-term or transient grazing events. After applying
these filtering criteria, the final dataset comprised 26 independent sheep
herds, with an effective monitoring duration of 38.5 4+ 11.4 weeks per
herd. From the filtered dataset, we derived a set of daily movement-
related metrics that were subsequently used as response variables in
the analyses, as they capture key components of space use and are
closely linked to the energetic costs of herd movement. Daily distance
travelled (m day‘l) was calculated as the sum of geodetic distances
between consecutive GPS fixes for each herd and day, using the distGeo
function from the geosphere R package (Hijmans et al., 2023). As a
quality-control procedure, daily movement records with total distances
exceeding 15 km were excluded prior to analysis (i.e., 48 monitoring
days). These values were considered implausible for daily spatial ac-
tivity and were therefore removed from the dataset used in subsequent
analyses. To characterize daily space use patterns, we estimated utili-
zation distributions (UDs) for each herd using kernel density estimation
(KDE) implemented in the hr_kde function of the amt package (Signer

Journal of Environmental Management 416 (2026) 130766

et al.,, 2019). From each UD, we extracted the 50% isopleth, represent-
ing the core area, and the 95% isopleth, representing the daily home
range area (Noonan et al., 2019; Pascual-Rico et al., 2026). These space
use metrics provide complementary information on the extent and
concentration of herd use across the landscape. Although they do not
identify grazing behaviour directly, they describe where herds spent
time and how broadly they used the landscape each day. Given that
sheep in grazing systems commonly allocate a substantial proportion of
their daily time budget to grazing/feeding activities, GPS-derived
movement and space use metrics can provide indirect but informative
proxies for potential grazing distribution in extensive pastoral systems
(Mohammed et al., 2020).

2.3. Environmental variables: vegetation productivity, climate and water
availability

To characterize environmental conditions potentially influencing
herd movement, we derived a set of vegetation, climatic and water-
related variables for each GPS location. Spatio-temporal variation in
vegetation productivity was quantified using the Normalized Difference
Vegetation Index (NDVI) derived from MODIS Terra Vegetation Indices
(MODIS/061/MOD13Q1; 250 m spatial resolution, 16-day composite)
within Google Earth Engine (GEE) (Gorelick et al., 2017). For each GPS
location, a 250 m buffer was generated to characterize local grazing
conditions, and NDVI values were extracted from the temporally nearest
16-day MODIS composite. Only pixels flagged as good quality
(SummaryQA = 0) were retained. The NDVI band was analysed using
the original integer values stored in the MODIS product. These values
have a scale factor of 0.0001; therefore, for example, stored values of
2000 and 7000 correspond to conventional NDVI values of 0.2 and 0.7,
respectively. NDVI was included as a continuous explanatory variable
representing vegetation productivity and potential forage availability
(Pettorelli et al., 2011).

Daily climatic conditions were characterized using air temperature
and precipitation data. Daily maximum 2-m air temperature was
extracted from the ECMWF ERAS5-Land Daily Aggregated dataset
(Munoz-Sabater et al., 2021) and assigned to each GPS location based on
the corresponding grid cell value for the corresponding date. Daily
precipitation (hereafter precipitation) was obtained from the CHIRPS
Daily dataset (Funk et al., 2015) using the same spatial and temporal
framework. From these data, we included daily maximum air temper-
ature (°C) and total precipitation (mm) as climatic predictors. Given the
spatial resolution of these datasets (approximately 5-9 km), the extrac-
ted values represent daily climatic conditions at the grid-cell scale rather
than direct measurements of the microclimate experienced by individual
herds. To identify extreme thermal conditions, we additionally retrieved
historical daily maximum 2-m air temperature from ERA5-Daily for the
period 1990-2020. Air-temperature values were spatially averaged
within a 30 km buffer centred on the centroid of all collar locations to
define a local climatological baseline. For each calendar day, the 90th
percentile of daily maximum air temperature was calculated across the
reference period, and days exceeding this threshold were classified as
heat days. Heat waves were defined as sequences of three or more
consecutive heat days, following established criteria (Ding et al., 2024).
Heat-wave occurrence was represented by a binary heat-wave indicator
denoting whether each day belonged to a heat-wave period. During the
study period, the model-ready dataset included 27 heat-wave days,
grouped into five heat-wave periods, corresponding to 171 herd-day
observations recorded on heat-wave days.

