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Une autre influence importante sur le développement des modéles matriciels de population est
celle de Lefkovitch (1969, le premier a introduire une alternative de classification
d’individus! en! sades! de! développement! plutét! go’ age (voir Caswell, 2001). La
classification par classes de taille est proposée par Usher $866les!populations!d’arbres.!

Les écologistes ont adopté ces modeles pour les populations végétales a partir de 1970.
1.2 Modeles de populations matriciels

Un modele de population matriciel a pduut! de! prédire!le! nombre! d’'individustél a
partir dunombre!d’individg at dans chaque classe de la population. Une population peut étre
structurée en classes discréetes, ou chaque classe regroupe les individus qui ont les mémes
caractéristiques. On parle des modeélesLdslie lorsque la population est subdivisée en
classes!d’agéebert, 1998). Une classification en classes de taille est mieux adaptée pour les
especes végétales pour lesquelles la taille est un meilleur prédicteur de la survie et de la
fécondité. Une telle classification est parfois également utilisée pour des populations animales
(Ellner and Guckenheimer, 2006). La subdivision en classe discrétes peut étre arbitraire en
termes de choix des bornes de chaque classe. Une alternative est de classifier les individus de
en différents stades de vie (ex. juvénile, adulte et adulte reproducteur).

Cycle de vie

Un!modéle!matriciel'd’'une!population! structeiren stade est basé sur un cycle de vie qui
dépend ded’ensemble! de! stades! de! vie! qui! caractérisent! 'espece! étudiée,! mais! aussi! de!
I'intervalle!de!projection! (le!pas!de!temps)!qui! peut! étre!un!jour,!une!semaine,!un'!an,'etc.!Le!
cycle de vie est souvent décrit par un graphig.(1)! dont! les! nceuds! représentéss
différents stades de vie, les fleches et les arcs indiquent les paramétres de transitions (survie-
reproduction) entre les stades de vie sur un pas de temps.













Figure 2: lllustration!de!l'effetAllee et de la densité-dépendance. Le tauxmbéssance
de la population pecapita représente la croissance de la population dipeéka taille de
la population. La constante K indique la densité de la population a partir de laquelle

de croissance deviengégatif.










Figure 3 : Variation!du!taux!d’accliesement des populatiofk) en fonction de la valeu
d’'un! parametre! démographiqg&}. ) de la matrice de projection (voir Chapitre 1).
ligne!discontinue!représente!les!prédictions!obtenues!a!partir'des!valeurs!de!l’élast

ligne continue représente les prédictions obtenues directement en variant le paEam
dans la matrice globale perturbée (Voir Annexe G dans le Chapitre 1).

Figure 4: Probabilité! d’extinctionrelative (par comparaison! a! I'effectif! initial! de! 1n

fonction de la taik initiale des populations avec stodiw® environnementale (cercle)
stochasticé démographique (triangle). Figure adaptée de Caswell 2001, Chapitre 15










Exemple 1 Histoire de capture avec un seul état







Encadré 1

Modéle capture-recapture de Cormack-Jolly-Seber
Le modele CR le plus simple avec un seul état

Histoires de vie individuelles:

Détecté codell’

Non-détecté code!‘0’

Occasion 123456789
111111000 Individu # 1
101000000 Individu # 2
111101100 Individu # 3
000100000 Individu # i
000100000 Individu # 150
001001110 Individu # 151

Vocabulaire :
Etat Celque!l'on!veut!savoir!lréellementvivant’lou!'mort’
Evénement Celquel!l'on!sait ‘détecte’lou!*nordétecté’

Processus Etat
Vivant at+1 avec probabilité
Vivant a t <
Mortat+l  avec probabilité-Y
Mortat — , Mortat+l avec probabili#e

NB. Le!processus!Etat!dépend!du!dernier!état!atteint!par!l'individu! (propriété!de!chai
Markov du premier ordre).

