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• Climate change influences animal behav-
iour, yet effects on aggression are un-
known.

• We tested cumulative effects of warming/
drought on aggression, in a wild herbi-
vore.

• Warming/drought increased aggression at
feeding through vegetation-mediated ef-
fect.

• Simulations predicted 50% increase in ag-
gression by 2080 due to accumulated
warming.

• Climate change may exacerbate intraspe-
cific conflicts within animal societies.
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The potential for climate change to affect animal behaviour is widely recognized, yet its possible consequences on ag-
gressiveness are still unclear. If warming and drought limit the availability of food resources, climate changemay elicit
an increase of intraspecific conflicts stemming from resource competition. By measuring aggressivity indices in a
group-living, herbivorous mammal (the Apennine chamois Rupicapra pyrenaica ornata) in two sites differing in habitat
quality, and coupling themwith estimates of plant productivity, we investigated whether harsh climatic conditions ac-
cumulated during the growing season influenced agonistic contests at feeding via vegetation-mediated effects, and
their interaction with the site-specific habitat quality. We focused on females, which exhibit intra-group contest com-
petition to access nutritious food patches. Accounting for confounding variables, we found that (1) the aggression rate
between foraging individuals increased with the warming accumulated over previous weeks; (2) the probability to de-
liver more aggressive behaviour patterns toward contestants increased with decreasing rainfall recorded in previous
weeks; (3) the effects of cumulative warming and drought on aggressivity indices occurred at time windows spanning
15–30 days, matching those found on vegetation productivity; (4) the effects of unfavourable climatic conditions via
vegetation growth on aggressivity were independent of the site-specific habitat quality. Simulations conducted on our
model species predict a ~50 % increase in aggression rate following the warming projected over the next 60 years.
Where primary productivity will be impacted by warming and drought, our findings suggest that the anticipated
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climate change scenarios may trigger bottom-up consequences on intraspecific animal conflicts. This study opens the
doors for a better understanding of the multifactorial origin of aggression in group-living foragers, emphasising how
the escalation of agonistic contests could emerge as a novel response of animal societies to ongoing global warming.
“As climate chiefly acts in reducing food, it brings on the most severe struggle
between the individuals, whether of the same or of distinct species, which subsist
on the same kind of food.”

[C. Darwin, On the Origin of Species, 1859]

1. Introduction

Aggression is ubiquitous in the animal kingdom, primarily arising from
competition for mates, food or shelter. Intraspecific social interactions gov-
ern coexistence patterns of group-living species, and underpin the origins,
maintenance, and diversification of animal societies (Hardy and Briffa,
2013; Moss and While, 2021). Conspecifics usually interact via agonistic
behaviours to establish dominance hierarchies leading to reciprocal rank
assessment, thus reducing overt aggression and the risk of injuriousfighting
(Maynard Smith and Price, 1973; Clutton-Brock and Albon, 1979; Clutton-
Brock et al., 1979). Aggressiveness is delivered through a continuum of be-
haviour patterns spanning dominance postures, threat displays, appease-
ments and avoidance, which rarely culminate into attacks due to cost of
fighting. A plethora of eco-evolutionary processes is regulated by intraspe-
cific agonistic interactions. Aggressive contests may impact on individual
resource acquisition and body growth, can suppress reproduction as well
as influence physiology, fitness and survival, ultimately affecting vital
rates of animal populations (Potter et al., 1976; Clutton-Brock and Parker,
1995; Packer et al., 1995; Milner-Gulland et al., 2003).

Although the potential for climate change to affect animal behaviour
has been widely recognized (Tuomainen and Candolin, 2011; Wong and
Candolin, 2015), the mechanistic pathways underlying its possible effects
on aggression are poorly understood, and recent studies call for uncovering
the consequences of anticipated warming scenarios on these pathways
(Fisher et al., 2021). Surprisingly, few studies have explored the effects of
temperature on aggressive behaviour, and relevant information is limited
to direct effects of warming. Research conducted across various animal
taxa has shown either increases, decreases, or nonlinear variations in ago-
nistic contests with warmer temperatures, at both intra- and interspecific
levels (spiders: Doering et al., 2018; insects: Nguyen and Stahlschmidt,
2019; crustaceans: Gherardi et al., 2013; fish: Kua et al., 2020; birds:
Gudka et al., 2019; mammals: Xu et al., 2021). Most often, these proximate
effects of temperature are intimately linked to species-specific energetic
constrains depending on the interplay between heat stress, thermal balance
and metabolic rate (Fisher et al., 2021). Conversely, we know little about
how animals might alter their levels of aggression following second-order,
indirect effects of temperature or other climatic variables upon the avail-
ability of food resources. Here, we address the lack of empirical evidence
by investigating explicitly the effects of climatic variables on aggressive
contests, a research direction that has been recommended to be prioritised
to understand the consequences of future warming on animal societies
(Fisher et al., 2021; Moss and While, 2021).

