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PERSPECTIVE

How does climate change influence demographic processes of
widespread species? Lessons from the comparative analysis of
contrasted populations of roe deer

Abstract

How populations respond to climate change depends on the interplay between life history, resource avail-
ability, and the intensity of the change. Roe deer are income breeders, with high levels of allocation to
reproduction, and are hence strongly constrained by the availability of high quality resources during spring.
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We investigated how recent climate change has influenced demographic processes in two populations of
this widespread species. Spring began increasingly earlier over the study, allowing us to identify 2 petiods
with contrasting onset of spring. Both populations grew more slowly when spring was early. As expected
for a long-lived and iteroparous species, adult survival had the greatest potential impact on population
growth. Using perturbation analyses, we measured the relative contribution of the demographic parameters
to observed variation in population growth, both within and between periods and populations. Within peri-
ods, the identity of the critical parameter depended on the variance in growth rate, but variation in recruit-
ment was the main driver of observed demographic change between periods of contrasting spring earliness.
Our results indicate that roe deer in forest habitats cannot currently cope with increasingly eatly springs.
We hypothesise that they should shift their distribution to richer, more heterogeneous landscapes to offset

energetic requirements during the critical rearing stage.
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INTRODUCTION

Variation in population abundance is shaped by the interplay
between density-dependence, environmental fluctuations, and demo-
graphic stochasticity (Lande e¢# a/. 2003). The relative importance of
these processes has been hotly debated (e.g. Nicholson 1933 vs.
Andrewartha & Birch 1954) and, for a while, accounting for
density-dependence has been privileged over considering stochastic
environments. This is well illustrated by the history of demographic
analyses. While Leslie included density-dependence in his determin-
istic model as eatly as 1948 (Leslie 1948), we had to wait until the
late sixties for the first integration of stochastic variation in popula-
tion growth rate (Lewontin & Cohen 1969) and the early eighties
for a full consideration of the stochastic population growth rate
(Tuljapurkar & Orzack 1980).

In recent years, the study of the ecological effects of climate
change has become a popular research topic (Both e al 2004
Parmesan 2006; Lebreton 2011 for reviews). Evidence is now accu-
mulating that climate change at a global scale affects the geographical
distribution of organisms, while topography interacts with climate to
influence local weather. This often involves warmer temperatures
and earlier springs (i.e. a change in plant phenology such that the

vegetation flush occurs earlier) in temperate areas (Schwartz ef al.
2006), which markedly influence the population biology of a large
range of organisms (Fig. 1). However, these studies have either
focussed on climate niche models (Guisan & Zimmermann 2000;
Guisan & Thuiller 2005) to quantify the link between local weather
and distribution area for predicting the future spatial distribution of
a given taxon (e.g. Huntley e¢f al 2006; for a case study on Dartford
warbler Sylvia undata) or attempted to assess the magnitude of cli-
mate-induced variation in demographic parameters (Grosbois ez al.
2008) or population growth (Hansen e a/. 2011).

The interactions between demography and climate have not been
investigated (Brook ez a/. 2009), although some studies have recently
identified demographic responses to climate change (Ozgul ef 4l
2010; Lane et al. 2012). In particulat, no study has yet assessed the
effects of climate change on the demographic processes involved in
shaping population growth rate, despite the fact that Andrewartha
& Birch (1954) emphasised more than 50 years ago that population
growth rate is a dynamic variable influenced by environmental con-
ditions. Moreover, most studies have been performed on single
populations, often declining in size (e.g. Barbraud & Weimerskirch
2001 for a case study on Emperor penguin Aptenodytes forsteri). As a
result, we have very little information on how climate change is
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Figure 1 A general framework for linking climate change and ecology. Free-
ranging organisms cope with local climatic conditions (shaped by general
atmospheric and oceanic conditions) that are influenced by the greenhouse
effect. The local climate influences the ecology of organisms through two
pathways: direct influences provoking physiological and behavioural responses,
and indirect influences through the modification of habitat conditions and the
amount and quality of food resources. Both pathways generate effects on
demographic parameters by changing the flow of individuals within (through
birth and death) and among (through immigration and emigration) populations,
thereby influencing individual fitness and population growth. Spatial
heterogeneities in the organisms’ responses influence the extinction/colonisation
processes which determine the species’ range.