Given that precipitation is minimal and air temperatures are
consistently high during July and August (hereafter mid-summer), we
assumed that water availability may represent a limiting factor for sheep
movement during this period (Redfern et al., 2005). To quantify water
availability, all permanent water sources within the study area were
systematically visited and georeferenced prior to analysis. For each herd
GPS location, we calculated the Euclidean distance to the nearest
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Fig. 1. Spatial context, environmental conditions and movement metrics used in the study. We monitored 26 free-ranging sheep herds in the high-mountain plateaus of Sierra de Cazorla, Segura y Las Villas Natural Park
(SE Spain) during 2021-2022 (A). GPS collars recorded fine-scale movements, yielding 6464 monitoring days (D). We quantified daily distance travelled and 50% and 95% kernel areas, representing core area and home
range, respectively, across the full annual cycle and specifically during the mid-summer period, when heat waves are most frequent (C). Environmental covariates included daily maximum air temperature, precipitation,
NDVI as an index of pasture productivity, distance to permanent water sources, and the heat-wave indicator. Linear mixed-effects models were used to examine nonlinear behavioural responses, with separate models for
the full-year dataset and for the mid-summer period, when daily maximum air temperatures are highest. The upper illustration (B, top) represents the general climatic conditions outside mid-summer, characterized by
intermediate air temperatures, high NDVI values and comparatively greater precipitation. In contrast, the lower illustration (B, bottom) depicts the conditions typical of mid-summer (July-August), when vegetation
productivity is markedly reduced, air temperatures reach their annual maxima and rainfall is minimal.
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permanent water point, considering only water sources located within a
maximum distance of 3 km. Water points beyond this threshold were
excluded, as they were unlikely to influence daily movement decisions
of grazing sheep. To match the temporal resolution of the response
variables, distances were aggregated at the daily level by computing the
median daily distance to the nearest water point for each herd. The
median was used to characterize typical daily proximity to water while
reducing the influence of occasional long-distance excursions that may
not reflect regular space use. This metric was included as a continuous
explanatory variable to assess whether livestock movement patterns
were constrained by water availability during mid-summer.

2.4. Statistical analysis

Prior to modelling, we assessed collinearity among explanatory
variables using Pearson correlation coefficients. When pairs of pre-
dictors showed |r| > 0.5, we retained the variable considered a priori to
provide the most direct biological interpretation of livestock movement
and space use, and removed the alternative to reduce redundancy
(Fig. S1) (Rus et al., 2017). Accordingly, the heat-wave indicator and
median distance to water within 3 km were retained as the heat- and
water-related predictors, respectively, whereas the alternative corre-
lated metrics shown in Fig. S1 were excluded from the candidate model
sets.

Candidate models were developed separately for (i) the full dataset
and (ii) the mid-summer period (July-August), when air temperature is
consistently high and precipitation is minimal (Seager et al., 2019). The
full-dataset candidate set included daily maximum air temperature
(linear and quadratic terms), total daily precipitation, NDVI, season
(mid-summer vs. non-mid-summer), the heat-wave indicator, and year.
The mid-summer candidate set included daily maximum air temperature
(linear and quadratic terms), total daily precipitation, NDVI, median
daily distance to the nearest water point (considering only water sources
within 3 km), the heat-wave indicator, and year. All three response
variables were natural-log transformed before model fitting. Accord-
ingly, model coefficients represent additive changes in the
natural-log-transformed response. Continuous predictors were entered
on the scales described above. Daily maximum air temperature was
expressed in °C, its quadratic term was therefore expressed in °C2, total
precipitation was expressed in mm, distance to water was expressed in
metres, and NDVI was entered using the original integer values stored in
the MODIS product. Accordingly, NDVI coefficients represent the
change in the log-transformed response associated with a one-unit in-
crease in the stored MODIS value, equivalent to an increase of 0.0001 on
the conventional NDVI scale. In all models, herd identity was included as
a random intercept to account for repeated measures within herds.

