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Abstract

Introduction

Climate and environmental change have driven widagbchanges in body size, particul
declines, across a range of taxonomic groups imnteclecades. Size declines co
substantially impact on the functioning of ecosyste To date, most studies suggest
temporal trends in size have resulted indirectlymfrclimate change modifying resou
availability and quality, affecting the ability ofdividuals to acquire resources and grow.

Results

Here, we investigate striking long-term body masslides in juvenile Alpine chamajis

(Rupicapra rupicapra), within three neighbouring populations in thei#ta Alps. We find
strong evidence that increasing population deresily warming temperatures during spr
and summer are linked to the mass declines. We timdevidence that the timing
productivity of resources have been altered duttingperiod.

Conclusions

We conclude that it is unlikely that environmentdlange has driven body size cha
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indirectly via effects on resource productivity phenology. Instead, we propose t



environmental change has limited the ability ofiwidlals to acquire resources. This could
be due to increases in the intensity of competitdol decreases in time spent foragjng,
owing to high temperatures. Our findings add wetghd growing body of evidence for long-

term body size reductions and provide consideraisight into the potential drivers of such

trends. Furthermore, we highlight the potential &mpropriate management, for instahce
increases in harvest size, to counteract the ilmpgdatlimate change on body mass.
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Introduction

Climatic and other environmental change has implaspeecies in a variety of ways, from
altering their spatial distributions (e.g. [1])¢banging the timing of their annual events (e.g.
[2]). Recently, focus has broadened to includeittygacts of climate change on life-history
traits, body condition and population processeg. (@-6]). One emergent generality is that
responses to climate change include widespread by changes, particularly declines,
which could have pronounced negative impacts on ftimetioning and productivity of
ecosystems [7,8]. Body size declines driven by atenchange have been recorded in the
past, for instance in large ungulates during tlesRicene, and are thought to have led to the
extinction of some species [9].

A variety of climatic drivers of recent body sizeclines have been proposed. In ectotherms,
higher metabolic rates are predicted in warmerrenments [10], so climate change might
lead to decreased body size, unless individualsrcaease their rate of food intake [8]. In
endotherms, in line with Bergmann’s rule [11], autd be beneficial to be smaller (and thus
have a larger surface area to volume ratio) in vea@mvironments, due to a reduced need for
heat conservation and a greater need for hea{l@sin mammals and birds, intra-specific
trends between body size and both latitude [13A”] temperature [15,16] have been
observed, providing some support for this theorpwiver, the most frequently cited
climatic driver of body mass declines is the indirenk via climatic impacts on resource
availability, which has been implicated consideyalohore frequently than any other
mechanism (reviewed in [7]). Climate and environtakohange can alter the timing, quality
and quantity of resources, affecting the rate atlwindividuals acquire resources to invest
in growth and energy storage, and ultimately badg ¢e.g. [6,17]). Non-climatic processes
can also drive body size change and could be pmaginole alongside climate change. For
example, in harvested animal populations, a pretere€for larger bodied individuals by
hunters can drive selection for decreased body[$&4&9].

In ungulates, body mass is an important indicatditimess [20,21] and can respond rapidly
to environmental change [6]. High body mass is comy related to high reproductive
success (e.g. [22]) and survival (e.g. [23]). Astsichanges in body mass can have important
effects on population dynamics [6,21]. The indirbok between climate, resources and
ungulate body mass is well studied and could bengty influenced by climate change
[24,25]. However, environmental change could alsectly affect the ability of ungulates to
acquire resources, particularly in seasonal enments, which could lead to temporal body
mass change. For instance, changes in populatiositdecan alter the intensity of



competition for resources, affecting the ability inflividuals to forage and grow [26,27].
There is some evidence from other taxa of linksvbet density and temporal body size
change [28]. In recent decades, warming climates ked to changing snow cover and depth
in some areas [29], altering the costs of loconmotiad foraging for some species [30]. In
alpine species, high temperatures in spring andremtan cause heat-stress, reducing the
time individuals can spend foraging [31]. As a tesue propose that, in alpine areas, which
have been strongly affected by climate warming ,[82§luctions in time spent foraging due
to higher thermoregulatory costs could lead to cedwbody size. Climate change is predicted
to drive similar changes in temperature-dependetivity budgets in other taxa [33,34].
Furthermore, temperature induced changes in fogabgehaviour have been detected in
experimental studies [35].