influencing demographic processes in populations of abundant and
widespread species. Previous studies of climate-induced vatiation in
population dynamics of large herbivores have mostly been pet-
formed in mountainous or northern areas and have mainly focussed
on the effects of winter conditions (Post & Stenseth 1999), using
global measures of climate change such as North Atlantic Oscilla-
tion (NAO) as a metric (Hallett e a/ 2004). Moreover, most of
these studies have looked for relationships between climatic condi-
tions and population growth, but did not evaluate the effects of cli-
mate change (e.g. Garrott e/ a/. 2003 on elk Cervus canadensis, Grotan
et al. 2008 on ibex Cupra ibex). The few studies that have investi-
gated the effects of the timing of spring onset on performance of
large herbivores have failed to reveal consistent patterns, either
across species or among populations within a given species. Thus,
eatlier spring was associated with improved individual performance
in chamois Rupicapra rupicapra (Garel et al. 2011) and red deer Cervus
elaphus (Pettorelli ez al. 2005), whereas negative effects of ecatlier
springs on recruitment have been reported in bighorn sheep Ouwis
canadensis, mountain goat Oreamnos americanns and ibex (Pettorelli
et al. 2007). Likewise, reindeer were reported to suffer from the
increasing mismatch between the availability of high quality food
and the timing of births in Greenland (Post & Forchhammer 2008),
whereas they appeared to benefit from earlier springs in Finland
(Helle & Kojola 2008). The exact demographic mechanisms through
which such contrasting effects of climate change arise remain
unknown.

We aimed to fill this gap by analysing the demographic responses
of roe deer, Capreolus capreolus, the most abundant and widespread

medium-sized mammalian species in Western Europe (Andersen
et al. 1998), to recent climate change using the intensive long-term
(> 30 years) monitoring of two contrasted populations. During the
last half century, populations of large herbivores have increased
substantially over much of the northern hemisphere, both in num-
ber and range, due to regulation of hunting and the increased fre-
quency of mild winters (Apollonio e a/. 2010). The roe deer is the
most successful example of this in a European context (Andersen
et al. 1998). Indeed, due to its marked ecological and behavioural
plasticity, roe deer could be expected to cope successfully with cli-
mate change. To investigate whether this is so, we looked for three
possible types of effect of climate change on demographic processes
in roe deer using a comparison of contrasting demographic scenar-
ios in terms of population and climatic conditions.

First, we compared how climate change can potentially modify
the role of a given demographic parameter (i.e. age-specific survival
and fecundity) on population growth across scenarios. This kind of
structural change in demography is observed in response to the
occurrence of strong perturbations like hunting (Servanty ez al.
2011), predation (Nilsen ef a/. 2009) or disease (Jones ez al. 2008).
Second, we identified the critical parameter for determining popula-
tion growth within each demographic scenario. We expected the
contribution of a demographic parameter to inctease with both its
potential demographic impact and its temporal variation (Coulson
et al. 2005). Finally, we identified the parameter responsible for driv-
ing the observed shift in population growth rate in each demo-
graphic scenario.

In temperate areas, climate change involves a co-variation of fac-
tors including, for example, eatlier spring, higher spring and sum-
mer temperatures, a higher peak of plant productivity, a longer
vegetative growth season, and an increased frequency of extreme
climatic events (IPCC 2007). We focussed on the impact of the tim-
ing of the onset of spring on roe deer life history as the effects of
climate change are patticularly pronounced in this season (Schwartz
et al. 2000) and because roe deer females are under substantial enet-
getic stress at this time of year due to the high costs of late gesta-
tion and early lactation in large herbivores (Mauget ef a/. 1997).
Moteover, the roe deer can be considered as an income breeder
(sensu Jonsson 1997), relying on current resoutce intake, rather than
fat reserves, to offset the costs of reproduction (Andersen ef al.
2000). Hence, we assumed that the most evident response of roe
deer populations to climate change should be revealed by the link
between demography and spring conditions. However, we also dis-
cussed possible demographic variation induced by summer condi-
tions, as the expected increase in the frequency of summer drought
is also likely to influence roe deer demography at the southernmost
limit of its range.

MATERIALS AND METHODS
Roe deer as a biological model

The roe deer is a medium-sized forest-dwelling mammal (about
25 kg, Andersen ef al. 1998). This large herbivore occupied lowland
forest as its habitat of origin, but since the eatly eighties has consider-
ably expanded its distribution range northwards and southwards
(Andersen e al. 1998), colonising new habitat types including both
agricultural landscapes (Kaluzinski 1982) and mountainous areas
(Acevedo et al. 2005). Roe deer have low sexual size dimorphism,
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with males about 10% larger than females (Hewison e# a/. 2011), and
a low level of polygyny (typically less than 3 females mated by a given
male in a given year, Vanpé ez al. 2009). Roe deer females ate strongly
sedentary, spending their whole life within less than 50 ha in forest
habitat (Hewison ez a/. 1998). They are long-lived (up to 18 years of
age, Loison ¢t al. 1999), iteroparous (one reproductive attempt per
year, from 2 years of age onwards, Gaillard ez /. 1998) and allocate
high levels of energy to each breeding attempt, most often producing
twins that are born heavy (about 1.6 kg each) and grow quickly
(about 150 g71 day) during the weaning period (Gaillard ez a/. 1993a),
compared with other large herbivores (Robbins & Robbins 1979).
Births are highly synchronised (> 80% of births within less than
25 days) and the mean birth date (15th of May) is remarkably con-
stant over years (Gaillard ef a/. 1993b).