For each response variable and dataset, we used an information-
theoretic approach for model selection by ranking candidate models
using Akaike's Information Criterion corrected for small sample sizes
(AICc). We report the top-ranked model (lowest AICc) and quantify
model fit using marginal R? (fixed effects) and conditional R? (fixed +
random effects). Model assumptions were evaluated through standard
residual diagnostics (e.g., residual vs. fitted plots and normal Q-Q plots).
All analyses were conducted in R (R Core Team, 2025) using the Ime4
package for mixed-effects models (Bates et al., 2015), MuMIn for
AlCc-based model ranking (Barton, 2015), and performance and sjPlot
for variance partitioning and model diagnostics (Schulz et al., 2025). For
the top-ranked models fitted to the full-year dataset containing both
linear and quadratic daily maximum air-temperature terms, we esti-
mated the turning point of the fitted relationship as Tpeak = —p; /
(2p,), where f; and p, are the coefficients of the linear and quadratic
daily maximum air-temperature terms, respectively. Uncertainty was
quantified using 2000 parametric bootstrap refits, from which
percentile-based 95% confidence intervals were calculated.

Journal of Environmental Management 416 (2026) 130766

3. Results

After data filtering and quality-control procedures, the final dataset
comprised 6464 monitoring days from 26 sheep herds. Of these, 2309
records corresponded to the mid-summer period (July-August), while
the remaining observations (i.e., 4155) covered the rest of the year.
Climatic conditions during the study period were highly seasonal, with
marked variation in air temperature and vegetation productivity across
the year, including warmer and less variable conditions during mid-
summer (see Appendix 2, Environmental conditions).

Across the full dataset, mean daily distance travelled by herds was
5.46 + 1.95 km/day. During mid-summer, mean daily distance was
5.09 + 1.76 km/day. Spatial use metrics also showed marked variability
between the full-year dataset and the mid-summer period. Mean core
area (50% kernel isopleth; K50) was 1.44 + 1.74 kmz, and during mid-
summer, it decreased to 1.15 + 1.34 km?. Home range size (95% kernel
isopleth; K95) was 5.36 + 4.20 km?, and during mid-summer, it was
4.77 + 3.49 km?.

For the full-year dataset, daily maximum air temperature was
retained in the top-ranked models for the three movement metrics (daily
distance travelled, core area, and home range) as both linear and
quadratic terms (Table 2A; Fig. 2). The fitted quadratic relationships
produced estimated turning points of 17.1 °C for daily distance travelled
(95% CI: 16.0-18.1 °C), 14.7 °C for core area (Kernel 50; 95% CIL: 11.4-
16.8 °C), and 14.1 °C for home range (Kernel 95; 95% CI: 10.4-16.3 °C).
NDVI was retained in all three top-ranked models, with negative coef-
ficient estimates for all three response variables. Precipitation and the
heat-wave indicator were not retained in any of the top-ranked models,
whereas year was retained in the top-ranked models for core area and
home range (see Supplementary Material 2).

During mid-summer, daily maximum air temperature was retained in
the top-ranked models for all three responses, with negative coefficient
estimates for daily distance travelled, core area and home range
(Table 2B; Fig. 2). NDVI, total daily precipitation, distance to the nearest
water point and the heat-wave indicator were not retained in any of the
top-ranked models, whereas year was retained in all three (see
Supplementary Material 2).

4. Discussion

Daily maximum air temperature was consistently associated with
variation in sheep movement and daily space use in this Mediterranean
mountain rangeland. Movement metrics varied markedly with air tem-
perature and changes in vegetation productivity. Across the full-year
dataset, home range, core area and daily displacement peaked at in-
termediate daily maximum air temperatures. This pattern may reflect a
thermal window in which thermoregulatory costs are lower, potentially
allowing greater energy allocation to locomotion and foraging (Marai
et al., 2007; Sejian et al., 2018). In contrast, during mid-summer,
increasing daily maximum air temperature was associated with pro-
gressively reduced movement, consistent with increasing thermal con-
straints on locomotion and space use under persistently high air
temperatures. Thus, movement responses differed across temporal
scales, with nonlinear patterns across the full-year dataset but a clear
linear decline during the warmest period (Abraham et al., 2019; Ruppert
etal., 2015). Progressive warming may therefore increase the likelihood
of spatial contraction as daily maximum air temperatures rise, consistent
with nonlinear thermal performance responses in endotherms
(Speakman and Krol, 2010).