Here, we explore long-term variation in the bodysmaf juveniles in three neighbouring
populations of Alpine chamoi&q(picapra rupicapra) in the Italian Alps. The body condition
of juvenile ungulates is particularly responsiveettvironmental variation [25,26,36]. This is
largely because juveniles invest highly in grovgthd not in reproduction, meaning that their
body condition is very sensitive to the availapiliof resources. Experiencing poor
environmental conditions in youth can suppress fiaates and result in smaller body size
at maturity [6], which could have important implicas for population dynamics. We begin
by investigating whether there have been consisteng-term changes in chamois body
mass across sexes and populations. Having idehtie existence of temporal trends in body
mass, we seek to tease apart the different drofafgese trends. For reasons discussed below
(see Methods), we dismiss the role of artificidesgon driven by hunting. Consequently,
motivated by the findings reviewed above, we semkevaluate the evidence for three
plausible drivers of body size change:

1. Climate-mediated changes in vegetation productmitghenology, altering resource
guality and availability

2. Climate-mediated changes in behaviour, alterin@seto resources

3. Changes in population density, altering per-camsource availability

Methods

Study area

The study area is located in Trento Province inGeatral-Eastern Italian Alps (46°02'N,
10°38’E), across three chamois hunting districtdarello (area = 373 Kij) Presanella (146
km?) and Brenta (263 kfn The area is forested up to the tree-line at aBgd00 m, above
which it consists of Alpine meadows, rocky outcropsree fields and open rock faces. The
average altitude varies among the districts, thouigfm considerable overlap (mean altitude +
SD: Adamello, 1,901 + 616 m; Presanella, 2,098 & &4 Brenta, 1,594 + 603 m). Adamello
and Presanella are characterised by nutrient-pdimeais vegetation whilst Brenta is
characterised by nutrient-rich calcareous vegetgisy]. Typically, meadows in Adamello
and Presanella are dominated fsstuca scabriculmis and Carex curvula, whilst those in
Brenta are composed @&esleria albicans and Carex firma. Throughout the study area,
meadows are grazed by small herds of livestockefshgoats and cows) during summer, a
practice that has been maintained at consisteeldatroughout the study period. Several
potential predators of chamois were present dutivg study, including a small, stable
population of brown bearUfsus arctos) in Brenta, a very small number of Eurasian lynx



(Lynx lynx) and the golden eaglAdquila chrysaetos). However, predation on chamois is very
rare here (personal communication, Adamello Brétgaure Park, Trento Province, Italy).

Body mass data

Chamois are hunted every year between mid-Septerberlate-December. Data were
collected on the eviscerated body mass and dayadtsg of 10,455 yearling=(.5 year
olds; hereafter juveniles) Alpine chamois (5,762asand 4,693 females), hunted between
1979 and 2010 (see Additional file 1 for annualakdowns of sample size). Hunting is
heavily regulated and there is little potential dotificial selection by hunters, as chamois can
easily detect hunters in the predominantly openithaland will flee from hunters at
particularly large distances [38,39]. Moreover,réhiss no evidence of hunters preferentially
harvesting larger bodied age-classes in these atpuos [38]. Hunting pressure on yearlings
varies among sites (mean proportion of yearlingstduli in census years: Adamello males,
0.40 £ 0.01; Adamello females, 0.32 + 0.01; Prekanmales, 0.32 + 0.01; Presanella
females, 0.24 + 0.02; Brenta males, 0.37 + 0.0kni&x females, 0.31 £ 0.02). In order to
account for intra-seasonal variation in body madsich is not the focus of this study, a
published model of seasonal body mass change J@3h considers inter-annual mass
variation, was used to estimate juvenile mass staigked to a specific day of the year.
Annual estimates (n = 32) of mean juvenile body snasre produced for each sex, within
each site, standardised to day 300 of the yedt (tober) (see Figure 1). Body mass was
estimated after the vegetation growing season é&fftere‘growing season’) because body
condition at that time will have been influenced thye spring and summer environment,
which is thought to have a strong influence on Uaigubody mass [40].