Processus Eveement
Détecté avec probabilieé
Vivant & t <
Non-détecté avec probabilité R
Mortat ——— Non-détecté avec une probabilité 1

NB. Le!processus!Evénement!dépend!de!l’état!actuel'de!l'individu.
Le modele esemps-dépendant. les parametreg$et$RBpendent!de!l’'occasion.



















Figure 7 : Nombre! d’article de revues utilisant les modeles matriciels pour décri

dynamiquedes populations végétales au cours du temps (figure ad&ptiee et al.,
2011).




Figure 8 : Taux!d’accroissement! des! populations! déterminis@gianneaux a et c) 4
stochastiques’ (Gnneaux b et dyersusles!taux! d’accroissementhservés durant |
période de suivi démographique (a, b) et prédits sur un intervalle de temps dans le
d). Le suivi démographique des populations a été effectué sur une périodardes. U
comptage supplémentaire des individus est effectuénnées plus tard. Les ta
d’accroissement! des! populations! observés! sont! calculés! par! année! sur!la! périodg

de$${années par la form g .. :$~%>§ et! sur! la! période! de! prédiction! jusq

0]

'année{, 6 par la formul&"! .gc_rseyp=" ngwé' >‘_, (figure adaptéeCrone et al., 2013).


































Figure 9: Individu deCentaurea corymbogarésentant des inflorescences sous forme

corymbes. La photo a droite représente un akene possédant un pappus.

Figure 10: Localisation des populations naturellesGintaurea corymbosdistribuées

sur les Massif de la Clape, Est de Narbonne, sud-ouest de la France.










Figure 11 : Catégorie!de!classement!des!taxons!enlvueldelrisque!d’extin

(UICN, 2012).










Figure 12: Distribution géographique des populations corse

Brassica insularisuivi depuis 1999.
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ABSTRACT

Climate change is a growing threat for global biodiversity, in particular for narrow endemic species. The
Mediterranean region, which harbors an exceptional biodiversity, has been identi ! ed as one of the most sensitive
regions to climate change. Based on a 22-year monitoring period, we analyzed the dynamic and viability of the
six extant populations of a narrow endemic plant species of the Mediterranean area, Centaurea corymbosao
predict their fate under two climatic scenarios. We constructed matrix projection models to calculate current
asymptotic growth rates and to perform stochastic projections including both demographic and environmental
stochasticity. Neither asymptotic growth rates nor their temporal variance were linked to population size and
age at" owering. Randomization tests showed that asymptotic growth rates were signi! cantly di#erent among
years but not among populations. An increase in temperature and a decrease in the number of wet days had a
negative impact on the whole life-cycle, particularly in the summer period, and thus reduced asymptotic growth
rates. Stochastic projections showed that an increased frequency of extreme climatic events increased population
extinction risk and decreased mean time to extinction. The warm scenario had a more dramatic impact on
population viability than the dry scenario. Management recommendations are proposed to increase population
viability of endangered plant species such asC. corymbosathat face climate change.

1. Introduction

Ongoing climate change is expected to result in increase in drought
and warm periods in several regions due to both an increasing fre-

change on species persistence have therefore become an important
prerequisite to develop e#ective conservation strategies almed at lim-
iting populatlon decline and extinction risk (

; ).

quency of extreme climatic events and long-term gradual changes
( ). Compared to some other taxonomic groups, plants are
more vulnerable to climate change since they have relatively low mi-
gration capacity ( ; ). Gradual
climate change and extreme events have already caused range shifts for
some plant species | ), including range contraction with
long-term population declines and extinctions (
), or range expansion ( ;
). This change is expected to become an even more im-
portant driver of global biodiversity loss over the next century (
). Thus, population dynamics of many plant species
are expected to be signi cantly a#ected by such changes {
; ; ; )-
For conservation purposes, identifying climatic factors that impact
population dynamics and predicting the consequences of climate

! Corresponding author.