This study provides one of the few quantitative assessments of space
use in sheep under extensive grazing systems. Reported daily distances
in mountain systems range widely, from 3 to 16 km (Squires, 1975),
with more recent GPS-based estimates around 6.9 km/day in North
American rangelands (Baum, 2021), values comparable to those
observed here (5.5 + 2.0 km/day). The increasing deployment of GPS
technology in livestock has enabled precise quantification of movement
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Table 1
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Top-ranked linear mixed-effects models (lowest AICc) explaining variation in livestock movement metrics. For all-year analyses, candidate predictors were daily
maximum air temperature (Tmax) and its quadratic term (Tmax?), total precipitation, season, NDVI, the heat-wave indicator, and year; for mid-summer analyses,
candidate predictors were Tmax, Tmax?, total precipitation, NDVI, median distance to water (3 km buffer), the heat-wave indicator, and year. The response was log-
transformed in all cases, and herd identity was included as a random intercept. Precipitation and the heat-wave indicator were not retained in any top-ranked model.
Reported statistics are AICc, logLik, number of observations (nobs), residual standard deviation (¢), marginal R?, conditional R?, and herd-level random-intercept

variance, with the corresponding standard deviation reported in parentheses.

Model Response Top-ranking model AlCc logLik nobs c marginal conditional random-intercept
variable R? R? variance (SD)

All year Daily distance log(dist) ~ NDVI + Tmax + Tmax? + (1 3591.07 —1789.53 6464 0.32 0.05 0.25 0.03 (0.16)
travelled | herd)
Kernel 50 - Core log(k50_km2) ~ NDVI + Tmax + 14,765.40  -7375.69 6464 0.75  0.03 0.15 0.08 (0.28)
area Tmax? + year + (1 | herd)
Kernel 95 - Home log(k95_km2) ~ NDVI + Tmax + 13,940.52 —6963.25 6464 0.70 0.03 0.15 0.08 (0.27)
range Tmax? + year + (1 | herd)

Mid- Daily distance log(dist) ~ Tmax + year + (1 | herd) 887.78 —438.88 2309 0.29 0.04 0.29 0.03 (0.17)

summer travelled
Kernel 50 - Core log(k50_km2) ~ Tmax + year + (1 | 4612.77  —-2301.37 2309 0.64 0.01 0.17 0.08 (0.28)
area herd)
Kernel 95 - Home  log(k95_km2) ~ Tmax + year + (1 | 4277.56  —2133.77 2309 0.60 0.02 0.17 0.07 (0.26)
range herd)
Table 2

Results of the LMMs for the movement-related variables, representing the summary of the top-ranking model (i.e., the one with the lowest AICc value) considering the
data for (A) the whole year (i.e., all data), and (B) for the mid-summer (i.e., July and August). All response variables were natural-log transformed, and coefficients
therefore represent additive changes in the natural-log-transformed response. Daily maximum air temperature and its quadratic term were expressed in °C and °G?,
respectively. NDVI is displayed using the original MODIS stored values (scale factor = 0.0001). Turning points reported in the Results were calculated from the

unrounded model coefficient estimates.