The resource competition hypothesis predicts that individuals will be
more aggressive due to competition for limited food resources (Peiman
and Robinson, 2010), contributing to explain between-species difference
in aggressivity (Andrade et al., 2021). It thus offers a framework to investi-
gate variation in agonistic contests with changing climatic conditions. A
growing body of research is shedding light on the cumulative effects of cli-
matic variables on vegetation productivity (Vicente-Serrano et al., 2013;
Wen et al., 2019; Ding et al., 2020; Wei et al., 2022; Yuan et al., 2022;
Zhang et al., 2022). Unlike instantaneous and lagged effects, cumulative ef-
fects do not ignore chronic and carryover effects of weather on plant
growth, providing more insights about responses of vegetation to recent
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climate change (Yuan et al., 2022). Indeed, ecologists have started to reveal
how cumulative effects of weather underlie resource-dependent ecological
responses of animal populations by driving food quality and availability
(Ferretti et al., 2019; Hidalgo Aranzamendi et al., 2019). Amongstmeteoro-
logical parameters, accumulated temperature and precipitation exert the
strongest signatures on global patterns of vegetation growth, though with
differences across seasons, biomes and geographic areas (Ding et al.,
2020; Wei et al., 2022; Yuan et al., 2022; Zhang et al., 2022). Where cumu-
lative warming and drought limit the availability of food resources for
herbivorous species, climate changemay trigger an increase in intraspecific
conflicts stemming from the resource competition hypothesis.

Climate change effects are particularly severe for organisms adapted to
strongly seasonal habitats such as mountain “specialists” (Pepin et al.,
2015; Schmeller et al., 2022). In mountain ecosystems, global warming
has altered the distribution of cold-adapted plant species, with elevational
shifts and a general thermophilization of alpine vegetation across conti-
nents (Gottfried et al., 2012; Pauli et al., 2012; Zu et al., 2021). Warming
temperatures reduce abundance and persistence of sensitive mountain veg-
etation (Nomoto and Alexander, 2021), decreasing the quality and avail-
ability of food resources for herbivores. Warming-induced habitat loss
and seasonal mismatch of pasture availability can substantially affect re-
source allocation, population dynamics and viability of mountain herbi-
vores (Pettorelli et al., 2007; White et al., 2019; Lovari et al., 2020). Here
we consider a mountain-dwelling species, the Apennine chamois Rupicapra
pyrenaica ornata, to test the prediction that warming temperature and
drought increase intraspecific aggressiveness during feeding through cu-
mulative effects of unfavourable climatic conditions on vegetation growth.
The chamois is a group-living herbivore whose females are particularly de-
pendent on high-quality, cold-adapted forbs to meet energetic demands
during lactation (Lovari et al., 2020). Indeed our hypothesis has been fo-
cused on female chamois because, in summer, they forage together with
yearlings and juveniles on alpine meadows, exhibiting intra-group contest
competition to access nutritious food patches (Locati and Lovari, 1990;
Fattorini et al., 2018a,b). Success in displacing contestants guarantees pri-
ority access to resources, with disputes increasing in frequency and inten-
sity where resources are scarce (Fattorini et al., 2018b).

We took advantage of a quasi-experimental situation by measuring ag-
gressivity indices coupled with remote-sensing estimates of plant produc-
tivity in two sites differing in habitat quality, particularly in terms of
availability of high-quality vegetation and ensuing population viability, to
investigate whether harsh climatic conditions during the growing season
influenced agonistic contests via vegetation-mediated effects. Furthermore,
we assessed how this relationship depended on site-specific habitat quality.
Following the resource competition hypothesis, we predicted that chamois
would increase aggressiveness following detrimental effects of accumu-
lated warming and drought on vegetation productivity, and expected a
stronger increase in aggressiveness in the food-restricted, lower-quality
site.

2. Materials and methods

2.1. Study area and population

Our study was conducted within the Abruzzo Lazio andMolise National
Park (central Apennines, Italy), a protected area with temperate oceanic
bioclimate (Pesaresi et al., 2014). Weworked in two sites of similar size, lo-
cated ~6 km apart (food-restricted site: upper Val di Rose, 0.4 km2,
1800–1982 m; food-rich site: Mt. Meta, 0.3 km2, 2100–2242 m). Both
sites were covered by alpine grasslands dominated by forbs and
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graminoids, yet they markedly differed as to habitat quality, in terms of
availability of nutritious vegetation for chamois and relevant effects on pop-
ulation viability. Patches of cold-adapted, protein-rich forbs, themost nutri-
tious and selected food resource by chamois (Ferretti et al., 2014, 2015;
Lovari et al., 2020), were ~40 % more abundant in the food-rich site
(Ferretti et al., 2015, 2019); moreover patches dominated by unpalatable
graminoids were ~10 times more widespread in the food-restricted site
(Ferretti et al., 2015, 2019). Previous studies found lower feeding effi-
ciency, poorer diet quality, higher endogenous stress levels, less maternal
care by female chamois, and reduced overwinter survival of offspring, in
the food-restricted site than in the food-rich one (Ferretti et al., 2015,
2019; Scornavacca et al., 2016; Fattorini et al., 2018b). The negative effects
of resource depletion affected the chamois population, which collapsed by
~70 % in the food-restricted site during the last four decades (Lovari et al.,
2014, 2020). Over the same period, the population increased in the food-
rich, “refuge” site, at higher elevation, where chamois was absent a few de-
cades ago (Lovari et al., 2020), emphasising the superior habitat quality of
this site (sensu Rachlow, 2008; Stamps, 2008). In our study period, respec-
tively in 2014 and 2015, the minimum number of chamois observed at the
same time inmixed groupswas 32 and 21 in the food-restricted site, and 68
and 69 in the food-rich site. Because female ungulates generally show
strong philopatry (e.g. Loison et al., 1999, 2008, for Northern chamois
R. rupicapra), we can reasonably assume that females did notmove between
the two study sites during our study period. This assumption is supported
by preliminary data on females tracked in our same study sites through
VHF and GPS telemetry, which showed local herd/site fidelity (Latini
et al., 2013). Moreover we did not observe females with morphologically
distinct features (e.g. broken horns, scars) moving between our study sites.