Figure 1 Temporal juvenile body mass trendsLong-term temporal trends in body masses
of juvenile chamois) males andb) females in the three study sites between 1972amh4a.
Points are annual mass estimates standardised 800zaand straight lines are fitted trends.

There were clear negative temporal body mass tren@dl sexes and sites (Figure 1). In
order to examine drivers of deviations from thegikdarm trends (i.e. years in which mean
body mass was particularly high or low, even gitiea trend), the body mass time series
were detrended by fitting linear models and cakmdpresiduals. However, detrending can
remove long-term fluctuations related to environtakohange trends [41,42], which are of
primary interest to us. As a result, we modelledybmass data, to examine drivers of long-
term trends, and also modelled body mass residtaksxamine drivers of deviations from

the trends.

Environmental and demographic data

A range of climatic and non-climatic factors midig expected to influence chamois body
mass. Negative effects of population density onswa@s common in ungulates [26,27]. In the
absence of natural predation, these effects géypena¢rate through increased intra-specific
competition at higher population densities, reagltin lower per-capita food intake,

particularly during periods when food is scarce-§83. To investigate density-dependence in
these chamois populations, site-specific populatlensity estimates were used from total
population censuses performed in September evay yetween 1981 and 2009 (with the
exception of 1990 and 1991, data from these yeare wxcluded from the analysis). Each
year, a set of simultaneous censuses was perfofraed vantage points across different



blocks of each hunting district. It was assumed tlemsity estimates from this time of year
would reflect the population density over the poexd growing season.

To investigate a possible direct thermoregulatamik between climate and body mass, we
calculated yearly site-specific estimates of meaitydyrowing season temperature between
1982 and 2007 from high-altitude meteorologicatistes located in each of the three study
sites (Data provided by The Forecasts and Orgaorzadffice, Civil Protection and
Infrastructures Department, Trento Province, ItaBifferences in the elevation of weather
stations among sites contributed to inter-site tnapre differences (see Figure 2a).
However, this did not affect our analysis since thesers of body mass trends were
examined separately in each site and, additiontdiyperatures were standardised within
sites, along with all other environmental predistg¢see ‘Modelling variation in mass and
mass residuals’). The bounds of the growing seasme estimated using snow cover data,
also from meteorological stations located withicheaite. The growing season was defined
as the period between the snow-melt in spring, wdr@w cover was reduced to 0% (which
generally occurs between late March and early Magyl the first significant snowfall in
winter that results in new snow settling on theugie (which generally occurs between early
November and late December).

Figure 2 Temporal trends in population density and mean growng season temperature
Long-term variation ira) mean growing season daily maximum temperaturgydsst 1982
and 2007, and) population density, between 1981 and 2009, in Aelengblack),
Presanella (red) and Brenta (green). Gaps shows yatr missing data. It should be noted
that whilst the three study areas do differ inrtisémate, some of the observed inter-site
differences in temperature in a) are due to vanaith the elevation of weather stations
among areas.

To investigate the effect of vegetation producgiviknd phenology on mass, NDVI
(normalised difference vegetation index) data weeed as a measure of vegetation
productivity, processed by the Global Inventory Miidg and Mapping Studies group
(GIMMS; [46,47]). These data are global at a 0.8@rde resolution (approximately 8 km by
8 km) and are available at fortnightly intervalstvibeen 1982 and 2006 (thus slightly
restricting the yearly data range for analyses)rbter to focus on vegetation types utilised
by chamois for foraging, such as alpine meadowsspadsely vegetated areas, only NDVI
pixels dominated by such vegetation types wereidered. To do this the Corine land-cover
2006 data-set at a 100 m resolution [48] was useglect only NDVI pixels within each site
containing less than 25% coniferous woodland. Asheaf the three sites encompassed a
number of these NDVI pixels, mean NDVI from theseefs was calculated for each
fortnightly time period, within each site. Previogtudies have implicated a number of
metrics relating to annual NDVI variation as beinmgportant to ungulate body condition (e.g.
[24,25]). Here, we seek to derive NDVI metrics istandardised fashion, despite inherent
noise in NDVI estimates caused by factors sucH@aslacover, water, snow or shadow [47].
As in previous studies [49], we used a smoothedtian to characterise variation in NDVI
with time in a given year. The following functionas used (see Additional file 2, for an
illustration of the functional form):