Study sites

We studied two fenced roe deer populations managed by the Office
National de la Chasse et de la Faune Sauvage. These populations
inhabit deciduous forests managed by the Office National des Foreéts.
In both forests, oak (Quercus sp.) and beech (Fagus sylvatica) are the
main tree species. At Trois Fontaines, the understorey is made up of
hotnbeam (Carpinus betulus) and brambles (Rubus sp.). At Chizé, three
different habitats can be identified in relation to the type of timber
stand and coppice structure (from richest to poorest: oak with horn-
beam, oak with Montpellier maple (Acer monspessulanum), and beech
with little coppice, Pettorelli ¢ a/ 2003). Roe deer have been caught
every year since 1975 (at Trois Fontaines) and 1977 (at Chizé) using
winter drive-netting (over 10 days per year, mostly in January
—February) resulting in the capture of roughly half the roe deer pres-
ent in the forest each year (Gaillard ¢ 4/ 2003). At capture, all ani-
mals are weighed, inspected for marks or newly marked (with both
leather numbered collars and ear-tags) and, at Chizé only, the repro-
ductive status of females is assessed using ultrasonography (since
1988). Marked known-aged roe deer are then released back to the
forest, while a variable number of animals of unknown age (between
0 and 150) are removed to manipulate population size (Fig. 2). As a
result, observed variation in population abundance over time was
mainly driven by management strategy and was therefore decoupled
from the variation in demographic parameters estimated from the
monitoring of known-aged and individually recognisable animals
(more than 70% of the population during most years).

The two sites are quite contrasted in terms of environmental con-
ditions. Trois Fontaines is a 1360 ha forest located in Eastern
France (48°43' N, 2°61" W), with a continental climate typified by
rather cold winters (mean daily temperature in January of 3.1 °C)
and warm but often wet summers (mean daily temperature in July
of 19.6 °C with an average total rainfall of 72.4 mm). Trois Fonta-
ines lies on rich and fertile soils, leading to high forest productivity
(long-term average wood production of 5.9 m’ ha”! per year, Pet-
torelli ez a/ 2006). In contrast, the Résetve Biologique Intégrale of
Chizé is a 2614 ha forest located in Western France (46°05' N,
0°25" W), with an oceanic climate under some Mediterranean influ-
ence, characterised by mild winters (mean daily temperature in Janu-
ary of 5.6 °C) and warm but often dry summers (mean daily
temperature in July of 20.5 °C with an average total rainfall of
53.4 mm). Forest productivity at Chizé is quite low (long-term aver-
age wood production of 3.8 m’ ha~' per year, Pettorelli et al
2006). As a direct result of these between-population differences in
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Figure 2 Yearly abundance index of roe deer population size at (a) Chizé and
(b) Trois Fontaines. The index corresponds to the average number of roe deer
observed per km of standardised transect walked in March—April (see Vincent
et al. 1991 for further details)

climatic and edaphic conditions, the demographic performance of
the roe deer population was substantially higher at Trois Fontaines
than at Chizé, especially during the late seventies and eatly eighties
(Nilsen e# al. 2009), but less so during the period studied here (1988
—2009). There are no large predators and no hunting of roe deer on
either of the sites, and no epizootic events have been recorded,
despite regular epidemiological surveys on the caught roe deet.

We assessed the magnitude of climate change in both study sites
using the number of degree-days higher than 7 °C (°D7) from
Febtruary to Aptil, when early plant growth occurs in both sites. In
temperate areas, this metric is indeed directly related to the phenol-
ogy of vegetation (plant growth), rather than to plant abundance
(Wilson & Barnett 1983). That is, the vegetation flush occurs
increasingly eatlier as the number of degree-days > 7 °C increases.
For the petiod 1976-2011, annual mean daily temperature and total
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rainfall were obtained from Météo-France weather stations located
within 5 km of the study areas (Beauvoir-sur-Niort for Chizé and
Saint-Dizier for Trois Fontaines). To detect evidence of climate
change over the study period, we then regressed the number of
degree-days > 7 °C against time (in years).

