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ABSTRACT

Extreme climatic events like the 2003 summer heatveand inappropriate land management can threlagen t
existence of rare plants. We studied the respohEeyngium alpinuma vulnerable species, to this extreme
climatic event and different agricultural practicAsdemographic study was conducted in seven §itéb
between 2001 and 2010. Stage-specific vital ratre wsed to parameterize matrix population modeds a
perform stochastic projections to calculate popategrowth rates and estimate extinction probabgditAmong
management regimes, spring grazing and land abameltrdecreased vital rates and population growtiiiew
autumn grazing and late mowing had positive effentpopulation viability. The 2003 heatwave reduced
fecundity rates and survival rates. Only springzgthsites presented considerable extinction riglcHastic
projections showed that an increased frequencY082ike events may exacerbate extinction risk, but
extinction probability depends mainly on land maragnt regimes. To better conseBiealpinumpopulations,
we recommend conversion of presently spring graredabandoned sites to late mowing or autumn gyazin
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1. Introduction

Extreme climatic events can negatively affect pfaopulation dynamics and increase extinction nisk i
threatened species (Marrero-Gomez et al., 2007¢Maski et al., 2006). Increased temperature exdéseand
severe drought induce significant stress to plamitéch can lead to increased mortality rates (McBibet al.,
2008; Saccone et al., 2009; Yordanov et al., 2@d@d)reduced photosynthetic rates and reproductive
performances (Chaves, 1991; Epron and Dreyer, 1983;lze, 1986; Yordanov et al., 2000). Europe has
undergone an extremely dry and hot summer in 20261 and Tebaldi, 2004; Schar et al., 2004; Zditeh
al., 2006), which resulted in exceptional humantaildy (Le Tertre et al., 2006), decreased ecosyste
productivity (Ciais et al., 2005; Reichstein ef 2D07), loss in crop yield (van der Velde et2010) and
increased plant mortality (Saccone et al., 2008¢hSeductions in plant survival may compromise the
persistence of vulnerable plant populations anceae their risk of extinction. A temperature anlyrsach as
that registered in 2003 had never been observekitast 140 years (Schar et al., 2004). The oenug
probability of such an extreme event can nonetkalesease with global climate change as a re$titteo
greater between-year variability in meteorologmahditions and an increase of mean temperaturest{Mad
Tebaldi, 2004; Schér et al., 2004).

Many Alpine plant species can be found in site$ Wexe historically used as pastures for grazinddyestic
animals or meadows harvested by farmers. Currentigement strategies in Alpine ecosystems stilliohel
seasonal mowing or grazing, but with varying fragmg intensity and timing, and absence of managérmen
also common. These new management regimes catolehdnges in plant community structure (Janturien e
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al., 2007; Stammel et al., 2003) and to an increasatinction risk for the most vulnerable spedBsys et al.,
2004; Jantunen et al., 2007; Lennartsson and Quostier, 2001; Marage et al., 2008). Populationsedribit
different vital rates and population growth ratesieen sites subject to different management giestend
characterized by variable ecological conditionsn8enanagement conditions might not allow rare and
protected plant species to persist and are incableatith their conservation.

The objective of this work was to study the popgalatdynamics oEryngium alpinuma rare Alpine perennial
plant threatened by changes in land use (ChereLawnagne, 1982; Gaudeul and Till-Bottraud, 200340
2008; Gillot and Garraud, 1995), in relation t):tfie effects of the 2003 heatwave and (ii) thectf of
management regimes. Field data were collected leet@801 and 2010 in seven sites submitted to variou
management regimes and survival, flowering andrfdity rates were measured for plants of differéat |
stages: seedlings, juveniles, vegetative adults@maductive adults. Through statistical analp$igital rates
and demographic modeling, we were able to prediat & 2003-event will increase the extinction risk o
populations and to identify the best managemernitmeg for the conservation of this species.

2. Materialsand methods
2.1. Species, study sites and management regimes

E. alpinumL. (Apiaceae) is a perennial, rare species. Itsidigion area extends over the Alps (France, Jtaly
Switzerland, Austria, Croatia) between 1300-250@0imerel and Lavagne, 1982). The species is préas@pen
sunny but relatively humid habitats; restrictedh&yfields and avalanche corridors. The speciesditepted by
the Bern convention, the European Habitat Direatif’Blatura 2000 (Wyse-Jackson and Akeroyd, 199#), t
French Red List of protected species and it isidensd vulnerable by IUCN (Gillot and Garraud, 199he
threats are mainly due to human activities suatuéting for commercial use (flower bouquets) antilase
change (from late hay harvest to spring grazingbandonment leading to land closure by forest\weting
occurs from mid July to mid August. Mature fruisgliizocarpous diachenes) fall near the mother plattie
end of August and seeds germinate in the spring.

Two regions were studied: the Pralognan regionl¢Brean la Vanoise, Savoie, France) is locatedeér'tire
d'adhésion” of Vanoise National Park and the Fdueggon (L'Argentiére la Bessée, Hautes AlpesnEed is
located in the "Vallon du Fournel-les Bans" NatR@®0 site and the "aire d'adhésion" of Ecrins Netid?ark.
The two regions are located approximately at timeesalevation (1500 m) but in contrasting situations
Pralognan is in the Northern Alps on a steep Eastif) slope while Fournel is in the Southern Alpsaamild
North-facing slope. Respectively three (DES, BER B®U in Fournel, located 1-5 km apart) and fouRAR
PRB, PRC and PRD in Pralognan, located less th@nrl@part) different sites were studied. Three p@ent
rectangular plots, located less than 5 m aparnaemsuring between 4 and 26, were set up for annual census
in each site. In the two regions, the National Bare testing various management practices to t¢iméven
reverse the population decline observed due taatural abandonment (Table 1). These managemantipes
are based on local traditional and present usesohtain prairies.