t—t*]™

p(syit)=a,,+(8., -a,,) exp -

S,y



Here, p(s, y,t) is predicted NDVI at time-periotl in site s and yeary, asy and fsy are

minimum and maximum NDVI respectively in site s amdir y,osy iS a parameter related to
the width of the function andsy is a parameter describing the shape of the fumctio
Variation in NDVI data,p(s,y,t), about the predicted mean was beta distributeds,Tthe

likelihood of the model parametei&,, given the data, parameterised pys, y,t) and the
dispersion coefficientlsy, is

C o Tlaythy) o
R o N O

whereI'(x) is the gamma functiona&y‘t =P,/ @, and b, = (1— Pey: /¢)S‘y). The most
parsimonious fit was identified using Akaike’s Imfmation Criterion (AIC) [50,51].

The most parsimonious fitted relationships betwewman NDVI and time in each year and
site were calculated. Using these relationshipsr fdDVI metrics, described below, were
calculated relating to vegetation productivity gttenology. All four of the metrics selected
have been highlighted as important either to jueemhamois specifically or to other
ungulate species [47,52]. Previously, climate-irlichanges in spring growing conditions
[53] have been linked to higher juvenile body miassngulates, including chamois [52], due
to longer growing-seasons and higher vegetatiotitgya4]. However, warmer springs have
also been linked to negative impacts on body madsgher temperatures lead to faster rates
of vegetation ‘green-up’ and, thus, a shorter gerad access to nutrient-rich emergent
vegetation associated with early spring [25,54]rei¢éhe following four metrics were used:
maximum rate of spring green-up, growing seasoratchr, maximum NDVI and total
growing season NDVI. Maximum rate of spring gregn{bDV s was calculated as the

maximum first derivative Ofﬁsy (t) (i.e. the maximum rate of NDVI increase). The dora
of the growing season (ND¥}{) was calculated as the length of time betweemtagimum
second derivative ofpsy(t) (the start date of the growing season; when ttee gA NDVI

increase is increasing at its maximum rate) andntiremum second derivative of_(t)
(the end date of the growing season; when NDVIasreasing most rapidly). Maximum
NDVI (NDVI na) was calculated as the maximum valuemf (t) and total growing-season
NDVI (INDVI) as the integral of Es,y(t) within the bounds of the growing-season. An
illustration of the calculation of these metrics1dse seen in Additional file 2.

Modelling variation in mass and mass residuals

Environmental predictors were standardised by asfamation within each site, as follows:
Z, :(Xsy —>—<S)/a, wherezsy is a z-transformed predictor in yeprand sites, Xsy is the

untransformed predictorx_ is the site-specific mean of that predictor anthe site-specific

standard deviation. General linear models wereditb examine variation in body mass and
body mass residuals usiiRgversion 2.12.0 [55]. Juvenile phenotypic qualgythought to be
strongly influenced by lagged environmental effejet8]. As such, lagged environmental
factors [56,57], affecting the availability and assibility of resources to mothers, as well as
population density [36,58], affecting the intensatfycompetition for resources, can be strong