Potential terrestrial predators of chamois move across both sites, but
predation on chamois is negligible (wolf Canis lupus: 1.6 % in diet; brown
bear Ursus arctos: <0.05 % in diet; Ciucci et al., 2014, 2020). Predation
on juvenile chamois by golden eagle Aquila chrysaetos is also rare
(Scornavacca and Brunetti, 2016). Additionally, predator attacks do not ap-
pear to influence aggressive behaviour in female chamois (Baruzzi et al.,
2017). For further details on study areas, see Ferretti et al. (2015).

2.2. Behavioural data collection

We collected data on chamois aggressive behaviour between 1st July
and 31st August 2014 and 2015, corresponding to the main nursing stage,
when mixed groups of females, yearlings and juveniles gather on alpine
meadows to forage on high-quality vegetation (Lovari and Cosentino,
1986; Fattorini et al., 2019). Male chamois, by contrast, tend to live in for-
ests at lower elevations (Lovari and Cosentino, 1986), segregating from fe-
males and escaping regular observation. Animals were observed from dawn
to dusk, using binoculars or spotting scopes, at a distance of 50–200 m, de-
pending on terrain and range of vision. We avoided recording data when-
ever chamois appeared to react to our presence. Sexually mature (≥2
years old) female chamois can be distinguished from males and age classes
can be discriminated visually (Lovari, 1985). We recorded data on foraging
groups of females, considering a group as at least two mature females in
sight of each other and <40 m apart (Bruno and Lovari, 1989). The focal
groupwas selected immediately after detection and observed continuously,
for at least 30 min and up to a maximum of ~6 h, depending on its move-
ments and visibility. We used 5-minute sampling bouts to record the num-
ber of aggressive contests between females, through continuous focal-group
sampling, and group size and structure, through instantaneous scan sam-
pling (Altmann, 1974). In both years, we conducted 6–8 observation
hours day−1, during at least 7–8 days at each site every month.

Aggressive contests while feeding can occur either as a single aggressive
behaviour pattern displayed by the attacker followed by immediate submis-
sion or escape of the recipient (Supplementary Content 1) or as escalated
encounters, including a series of consecutive behaviour patterns displayed
by both opponents for a few seconds until one (the 'loser') is displaced, im-
plying that the attacked individual reacted to the aggressor. For~98% con-
tests (n = 740), we were able to record opponents' age classes and
3

behaviour patterns displayed during the interaction. Only aggressive pat-
terns delivered by 'winners' were considered for analysis, as 'losers' per-
formed a negligible proportion (~3 %, n = 1015) of the aggressive
patterns recorded, mainly exhibiting submissive patterns or escaping. Fe-
male chamois deliver indirect or direct forms of aggressiveness to displace
rivals (ungulates: Walther, 1974; Schaller, 1977; chamois: Locati and
Lovari, 1990; Lovari and Locati, 1993), and this categorisation has been
used to evaluate the intensity of feeding contests in this mammal
(Fattorini et al., 2018a,b). Indirect forms involve ritualized behaviours
such as dominance postures/displays and are considered to be less aggres-
sive. Direct forms, encompassing overt threats such as approaches and
chases (Supplementary Content 1), are more intense, less ritualized forms
of aggression and may include attempts at physical contact.

2.3. Vegetation productivity

Remote-sensing indices are commonly implemented to assess ecological
responses of animal populations to vegetation (Pettorelli et al., 2005). We
used the Enhanced Vegetation Index (EVI) as a proxy for assessing accumu-
lated weather effects on vegetation productivity (see Villamuelas et al.,
2016; Lovari et al., 2020, for chamois). We obtained EVI data from the
MOD13Q1 product of the MODIS sensor (Moderate Resolution Imaging
Spectroradiometer) from the TERRA satellite of NASA accessible from the
United States Geological Survey (USGS; https://earthexplorer.usgs.gov),
at temporal resolution of 16 days and spatial resolution of 250 m. Daily
EVI in both study sites and years was obtained by linearly interpolating
16-days MODIS scenes obtained over the study period (each scene was
made by 46 images from which the EVI was averaged). For each site and
year, daily EVI was standardized by the maximum value recorded, making
it comparable across our study sites and years to identify the relationship
between relative vegetation productivity and climatic conditions recorded
at a fixed location. Such normalization is recommended to better compare
vegetation productivity anomalies between different areas and years
(Pettorelli et al., 2005; Meroni et al., 2019).

2.4. Meteorological variables

Mean daily temperatures (°C) and daily amounts of rainfall (kg m−2)
were derived by 10-minute resolution data recorded at a weather station
~10 km from both study sites (Passo Godi station, 1570 m elevation). Be-
cause our study sites differed slightly in elevation, temperature recorded
from a fixed altitude location allows testing site-specific effects without
being confounded by decreasing ambient temperaturewith increasing eleva-
tion (Mason et al., 2014a). We calculated the mean daily temperature and
the total amount of rainfall over various timewindows prior to each observa-
tion day to test indirect effects of weather (Ferretti et al., 2019, for chamois
in our study sites). At the planetary scale, sensitivity of vegetation to cumu-
lative effects of climatic conditions during the growing season has been re-
ported to occur mostly at time-lags between 15 and 40 days (Ding et al.,
2020). In our study area, snowmelt occurs in late spring, and the ground is
snow-free from late-May/early-June (Bruno and Lovari, 1989). Time win-
dows beginning >30 days prior to 1st July, our first observation day, are
therefore unlikely to be relevant to accumulated weather effects on aggres-
sive behaviour if the latter ismediated by vegetation, because of themasking
effect of snow cover on vegetation growth (Ferretti et al., 2019). Moreover
considering long time-lags would increase the risk of false positive climatic
signals due to spurious effects (Hidalgo Aranzamendi et al., 2019). For
analysis, we thus used arbitrarily defined time windows of 15, 20, 25, and
30 days.