Assessing demographic processes

The intensive Capture-Mark-Recapture monitoring of roe deer in
both study sites allowed us to obtain a complete time series of reli-
able annual estimates of all demographic parameters from 1988 to
2009 (Gaillard ez al. 2003; Nilsen ef al. 2009). To investigate a possi-
ble regime shift of demography in response to climate change, we
divided the population-specific time series into two petiods of equal
duration (i.e. 11 year periods). We expected the spring vegetation
flush to occur later on average during the first period (1988-1998)
than during the second period (1999-2009). We thus built four
demographic scenarios using population- and period-specific
parameters. To account for possible confounding effects of density-
dependence, we tested for density-dependent responses of all
demographic parameters in both populations (see Appendix S1 for
further details). As density-dependent responses occurred in most
parameters during the study petiod at Chizé, we replicated the
demographic analysis for this site by standardising the yeatly esti-
mates to the median density (Appendix S1). We modelled each sce-
nario using a pre-census Leslie matrix model (Caswell 2001). The
life cycle graph (Fig. 3) included four age classes and four demo-
graphic parameters. Female recruitment in a given age class was
defined as the product between the proportion of females that give
birth, the number of female offspring produced by those females,
and offspring survival between birth and 1 year of age. We obtained
yearly estimates of these parameters by updating previous analyses
(e.g. Gaillard ez al. 2003). As roe deer females reproduce for the first
time at 2 years of age (but see Van Laere ef a/. 1997 for an excep-
tional case of successful reproduction at 1-year old), recruitment at
1 year old was set to 0. Although female fertility decreases from
12 years of age onwards in roe deer (Gaillard ez a/ 1998), we
assumed a constant recruitment rate with age because we were
unable to generate teliable year-specific estimates of recruitment for
old females due to the scarcity of data. Following previous analyses
(Gaillard ez al. 2003), we considered three age classes for survival: a
prime-age stage, from 1 to 7 years of age, an old-age stage, from 7
to 12 years of age, and a senescent stage, from 12 years onwards.
For each population- and period-specific matrix, we estimated the
deterministic population growth rate (A) and the elasticity of each
demographic parameter (i.e. the proportional change in A obtained

Figure 3 Life cycle graph of roe deer. A,: females in the prime-age stage (from
1 to 7 years of age), A,: females in the old-age stage (from 7 to 12 years of age),
S: females in the senescent stage (from 12 years of age onwards), P: annual
survival probability, F: recruitment (measured as the number of female offspring
at 1 year of age produced by a female of 2-years old or older).

when changing a given parameter by 1%) using standard matrix cal-
culations (Caswell 2001). To assess the potential impact of a given
demographic parameter on A, we performed a prospective analysis
(sensu Caswell 2000) by comparing the ranking and the relative val-
ues of elasticities among demographic scenatios. We then measured
the contribution of a given demographic parameter to the observed
variance in A by performing a retrospective analysis (sensu Caswell
2000). Using the approximation of variance in A proposed by
Hotrvitz et al. (1996), we measured the absolute contribution of a
given parameter as the product of its squared elasticity and its
squared coefficient of variation (CV). The sum of the contributions
of all demographic parameters provided a measure of variance in A.
The relative contribution of a given demographic parameter to
the observed variance in A was then obtained as the ratio between
the absolute contribution of that parameter and the vatiance in A. As
co-variations can be important, we also measutred the contribution of
the two-way interactions between demographic parameters to the
observed variance in A. However, we did not account for possible
serial autocorrelations in demographic patameters. Lastly, we per-
formed a Life Table Response Experiment (LTRE, Caswell 2001) to
measure the contribution of a given demographic parameter to the
observed difference in A between scenatios. We excluded senescent
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Figure 4 Yearly changes in the number of degree-days > 7 °C (February to

April) between 1976 and 2011 at (a) Trois Fontaines and (b) Chizé. The dotted

line corresponds to the best-fit linear increase over time.
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Table 1 Potential impact of a proportional change in a given demographic
parameter on A (measured by the elasticity) for the four contrasting scenatios
describing roe deer demography for two periods (normal (1988-1998) and eatly
(1999-2009) springs) and two populations (Chizé and Trois Fontaines)

Demographic Prime-age Old-age Senescent

scenario Recruitment — stage survival —stage survival —stage survival

Chizé (Normal 0.230 0.703 0.065 0.002
springs)

Chizé (Eatly 0.215 0.704 0.076 0.005
springs)

Trois Fontaines 0.246 0.705 0.048 0.001
(Normal springs)

Trois Fontaines 0.217 0.715 0.065 0.003

(Early springs)

stage survival from these analyses because of its negligible contribu-
tion (i.e. an order of magnitude lower than the smallest conttibution
of other parameters) to variation in population growth rate.

RESULTS
A strong signal of climate change

In both study sites, the number of degree-days > 7 °C increased
matkedly over time (yearly increase of 2.91 °D7 £ 0.65, P < 0.001
and 3.58 °D7 &£ 0.84, P < 0.001 at Trois Fontaines and Chizé,
respectively, Fig. 4), demonstrating that spring occurred increasingly
earlier over years at both locations. From these models, we obtained
a clear difference in the timing of the onset of spring between the
two 11-year petiods (model estimates of 167.49 and 247.46 °D7 for
1988-1998, hereafter denoted ‘normal spring period’, vs. 199.55 and
286.79 °D7 for 1999-2009, hereafter denoted ‘early spring period’,
for Trois Fontaines and Chizé respectively).
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Figure 5 Coecfficients of variation for temporal vatiation in each demographic
parameter for the four demographic scenarios. TF Normal: Trois Fontaines
population monitored during years with normal springs (1988-1998); TF Early:
Trois Fontaines population monitored during years with early springs (1999—
2009); Chizé Normal: Chizé population monitored during years with normal
springs (1988-1998); Chizé Early: Chizé population monitored duting years with
eatly springs (1999-2009).
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Prospective demographic analysis