predictors of juvenile body mass. To account fggkd environmental effects on juvenile
mass, density, temperature and NDVI data were neednly from yeay (the year a cohort
was shot), but also from yegl (the year of a cohort’s birth). Models wereefittwith all
possible biologically meaningful combinations ofpptation density, NDVkie NDVlgun
NDVImax INDVI and temperature, from yeaysandy-1. Models were considered with either
the same intercept or different intercepts for maead females. In each site, several of the
predictors were highly correlated (Pearson corimatcoefficients> 0.6), for instance
NDVIgq,r with INDVI, and density with density.;. To avoid problems of multicollinearity,
highly correlated predictors were not permittedtie same model (but were permitted
separately). Given the temporal range of the ptedicand to use the same temporal range of
data in each model, data were used for the 19 ymdavgeen 1983 and 2006, excluding 1990,
1991 and 1992, years for which estimates of density/or density; are not available
(population censuses were not performed in 19901&%d). In order to identify the most
parsimonious models, we used the two-step modetteh process suggested by Richards
[51]. First, all models having an AIC within six ite1of the smallest AIC calculated were
selected (i.eAAIC < 6). Second, in order to remove overly complex ngdee disregarded
those that had a higher AIC value than any simpésted model. To investigate the potential
for sex-specific environmental effects, we testedsiex interaction terms with all predictors
within models in each site’s top model set. To ssdhe relative importance of different
predictors, Akaike model averaged coefficients weieulated from all models in each site’s
top model set [50]. Since we wanted to compare tevrelative importance of predictors
varied among sites, model averaged coefficientewetransformed within each site. This
standardised coefficients from different siteshte same scale, allowing the most important
effects to be readily compared among sites.

Results

Juvenile chamois body masses decreased stronglyedet1979 and 2010 in all three
populations (Figure 1). The extent of this decraased considerably among sexes and sites
but decreases in male mass have been more prombtiasedecreases in female mass in all
sites (slopes of temporal mass trends + SE: Adammlales, —-0.11 + 0.01; Adamello
females, —0.03 + 0.02; Presanella males, —0.1702;Presanella females, —-0.13 + 0.01;
Brenta males, —0.05 + 0.01; Brenta females, —0.08.@1). Decreases have been less
pronounced in Brenta than in the other two sitdser@ have been striking increases in
growing season temperatures in all sites betwe8@ @a8d 2007 (Figure 2a). During the same
period, all three populations increased in densiipstantially, peaking in the mid-1990s
before declining slightly in recent years (Figurb).2This growth coincides with the
implementation of stricter controls on hunting e tarea (including increases in the number
of rangers and a more strictly enforced quota systdn contrast, there have been no
pronounced long-term trends in the four NDVI metrimetween 1982 and 2006, although
growing seasons have tended to be longer (FigujeaBd more productive (Figure 3d)
between 2004 and 2006.

Figure 3 Temporal variation in standardised NDVI metrics. Long-term variation in
standardised) maximum rate of NDVI increase (NDMb), b) growing season duration
(NDVlgyp), ) maximum NDVI (NDVhay andd) total growing season NDVI (INDVI)
between 1982 and 2006 in Adamello (black), Presafiedd) and Brenta (green).




The most parsimonious body mass models fitted bsemwed data well (Table 1, Figure 4)
(R* Adamello, 0.78; Presanella, 0.83; Brenta, 0.6®)comparison, the fits of body mass
residual models were poor{RAdamello, 0.44; Presanella, 0.13; Brenta, 0.28; Additional

file 3); thus, our inferences focus on models thescribe longer-term changes in body mass,
rather than those focused on explaining variaticurd the long-term trend. Temperature,
density and NDVI all appear to play a role in ddsng long-term variation in juvenile body
mass (Table 1, Figure 5). Within each site, the ¢ep of body mass models contains a
number of closely competing models (Table 1) betcland consistent patterns across sites
are illustrated by model averaging (Figure 5). Temafure and/or density have the strongest
negative effects on mass in all sites (Figurescb@nFurthermore, strong negative effects of
temperature and density in the current year arseptein all of the top models within
Adamello and Presanella (Table 1), providing gowitlence for these effects. A slightly
weaker negative effect of lagged temperature agp@amost of the top models for these
sites. In Brenta, there is some evidence for atiegaffect of temperature, which appears in
the top three models in this site but there is widemce of a density effect. Despite mass
declines in males being consistently stronger thdemales (Figure 1), we found no support
for any interaction terms between sex and enviranial@redictors, suggesting that there are
not strong differences in the magnitude of envirental effects on body mass between
males and females. The lack of evidence for segpeffects could stem from the slightly
restricted temporal range of data used in the arsaly



Table 1Set of most parsimonious body mass models

Site Temp, Temp, Dens Dens; NDVigy, NDVigyy,: INDVI, INDVI,; NDVlmay  NDVlmmy:  NDVley NDVlgey: Sex K R?  AAIC  weight