2.5. Statistical analysis

The principal aimof our studywas to test explicitly the potential link be-
tween accumulated climatic conditions and animal aggression, to under-
stand how the anticipated climate change scenarios may drive aggressive
contests. Because we hypothesised that cumulative effects of weather

https://earthexplorer.usgs.gov
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would be the ultimate determinant of aggression between foraging individ-
uals (Fig. 1), the logic of our analytical approach was primarily aimed at in-
vestigating whether accumulated temperature and rainfall during the
growing season influenced aggression indices. Separately, we also investi-
gated cumulative effects of weather on vegetation growth, which is ex-
pected to be the proximate determinant of aggression according to the
resource competition hypothesis (Fig. 1). Analyses were run and presented
first by considering meteorological parameters accumulated within the
time window spanning 30 days prior to the focal observation day (see
below), but then they were repeated by considering the other time win-
dows to explore the appropriate timescales at which climatic signals on ag-
gression may occur. We hypothesised cumulative, i.e. indirect, effects of
weather on aggression, but previous studies also show potentially direct ef-
fects of temperature on aggression (see Introduction). Thus, we also re-
peated the analyses by using the temperature recorded in each 5-minute
observation bout. Direct effects of rainfall were not considered because
we could not record behavioural data during rainy hours, due to limited vis-
ibility. Eventually, to support the occurrence of proximate effects of vegeta-
tion productivity on aggression indices, we conducted a separate analysis
where we replaced meteorological predictors with the standardized EVI.

We analysed the effects of temperature and rainfall on aggression indi-
ces using generalized linear mixed models (GLMMs; Zuur et al., 2009).
Intra-group aggression rate, the number of aggressions between females
recorded in 5-minute sampling bouts, was standardized by the correspond-
ing number of females in the group to index the number of aggression per
female, hereafter defined as the pro capite aggression rate, and modelled
with tweedie errors (log link function) to handle continuous, 0+ values
(n = 2479 data-points). Aggression intensity, defined as the probability
to display a threat toward the recipient during an aggressive contest,
was modelled with binomial errors (logit link function) to handle presence/
absence data (n = 982 data-points). For both aggression indices, we in-
cluded as fixed effects mean daily temperature, T30 (continuous, in °C),
and total amount of precipitation, P30 (continuous, as kg m−2), recorded
over 30 days prior to each focal observation, as well as their interactions
with the study site (factor; reference level: food-rich site) to investigate
site-specific, habitat quality effects of cumulative climatic conditions in
influencing animal aggressiveness. We also considered a set of fixed effects
to account for confounding variables known to influence female aggression
in chamois. We included the linear and the quadratic effects of time of day
Fig. 1. Schematic representation illustrating the logic behind our investigation.
Cumulative effects of temperature and rainfall, considered over various time
windows (grey bars) prior to focal observation day (t), determines vegetation
growth at day t, which in turn drives frequency and intensity of feeding contests
between female chamois at day t.
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(continuous, standardized as negative or positive decimal hours from solar
noon), as aggression indices tend to increase or decrease while departing
from noon (Fattorini et al., 2018a,b); Julian date (integer, as days elapsed
from 1st January), to control for the linear variation in female aggressive-
ness over the nursing stage (Fattorini et al., 2018b). For aggression inten-
sity we also included as fixed effects whether the contest was escalated
(factor; reference level: no escalation), the opponent's relative age class
(factor; reference level: same age class), and the age class of the actor of
each aggressive behaviour delivered (factor; reference level: subadult), be-
cause these variables may influence the probability of displaying more or
less intense aggressions in chamois (Locati and Lovari, 1990, 1991;
Fattorini et al., 2018b). For both aggression indices, we included group
identity as a random intercept to control for repeated observations of the
same chamois group.

Cumulative effects of weather on vegetation productivity were analysed
through GLMMs, by modelling the standardized daily EVI through beta er-
rors (logit link function), as customarily done when handling continuous
proportions (standardized EVI = 1 was considered equivalent to
1–10−10, to enable the use of beta errors without altering its biological
meaning). We included as fixed effects T30, P30, and their interactions
with the study site, as well as the linear effect of Julian date to consider
the general decreasing trend of EVI throughout the study period
(Fattorini et al., 2019, for our study area).We included the year as a random
intercept to account for repeatedmeasurements of EVI recorded in the same
year. Preliminary exploration of model residuals also suggested heteroge-
neity of variance between observed and interpolated EVI values, as well
as in relation to the interaction between accumulated temperature and
study site, which we accounted for by modelling the dispersion against
these variables.