Table 1 Management regimes in the seven sites.
Region Site Management regime
Fournel DES  Autumn grazing: 1800 sheep (306 1.3.1 ha, 43
LU/ha) for 1 week around the 10th of Septemberfand
2 weeks between the 1st and the 15th of October
BER Late mowing (after the 15th of August)
BOU  Spring grazing: 800 sheep (136 LU on 3.0 ha, 45hkY/
for 10 to 15 days between the 5th and the 15thuioé J
Pralognan PRA  Abandoned
PRB Late mowing every other year
PRC Late mowing every year
PRD  Spring + autumn grazing: 40 heifers and occasignall
some cows (24 LU, 2.2 ha, 11 LU/ha) from the 1st of
June to the 1st of July and from the 1st of Sepégtd
the 10th of October
& Livestock unit (LU) coefficients were 0.17 for gpeand 0.6 for heifers (Conseil Fédéral Suisse8)199
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Fig. 1. Life-cycle of E. alpinum. S, seedlings; J, juvesiiV, vegetative adults; R, reproductive adults;
survival rate; @, flowering rate; f, fecundity rate.

2.2. Life cycle and data collection

The life cycle ofE. alpinumwas subdivided into four biological stages (Fig.9¢edlings (S) are small plants
younger than one year. Juveniles (J) are olderdharyear and have not yet flowered in their Reproductive
adults (R) are plants bearing one or more inflaases. Vegetative adults (V) do not bear inflorases but
have already flowered in their life. Seedlings baequveniles in one year, while juveniles and adci#tn
remain in the same stage for more than one yeasage a transition to another stage.

For the first 2 years of survey (2001 and 2002)¢files and vegetative adults were distinguishetherbasis of
morphological traits (number of basal leaves andtie of the longest petiole). An individual was sioiered
juvenile when it bore less than four leaves andnithe longest petiole measured less than 20 mrarwite it
was classified as a vegetative adult. These aitead to be slightly modified for BOU, where sprgrgzing
results in enhanced vegetative growth and plants h@re leaves (juveniles identified as individuzdsring
less than ten leaves with the longest petiole measiess than 20 mm).

In each permanent plot, plants were individualbyged and their presence/absence and biologica stare
scored every year from 2001 to 2010, leading tataskt including nine annual transitions, the firs being
2001-2002 and the last one being 2009-2010. Stageifec annual survival rates were defined as the

proportion of plants surviving from one censush® hext one. Stage-specific flowering ragge/ere defined as
the proportion of surviving plants that make ttansition to the reproductive adult stage. The ahfecandity
rate f for yeat was defined as the ratio of the number of seediimyerging in year+ 1 over the number of
reproductive adults in year t, assuming equilibrioetween seed immigration and emigration among ot
no seed bank. Seed immigration and emigration kmbseen plots were likely equivalent because plete
located in areas of uniform density; moreover t&disperse by gravity over a few decimetres frbeirtmother
plant (Gaudeul and Till-Bottraud, 2004). As the tuemof seedlings was only recorded since 2003 lisged
survival rate in the 2001-2002 and 2002-2003 tteoms and fecundity rate in the 2001-2002 transitieere not
available. No reproductive adult was observed irJB®2008, so survival and flowering rates for the
reproductive adult stage could not be estimatatteStensus was performed in July, the effect oP0GS
heatwave were associated with both the 2002-2063hen2003-2004 transitions. For simplicity, welélfer
to these transitions as "dry years" and to therdthesitions as "normal years".

2.3. Spatiotemporal variation in vital rates

We tested for spatio-temporal variation in fecupdites, survival rates and flowering rates ofdtiferent life
stages. Fecundity rates were analyzed using a Imedel with Gaussian errors, after log-transforamato
achieve normality and homoscedasticity. Survivedsand flowering rates were analyzed using gemeril
linear models with binomial errors and a logit liik case of overdispersion, models were fit thtoggasi-
likelihood approaches (Williams, 1982; Faraway, @0@Region, site within region, year and the intdmns
between region and year and between site and yerarimcluded in the models as fixed factors. Theeh
permanent plots were considered as independeitatgd of the same site-by-year cell. For each rata, the
full model was tested. When the region effect wigsificant, subsequent analyses were performedratgig
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for Fournel and Pralognan. When no region effec detected, the model factors were reduced toyste,and
their interaction in order to test directly diffees between all sites. Orthogonal comparisons usad to test
for significant differences between dry and norgedrs. Differences between sites were tested Usikgy's
multiple comparison method. When the interactiotwien site and year was significant, orthogonal
comparisons were performed separately for eactasderukey's multiple comparisons were performed
separately for each year. All statistical analyseee performed in R 2.10.1 (R Development Core T,&2008)
using the packagenultcomp(Hothorn et al., 2008) ardispmod(Scrucca, 2009).