Adamello  -042 -021  -061 -0.18 0.22 032 8 078 00 0.4
-035 -0.19 -0.60 -0.21 -0.13 032 8 0777 0 0.17
-0.39 -0.18 -0.57 -0.21 032 7 076 1.8 100.
-042 -021 -0.61 -0.18 0.22 7 075 2.4 070.
-0.35 -0.19 -0.60 -0.21 -0.13 7 075 3.0 .050
-0.39 -0.68 -0.22 -0.12 032 7 075 33 050.
-0.47 -0.69 -0.17 0.21 032 7 075 36 400
-0.39 -0.16 -0.56 -0.18 032 7 075 3.6 040.
-0.46 -0.20 -0.55 0.18 032 7 075 37 400
-0.38 -0.67 -013  -0.20 032 7 074 3.7 040.
-039 -0.18 -0.57 -0.21 6 073 39 003
-0.42 -0.65 -0.22 0.32 073 39 003
-0.42 -0.64 -0.20 0.32 073 47 002
-0.39 -0.68 -0.22

0.72 55 0.02
0.72 5.5 0.02

-0.47 -0.69 -0.17 0.21

6
6

-0.12 6 0.72 53 0.02
6
-0.39 -0.16 -0.56 -0.18 6
6

-0.46 -0.20 -0.55 0.18 0.72 5.6 0.01
-0.42 -0.65 -0.22 5 071 56 0.01
Presanella -0.58 -0.27 -0.53 0.28 -0.17 0.19 -0.41 9 0.83 0.0 0.36
-0.59 -0.25 -0.58 0.19 -0.14 -041 8 08I 1 0.5
-0.57 -0.27 -0.51 0.26 0.16 -041 8 081 1. 0.14
-0.58 -0.26 -0.55 0.18 -041 7 080 2.3 110.
-0.52 -0.26 -0.63 -0.14 -041 7 0.80 3.4 .070
-0.51 -0.26 -0.60 -041 6 0.78 3.7 0.06
-0.67 -0.63 0.19 -041 6 0.78 4.8 0.03
-0.58 -0.26 -0.55 0.18 6 0.78 5.1 0.03
-0.63 -0.66 0.16 -041 6 0.77 5.6 0.02
-0.62 -0.70 -0.14 -041 6 0.77 5.8 0.02
-0.61 -0.68 -041 5 0.76 5.9 0.02
Brenta -0.40 0.43 0.21 0.13 1.06 7 0.69 0.0 0.24
-0.32 0.38 0.27 -0.11 106 7 0.69 01 0.23
-0.34 0.38 0.25 1.06 6 0.67 0.1 0.23
-0.34 0.34 0.22 106 6 066 1.1 0.14
-0.32 0.36 0.21 106 6 0.65 238 0.06
-0.44 0.41 0.20 106 6 0.65 3.3 0.05
-0.37 0.29 106 5 0.62 4.6 0.02
-0.37 0.34 106 5 061 54 0.02
-0.36 0.32 1.06 5 0.60 5.9 0.01

Top model set containing models wit\AIC that is<6 and lower than all simpler nested versions [$he number of parameters in each model (K)y&ues,AAICs and Akaike model weights are shown. The
most parsimonious model for each site is displagdabld. 'Sex' represents sex-specific model iefgts.



Figure 4 Temporal variation in observed and fitted juvenilebody mass.Fitted juvenile
body mass predictions of best models for maleg @ed females (black) and observed body
mass data in the three study populations. Linepi@@ictions and points are observed data
for years used in modelling (i.e. years for whiklre are no missing data for any predictor).
R? shown.

Figure 5 Model averaged standardised predictor effect sizeé\kaike model averaged
standardised predictor coefficients calculated fedhibody mass models within the top
model set for each site (see Table 1 for full meeddction table).

Figure 6 Modelled effects of temperature and population denty on juvenile body mass.
Modelled effects of) mean growing season temperature langopulation density on
change in juvenile body mass since 1983 in Adan{elick), Presanella (red) and Brenta
(green). Solid lines are predictions of the mossipaonious body mass model for each site,
with other predictors set to mean values. Dashesslare 95% confidence intervals
calculated from 1000 bootstrapped replicates [59].