E-mail address: (E. Imbert).

Climate change can either posmvely or negatively a#ect population
dynamics ( ; ). For in-
stance, climate change proved bené cial to populations of the wide-
spread orchid species Qrchis purpuredand is pred|cted to induce range
expansion in the near future ( ;

). In contrast, several studies have documented negative étects of
summer temperature on growth rates for other plant species (

; ; ). In some
cases, a given climatic variable has been shown to have diverging ef-
fects on separate vital rates within a species life-history (

). For example, a warm summer increased the
" owering probability of Dracocephalum austriacummwhereas it de-
creased plant survival, leading to reduced e#ects of climate on popu-
lation growth rates ( ). Such opposite e#ects on po-
pulation dynamics and demographic processes make it di$ cult to
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predict the net consequences of climate change on population viability
( ; ).

The Mediterranean region has been identi! ed as one of the most
sensitive regions to climate change ( ). Climate model
projections indicate that warming and drying will likely continue
( ). At the end of the century (2080 2099 period), annual
mean temperature is predicted to increase (+3.5 %C) with more extreme
dry event frequency (+46&) in this region ( ).
Moreover, in most areas of the Mediterranean region, precipitation is
predicted to decrease ( 12&), particularly in summer ( ! 24&,

). The Mediterranean region harbors an excep-
tional biodiversity, including a large number of rare and endemic plant
species. Among them, 36& are narrow endemics, i.e., they grow only in
a single area or have a narrow geographic range (

). Most of these species occur in rocky habitats, on steep slopes and
in open vegetation with low species richness ( ;

). Such habitats are characterized by their sta-
bility both in relation to vegetation succession and human disturbance
( ). Narrow endemic species are expected to be
particularly sensitive to environmental shifts, as several of these species
are extremely specialized and have evolved low dispersal ability (

; ; )-

Projection models that incorporate temporal environmental sto-
chasticity are a powerful tool for predicting long-term population dy-
namics under climate change ( ;

; ). An increase in variability in vital rates due to
climatic variations will usually decrease the long-term population
growth ( ). Thus, temporal variations may amplify
population "uctuations and thus increase extinction risk, an e#ect
be|ng more pronounced for small populations (

; ). Species life-histories can however buter
the e#tects of climate variation. For instance, long duration of the life-
cycle has been shown to decrease the impact of environmental sto-
chasticity, making long-lived species facing climate change less prone
to extinction ( ). Demographic stochasticity can also
be an important driver of population dynamics, whenever populations
are of a small size ( ). Such processes refer to chance
events of individual survival and reproduction causing random varia-
tions in population growth rates ( ; ).
These variations are expected to be more pronounced in small popu-
lations and thus lead to random " uctuations in population size that
increase extinction risks ( ; ). Including
both environmental and demographic stochasticity in population via-
bility analyses is thus crucial to forecast the fate of populatlons under
climate change ( ; ;

).

Demographic studies investigating the long-term e#ect of climate
change on narrow endemic Mediterranean plants remain rare. Such
studies have mostly relied on short-term surveys, thus exploring limited
year-to-year climatic variations ( ) and consider only a
subset of extant populations (e.g. Centaurea hyssopifolia

, Brassica insularis , Ramonda myconi

) making it di $ cult to predict species responses to climate change
( ; ). Long-term demographic sur-
veys are needed to understand how past climatic variations have af-
fected population dynamics, and to pred|ct population V|ab|||ty under
climate change (

; ). Typically, at least 15 tZOyears of ob-
servations are necessary to predict population growth rate or extinction
risk adequately ( ). This is particularly true for perennial
species, which may have a stage in their life-cycle that allows for spe-
cies persistence under unfavorable conditions (