The potential impact of a proportional change in a given
demographic parameter on A was remarkably constant across
demographic scenarios (Table 1). A given proportional change in
prime-age stage survival consistently had the largest impact on
growth rate, provoking a modification in A that was about three
times greater than an equivalent change in recruitment and about 10
times greater than an equivalent change in old-age stage survival. In
contrast, the impact of an equivalent change in senescent stage sut-
vival on A was negligible (Table 1). Cleatly, therefore, the relative
potential impact of the different demographic parameters on A was
insensitive to both the difference in the earliness of spring between
periods and to the differences in environmental conditions between
populations. Accounting for density-dependence (Chizé only) did
not influence this general pattern (Table S2).

Retrospective demographic analysis

In all four demographic scenarios, prime-age stage survival was less
variable among years than recruitment rate and old-age stage sur-
vival (with a CV of around 0.10 or less, Fig. 5). However, marked
between-population differences occurred in both the magnitude of
temporal variation in demographic parameters and the sensitivity of
this variation to changes in the earliness of spring. At Trois Fonta-
ines, the overall variation in all demographic parameters was quite
low (all CVs less than 0.20, Fig. 5) and was not influenced by the
between-period difference in the eatliness of the onset of spring. In
contrast, there was marked temporal variation in recruitment at
Chizé, with a CV of mote than 0.40 (Fig. 5) [or more than 0.30
(Fig. S1) when accounting for density-dependence] and the
observed between-year variation in all parameters was higher during

@_
o
©_|
o

c

9o

E

E<]

=

8 |

o o
=

k]

[5)

['4
o
o
o]
o

TF normal TF early Chiz normal Chize early

B Recruitment (RE) O Cov(RE,PAS)
O Prime-age survival (PAS) Cov(RE,0S)
O Old survival (OS) Cov(PAS,0S)

Figure 6 Relative contribution of the demographic parameters to observed
variation in population growth rate in the four demographic scenarios. TF
Normal: Trois Fontaines during normal springs (1988-1998); TF FEarly: Trois
Fontaines during early springs (1999-2009); Chizé Normal: Chizé during normal
springs (1988-1998); Chizé Early: Chizé during early springs (1999-2009).
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the early spring period compared with the normal spring period
[0.40 vs. 0.6 (Fig. 5), or 0.30 vs. 0.36 (Fig. S1) when accounting for
density-dependence]. These clear differences in the variation of
demographic parameters between populations, periods and parame-
ters (Fig. 5) are in marked contrast with the virtually constant pat-
terns of parameter elasticity across demographic scenarios (Table 1).
As a consequence, it remains clear that among-scenario differences
in demography were driven by differences in the relative amount of
temporal vatiation among demographic parameters. As a result of
the above, the variance in A was one order of magnitude larger at
Chizé than at Trois Fontaines, and was largest during the period of
early spring in both populations (variance of 0.0328 vs. 0.0119 and
of 0.0044 vs. 0.0033 in the period of eatly spring vs. normal spring
at Chizé and Trois Fontaines respectively). This pattern was consis-
tent even when correcting for density-dependence at Chizé (variance
of 0.0130 vs. 0.0074).

The marked variation in recruitment rate over years observed at
Chizé meant that the observed variation in A was mostly accounted
for by changes in this demographic parameter (Fig. 6). However,
although temporal variation in recruitment rate was higher during
the eatly spring period compared with the normal spring period at
Chizé, the relative contribution of recruitment rate to variance in A
was lower during the ecarly spring period (Fig. 6 and Fig. S2)
because temporal variation in adult survival (when either not
accounting for density-dependence or doing so respectively) was
also higher during this period (Fig. 5 and Fig. S1). As a result, tem-
poral variation in prime-age stage survival (respectively old stage
survival) accounted for about one-fifth (respectively one tenth) of
the observed vatiation in A in this scenatio [compated to about one
tenth (respectively one per cent) in normal years, Fig. 6 (respectively
Fig. S2)]. At Trois Fontaines, the observed vatiance in A was mostly

0.429

Chizé TF
0.475
Normal 0.096 Normal
AA=0.014
0.545 0.756
0.389 |AA=0.151 AA=0.097| 0.231
0.066 0.023
AA= 0.040
Chizé g'gfg TF
Early 0.100 Early