The modelled effects of NDVI are much weaker tham éffects of density and temperature,
and are generally positive (Table 1, Figure 5).yOnlBrenta is there strong evidence for an
influence of vegetation productivity and phenology;strong, lagged, positive effect of
INDVI is present in all top models and there is soevidence for a lagged, positive effect of
peak NDVI. In Adamello and Presanella, NDVI effectse generally weaker and

inconsistent, although there is some support fpositive effect of long growing seasons in
Presanella and, surprisingly, for a negative eftédNDVI in Adamello.

Discussion

Pronounced long-term body mass declines were fthin all three populations. Models of

juvenile body mass performed well in explainingsthedeclines (Figure 4). However, the
poor performances of residual models show thatadievis from the general trends (i.e. years
in which juveniles are particularly heavy or pautarly light relative to the trend) cannot be

explained as accurately. Mass declines appear tbnked most strongly to increases in

growing season temperatures and population densityperature and/or density have the
strongest negative effects on body mass and dengfrom yearly trend in all sites (Table 1,
Figure 5). In comparison, there is no evidence dftrang negative effect of vegetation

productivity or phenology on body mass, suggestimgt body mass declines were not
mediated by vegetation change as indexed by NDVIir f@sults provide an interesting

contrast to the majority of studies to date, whielre implicated changes in food availability
and quality as the most likely cause of body sedides [7].

Growing season temperature appears to be stronttgd to mass declines in all three
populations (Table 1, Figures 5 and 6). Howevesgpide significant temperature change
(Figure 2a), there has been no consistent changeitler vegetation productivity or

phenology (Figure 3). Furthermore, there is noti@iship between temperature and any
NDVI metric. As such, we find no evidence for ousf putative driver of mass change: that
climate change has affected body mass via effattsesource productivity or phenology.
Instead, our results provide support for our seqmdtive driver: that climate change could
be directly affecting chamois behaviour or physiglo limiting their ability to acquire

resources. In another alpine ungulate, the ilfgapi(a ibex), temperatures above 15-20 °C



result in heat discomfort in males, reducing theetithey can spend foraging [31]. In

ungulates, behavioural changes, such as alloclsgytime to foraging, play an important
role in thermoregulation because they can be moezgetically efficient than autonomic

thermoregulation [60,61]. Higher daily temperatudesing spring and summer may have led
to juvenile chamois spending more time resting s time foraging than in the past,
reducing their ability to store energy reserves anst in growth. Indeed, chamois, like

many ungulates, reduce their feeding activity dyrthe hottest period of the day [62].

Furthermore, chamois spend less time foraging whisnhotter, independent of time of day
[63]. Our results suggest that temperature affgsability of juveniles to acquire resources
themselves rather than via lagged effects on timeithers (Figure 5). It is possible that
juvenile ungulates are more susceptible to higaemperatures due to having higher relative
metabolic demands than adults [64,65]. Whilst weertht find any evidence for sex-specific
environmental effects on body mass, that mass raechn juvenile males are consistently
more pronounced than in females (Figure 1) sugdkatseven in a relatively monomorphic
ungulate species, a more energetically demandiowthr phase could make males more
susceptible to environmental stressors [20].