; ; )-

Centaurea corymbosas a narrow monocarpic short-lived species
endemic to the Mediterranean region. The species grows in the Massif
de la Clape in Southern France, on the top of cli#s and in nearby rocky

areas of open vegetation ( ). Only six populations are
known, which have been surveyed since June 1994 using permanent
plots. In this paper, we used this unique demographic dataset collected
during a 22-year period (totaling 6112 individual life-histories) to
predict species dynamics under di#erent climate scenarios. To do so,
using matrix population models, we estimated asymptotic growth rates
and vital rates for each population and each pair-of-years over the 22-
year period. First, we tested for spatial and temporal variations in po-
pulation dynamics and also tested whether small populations had lower
asymptotic growth rate and showed higher variance in asymptotic
growth rate than large populations. In addition, we tested whether age
at " owering could bu#er the e#fects of environmental stochasticity.
Next, we assessed the relationship of climatic variables with demo-
graphic parameters over the 22-year period. More speci cally, we
tested whether any climatic situation contributing to drought nega-
tively a#ected asymptotic growth rates and vital rates, since water
availability is essential for the establishment of newly recruited plants
and the survival of vegetative plants. Moreover, because " owering is
closely linked with size and thus with plant growth in monocarpic
plants ( ;

), we tested whether probablllty of " owering depended on climatic
conditions prevailing only the months before " owering or varied ac-
cording to a cumulative multi-year climate e #ect. Finally, by in-
corporating both environmental and demographic stochasticity, we si-
mulated the fate of populations under two climatic scenarios, a warm
scenario re' ecting an increase in the frequency of hot years, and a dry
scenario corresponding to an increase in the frequency of drought
events, and thus tested which of the two scenarios would have the
largest impact on population persistence.

2. Materials & methods
2.1. Biological model, demographic and climatic datasets

2.1.1. Study species

Centaurea corymbosa Pourret (Asteraceae) is a narrow
Mediterranean species endemic to the Massif de la Clape near Narbonne
(southern France, 43%13 N, 3%08 E). It is listed in the French Red Book of
endangered species and in the European Habitat Directive list of
priority species, thus precise coordinates of the populations are not
given. C. corymboséhas been extensively studied since 1994 and several
papers have already reported on its ecological characteristics (

; ; ; ),
population dynamics ( ; ) and
population genetics ( ; ;

; ; ). Here, we

only summarize the most important features and results related to the
current study. C. corymbosais restricted to a 3-km? area and is known
from only six populations found on di #erent cli#s 0.3+2.3 km apart
(mean elevation 132m, SD=37.4, n=41 permanent plots, see
below). Individuals grow on the top of cli #s and in rocky areas. These
populations are currently not directly threatened by human activities.
However, habitat closure due to the abandonment of grazing con-
tributes to the isolation of open and suitable habitats, and thus in-
creased fragmentation among patches. The species has a monocarpic
perennial life-cycle. Individuals stay as a rosette for 2 to 13 years before

" owering. The " owering period extends from May to mid-August, and
most of the seeds germinate between September and December. Seeds
are dispersed over short distances by wind and ants. Despite suitable
habitats in the vicinity of the six populations, it has been shown that C.
corymbosais very unllkely to colonize new sites ( ;

; )-

2.1.2. Demographic dataset
Data have been collected since June 1994 in the six populations.
However, in the !rst census, the status of non* owering plants
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Table 1

Demographic characteristics of each of the six populations of Centaurea corymbosaand the pooled population after pooling data across populations: number of

individual life-histories recorded over 22 years (see also

), number of surviving plants older than 1 year, mean life-time of individuals that reached the

rosette stage, mean age at' owering, geometric mean of asymptotic growth rates (" ;) over 22 years, minimum and maximum of " 5, stochastic growth rate (" J when
including both demographic and environmental stochasticity (uniform frequency, see text) with the con ! dence intervals (2.5th and 97.5th percentiles of the