Figure 7 Results of the Life Table Response Expetiment analyses petformed for
four scenarios comprising two populations and two periods of contrasting spring
carliness. We report the relative contributions of recruitment rate (in bold),
prime-age stage survival (in standard typeface) and old-age stage survival (in
italics) to observed differences in A (AA) among scenatios: between populations
within a given period (horizontal comparisons) and between periods within a
given population (vertical comparisons). TF Normal: Trois Fontaines during
normal springs (1988-1998); TF Early: Trois Fontaines during early springs
(1999-2009); Chizé Normal: Chizé during normal springs (1988-1998); Chizé
Early: Chizé during early springs (1999-2009).

driven by variation in prime-age stage survival (Fig. 6), despite the
fact that temporal variation in both recruitment rate and old-age
stage survival was clearly more marked (Fig. 5). This pattern was
due to the low absolute variation in all four demographic parame-
ters during both the normal spring and early spring periods (Fig. 5)
which limited the degree of variance in A. As a result, the relative
contribution of the three demographic parameters to variance in A
was ptredominantly shaped by their elasticity values. The co-variation
among parameters contributed relatively little to variance in A (from
5.7 to 23.8%) compared to their main effects (Fig. 6 and Fig. S2).
The co-vatiation between recruitment rate and prime-age stage sur-
vival was the most important of the co-variations, but there was no
obvious pattern concerning the contribution of this co-variation
among scenarios, that is, in relation to the earliness of the onset of
spring ot between populations (Fig. 6 and Fig. S2).

Life table response analyses (LTRE)

We performed four LTREs to assess the relative contributions of
the three demographic parameters to observed differences in popu-
lation growth rate among scenarios, both between populations for a
given period of spring earliness and between periods for a given
population (Fig. 7). The between-period difference in A within a
given population was much larger than the between-population dif-
ference within a given period. The slightly higher A at Chizé (1.298)
than at Trois Fontaines (1.284) during the normal spring period was
due to higher survival at Chizé for both prime-age (0.958 vs. 0.911
at Trois Fontaines) and old-age (0.921 vs. 0.819 at Trois Fontaines)
stages, which almost exactly compensated for the lower recruitment
rate observed at Chizé (0.48 vs. 0.55 at Trois Fontaines). As a
result, recruitment rate and survival had an approximately equivalent
influence on the between-population difference in A. In contrast,
during the eatly spring period, A was higher at Trois Fontaines than
at Chizé, and this was almost entirely due to the between-popula-
tion difference in prime-age stage survival (0.955 at Trois Fontaines
vs. 0.895 at Chizé). When accounting for density-dependence (Chizé
only), the between-petiod difference in A was weak (1.278 vs.
1.264).

The lower values of A during the early spring period compared
with the normal spring period were mostly driven by a fall in
recruitment rate in both populations between periods (from 0.48 to
0.36 at Chizé and from 0.55 to 0.34 at Trois Fontaines). This result
held when accounting for density-dependence at Chizé (Fig. S3).
However, despite this more marked susceptibility of recruitment
rate to eatlier springs at Trois Fontaines, the observed A was
slightly higher in this population (1.187) compared with Chizé
(1.147) during the early spring period. This was due to an increase
in prime-age stage survival at Trois Fontaines during the eatly
spring period (0.955 vs. 0.911 during the normal spring period),
which dampened the decrease of A between periods. Hence, at
Trois Fontaines, the lower value A observed during the eatly spring
period compared to the normal spring period was essentially due to
a lower recruitment rate. In contrast, at Chizé, a lower level of
prime-age stage sutrvival (respectively old-age stage survival when
accounting for density-dependence) during the early spring period
[0.895 (respectively 0.874) compared with 0.958 (respectively 0.914)
observed during normal springs] acted in concert with the lower
level of recruitment to generate the lower value of A in this demo-
graphic scenario.

© 2013 John Wiley & Sons Ltd/CNRS
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DISCUSSION

Two main outcomes can be identified from our comparative analyses
of contrasted populations of roe deer. First, there is a clear evidence
for a strong signature of climate change involving increasingly earlier
springs over time in both study sites. This is in line with previous
studies that have identified similar trends across the whole Northern
hemisphere (e.g. Schwartz et al. 2006). However, it is noteworthy
that the signature of climate change was almost identical in both
study sites (with a linear increase of about 3 degree-days > 7 °C per
year) despite the fact that they are 600 km apart. Interestingly, a
remarkably similar signature of climate change was observed in a
third site (Aurignac in South France, 43°13' N, 0°52' E) where the
roe deer population has been intensively monitored for about
12 years (Hewison e a/. 2009). In this site, composed of forest
patches interspersed within a matrix of agricultural land and subject
to an Aquitanian climatic type (a warmer and drier variant of an oce-
anic climate), the number of degtree-days > 7 °C also inctreased by
about 3 units per year (slope of 3.396 £+ 0.786). This suggests the
existence of a rather constant speed of change in the earliness of
spring across the lowlands of Western Europe.