2.4. Deterministic analysis

The life-cycle ofE. alpinumwas described by a birth-pulse matrix model wité-preeding census (Caswell,
2001). The elements of thematrix, a;, gave the annual transition rates from stagestageé and were defined

in terms of survival rates, flowering ratesy and fecundity rate f:

0 0 0 f
A as o3(1—¢y) 0 0

0 0 ov(l —¢y) or(1l—¢g)

0 o190, avoy Orig

To increase the precision of matrix element es@nand avoid problems linked to small sample sinels
missing life stages, the observations from theetlmermanent plots were pooled together within e#ehWe
defined a transition matrix for each site and egedr from 2001 to 2009 (Table S1). Since seedlimgigal
rates were not available for 2001 and 2002 andniityirates were not available for 2001 (see Sedi@),
their values were set equal to their averages thieeother years. The 2008 transition matrix for B®@abk not
estimated because of lack of data on the reproguatiult stage.

The deterministic growth ratewas estimated for each site and year as the doiéngenvalue of th& matrix.
The uncertainty il estimation was accounted for by bootstrapping iddial state/fate pairs for each site and
each year. Ninety-five percent confidence intery@ls) were derived by the percentile method uzogo
bootstrap replicates (Caswell, 2001). We derivedsemsitivities and elasticities ofo survival, flowering and
fecundity rates from the sensitivities and elaiéisito the matrix elements through the chain (Glzswell,
2001; pp. 218-220 and 232). Sensitivities and ieiéiss were calculated in relation to the overaflan matrix
and to the mean matrix of each site.

The differences in between sites and years were analyzed with a lal#leTResponse Experiment (LTRE)
(Caswell, 2001; Cooch et al., 2001 ; Lucas et28l08). This method allows for the estimation of shie effect
a¥, the year effect™ and the site-year interactiong)"™ and the decomposition of these effects into the
contributions of stage-specific survival, floweriagd fecundity rates. In order to identify the Mitites
contributing the most to the overall between-sitd between-year differences in 1, we summed the
contributions across sites and years for each natael The overall contribution of a given vitale@o between-
site differences was obtained by summing the absoetaiues of its contributions to between-siteat#hces
across sites. Similarly, the overall contributiorbetween-year differences was obtained by sumadngss
years.

2.5. Stochastic projections

We used stochastic projections to study the etfenicreased heatwave occurrence probabilitiesopulation
dynamics. The stochastic growth rate log/s was calculated under different heatwave occurrencbabilities
p using a numerical approach (Caswell, 2001). Orb#sss of climatic projections (Schér et al., 200¢,
considered values of heatwave occurrence probapiibmprised between 0 (no heatwave) and 0.2 (one
heatwave every 5 years). Extinction probabilit@sdach heatwave occurrence probability values were
estimated using an individual-based simulation thak into account environmental and demographic
stochasticity (Supplementary material). The calimteof eigenvalues, the LTRE and the stochastigegtions
were carried out in Matlab (The Mathworks, 2001).
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3. Results
3.1. Spatiotemporal variation in vital rates

The effect of region was significant for seedling\véval rate, juvenile survival rate, juvenile flewng rates and
vegetative adult flowering rates (Table 2). Fostheital rates, the statistical analysis of yeat site effects was
carried out separately in each region. With fewegtions, both year and site effects were significas well as
the interaction between them, for all vital rat€alfle 2).

Survival rates and fecundity rates were negatiaffigcted by the heatwave. Reductions were partigularge
for juvenile survival rates (Fig. 2) and fecundiayes. Conversely, flowering rates exhibited a redrkear-to-
year variation that could not be attributed tohkatwave (Fig. S1).

Differences between sites were often significarttbeir direction was not consistent across yesignficant
site * year interactions; Fig. S1). Between-sitifetlences were most evident for fecundity rategraductive
adult flowering rates and vegetative adult surviredés (Fig. 3). The differences in fecundity ratese
particularly marked: DES (autumn grazing) and PR©GWing) exhibited very large values, BOU (spring
grazing) had the smallest rates, while the otties ®xhibited intermediate values. As for reprodrecadult
flowering rates, BOU (spring grazing) and PRD (sgr#+ autumn grazing) exhibited the smallest valudsle
DES (autumn grazing), BER (mowing) and PRB (mowiexfibited the highest values. Between-site
differences in vegetative adult survival rates wess marked than differences in fecundity rategproductive
adult flowering rates, but BOU (spring grazing) &1dD (spring + autumn grazing) still exhibited #mallest
values.

3.2. Deterministic analysis

The deterministic growth ratewas comprised between 0.73 (95% CI: 0.63-0.82RHD h 2003 and 1.40 (95%
Cl: 1.27-1.53) in DES in 2004 (Fig. S2). DES shovader/. than the other sites, except in 2003. Over years,
BOU (1 = 0.92, mean over years), PRA (1 = 0.98)RR® (1 = 0.94) exhibited decreasing dynamics, DES
showed increasing dynamics (1 = 1.21) and the atites showed stable dynamics (1 = 1.00 in BER, BRB
PRC). The average population growth rate in drysy€h= 0.90, mean over all sites in 2002 and 20G3)
smaller than in normal years (1 = 1.04).

On the overall mean matrix, the largest sensitiofty was associated with seedling survival ifand the
smallest one with fecundify{Table S2). This pattern was observed also in saehexcept for DES (largest

sensitivity associated with juvenile flowering rg#$ and for BOU (largest sensitivity associated witlgetative
adult survival rate). On the overall mean matrix, as well as in each 8ielargest elasticities were associated
with juvenile, vegetative and reproductive adulvéral rates (Table S2). The elasticitiesstpandf were

smaller than the elasticities to the other surviass. The smallest elasticities were associatédfiowering

rates.