A)
response variable term estimate SE statistic df p-value
Daily distance travelled Intercept 8.60 0.06 152.54 221.69 < 0.001
NDVI —0.0001 0.00001 —8.04 6361.97 < 0.001
Daily maximum air temperature 0.03 0.003 10.08 6447.30 < 0.001
Daily maximum air temperature? —0.001 0.0001 -13.27 6445.45 < 0.001
Kernel 50 - Core area Intercept 0.35 0.13 2.80 586.04 0.01
NDVI —0.0001 0.00003 —6.58 5889.86 < 0.001
Daily maximum air temperature 0.03 0.01 3.92 6453.49 < 0.001
Daily maximum air temperature? —0.001 0.0002 —5.96 6451.28 < 0.001
Year: 2022 0.22 0.02 10.38 6458.82 < 0.001
Kernel 95 - Home range Intercept 1.72 0.12 14.49 545.37 < 0.001
NDVI —0.0001 0.00002 —6.31 5951.00 < 0.001
Daily maximum air temperature 0.03 0.01 3.64 6452.83 < 0.001
Daily maximum air temperature? —0.001 0.0002 —5.89 6450.63 < 0.001
Year: 2022 0.22 0.02 11.03 6458.98 < 0.001
B)
response variable term estimate SE statistic df p-value
Daily distance travelled Intercept 8.95 0.07 120.05 516.23 < 0.001
Daily maximum air temperature —0.01 0.002 —6.35 2284.16 < 0.001
Year: 2022 -0.11 0.01 —9.02 2295.37 < 0.001
Kernel 50 - Core area Intercept 0.65 0.16 4.05 1039.63 < 0.001
Daily maximum air temperature —0.02 0.01 —4.94 2286.56 < 0.001
Year: 2022 0.12 0.03 4.49 2301.53 < 0.001
Kernel 95 - Home range Intercept 2.13 0.16 13.51 1200.56 < 0.001
Daily maximum air temperature —0.03 0.01 —5.52 2297.46 < 0.001
Year: 2022 0.10 0.03 3.56 2312.90 < 0.001

patterns and their responses to environmental variability (Bailey et al.,
2018). However, although recent studies have examined habitat selec-
tion or activity rhythms in free-ranging sheep (Larraz et al., 2024; Plaza
etal., 2022), few have explicitly evaluated how daily climatic conditions
and vegetation productivity jointly shape both movement and space use
metrics in Mediterranean extensive grazing systems.

Space use declined with increasing daily maximum air temperature.
Similar reductions in activity during hot periods have been reported in
other domestic and wild ungulates, including goats (Capra aegagrus
hircus) and wild pigs (Sus scrofa), where activity shifts are interpreted as
strategies to reduce heat stress exposure (Cheng et al., 2025; Verzuh
et al., 2023; Wolfson et al., 2023). Importantly, although activity type,
body temperature, heat load, individual thermal exposure and

thermoneutral thresholds were not measured directly, the movement
pattern observed in our study, with model-predicted movement peaking
at intermediate daily maximum air temperatures, appears broadly
consistent with the thermoneutral conditions described for sheep, under
which metabolic expenditure is minimized and energy allocation to
locomotion and foraging may be favoured (Marai et al., 2007; Sejian
et al., 2018). In endotherms, activity typically follows nonlinear ther-
mal performance curves, with both low and high temperatures
increasing maintenance costs and constraining energy allocation
(Angilletta, 2009; Speakman and Krol, 2010). When ambient tempera-
tures exceed the upper critical threshold of the thermoneutral zone,
evaporative cooling intensifies and metabolic costs associated with heat
dissipation rise, reducing net energy gain. In this context, contraction of
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Fig. 2. Marginal relationships derived from the top-ranked models explaining sheep herd movement in relation to environmental variables (i.e., daily maximum air
temperature and NDVI). Predictions are shown for the full-year dataset (left) and for the mid-summer period (right) for: (i) daily distance travelled (measured in
metres), (ii) core area (Kernel 50), and (iii) home range (Kernel 95). Solid lines represent model-predicted values and shaded areas indicate 95% confidence intervals.
Both predictions and confidence intervals are back-transformed and displayed on the original response scales. In models in which year was retained, this variable is
not shown, as it was included solely as a control term to account for interannual variability rather than as a focal ecological effect (see Tables 1 and 2 for

further details).

daily displacement and spatial range may represent a behavioural
adjustment that reduces locomotor heat production and exposure during
high daily air temperatures (Sejian et al., 2018; Speakman and Krol,
2010). Such behavioural buffering could reduce immediate physiolog-
ical strain and spatial exploration and may alter resource acquisition
patterns, providing a plausible hypothesis for how daily thermal con-
ditions could contribute to changes in livestock space use and, poten-
tially, grazing distribution (Wong and Candolin, 2015). A further
limitation is that air temperature and precipitation were obtained from
gridded datasets with spatial resolutions of approximately 5-9 km. The
observed relationships therefore refer to broad-scale daily climatic
conditions and should not be interpreted as responses to the specific
microclimate or thermal exposure experienced by each herd. Finally,
although daily maximum air temperature was related to all three
movement responses in both the full-year and mid-summer analyses, the
fixed effects collectively explained only a modest proportion of the
variation in movement and daily space use. The higher conditional R?
values indicate that between-herd differences and other unmeasured
sources of variation remained substantial.