In all models, we scaled covariates and found no multicollinearity
amongst them (r < |0.5|; VIFs < 2). For each full model specified as
above, we conducted a model selection to determine the top-ranked
model(s) best supporting our data. Model selection was performed by com-
paring all possible candidate models, including the null model, because
each of them could represent an alternative, plausible hypothesis. We
used the Akaike's Information Criterion corrected for small samples
(AICc) to rank models, a metric trading-off model complexity with good-
ness of fit (Aho et al., 2014). We followed the ‘nesting rule’ to avoid
retaining overly complex models (Harrison et al., 2018): models with
ΔAICc≥ 2 with respect to the best model (i.e., the model with the lowest
AICc value), as well as models with an AICc value greater than that of any
simpler alternative were not selected. Model weight, reflecting the proba-
bility that a given model is the best model, was thus standardized within
each subset of selected models. Results of model selections are reported
in Appendices 1–5 (Supporting information). For each response variable,
we used the best model to make inference on the effects of predictors by
assessing whether 95 % confidence intervals of coefficients overlapped 0.
Best models were validated via inspection of residuals and assessment of
model fit (Appendix 6, Supporting information). GLMMs and model selec-
tions were conducted respectively through the R packages glmmTMB
(Brooks et al., 2017) and MuMIn (Bartoń, 2020).

2.6. Predicting future aggression rate

Accumulated summer temperatures varied significantly in our study
area during the last decades, while cumulative summer precipitation re-
mained relatively stable (Appendix 7, Supporting information). Therefore,
for 2021–2080, we simulated changes only in the aggressivity index of
chamois influenced by temperature, i.e. the aggression rate (see Results).
Simulations of aggression rate were based on future trajectories of T30 spe-
cifically projected by considering the past summer temperatures occurred
in our study area (Appendix 7, Supporting information). During the last de-
cades, linear/exponential increases of global temperatures have occurred
(Hegerl et al., 2018). Thus, our projection assumed no major variation in
the trend of temperature increase until 2080. We used temperature over
30 days prior to 1st August to allow comparison of our locally-calibrated

Image of Fig. 1


Table 1
Parameters estimated from the best GLMM predicting (a) aggression rate and
(b) aggression intensity of foraging female chamois Rupicapra pyrenaica ornata: var-
iance of random intercepts (σ2), dispersion parameter (Φ), power parameter (p),
predictors' coefficient estimates (β) and their 95% confidence intervals (CIs). An as-
terisk marks coefficients whose CIs do not include ‘0’. Cumulative effects of mean
temperature (T30) and total amount of rainfall (P30) over the previous 30 days on ag-
gression indices are bolded. Reference levels for ‘Opponent's relative age’ and ‘Con-
test type’ are ‘younger’ and ‘not escalated’. All covariates are scaled. For
measurement units of explanatory variables, see text.

Aggression index Predictor β coefficient 95 % CI

a. Pro capite intra-group
aggression rate

σ2GroupID = 0.344
Φ = 0.755
p = 1.328

Intercept −3.295 −3.481;
−3.109

*

T30 0.257 0.043; 0.471 *
Julian day −0.189 −0.410;

0.032
Time of day 0.282 0.098; 0.465 *
Time of day2 0.176 0.022; 0.331 *

b. Aggression intensity
σ2GroupID = 0.418

Intercept 2.150 1.757; 2.542 *
P30 −0.314 −0.569;

−0.059
*

Julian day 0.429 0.150; 0.708 *
Opponent's relative
age (same)

0.542 0.086; 0.998 *

Opponent's relative
age (older)

−0.369 −0.912;
0.174

Contest type
(escalated)

−0.806 −1.189;
−0.422

*
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projections at the median date of the study period to those forecasted by
global models and available at the monthly scale. Indeed, our projections
of summer climatic conditions over a month prior to 1st August in
2021–2080 were consistent with those forecasted in the study area in
July through the ensemble of 84 CMIP6 scenarios (21 Global Circulation
Models coupled with four Shared Socioeconomic Pathways of climate pol-
icy) encompassing the likely range of future radiative forcing (Appendix
8, Supporting information).

For every simulated trajectory of T30, say {T30, t, i} with t = 2021, …,
2080 and i=1,…, 10,000, and for each of the three arbitrary time periods
separately (Time=−5, 0, 5 h fromnoon),we generated the corresponding
trajectory of the pro capite intra-group aggression rate at a fixed date (Julian
day = 212, i.e. 1st August). Hence, we simulated 10,000 trajectories ac-
cording to the model where the pro capite intra-group aggression rate in
the i-th trajectory for the year t, say {Yt, i}, was a random variable generated
from a Tweedie distribution TWp(μt, i, Φ) with expectation

E Yt,ið Þ ¼ μt,i ¼ g�1 β0 þ uþ β1T30,t,i þ β2Timeþ β3Time
2 þ β4Julian day

� �

and variance

V Yt,ið Þ ¼ Φ μt,ip,

where the link function g was the natural logarithm, β0, β1, β2, β3 and β4
were the coefficients estimated from the top-ranked model, the random in-
tercept u was generated from a normal distribution with 0 expectation and
variance σ2 estimated from the top-rankedmodel, andΦ and p were the pa-
rameters of the Tweedie distribution estimated from the top-rankedmodel.
For simulations, we used parameters of the top-ranked model fitted with
unstandardized covariates. Finally, as the simulated aggression rate
reflected the pro capite frequency of agonistic contests in 5-minute sampling
bouts, we hour-normalized it so that the pro capite intra-group aggressions
hour−1 was 12 Yt, i.