simulated distributions) and the rounded mean of total numbers of " owering plants (Nb"FP) recorded by the exhaustive count over the 22 years (see ).
Populations are ranked by decreasing order of total number of " owering plants.
Population Nb. individuals Nb. one year plants Mean longevity Mean age at Mean ", [" amin, " max] "s CI("9 Nb'FP
of the rosettes (years) " owering (years)
Pooled pop. 6112 1579 35 5.0 0.880 [0.432, 1.815] 0.881 [0.877, 0.889] 478
Enferret2 1712 286 33 4.5 0.749 [0.240, 1.585] 0.836 [0.829, 0.851] 173
Enferretl 1165 324 3.6 5.1 0.836 [0.425, 2.325] 0.824 [0.819, 0.837] 147
Auzils 1175 415 3.5 5.7 0.783 [0.331, 1.391] 0.792 [0.786, 0.807] 81
Portes 1064 268 3.7 6.2 0.819 [0.364, 1.610] 0.824 [0.818, 0.842] 34
Peyral 540 192 3.2 4.7 0.710 [0.00® 1.264] 0.804  [0.799, 0.827] 28
Cruzade 456 94 3.4 4.2 0.720 [0.00®, 1.444] 0.742 [0.732, 0.770] 13

(a) The null values of asymptotic growth rates corresponded to pair-of-years with no " owering plant within plots and null values for rosette survival s,.

(seedling or rosette) could not be assessed. Thus, matrix population
models were based on 22 years of demographic survey (199%2016),
except for one population (Portes, 1996+2016). Data collection is de-
scribed in details in . Every 3 months (June, Sep-
tember, December and March), we recorded the presence and the status
of each individual within 41 permanent plots and new seedlings were
added to the datasets (see ). During the " owering period
(mid-June), we also surveyed the whole distribution area of the species
to count the total number of "owering plants per population (ex-
haustive count, and ). A total of 6112 individual
life-histories were used to construct population projection models
( and ).

2.1.3. Climatic dataset

Climatic data were obtained from the closest meteorological station
located at INRA Pech Rouge (43%1444N, 3%1338 E,
tion=40m) <5km from the populations of = C. corymbosa.We used
daily mean temperature, daily minimum and maximum temperatures
and daily precipitation. Over the 22 years of this study, the Massif de la
Clape experienced a classical warm Mediterranean climate (average
mean temperature 15.1 ' 0.6 %C from June tto May t+1 , ) with
a warm summer period. Precipitation regime was also characteristic of
the Mediterranean climate with an average of 540.8 mm per year from
June t to May t+1 with large inter-annual variation (SD =175.46,

). The number of days with precipitation > 1 mm ranged from

35days to 68days with an average of 48.5days per pair-of-years
(SD=8.9, ).

eleva-

2.2. Deterministic analyses

2.2.1. Matrix projection models

As described in , the life-cycle is based on a
prebreeding census performed before the germination pulse, with a
one-year interval from June tto May t+1 . Three stages were dé ned:
seedlings (individuals < 1year old), rosettes (vegetative plants older
than 1year), and " owering plants. We estimated lower-level vital rates
(survival s, "owering probability !; conditional to survival and fe-
cundity f) to construct a stage structured Matrix Projection Model
(MPM). For each population and each pair-of-years, the projection
matrix representing the life-cycle is given by:

From the 22 years of demographic survey, we constructed 21 ma-
trices per population (see for projection matrices per po-
pulation). The probabilities of a " owering plant to survive (s 3) and to
reproduce the year after (" 3) were very low, in agreement with the
monocarpy of the species, and had negligible &tects on population
dynamics (see ). Using a deterministic MPM (linear, time-
invariant), we calculated the asymptotic growth rate #, as the dominant
eigenvalue of the matrix A of the corresponding pair-of-years. The
model did not include seed bank and migration. Indeed, < 5& of seeds
may remain dormant for one year and seed dispersal among popula-
tions is highly limited ( ; ;