Across the full-year dataset, higher NDVI was associated with shorter
daily distances and smaller core areas and home ranges. Under higher
productivity, animals can meet nutritional requirements within smaller

areas (Teitelbaum et al., 2015), leading to spatial concentration rather
than expansion. Comparable patterns have been observed in wild un-
gulate species, including the African buffalo (Syncerus caffer) (Ryan
et al., 2006) and the saiga antelope (Saiga tatarica) (Singh et al.,
2010). During mid-summer, however, the selected models included
daily maximum air temperature but not NDVI for any response. This
seasonal contrast suggests that associations with vegetation productivity
were less evident during mid-summer, when daily maximum air tem-
perature remained associated with all three responses (Chesson, 2000).

Daily precipitation was not retained in the best-supported models of
sheep movement and daily space use for either the full-year or mid-
summer analyses, while distance to permanent water sources was like-
wise not retained in the mid-summer models. Vegetation productivity
(NDVI) and precipitation are usually correlated on weekly or monthly
time scales (Wang et al., 2003), but not necessarily at daily resolution.
This temporal mismatch may have limited the ability of daily precipi-
tation to capture short-term resource dynamics relevant to herd
decision-making. In addition, sheep in our study area typically drink
once or twice per day (pers. comm. from shepherd). In extensive farming
systems, although watering troughs guarantee access to water, sheep
can acquire water through their diet, from vegetation water content and
dew, particularly at cooler hours (Chikwanha et al., 2021), reducing
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reliance on troughs. Similar water acquisition strategies have been
documented in wild ungulates (Kihwele et al., 2020). In this managed
high-elevation system, stable water provision could therefore partly
decouple movement from short-term hydrological variability. Our re-
sults suggest caution when using water points as proxies for space use
and grazing distribution at the landscape scale, an assumption
commonly adopted in studies of herbivore spatial ecology (e.g., Arroyo
et al., 2026; Fensham and Fairfax, 2008;Maestre et al., 2022). This
pattern highlights the value of evaluating alternative water-related
metrics and temporal scales when modelling grazing intensity and dis-
tribution, and underscores the importance of integrating direct move-
ment data when evaluating herbivore-environment interactions.

The heat-wave indicator was not retained in the selected models for
any of the movement metrics considered. In high-elevation plateaus,
large diurnal thermal amplitudes produce hot days followed by sub-
stantial nocturnal cooling (Zhang et al., 2022). Such conditions may
limit overall thermal stress, allowing physiological recovery overnight.
This potential microclimatic buffering aligns with the concept of cli-
matic refugia, where topographic complexity and elevation generate
microclimatic heterogeneity that buffers organisms against regional
warming trends (Dobrowski, 2011; Morelli et al., 2016). Taken together,
these patterns suggest that associations between daily maximum air
temperature and sheep movement may emerge across a continuum of
daily thermal conditions, rather than being restricted to discrete ECEs (i.
e., days classified as heat-wave events). Nevertheless, this result should
be interpreted in light of the limited heat-wave exposure represented in
the dataset, which comprised 27 heat-wave days distributed across five
periods and 171 herd-day observations recorded on heat-wave days. The
limited number of independent heat-wave periods may have reduced
our ability to distinguish responses to the binary event classification
from associations with daily maximum air temperature. The
non-retention of the heat-wave indicator may also reflect scale-related
limitations in its definition, highlighting the need to evaluate alterna-
tive event classifications across broader climatic gradients.