Population density also appears to be stronglyelinto mass declines in juvenile chamois,
providing support for our third putative driver:athchanges in density affect per-capita
resource availability (Table 1, Figures 5 and 6heTstudy populations have grown
substantially following the implementation of stdc controls on hunting. As a result,
increased intra-specific competition for resounces/ have led to reduced rates of per-capita
food intake. Additionally, climate change may haféected chamois survival or fecundity,
contributing to this population growth. Density éedence in body mass has been detected
in a range of ungulate species (e.g. [27,36,66])euren specifically in juvenile chamois [52].
At high latitudes and in alpine regions, this effecmost likely to manifest during winter,
when snow cover reduces forage availability andeiases forage patchiness, resulting in
higher levels of agonistic interactions among imdlnals [67,68]. It is also possible that
density dependence could be mediated by overgratziogiever, no changes in NDVI
consistent with overgrazing, such as decreasesak PIDVI or INDVI [69], were detected.
Overgrazing can also encourage the colonisatiograting-tolerant, less palatable species
[70], which might not result in detectable changegroductivity. However, such changes
would not alter our finding that increases in dgnappear to have influenced body mass via
changes in per-capita resource availability. Ashwemperature, the effect of density in the
year of shooting appears most important (Figuresbyjgesting that competition for forage
following weaning, rather than a lagged influenéeampetition on mothers in the previous
year, has a stronger influence on juvenile masdedd, intra-specific competition for
resources is most likely to result in the displaeemof subordinate individuals, such as
juveniles, from food patches [71-73]. Previoushe tmportance of lagged effects on juvenile
condition has been stressed (e.g. [56,58]). Howemar findings are consistent with recent
work on juvenile chamois showing that environmewtahditions during the second year of
life, which influence the ability of juveniles ta@uire resources directly, have an important
effect on investment in growth and energy storagg52]. Only in Brenta is there no
evidence for density dependence in body mass (€$g&r and 6). Brenta is calcareous,
harbouring a more nutrient-rich plant community][7€o forage availability could be less
limiting here than in the other populations. A hogtregime maintaining this population
below its carrying capacity, and limiting the effex resource competition on mass, could
also contribute to the less pronounced mass deatibserved in Brenta (Figure 1).



There was no evidence for a strong role of veg®taproductivity or phenology in the
observed long-term mass declines (Table 1, Figur&lven that NDVI is only a proxy for
vegetation productivity, it remains possible thatev changes in vegetation quality and
phenology have had more of an effect than suggésed As with overgrazing, it is possible
that warmer temperatures in spring and summer deald to increases in the abundance of
less palatable species [75], or reductions in ttedepn content of the species present [76],
changes which NDVI might not detect. Although tlteynot appear to play a strong role in
mass declines, there is some evidence that vegetatoductivity and phenology influence
variation in juvenile body mass. This is particljjahe case in the calcareous area, Brenta,
where there is strong evidence that productive grgveeasons (in terms of INDVI and
maximum NDVI) have positive effects on juvenile gothass (Table 1, Figure 5). This is
consistent with findings from another calcareoupi¢ area, where long growing seasons
have been linked to higher juvenile chamois bodgs1&2]. In our study, it is intriguing that
the relative importance of environmental factoreudti vary among neighbouring areas that
differ predominantly only in their geological sutade. These differences may arise because
calcareous vegetation, whilst being more nutriétt;rvaries more in quality in response to
environmental variation than siliceous vegetatidd,77]. The variation in substrate in this
study area has previously been shown to mediaterelifces in reproductive strategy, body
mass [38] and horn length [37]; this study furtheghlights the importance of considering
geological variation in studies of animal morphglpghysiology and life history.

Conclusions

We have detected strong links between recent emwiemtal change and negative temporal
body mass trends in juvenile chamois. Increasdmih temperature, due to climate change,
and population density, due to stricter controlshomting, appear to be driving the mass
declines. Since we found no evidence for an eftécthanging resource productivity or
phenology on body mass, the observed patterns nodyb@ mediated by changes in
vegetation. We propose that heightened thermortgylademands and intra-specific
competition, to both of which juveniles are parlarly susceptible, could be responsible.
These findings add an interesting contrast to @hgel number of studies implicating climate-
mediated changes in resource productivity or plegoas drivers of declines in animal body
size. Interestingly, our findings highlight thatarlges in management could ameliorate
negative impacts of climate change. For exampleyréuincreases in hunting offtake could
reduce the intensity of resource competition, ceratting negative impacts of temperature
warming on body mass. This study further highlight® importance of considering
management when examining the influence of enviemtal change on species, which is an
increasingly important focus of ecological reseafely. [63,78,79]). Future reductions in
body size are likely to have far-reaching effects the functioning and productivity of
ecosystems [7,8]; decreases in juvenile body cmmditould result in reduced survival of
juveniles and depressed population growth ratesin&reasing focus on the links between
climate, management, body condition and demographyshed light on the influence of
anthropogenic and climate change on populations.
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