3. Results

Overall, we recorded 1607 animal-hours of observations (i.e., 2479
bouts on 71 focal groups; mean ± S.E.: 34.9 ± 2.35 bouts group−1;
2.9 ± 0.19 observation hours group−1; 7.8 ± 0.12 females bout−1), ob-
serving a total of 740 aggressive contests (mean ± S.E. number of aggres-
sions per female hour−1 and percentage of threats delivered to
contestants, respectively: food-restricted site, 0.6 ± 0.1 and 87.2 % ±
2.88 %; food-rich site, 0.6 ± 0.1 and 84.7 % ± 2.89 %). Neither the best
model predicting aggression rate nor that explaining aggression intensity
supported the effect of site-specific habitat quality or its interactionwith cli-
matic conditions, yet both best models supported cumulative effects of
weather on aggressivity indices (Appendices 1–2, Supporting information).

The pro capite aggression rate was positively influenced by the temper-
ature accumulated over the previous 30 days: independently of confound-
ing variables, as average temperature rose from 12.1 to 17.7 °C,
aggression frequency increased by ~120 % (Table 1a; Fig. 2a). Sensitivity
analyses confirmed this result for time windows of 15, 20 and 25 days pre-
ceding focal observations (Appendix 1, Supporting information). Con-
versely, aggression rate was not influenced by the direct effect of
temperature (Appendix 4, Supporting information). Rainfall was not se-
lected as an influential predictor of aggression rate at any time window
(Table 1a and Appendix 1, Supporting information).

We found that the probability to deliver more aggressive behaviour
patterns to contestants increased with decreasing rainfall over the previous
30 days: accounting for confounders, as rainfall decreased from 134.6 to
20 kg m−2, threat delivering probability increased by ~25 % (Table 1b;
Fig. 2b). We obtained the same result considering time windows of 15, 20
and 25 days (Appendix 2, Supporting information). In all cases, tempera-
turewas never supported as a predictor driving the probability of delivering
more or less aggressive behaviour patterns to contestants (Table 1b and Ap-
pendix 2, Supporting information).
5

Best models of relative vegetation productivity provided support to a
general effect of the site-specific habitat-quality on standardized EVI for
all time windows, with greater productivity in the food-rich, higher-
quality site (Appendix 3, Supporting information). Standardized EVI in-
creased with lower temperature and increased rainfall accumulated over
time windows of 15, 20, 25 and 30 days, though for most time windows
the increase in productivity with decreasing temperature appeared to be
weaker in the food-rich site (Appendix 3, Supporting information).

Following an accumulated summer warming of ~2.8 °C in the study
area (Fig. 3a), our simulations predicted that the pro capite intra-group ag-
gression rate of chamois would increase by 43–56 % over the next 60
years, depending on the daily period (Fig. 3b and Appendix 9, Supporting
information). The proportion of simulations where chamois engage in ago-
nistic contests at feeding was also predicted to increase by 17–28 %, de-
pending on day time (Fig. 3b and Appendix 9, Supporting information).

4. Discussion

As the Earth's climate has warmed at an unprecedented rate, profound
consequences on animal behaviour have emerged at multiple spatiotempo-
ral scales (Tuomainen and Candolin, 2011; Wong and Candolin, 2015).
Despite alarming effects of increasing temperature on foraging, reproduc-
tive, and spatiotemporal behaviour have been identified across the animal
kingdom, potential consequences on aggressiveness are still obscure. Our
study provides the first direct evidence that warmer temperatures may ex-
acerbate animal feeding contests through indirect effects mediated by food
resources.

4.1. Increased aggression under climate change: a plastic response to resource-
mediated effects of weather

After perturbations in food availability, plasticity in aggressive re-
sponses should be adaptive, since aggressiveness is predicted to increase
as an evolutionary stable strategy when food resources become scarce
(Sirot, 2000). Warmer temperatures and drought often limit water and nu-
trient supply to plants, augmenting fibre and reducing digestible protein
contents for wild herbivores (Jonasson et al., 1986; Craine et al., 2009).
Moreover, warming and drought directly affect viability of cold-adapted
plant communities through effects on their physiology (Nomoto and