Table 2 Spatiotemporal variation in vital rates.

Effect
Vital rate Regior Site Year Site * year Heatwavé R
Fecundity rate f Overall P<0.001 P<0.001 P<0.001 BER PRC 0.57
Seedling survival rate o< Fournel P<0.001 P<0.001 P<0.00f DES 0.81
Pralognan n.s. n.s. P =0.027 No 0.54
Juvenile survival rate oy Fournel P=0.23 P<0.001 P<0.001 DES 0.76

Pralognan P=0.01 P<0.001 P=0.011
Vegetative adult survival rate oy Overall P<0.001 P<0.001 P<0.001

PRA, PRB, PRC, PRLC 0.88
BER PRA, PRC, PRD 0.64

Reproductive adult survival rate o  Overall n.s. P <0.001 n.s. all sites

Juvenile flowering rate ) Fournel n.s. P<0.001 P<0.05 No 0.70
Pralognan P < 0.001 P < 0.001 n.s. No 0.48

Vegetative adult flowering rate ¢, Fournel P <0.001 P<0.001 P<0.001 No 0.81
Pralognan P = 0.007 P<0.001 P=0.005 No 0.59

Reproductive adult fowering rat ¢~ Overall P <0.001 P<0.001 P<0.001 No 0.76

@When the region effect was significant, the analygs performed separately for Fournel and Pralogn
® Sites where a significant difference between diy mormal year was observed (orthogonal comparison)

¢ The site * year interaction for seedling survikates was no more significant when the model wiitse through quasi-likelihood.
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Fig. 2. Mean vital rates in dry years (grey bars) compaieanean values over normal years (white bars)e&in
represent 1 standard error. Only vital rates thagre significantly reduced in dry vs. normal years shown.
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In the LTRE, DES showed a large positive effé®*)= 0.26; Table S3; Fig. S3), while BOU showed adarg
negative effect&® = -0.17); BER showed a small positive effea®™®= 0.001); all the other sites showed
negative effects. The vital rates contributing niest to differences between sites were fecundig/frgum of
absolute values of contributions: 0.53) and segdiirvival ratess (0.43). Fecundity rates made large
contributions in DES (positive), BOU (negative) atwla lesser extent in PRA, PRB, PRD (negative)RRC
(positive). DES was also the site exhibiting thvgdst fecundity rate (Fig. 3). Seedling survivaésamade
moderately large contributions in DES, BOU (posijiand BER, PRB, PRC and PRD (negative).

The years 2001, 2002, 2003 and 2009 exhibited ivegetfects (Fig. S3), while the other years shopwesitive
effects. The effect of 2003 was very large and tieg#s°°°> = -0.20) and the effect of 2006 was very large and
positive 3% = 0.15). The large negative effect showed by 2088 due to negative contributions of all vital
rates : in particular, there were large negativa@rioutions of juvenile and vegetative adult sualixates and
juvenile flowering rates. Across all years, thabitites contributing the most to the differences were

juvenile survival rate (0.47), seedling survivakrgd.35), juvenile flowering rate (0.30) and fediiy rate

(0.25).

3.3. Stochastic projections

In absence of heatwavgs=£ 0), DES (autumn grazing) showed a large posgieavth rate § = 0.146; 95%
Confidence Intervals: 0.138, 0.154), BOU (springzimg) exhibited a pronounced declime=(-0.062; 95% ClI:
-0.067, -0.057) and PRD (autumn + spring grazingioaest declinea(= -0.015; 95% CI: -0.021, -0.009); the
other sites had small positive growth rates (F#). 8/hen heatwave occurrence probabitity 0.20, the
stochastic growth rate was significantly smallerti® in all sites except for PRB £ -0.006; 95% CI: -0.012,
0.000), BER & = 0.000; 95% CI: -0.010, 0.011) and DESH0.062; 95% CI: 0.054, 0.070). For intermediate
heatwave occurrence probability ((p< 0.20), increasing lead to smallea. The reduction irma was most
pronounced in DES, but the relative ranking ofssd& not change much: DES showed always the laeges
BOU the smallest and PRD the second smallest lifuaues of heatwave occurrenpe

Extinction probabilities were larger than zero oim\BOU (spring grazing), PRA (abandonment) and PRD
(spring + autumn grazing) (Fig. 4), BOU having ajw#he highest probabilities of extinction and lgeiihe only
site in which extinction probability was nonzeraavin absence of heatwavesH0). Increasing heatwave
occurrence probability lead to higher extinctionlmabilities. The increase in extinction probabiiitgs very
small for PRA and PRD and large for BOU (from Ov@#&enp = 0 to 0.63 whep = 0.20).
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Fig. 3. Fecundity rates, reproductive adult flowering rmtEnd vegetative adult survival rates in the serts
averaged over all years. Lines represent +1 staddznror.
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4. Discussion
4.1. Impact of the 2003 heatwave on vital rates poplulation growth