Fig. 1. Climatic variation observed in the Massif de
la Clape between 1995 and 2016. Climatic variables
were calculated per pair-of-years from June(t) to
May(t+1 ). The solid line represents the average
daily mean temperature (C%), and the dashed line
represents the number of wet days. Values in the
vertical bars indicate the cumulative precipitation
per pair-of-years. Year on the x-axis corresponds to
June(t). Data were obtained from INRA Pech Rouge.
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). The net fecundity fs, was estimated as the ratio of the number of
seedlings observed in June of a given year over the number of" owering
plants observed within permanent plots in June of the previous year.
Our three-month survey made it possible to decompose the net fe-
cundity fs into a fecundity term f (number of just-emerged seedlings
assessed every three months over number of owering plants in June t-
1) and survival of just-emerged seedlings s, (hnumber of seedlings ob-
served in Junet over total number of just- emerged seedlings observed
from June t-1 to May t, ; ). We
obtained four null values in asymptotic growth rates (three for Cruzade
and one for Peyral), which corresponded to years with no " owering
plant within plots and null values in rosette survival s;. In such case, the
persistence of the plot depended on new rosettes coming from the
seedling stage &, never equaled zero), and seed dispersal from the
closest" owering plants outside plots. When calculating the geometric
mean of asymptotic growth rates over years for each population, we
excluded these null values.

2.2.2. Patterns of spatio-temporal variations in asymptotic growth rates

To test for temporal and spatial variation in asymptotic growth
rates, we used non-parametric randomization tests ( ).
Temporal variation was tested by randomly permuting individual life-
histories (status att and fate at t+1 ) among pair-of-years when con-
sidering all data as a single population. For spatial variation, we per-
muted the whole individual life-history (from germination to death)
between populations (see ). Each life-history ap-
peared exactly once in each randomized dataset, maintaining the ori-
ginal sample sizes. For each set of permuted data, we calculated
asymptotic growth rate for each group (year or population) and then
computed the standard deviation of " ; between groups. The probability
that #(" o) " #ops Under the null hypothesis Hy (no group e#ect) was
computed based on 2000 random permutations. We rejected Ho when
this probability was smaller than 0.05 ( ). We used linear
models to test for the e#ect of population size on asymptotic growth
rates and their temporal variance, using the total number of " owering
plants obtained by the exhaustive survey as a proxy of population size
( ). We used also a linear model to test for the e#ect of mean age
at " owering ( ) on the variance in population growth rate.

2.2.3. Retrospective and prospective analyses

We performed a life-table response analysis (LTRE) with a random
design to assess how lower-level vital rates contributed to the variance
in asymptotic growth rates var( #,) observed among years. This analysis
was performed on the pooled data over populations, provided that we
did not detect signi! cant spatial variation in population growth rates.
The decomposition of var.(#,) in term of lower-level vital rates p is
expressed as:

where coMp;, p) is the covariance of p; and p; ( ). A pro-
spective analysis was also conducted to assess the population dynamic
response to changes in lower-level vital rates. We calculated the elas-
ticity of ", to lower-level vital rates p as:

2.3. Relationships between demographic parameters and climate

From the raw climatic dataset, we extracted seven relevant variables
assumed to have an irf uence on demographlc parameters, given the
existing literature ( ; ) and our
knowledge of Mediterranean plant species. We thus calculated the
average of daily mean temperature and daily maximum temperature,

the number of days with mean T% > 25%C (corresponding to
mean + SD) and the number of freezing days (minimum T% < 0 %C). In
addition, we calculated both the average cumulative precipitation and
the number of days with precipitation > 1 mm that hereafter will be
referred as the number of wet days. We also calculated the number of
days with precipitation > 20 mm. This threshold value was equal to
mean + SD. We thus considered this variable as re" ecting the number
of heavy precipitation events in the Massif de la Clape.