Second, the population growth rate for roe deer at both study
sites was lower during the more recent period with early springs
compared to the preceding period with normal springs (Fig. 7). This
demogtraphic shift involved several demographic processes which
differed in relation to the environmental conditions of the focal
population. The relative potential role of the different demographic
parameters did not vary, either in response to earlier springs or
between populations expetiencing contrasting environmental condi-
tions. This indicates, irrespective of whether density-dependence
occurred, that the continuous and regular increase in the eatliness
of spring did not markedly affect the functional dependence of
population growth rates on given demographic parameters. This
contrasts with the demographic response to sudden and strong pet-
turbations generated by disease (Jones e a/ 2008), heavy hunting
(Proaktor et al. 2007; Servanty et al. 2011) or strong predation pres-
sure (Wittmer ez 2/ 2005; Festa-Bianchet ez 2/ 2006). This has prac-
tical consequences, as it means that the demographic signature of
climate change is potentially much harder to detect than that of
other types of perturbation and requires long-term and detailed
monitoring to be assessed. Indeed, obtaining accurate estimates of
demographic parameters across climatic gradients is an important
priority for future data collection (Brook ef a/. 2009). Likewise, the
critical demographic parameter that contributed most strongly to
the observed variance in growth rate among years of a given popu-
lation did not differ between the period with normal springs and
the period with early springs, but this critical parameter did differ
between populations. At Chizé, recruitment rate had the highest
contribution to observed variance in population growth rate in both
periods, whereas prime-age stage survival was the critical parameter
for both periods at Trois Fontaines. This supports the view that the
identity of the critical demographic parameter is context-dependent
(Coulson ez al. 2005). We tentatively propose that the amount of
variation observed in population growth rate could determine which
parameter is critical. When this variance is low, we expect demo-
graphic parameters with the highest potential demographic impact
to drive variation in population growth, whereas when it is high,
demographic parameters with the highest temporal variation should
contribute the most.

© 2013 John Wiley & Sons Ltd/CNRS

In contrast, in both populations, the lower growth observed dur-
ing the early spring period was mainly due to a marked decline in
recruitment. This reinforces our inference that spring is the critical
petiod for roe deer, with early fawn mortality in relation to maternal
condition and climatic conditions during late gestation and early lac-
tation driving roe deer recruitment (Gaillard ez @/ 1997). This also
provides some of the first evidence that the demographic parame-
ters that ate responsible for most of the variation in population
growth rate among years may not necessarily be the same as those
that drive changes in mean growth rate between periods of con-
trasting environmental conditions. It is also noteworthy that at
Chizé, where roe deer suffered most from eatly springs, adult sut-
vival also decreased in the period of eatly springs and partly
accounted for the observed decline in population growth rate. The
marked increase in adult prime-age survival between periods when
accounting for density-dependence (from 0.895 to 0.934) indicates
that both high density and climate change must occur simulta-
neously to influence prime-age adult survival markedly. As adult
sutvival is generally buffered against environmental variation in
long-lived mammals (Gaillard & Yoccoz 2003), the low values of
this parameter that we observed in recent years at Chizé duting high
density might indicate severe energetic stress in this population.
This was supported recently by biochemical and immunological
analyses (Gilot-Fromont ef a/. 2012). This observation suggests that,
in addition to spring earliness, summer climatic conditions might
also limit population growth in water-stressed environments. Severe
summer droughts such as that in 2003 at Chizé have indeed been
linked to increased female mortality in roe deer (Bonenfant ef al.
unpublished data).

The identification of recruitment as the key parameter in the
observed decline of population growth rate in response to increas-
ingly earlier springs in both populations suggests the existence of a
general explanation related to the life history of the focal species. In
temperate regions, we can consider three possible ways for organ-
isms of a given species to cope with climate change involving
increasingly eatlier springs. The simplest way involves resisting this
change, maintaining invariant timing of life history events and con-
stant demographic performance. To be efficient, this (absence of)
response requites some degree of decoupling between vegetation
phenology and the resource acquisition process needed for meeting
the energy requirements of reproduction. Previously accumulated
body reserves (i.e. capital breeding tactic, Jonsson 1997) or a diet
based on food items which are not directly dependent on the vege-
tation might provide potential pathways to acquire resources inde-
pendently of the timing of the vegetation flush. These pathways are
clearly not available to a medium-sized herbivore feeding on plants
which are available in forest coppice and displaying an income bree-
der tactic such as the roe deer. As a result, the roe deer is unable to
resist the energetic constraints imposed by increasingly early springs
and the increasing frequency of summer droughts, likely because of
its strong dependence on high quality vegetation (Latham e al
1999). This resulted in a marked decline in demographic perfor-
mance in both our study populations.