Fig. 2. Effects of (a) mean temperature (T30) and (b) total amount of rainfall (P30)
accumulated over 30 days prior to focal observation day on (a) the hour-
normalized, pro capite intra-group aggression rate and (b) the occurrence
probability of delivering more aggressive behaviour patterns, while feeding, by
female chamois Rupicapra pyrenaica ornata. Lines and shading: values predicted
while averaging the effects of other confounding variables and 95 % confidence
intervals. Dots: observed values averaged by chamois focal-group (a: number of
aggression per female hour−1; b: proportion of threats over the total amount of
aggressive behaviour patterns delivered).
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Alexander, 2021), thus shrinking food patches available to herbivores
(Lovari et al., 2020). Chamois experiencing hotter and drier conditions
over the sensitive period of vegetation growth not only responded by
reducing feeding efficiency, as shown in our same study sites (Ferretti
et al., 2019), but also increased aggression rate and escalated the intensity
of aggressive contests to displace potential competitors, likely securing
access to food patches. In mountain herbivores, increased warming during
the growing season appears to reduce mass gain either through heat stress
or perturbations in food availability (Rughetti and Festa-Bianchet, 2012;
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Mason et al., 2014b), and drier conditions have been shown to trigger
forage quality-mediated endogenous stress response (Anderwald et al.,
2021). In our study areas, the decrease in relative vegetation productivity
with warmer temperatures and reduced rainfall matched the temporal
scales of climatic signals found on aggressive behaviour, between 15 and
30 days, conforming to findings at the global scale (Ding et al., 2020).
Conversely, wedid notfinddirect effects ofweather on aggressivity indices.
Furthermore, models replacing the cumulative effects of weather with the
proximate effect of vegetation growth confirmed that aggression rate and
intensity between chamois increased with reduced plant productivity
(Appendix 5, Supporting information). These results strongly suggest that
the increase in aggressiveness was driven ultimately by cumulative weather
effects on vegetation growth. A hot growing season may increase atmo-
spheric demand for evapotranspiration, inhibiting vegetation growth
(Ding et al., 2020). Cumulative water deficit can suppress plant photosyn-
thesis and desiccate soil moisture, reducing nutrient uptake by vegetation
(Querejeta et al., 2021). Grasslands are especially sensitive and respond
relatively quickly to drought because herbaceous plants have low
water storage capacity, mainly obtaining water from topsoil (Wei
et al., 2022). Previous data indeed have confirmed worsening feeding
conditions of female chamois experiencing accumulated warming and
drought in summer (Ferretti et al., 2019). Most likely, cumulative effects
of harsh climatic conditions during the growing season thus increased the
resource value, that is the motivation for chamois to escalate aggressive
contests when feeding.

Effects of other ecological processes, such as interspecific competition,
have been suggested to overlap and potentially exceed those of climate in
shaping animal behaviour (Mason et al., 2014a; Herfindal et al., 2019, for
mammals). Resource exploitation by a large competitor, the red deer Cervus
elaphus, has been identified as a critical, additive player further reducing
pasture quality and foraging efficiency of chamois in our food-restricted,
lower-quality site (Lovari et al., 2014; Ferretti et al., 2015, 2019). In fact,
relative vegetation productivity was greater in our food-rich site, where
the effect of the accumulated warming on plant growth also appeared to
be weaker. In contrast to our expectation, however, chamois responded
consistently to cumulative climatic conditions at both sites. This result sug-
gests that cumulative effects of harsh climatic conditions on vegetation
could raise animal aggressiveness independently of habitat quality,
emphasising the potential for climate change to elicit an increase in contest
competition even in high-quality habitats, like areas with better resource
availability and more viable populations.

4.2. Increased aggression under climate change: potential evolutionary
implications

Presently, we know little about how plasticity in aggressive responses
could affect fitness, and whether it may translate into selective adaptations.
Recent research has provided evidence that aggressive phenotypes are se-
lected in animal populations experiencing extreme climatic events (Little
et al., 2019), and that aggression may evolve rapidly through a positive
feedback loop on the social environment (Wilson et al., 2009). In other cir-
cumstances, whenever intraspecific fighting implies lethal effects, the loss
of aggression should be favoured by natural selection (Holway et al.,
1998). In this case, climate warming would be expected to lower the fitness
of individuals involved in lethal fighting (Andrade et al., 2021). However,
in wild herbivores, maintaining access to high-quality food resources is of
paramount importance during the favourable season as it promotes – via re-
source allocation – both individual and offspring survival, increasing life-
time reproductive success (Festa-Bianchet and Jorgenson, 1998; Gaillard
et al., 2000; Therrien et al., 2007; McLoughlin et al., 2007; Hamel et al.,
2009). Although long-term, individual-specific information on reproduc-
tive fitness would be needed to provide evidence of selective advantages
in raising aggressiveness, we found that chamois initiating agonistic con-
tests were more likely to displace opponents over food patches (99 %
events; n = 740), and that delivering more aggressive behaviour patterns
elicited an earlier withdraw of contestants (Table 1b). This suggests that

Image of Fig. 2


Fig. 3. (a) Observed and forecasted cumulative summer warming in our study area following locally-calibrated projections of accumulated temperatures (T30) at the median
date of our study period (Appendix 7, Supporting information, for details); for projection, the median (solid line), 5th and 95th percentiles (dashed lines), and 250 randomly
selected trajectories (hollow lines) of T30 are shown. (b) Simulations conducted at three different daily periods (−5, 0 and 5 h from solar noon, from top to bottom) predicting
(left panel) the mean annual, hour-normalized, pro capite intra-group aggression rate of chamois Rupicapra pyrenaica ornata (shading: standard error) and (right panel) the
percentage of simulations where individuals are engaged in agonistic contests at feeding, in the period 2021–2080.
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the pay-off of food acquisition may exceed energetic costs of intraspecific
disputes. Therefore, in absence of lethal conflicts, a temporary transition
from plastic increases in aggressiveness to actual selection for more aggres-
sive individuals may be hypothesised if global warming will reduce quality
and quantity of food resources.