We tested for the e#ect of climate on demographic parameters using
generalized linear models with identity link for asymptotic growth rates
and fecundity f (both log-transformed), and logit link for survival and
" owering probabilities with the binomial distribution. First, we tested
for relationships between annual averages of each climatic variable
calculated from June t to May t+1 and asymptotic growth rates ",
and also tested for quadratic e#ects and multiyear cumulative e#ect
with a time lag of one year of each climatic variable ( ). We
then tested for the e#ect of the variables that we found signi! cant in the
single-variable GLMs, using a forward stepwise selection approach.
Starting from the null model, we added at each step the variable having
the highest R? value in the single-variable models ( ). For
logistic models, we used R the pseudo-coeb cient of determination
based on the likelihood-ratio test and given by R2zx=1 ! (Lpun /L sun)?"
where L, and Ly, are the likelihoods of the null and the ! tted models,
respectively ( ). The signi! cance of each
added variable in the model was tested using an analysis of deviance
( ). From the best model, we reported the estimated coef-
I cient ($) and its signi! cance for each variable in the model after
scaling climatic variables. Second, to understand biological processes at
a ! ner scale, we tested for the impact of the seasonal climate on lower-
level vital rates by considering only climatic variables that signi ! cantly
impacted asymptotic growth rates, using the same approach as de-
scribed above. We included the seasonality efect in GLMs by averaging
variables over three-month periods separating two successive censuses
( ). GLMs were! tted using R Stats-package (version 3.3.1).
The RPr was calculated using the R-command?r.squaredLR° from the
MuMlIn-package (version 1.15.6) ( ).

2.4. Stochastic projections under climate change

Based on the IPCC Fourth Assessment Report, the frequency of ex-
treme warm and dry events is expected to increase (

). We thus built stochastic matrix models to simulate the fate of C.
corymbosapopulations under two scenarios of climatic variations, re-
presenting an increased frequency of extreme events either for tem-
perature or precipitation ( ; ).
To simulate the fate of populations, we incorporated environmental
stochasticity by drawing an entire matrix at each time step (sampling
with replacement) among the 21 available matrices (

; ). BecauseC. corymbosahas small popula-
tion sizes, we also incorporated demographic stochasticity in the
models. Such stochasticity is due to the independent chance of transi-
tion and reproduction among individuals ( ;

; ). From the existing individuals at
year t, we drew the number of individuals making each transition from
stage j to stage i including death at each time step in a multinomial
distribution characterized by the a j transition probabrlrtres of the ma-
trix that we randomly drew ( ; ;

; ). The number of
recruited seedlings was drawn in a Poisson distribution with mean
equal to the fsy value of the drawn matrix. In the case of C. corymbosa
demographic stochasticity indeed increased " uctuations in population
size over time and thus increased extinction risk (see ), in
agreement with both theoretical studies (e.g. ;

; ) and empirical ones (e.g.

). Therefore, we combined both demographic and environmental
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Fig. 2. Asymptotic growth rates (" ,) per pair-of-years. Panel A represents yearly" , values (circles) with their trend over years (dashed line) calculated from 125

matrices. The solid line represents the values of" , (triangles) pooling individuals in a single population. Panels B, C and D represent the trend in

" a Over years for the

largest populations (E2 and E1), the medium size populations (Au and Po) and the smallest ones (Pe and Cr). Rcorresponds to the r-squared value obtained from the
linear regression and 2ns° indicates that the slope was not signi! cantly di#erent from 0. Year on the x-axis corresponds to June (t).

stochasticity to simulate the fate of populations under climate sce-
narios.