A second way to deal successfully with increasingly eatly springs
involves adapting the timing of life history events to track changes
in the phenology of vegetation. This has been reported to occur in
several vertebrate species (Visser 2008; Carey 2009), including large
herbivores (Moyes ez al. 2011 on red deer). The lower population
growth that we observed in both populations during the period of
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eatly springs indicates that roe deer are unable to adjust the timing
of their reproductive cycle to maintain constant demographic per-
formance. In particular, contrary to other large mammalian herbi-
vores such as red deer (Coulson e a/. 2003) or wild boar (Gamelon
et al. 2011), roe deer females have inflexible birth dates (Plard ez 4/
unpublished data), leading to an increasingly marked mismatch
between the earlier vegetation flush and the birth peak which has
remained constant over years. For an income breeder which allo-
cates substantially to reproduction, a decrease in resource availability
during late gestation-early lactation, when energy expenditure peaks
in large herbivores (Oftedal 1985), is likely to lead to increased early
mortality of offspring. In both populations, a decrease in recruit-
ment was responsible for most of the observed decline in popula-
tion growth, involving a marked decrease in early survival of fawns
when shifting from normal to eatly springs (from 0.75 to 0.64 and
from 0.60 to 0.42 at Chizé and Trois Fontaines respectively). The
ability, or lack of it, to match the phenology of reproductive events
to earlier springs might thus be the critical factor determining which
organisms can and cannot adapt to climate change in seasonal envi-
ronments (Coppack & Both 2002). For instance, Salido ez /. (2012)
recently showed that increased flexibility of laying date positively
correlated with population growth rate among UK passerine bird
species. Likewise, Pau e a/ (2011) predicted that the phenology of
plant species of temperate areas should shift in time in response to
earlier springs. Although data from a larger range of populations
would be requited, our findings strongly suggest that the inflexibility
of birth date in roe deer leads to the observed decline of population
growth in early spring years through increased early offspring mor-
tality because roe deer females are unable to track temporal changes
in the phenology of the vegetation flush.

The last way to cope with changing spring conditions involves
escaping this change by moving. For instance, seasonal migration has
been observed in a large range of organisms and has been interpreted
as a tactic for tracking spatio-temporal variation in resources (Swin-
gland & Greenwood 1983; Fryxell & Sinclair 1988). Shifting spatial
distribution is also predicted to be the response of tropical plant spe-
cies to climate change (Pau ¢z 4/ 2011). However, in a context of glo-
bal change, moving through space is unlikely to enable populations
or species to directly escape increasingly early springs, as this is a gen-
eral phenomenon across temperate areas. However, individuals may
successfully cope with earlier springs by moving into secondary habi-
tats that provide alternative food resources during the critical mis-
match period. Agricultural landscapes, which include forest patches
disseminated within open habitats of differing nature and containing
a variety of food resources, might provide such a suitable habitat for
roe deer. Interestingly, roe deer began to colonise agricultural land-
scapes in the late seventies and now occupy most of this habitat type
throughout Western Europe. Moreover, roe deer appear to perform
better in these open agroecosystems than in forest blocks. Indeed, by
obtaining access to higher quality diets, especially in terms of nitro-
gen and phosphorous content, roe deer in open areas are able to
attain larger body mass than in strict forest habitat (Hewison e al.
2009). As fast early body development is positively associated with
increased eatly survival (Da Silva ez a/. 2009), we might expect roe
deer in agricultural landscapes to cope with ongoing climate change,
and in particular increasingly earlier springs, without adjusting the
timing of their reproductive cycle.

Our demographic analysis suggests that the roe deer, following a
very rapid increase in abundance over the eighties-nineties through-

out Western Europe, could be now confronting the adverse effects
of increasingly eatly springs. This seems to be a general pattern
throughout its geographical range. Indeed, hunting statistics show
that the previously marked increase in the number of roe deer shot
annually has reached a ceiling, or may even be decreasing, in most
European countries since the early part of this century (Apollonio
et al. 2010). We suggest that these are the first signs that the
‘success story” of forest roe deer that began in the second half of
the last century (Andersen e/ a/. 1998) might be nearing its end due
to climate change. Indeed, given the current level of hunting pres-
sure that is exerted on this economically important game species,
roe deer populations in strict forest habitat may soon decline mark-
edly as spring becomes increasingly eatly. In contrast, because the
breeding phenology of sympatric large herbivores such as red deer
and wild boar appears more flexible (Gamelon ez a/. 2011; Moyes
et al. 2011), these species may cope more efficiently with ongoing
climate change. This predicted interspecific asynchrony in the
effects climate change among sympatric large herbivores (but see
Mysterud ez /. 2007) is likely to impact on interspecific relationships
within multi-herbivore communities. We suggest that the only way
roe deer can escape the adverse effects of climate change is by
increasingly shifting their distribution to open landscapes which
offer richer food resources during spring, enabling females to suc-
cessfully offset their energetic requitements during the critical reat-
ing stage. This testable prediction is a promising avenue for future
investigation.
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