Survival rates oE. alpinumwere reduced by the heatwave of 2003 in all sith& extreme climatic event was
associated with rainfall deficit and extreme sumireat that impaired plant productivity in Europeotigh heat
stress and drought stress (Ciais et al., 2005;hR&&m et al., 2007). At a smaller scale, the sunoh2003 lead
to reduced survival rates in tree populations ledan the same geographical area asethalpinumpopulations
studied here (Saccone et al., 2009). Drought casecdirect plant death through hydraulic failuresezluce
photosynthetic rates following stomatal closuradieg to a cascade of downstream effects that eepliant
fitness and increase mortality, especially forvidlials with small roots as seedlings or juven{dsDowell et
al., 2008). In agreement with this prediction, vbserved the largest reductions in survival rateguieenile
plants, while adults were much less affected by20@3 heatwave (Fig. 2). Overall, the reductiosunvival
rates observed during the 2003 heatwave lead tesmsin 2002 and 2003. As shown by the LTRE, the
negative impact o could be ascribed mainly to a reduction in surviedés rather than to a change in the
pattern of flowering or fecundity. In fact, fecutydrates were reduced only in two sites out of searad did not
contribute much to the differencerbetween 2003 and the other transitions. Flowerdgsrexhibited strong
between-year variation, but the comparison betwsemal and dry years did not uncover any significan
differences.

The effects of increasing heatwave occurrence turdipopulation dynamics were small if compared to
between-site differences. Even when the frequefitypatwave occurrence was maximak0.2, one heatwave
every 5 years on average), only two sites, PRCPA&, changed from positive to negataeExtinction risk
increased with heatwave occurrence rate, but étmbetsites out of seven (BOU, PRD, PRA) showed &anz
extinction probabilities at high occurrence andyd®dU showed a considerable extinction risk.

On the basis of demographic data collected ovelaitedecade, the estimated generation tinte. apinum
plants can be as high as 65 years (Andrello, 2010$. long generation time implies that the speb&sa very
long life-span, which can buffer the effects ofrerte environmental variation on population dynan(idsrris
et al., 2008). This result is reassuring for thesiggence oE. alpinumpopulations, but it cannot be taken as
evidence that the species will not be affectedl dtyeclimate change. The dramatic increase infteguency of
heatwaves and other extreme events is only oneeqaesce of global climate change (Meehl and Tepaldi
2004; Schar et al., 2004). A global increase ofperature will lead to an increase of ecosystemymtidty in
the Alps (Theurillat and Guisan, 2001), acceletpforest regeneration following land abandonment thos
loss of habitat for alpine and subalpine herbacspesies ak. alpinum(Dirnbock et al., 2003; Engler et al.,
2011). Climate warming will also lead to modifiaats in species interaction, community dynamics and
productivity, and ecosystem processes (Araujo amatd, 2007; Easterling et al., 2000; Hagvar anchié&ud,
2009; Klanderud, 2010). Some drought-tolerant gmssFestuca paniculatggrowing at high density in the
DES site) may benefit from an increasingly dried &otter climate and outcompdie alpinum(Sandra Lavorel,
Laboratoire d'Ecologie Alpine, unpublished manysgriThe projections that we used may thereforebeot
representative of the population dynamics undenatié change, because they only take into accoergffacts
of increased heatwave frequency and disregard tiatemodifications of vital rates due to other peeses.

4.2. Effects of local conditions and managemeninteg

Overall, populations d. alpinumwere stable, except in the DES site, where popuiatize was increasing,
and in the BOU and PRD sites, which exhibited anpumced (BOU) or modest (PRD) decline. Negativect$f
of grazing on plant survival are documented (Hwtital. 2001) and were evidentBn alpinumbecause adult
survival rates were reduced in BOU (spring graZEd). 3). In addition to affecting survival, gragiean have
direct effects on fecundity: grazing can reduceifelity rates by lowering seed set (Brys et al., 2200
Lennartsson and Oostermeijer, 2001), but can atsease fecundity by creating favorable conditimns
seedling establishment, through the preventioittef laccumulation and the creation of gaps (Letssan and
Oostermeijer, 2001 ). However, fecundity rates @Bwere the smallest of all sites and were thematars
contributing the most to the reductiontinThis reduction in fecundity was at least partlywdn by a decrease in
seed set (data not shown), but it is possiblegbatl germination and seedling establishment weoeadlected.
To a lesser extent, the negative effects of grawiege also confirmed by the reduced fecundity ilDRRpring
grazed) compared to those in PRB and PRC (both itowe

In contrast, facilitation of seedling establishmantl the gap effect may emerge more easily if graiakes
place in autumn, when seeds are mature and thépibg$or plant damage is reduced. This might kxp the
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large vital rates and population growth rates irSButumn grazed): the differencelibetween DES and the
other sites were driven mainly by seedling surviedéés and fecundity rates (LTRE; Fig. S3). Howetrez
observed high recruitment might also be due tofaabther than autumn grazing. DES is located in an
avalanche debris cone that favors soil water retier@nd thus creates favorable conditions for pdgotvth and
seedling establishment. The site is part of a ptetearea (Natura 2000) and is subject to reghlabsand tree
cutting, which prevent forest regeneration. As aseguence, the vegetation is spaEselpinumis the
dominant species and exhibits a positive populagiawth rate.

The effects of grazing can also be seen on planpnatogy, as plants usually reduce their floweniages,
allocate more resources to vegetative growth aond/tigher foliage productivity (Brys et al., 2004yhta et
al., 2001; Turner et al., 1993). In agreement wWidgse published observations, flowering rates \wewer in
BOU (spring grazed) than in the other sites ancktatiye growth was greatly enhanced (the mean nuofbe
basal leaves per vegetative adult was 56 compar8drt the other sites).