Livestock movement is an important component shaping the poten-
tial spatial distribution of grazing and the spatial coupling between
herbivores and vegetation (Nathan et al., 2008). Because livestock
dominate herbivore biomass in most Mediterranean rangelands
(Herrero et al., 2016), even subtle behavioural shifts may contribute to
changes in where herbivory and vegetation consumption occur. The
temperature-related contraction of daily spatial ranges observed here
could concentrate herd use within smaller areas and thereby modify the
potential spatial distribution of herbivory, with possible increases in the
use of some patches and reductions in others. Such potential redistri-
bution could alter landscape-scale heterogeneity (Adler et al., 2001),
influence plant community trajectories (Eldridge et al., 2017), and affect
soil processes and associated biodiversity (Bardgett and Wardle, 2003).
Recent work in Mediterranean mountain grasslands integrating
GPS-derived herbivory maps with long-term NDVI time series showed
that spatial variation in GPS-derived herbivory pressure was associated
with vegetation trends and sensitivity to precipitation and air temper-
ature (Marks et al., 2025; Rincon-Madronero et al., 2026). These pre-
vious findings support the ecological plausibility of this pathway,
although grazing activity, vegetation responses and patch-level grazing
intensity were not measured directly in the present study.

Ecological-economic models have emphasized the need for adaptive
stocking and seasonally responsive grazing strategies under climatic
variability (Jakoby et al., 2015). Our results extend this perspective by
suggesting that behavioural adjustments associated with climatic con-
ditions may have implications for grazing distribution, even without
formal changes in stocking rate or rotation schemes. In this context,
daily maximum air temperature could be considered as an additional
variable in GPS-based movement monitoring, complementing the
identification of discrete extreme events. Whether temperature-related
contractions in movement translate into changes in grazing distribu-
tion, and whether particular management interventions can mitigate
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such changes, requires direct evaluation. If progressive warming reduces
the spatial extent of daily movement, and if these contractions translate
into changes in grazing activity, the resulting concentration of herd use
could modify grazing distribution, increasing herbivory in some areas
while reducing it in others and potentially contributing to shrub
encroachment and reduced spatial resilience in rangeland systems
(Briske et al., 2008; Rincon-Madronero et al., 2026). Evidence from
collaborative adaptive management experiments shows that iterative,
monitoring-based decision-making can enhance both ecological and
production outcomes in intensively managed rotational grazing systems
(Derner et al., 2021). In Mediterranean and other climate-sensitive
rangelands, where increasing air temperatures are expected to inten-
sify environmental constraints, management measures such as planned
spatial redistribution, rotational use of grazing units, temporary fencing,
guided movements, or context-specific adjustments in off-take timing
and supplementary feeding could therefore be evaluated as potential
options for responding to temperature-related contractions in livestock
movement under projected warming scenarios (Herrero et al., 2016;
Maestre et al., 2022; Teague et al., 2011; Yu et al., 2026). Integrating
fine-scale behavioural indicators derived from GPS tracking into routine
environmental monitoring may help detect spatial contraction and
provide additional information for evaluating potential management
responses. However, the effectiveness of specific interventions and their
consequences for rangeland resilience under climate change require
direct evaluation through grazing, vegetation and management
monitoring.

5. Conclusions

Daily maximum air temperature was consistently associated with
variation in sheep movement and daily space use in this Mediterranean
mountain rangeland. Herds moved farther and used larger areas at in-
termediate temperatures, whereas movement and space use contracted
as daily maximum air temperatures increased. Vegetation productivity
(NDVI) was also related to variation in movement and space use across
the full-year dataset, but its relationship with these responses was less
evident during mid-summer, when daily maximum air temperature
remained associated with all three responses. Together, these results
suggest that progressive warming may reduce the spatial extent of
livestock movement, with potential consequences for the distribution of
grazing across the landscape. Across the observed thermal gradient,
short-term movement responses were associated with day-to-day vari-
ation in maximum air temperature, while the limited number of inde-
pendent heat-wave periods precludes firm conclusions about responses
to discrete extreme events. Our study highlights the value of GPS-
derived movement metrics as early indicators of climate-related
changes in extensive grazing systems. Future work integrating move-
ment data with direct measures of grazing activity and distribution,
vegetation responses and pasture condition will be especially valuable
for assessing how these behavioural adjustments may scale up to
ecosystem-level consequences.
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