4.3. Increased aggression under climate change: a widespread response?

Previous studies have found that animal aggression can be shaped by
anthropogenic environmental alterations such as pollution (Sorvari and
Eeva, 2010; Nabinger et al., 2018; McClelland et al., 2019; Xu et al.,
2021; but see also Grunst et al., 2018). If primary productivity will be neg-
atively impactedbywarming and drought, indirect effects of anthropogenic
climate change on behavioural responses could be more important than
previously expected, potentially triggering bottom-up consequences on in-
traspecific animal conflicts. Despite uncertainty in the evolution of selective
advantages, our study on a wild herbivorous mammal predicts an average
~ 50 % increase of the pro capite intra-group aggression rate over the
next 60 years, following a projected accumulated warming of ~2.8 °C in
summer. Suggestively, retrospective analyses of human behaviour report
an increase in civil conflicts as global warming progresses, possibly ex-
plained by a ‘war over resources’ similar to that we suggest here for animal
societies (e.g. Burke et al., 2009; Hsiang et al., 2011, 2013; Miles-Novelo
and Anderson, 2019; but see also Adams et al., 2018). Clearly, generalizing
our conclusions depends on whether, and how, animal responses involve
individual variation of non-aggressive behavioural traits to avoid increas-
ing intraspecific contests after a decrease in food resources. For example,
ecological flexibility may allow species to shift their temporal activity or
habitat use, which would mitigate the deteriorating effects of global
warming on resource allocation (see e.g. thermal shelters- or climate
change refugia-effects; Dobrowski, 2011; Mason et al., 2014a; Melin
et al., 2014; Elsen and Tingley, 2015; Morelli et al., 2016; Billman et al.,
2021; Reiner et al., 2021; Semenzato et al., 2021). However, the rationale
behind our findings, namely the escalation of intraspecific conflicts over
limited food resources, is supported by evolutionary theory (Maynard
Smith and Price, 1973; Sirot, 2000), as well as by empirical evidence span-
ning the animal kingdom (Peiman and Robinson, 2010; Andrade et al.,
2021).

As to the geographic extent of this response, it will also vary according
to the effects of climate change on primary productivity. Harsh weather
triggered by ongoing climate change may reduce food resources for herbi-
vores on a large-scale, with global analyses providing evidence that plant
productivity is suppressed by cumulative effects of drought in ~75 % of
the world's grasslands (Wei et al., 2022), and that droughts have reduced
global vegetation productivity (Zhao and Running, 2010). Even if the cur-
rent warming rate does not accelerate, climate change is predicted to inten-
sify drought (Dai, 2013) and heat waves especially in summer (Christidis
et al., 2015), which may increase in duration up to half a year (Wang
et al., 2021). These considerations, combined with our findings, suggest
that a boost in animal aggressiveness might be a widespread response
under the anticipated warming scenarios, at least amongst terrestrial
primary consumers highly reliant on vegetation growth. At the same
time, however, contrasting effects of accumulated warming and drought
on primary productivity may also occur in some regions (Yuan et al.,
2022), potentially leading to an increase in vegetation productivity with
global warming. Therefore the geographic spread of this response would
depend on the combination of the site-specific magnitude and direction of
both temperature- and precipitation-effects in driving vegetation produc-
tivity. We should also consider that, although the increase in aggression
may emerge primarily on herbivorous species as being dependent directly
on autotrophic productivity, we cannot rule out their emergence at higher
trophic levels, such as in predator species due to climate change-induced al-
terations in prey availability (cf. Amstrup et al., 2006). Finally, the effect of
climate change on aggressive contests might also operate at the interspe-
cific level through competition for coveted abiotic resources, as preliminary
data suggest (Berger et al., 2022).
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4.4. Caveats and conclusions

Our study, inevitably, is not exempt from limitations relevant to any
field data collection involving bounded across-year variability in climatic
conditions. Nonetheless, we should note that the within-year variability
of accumulated temperature and rainfall observed in our study years (T30
range: 12.1–17.7 °C; P30 range: 20–134.6 kg m−2) captured 100 % of the
average across-year variability of these factors occurring over the last 30
years in our study area (T30 range: 12.7–16.7 °C; P30 range: 19.5–95.1 kg
m−2), thus being representative of the variability in the accumulated
summer climatic conditions over the long-term. Moreover we predicted fu-
ture responses by limiting our projection to the next 60 years (ratio ‘years of
observed data:years of predicted data’=1:30), hencewehave been conser-
vative compared to previous forecasts developed to predict ecological re-
sponses of wild herbivores and based on a similar timespan in data
collection (e.g. Mason et al., 2014a, ratio ~ 1:80; Espunyes et al., 2019,
ratio ~ 1:100). In any case, despite the above precautions, future studies
based on long-term behavioural data collection from different species
would be required to improve our models and to evaluate the broad,
between-species applicability of our findings.

Additionally, we used a remote-sensing indicator of vegetation pro-
ductivity to support the cumulative effects of hot-dry weather in reduc-
ing pasture availability for chamois. Despite the large use of such
indicators as surrogates of habitat productivity and vegetation growth,
they might not capture entirely the impact of weather on both pasture
availability and quality, as well as how this impact might vary between
different plant communities occurring in the same area. To this end,
measuring the availability and nutritional quality of plants through
field surveys conducted at fine spatial and temporal grains could have
better quantified the cumulative effects of weather on the resource
value for chamois. At same time, however, vegetation surveys conducted
in our study area in the past confirmed strong sensitivity of the plant com-
munity selected by chamois to warming (Lovari et al., 2020), supporting
our findings.

So far, climate change research has revealed manifold ecological re-
sponses by animal populations (Walther et al., 2002; Root et al., 2003;
Parmesan, 2006; Cohen et al., 2018), yet effects on animal conflicts
have been ignored. Although correlative in nature, our study opens
the doors for a better understanding of the multifactorial origin of intra-
specific aggression in group-living foragers, emphasising its close con-
nection with climate change and the escalation of agonistic contests as
a potential response animal societies could manifest under ongoing
global warming.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.161789.
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