PRD was subject to both spring and autumn grabiagits vital rates, population growth rates antinetion
probability resembled more those of BOU (springzgd than those of DES (autumn grazing). Therefore,
seems that the driving factor behind the negatferes of grazing is its timing and not its integgidensity of
livestock units). Sites grazed in spring (BOU amRDy exhibited similar reduction in vital rates gmapulation
growth rates even if they were affected by différgnazing intensity, while sites experiencing conajie
grazing intensities but at different times (BOU &1ES) presented very different population dynam8ywing
grazing disturbs plants during active vegetativergh and before flowering, while autumn grazing caity
have positive indirect effect, since vegetativewgioand seed production are completed. As discuslsede,
such an indirect facilitation of plant recruitmdayt autumn grazing may act on seedling establishment

The populations growing in the other sites (BERAPRRB and PRC) were stable or slightly declinifbese
populations were left unmanaged or subject to uarregimes of mowing (Table 1). Absence of managéme
can lead to limited germination possibilities dadte disappearance of suitable microsites foureoent (Brys
et al., 2004) and invasion by more competitive Emesuch as grasses and eventually shrubs and @kesel
and Lavagne, 1982). The negative effects of larmshdbnment were evident in PRA (unmanaged), which ha
nonzero extinction probabilities and smaller vetje¢aadult survival rates and fecundity rates ttranother
sites (Fig. 3 and 4). In addition, trees and shie observed on the site in the last years ofesuand are
likely to invade the prairie if no cutting is penfoed. Therefore, even if the effects of land abanaent are less
severe than those of spring grazing, total absehoenagement is not recommended for the conservafiE.
alpinum

Mowing can have positive consequences for persistefiweakly competitive species, as seed germoimati
seedling establishment and fecundity are favorelittey removal and harvest of more competitivenpda(Brys
et al., 2004; Huhta et al., 2001; Kahmen and Posgt#008; Lennartsson and Oostermeijer, 2001). Kewe
the three mowed sites (BER, PRB and PRC) did mwstonsistent responses in fecundity: large vales
observed in PRC but not in BER or PRB. The othtal vates were similar across mowed sites andtesatger
population grow rates than in spring grazed siB€3l{ and PRD) and the abandoned site (PRA), but were
comparable to the autumn grazed site (DES). Appglyifferent mowing frequencies did not lead to &arg
differences in population dynamics: even if a reaurcin mowing frequency was associated with higher
vegetative adult survival and flowering rates inBPowed every other year) than in PRC (mowed eyesy),
the latter site exhibited much higher fecunditguléng in similar stochastic growth rates for th® sites (Fig.
S4). The observed differences in vital rates betvgies may also be ascribed to local conditiorisiepending
on management regimes. For instance, BER exhibi&@mely low seedling survival rates, a featued thas
not observed in PRB or PRC, and that can be exgddy the dry conditions and dense vegetation cofvéis
site.

While the effects of climate change on the persiseofE. alpinumare still difficult to predict, a reassuring
result of the present work was that an extreme 2iB@3:vent per se will not translate into consatse
extinction risk thanks to the long life span of #mecies. Conservation efforts should be concentran land
use change, as this aspect was the main drivinigrfaehind population growth rate variation. We dnav
collected substantial evidence that spring gra@ngertainly to be discouraged, because it reduitatrates
and considerably increased extinction risk. Lanahalonment turned out to be a suboptimal practiceewen if
the effects of absence of management on demogmafght emerge more slowly. It seems that late movaing
late grazing are the best management regimesdarahservation dt. alpinumpopulations. Following the
results of the present work, the "Vallon du FowieslBans" Natura 2000 site has decided to negatizdnges
in land use with the private owner of the BOU site.
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Similarly, the Vanoise National Park should condarctassessment of agricultural agreements betweah |
farmers and the community of Pralognan, in ordeet@rse the population decline observed in PRD.

Acknowledgements

M.A. was funded by a doctoral scholarship fromfEnench Ministry of Research. J.P.B. is a postdattor
researcher of FRS-FNRS. Field data collection wadgé€d by the Conseil Général de I'lsere, RégiomBhd
Alpes, Natura 2000 "Vallon du Fournel-les Bans"eButhors wish to thank the Parc National de laoi&m
the Parc National des Ecrins, the Office Natioresd Boréts and all the field assistants for helinduield work,
in particular Elodie Chapurlat, Paul Lagrave anddgiSoenen.

Appendix A. Supplementary data

Supplementary data associated with this articlebeafound, in the online version, at
doi:10.1016/j.biocon.2011.12.012.

References
Andrello, M., 2010. Estimation and analysis of effee size in age- and stage-structured populati®hB Thesis, Université de Grenoble.

Araujo, M.B., Luoto, M., 2007. The importance obtic interactions for modelling species distribnainder climate change. Global
Ecology and Biogeography 16, 743-753.

Brys, R., Jacquemyn, H., Endels, P., De BlustHermy, M., 2004. The effects of grassland managémeiplant performance and
demography in the perennial hé?timula veris.Journal of Applied Ecology 41, 1080-1091.

Caswell, H., 2001. Matrix Population Models: Coustion, Analysis, and Interpretation, second eda&er Associates, Sunderland,
Massachusetts.

Chaves, M.M., 1991. Effects of water deficits orbca assimilation. Journal of Experimental Botagy %-16.

Cherel, O., Lavagne, A., 1982. Aire de répatrtitipnénologie, biologie, reproductiorEdyngium alpinum"la Reine des Alpes”, dans la
vallée du Fournel. Propositions de mesures degifotede I'espéce. Travaux Scientifiques du PateoNal des Ecrins 2, 53-92.

Ciais, P., Reichstein, M., Viovy, N., Granier, @gee, J., Allard, V., Aubinet, M., Buchmann, N.rBw®ofer, C, Carrara, A., Chevallier, F.,
De Noblet, N., Friend, A.D., Friedlingstein, P.uBwald, T., Heinesch, B., Keronen, P., Knohl, Ainker, G., Loustau, D., Manca, G.,
Matteucci, G., Miglietta, F., Ourcival, J.M., PapaD., Pilegaard, K., Rambal, S., Seufert, G., Sawna, J.F., Sanz, M.J., Schulze, E.D.,
Vesala, T., Valentini, R, 2005. Europe-wide redaretin primary productivity caused by the heat aralight in 2003. Nature 437, 529-533.

Conseil Fédéral Suisse, 1998. Ordonnance surrartelogie agricole et la reconnaissance des fodiegloitation. Annexe 1.
<http://www.admin.ch/ ch/f/rs/910_91/appl.html#dhre(accessed 09.10.11).

Cooch, E., Rockwell, R.F., Brault, S., 2001. Ratexdive analysis of demographic responses to emviental change: a lesser snow goose
example. Ecological Monographs 71, 377-400.

Dirnbock, T., Dullinger, S., Grabherr, G., 2003regional impact assessment of climate and land:hiaege on alpine vegetation. Journal
of Biogeography 30, 401-417.

Easterling, D.R., Meehl, G.A., Parmesan, C., Chang®.A., Karl, T.R, Mearns, L.O., 2000. Climatéremes: observations, modeling, and
impacts. Science 289, 2068-2074.

Engler, R., Randin, C.F., Thuiller, W., Dulling&., Zimmermann, N.E., Araujo, M.B., Pearman, PLB.Lay, G., Piedallu, C, Albert, C.H.,
Choler, P., Coldea, G., De Lamo, X., Dirnbock,Gegout, J.C., Gomez-Garcia, D., Grytnes, J.A., Haal) E., Hoistad, F., Nogues-Bravo,
D., Normand, S., Puscas, M., Sebastia, M.T., Stars, Theurillat, J.P., Trivedi, M.R., Vittoz, FGuisan, A., 2011. 21st century climate
change threatens mountain flora unequally acrosspeu Global Change Biology 17, 2330-2341.

Epron, D., Dreyer, E., 1993. Long-Term Effects abllght on Photosynthesis of Adult Oak Tre@si¢rcus-PetraeéMatt) Liebl and
Quercus-Robut] in a Natural Stand. New Phytologist 125, 381-389

Faraway, J., 2006. Extending the Linear Model WthGeneralized Linear, Mixed Effects and Nonparaim&egression Models. Chapman
& Hall/lCRC, Boca Raton, Florida.

Gaudeul, M., Till-Bottraud, 1., 2003. Low selfing & mass-flowering, endangered perenfaingium alpinuni (Apiaceae). American
Journal of Botany 90, 716-723.



Published in : Biological Conservation (2012)
Status : Postprint (Author’s version)

Gaudeul, M., Till-Bottraud, 1., 2004. Reproducteeology of the endangered alpine speEigggium alpinuni. (Apiaceae): Phenology,
gene dispersal and reproductive success. Ann&stafy 93, 711-721.

Gaudeul, M., Till-Bottraud, 1., 2008. Genetic stuwre of the endangered perennial plant Eryngiurmaip (Apiaceae) in an alpine valley.
Biological Journal of the Linnean Society 93, 667%-6

Gillot, P., Garraud, L, 199%ryngium alpinun{L), In Livre Rouge de la Flore Menacée, p. 185 sklum National d'Histoire Naturelle,
Conservatoire Botanique National de Porquerollegjstere de I'Environnement, Paris, France.

Hagvar, S., Klanderud, K., 2009. Effect of simutbémvironmental change on alpine soil arthropodisb& Change Biology 15, 2972-2980.

Hothorn, T., Bretz, F., Westfall, P., 2008. multgor&imultaneous Inference for General Linear Hypsés. Technical Report Number 019,
2008, Department of Statistics, University of Mumiéwailable from: <http://epub.ub. uni-muencher2d@0/1/tr019.pdf>. (accessed
29.12.11).

Huhta, A.P., Rautio, P., Tuomi, J., Laine, K., 20B&storative mowing on an abandoned semi-natugabow: short-term and predicted
long-term effects. Journal of Vegetation Science6liZ-686.

Jantunen, J., Saarinen, K., Valtonen, A., Saagia2007. Flowering and seed production succesg attads with different mowing
regimes. Applied Vegetation Science 10, 285-292.

Kahmen, S., Poschlod, P., 2008. Does germinatiocess differ with respect to seed mass and gerimins¢ason? Experimental testing of
plant functional trait responses to grassland mamagt. Annals of Botany 101, 541-548.

Klanderud, K., 2010. Species recruitment in algiteat communities: the role of species interactiand productivity. Journal of Ecology
98, 1128-1133.

Le Tertre, A., Lefranc, A., Eilstein, D., Declerdg, Medina, S., Blanchard, M., Chardon, B., FaBreFilleul, L., Jusot, J.F., Pascal, L.,
Prouvost, H., Cassadou, S., Ledrans, M., 2006.attpf the 2003 heatwave on all-cause mortaliy French cities. Epidemiology 17, 75-
79.

Lennartsson, T., Oostermeijer, J.G.B., 2001. Deaygc variation and population viability @entianella campestrigffects of grassland
management and environmental stochasticity. Jowfratology 89, 451-463.

Lucas, R.W., Forseth, I.N., Casper, B.B., 2008ngsainout shelters to evaluate climate changetsfien the demography 6fyptantha
flava. Journal of Ecology 96, 514-522.

Marage, D., Garraud, L, Rameau, J.C, 2008. Thaenfte of management history on spatial predictfdargngium spinalbaan endangered
endemic species. Applied Vegetation Science 11;1480

Marrero-Gomez, M.V., Oostermeijer, J.G.B., Carquaro, E., Banares-Baudet, A., 2007. Populationiliglof the narrow endemic
Helianthemum juliag¢Cistaceae) in relation to climate variability. Bigical Conservation 136, 552-562.

Maschinski, J., Baggs, J.E., Quintana-Ascencio,, MEnges, E.S., 2006. Using population viabilialysis to predict the effects of climate
change on the extinction risk of an endangeredsiore endemic shrub, Arizona cliffrose. ConserveBmlogy 20, 218-228.

McDowell, N., Pockman, W.T., Allen, C.D., BreshedbsD., Cobb, N., Kolb, T., Plaut, J., Sperry,West, A., Williams, D.G., Yepez,
E.A., 2008. Mechanisms of plant survival and mdstaluring drought: why do some plants survive whithers succumb to drought? New
Phytologist 178, 719-739.

Meehl, G.A., Tebaldi, C, 2004. More intense, maeg|fient, and longer lasting heat waves in the@drgury. Science 305, 994-997.

Morris, W.F., Pfister, C.A., Tuljapurkar, S., Haagl C.V., Boggs, C.L., Boyce, M.S., Bruna, E.M.u€ih, D.R., Coulson, T., Doak, D.F.,
Forsyth, S., Gaillard, J.M., Horvitz, C.C., Kali&, Kendall, B.E., Knight, T.M., Lee, C.T., MengE&sS., 2008. Longevity can buffer plant
and animal populations against changing climatiéatbdlity. Ecology 89, 19-25.

R Development Core Team, 2008. R: A language awailamment for statistical computing. Vienna, Auatri

Reichstein, M., Ciais, P., Papale, D., Valentini,Running, S., Viovy, N., Cramer, W., Granier,@gee, J., Allard, V., Aubinet, M.,
Bernhofer, C., Buchmann, N., Carrara, A., GrunwdldHeimann, M., Heinesch, B., Knohl, A., Kutsdi,, Loustau, D., Manca, G.,
Matteucci, G., Miglietta, F., Ourcival, J.M., Piegyd, K., Pumpanen, J., Rambal, S., Schaphof§esifert, G., Soussana, J.F., Sanz, M.J.,
Vesala, T., Zhao, M., 2007. Reduction of ecosygtenductivity and respiration during the Europeamswer 2003 climate anomaly: a joint
flux tower, remote sensing and modelling analySisbal Change Biology 13, 634-651.

Saccone, P., Delzon, S., Pages, J.P., Brun, JchaMt, R., 2009. The role of biotic interactionsltering tree seedling responses to an
extreme climatic event. Journal of Vegetation SoéeP0, 403-414.

Schaér, C, Vidale, P.L, Luthi, D., Frei, C, Habe@i, Liniger, M.A., Appenzeller, C, 2004. The roleincreasing temperature variability in
European summer heatwaves. Nature 427, 332-336.



Published in : Biological Conservation (2012)
Status : Postprint (Author’s version)

Schulze, E.D., 1986. Carbon-dioxide and water-va@xchange in response to drought in the atmospaimetén the soil. Annual Review of
Plant Physiology and Plant Molecular Biology 377244.

Scrucca, L., 2009. Dispmod: functions for modelliigpersion in GLM. Available from: <http://cran.r-
project.org/web/packages/dispmod/dispmod.pdf>.gseed 29.12.11).

Stammel, B., Kiehl, K., Pfadenhauer, J., 2003. rAléd¢ive management on fens: response of vegetatigrazing and mowing. Applied
Vegetation Science 6, 245-254.

The Mathworks Inc., 2001. Matlab. Natick, Massaeittss

Theurillat, J.P., Guisan, A., 2001. Potential intpafcclimate change on vegetation in the Europekns:4a review. Climatic Change 50, 77-
109.

Turner, C.L., Seastedt, T.R., Dyer, M.1., 1993. Maixation of aboveground grassland production -rtie of defoliation frequency,
intensity, and history. Ecological Applications135-186.

van der Velde, M., Wriedt, G., Bouraoui, F., 20E8timating irrigation use and effects on maizedyring the 2003 heatwave in France.
Agriculture Ecosystems & Environment 135, 90-97.

Williams, D.A., 1982. Extra-binomial variation indistic linear models. Applied Statistics 31, 1481

Wyse-Jackson, P.S., Akeroyd, J.R., 1994. Guidetiné followed in the design of plant conservatimn recovery plans. Council of
Europe (Nature and environment, 68), Strasboudnde.

Yordanov, I., Velikova, V., Tsonev, T., 2000. Pla@sponses to drought, acclimation, and stresstate. Photosynthetica 38, 171-186.

Zaitchik, B.F., Macalady, A.K., Bonneau, L.R., SmiR.B., 2006. Europe's 2003 heat wave: a satelit® of impacts and land-atmosphere
feedbacks. International Journal of Climatology 243-769.