The initial population size Ng used to start our simulations was
calculated from the stable stage distribution obtained from the ar-
ithmetic mean of the total number of " owering plants recorded in the
population (exhaustive survey) from 2010 to 2016, and the scaled ei-
genvector W from the arithmetic mean matrix over years (2010 +2016)
when pooling data over populations. Ny is given by where
ws, the third element of the scaled eigenvector, represents the propor-
tion of the number of " owering plants. We simulated population dy-
namics using 1000 stochastic iterations, each iteration representing a
trajectory of population size over 100 years. For a given trajectory we
calculated the growth rate "; as:

where n(T) and n;(0) were the population size of the ™ trajectory at
t= T and t=0, respectively, and T being the last year at which po-
pulation size was non-null. The stochastic growth rate " s was obtained
as the median of "; over 1000 trajectories. Extinction probability at a
given time t corresponds to the number of trajectories for which N
(t)=0 over the total number of trajectories; we calculated extinction
probability at t=50years (P 5p), t=100years (P 100) and the mean
time to extinction (T ¢4) based on 100 trajectories over 100 years. We
carried out 1000 such simulations, each of 100 trajectories, to obtain a
sampling distribution of P 5o, P10o and Tey. We calculated mean value of
those parameters over the 1000 simulations and 95& con! dence in-
tervals by taking the 2.5th and the 97.5th percentile of the simulated
distribution ( ). All stochastic analyses were im-
plemented using the R popbio-package, version 2.4.3 (
).

Climatic scenarios were ! rst simulated by increasing the frequency
of drawing matrices corresponding to extreme warm and extreme dry
years ( ; ; )
from the observed frequency over the 22-year period q? to q =0.8, that

represent, respectively, the warm and the dry scenario. Based on the
results of the GLM analyses testing for the efects of climatic variables
on asymptotic growth rates, we used the daily mean temperature and
the number of wet days to characterize warm and dry scenarios, re-
spectively. Following , extreme years corre-
sponded to years with climate values larger than one standard deviation
above the daily mean for temperature and lower than one standard
deviation below the mean for precipitation. In the warm scenario,
warm years were represented by pair-of-years with high daily mean
temperature (2006+2007, 2013+2014, 2014+2015 and 2015+2016,

, 0?=4/21=0.19). In the dry scenario, dry years were re-
presented by pair-of-years with low numbers of wet days (2001 +2002,
2006+2007 and 201042011, ,q?=3/21=0.14).

Second, following the approach described in

, we focused on a particular climate scenario resulting from the
Regional Climate Model (RCM) proposed by the Euro-Cordex 2014
project ( ). We used the RCP4.5 scenario representing
an intermediate scenario of increasing CO, concentration until 2060.
The regional climate model simulations provided predicted values of
daily precipitation and mean temperature. We then extracted these data
for the closest geographic location, which is<1km apart from the
centroid of the species distribution (43.13710 N, 3.07327 E) and<6
km apart from the meteorological station we used to get observed
climatic data. Overestimation of precipitation in RCMs is a well-known
problem, in particular in areas close to the Mediterranean Sea (

; ). Therefore, to estimate the fre-
quency of extreme years in the future (2020+2099), we used threshold
values from the back-projected model values (

). Using the back-projected data from the reference period
(1971+2005), we de! ned warm years as those with mean temperature
from May tto Junet+1 > 14.5+ 1.23 (mean + SD) and dry years as
those with number of wet days lower than 68.6 +14.8 (mean - SD).
Comparing the observed data and the back-projected data for the
overlapping period 1995 +2005, we indeed document an overestimation
of the number of wet days predicted by the regional model compared to
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the observed one (pairedt-test=4.57, df=8, p < 0.002). In contrast,
predicted and observed daily mean temperatures and total precipitation
were not signi! cantly di#erent (p > 0.10). Simulated data are avail-
able on the Drias platform ( ).

3. Results
3.1. Patterns of spatio-temporal variations in asymptotic growth rates

Asymptotic growth rates " , calculated per population and per pair-
of-years showed a decreasing trend over time ¢= ! 0.01, p=0.02,
A). The slope of the trend for each population separately was
signi! cant only for the smallest population (Cruzade: $= ! 0.04;
p=0.01, D). When pooling populations within each pair-of-years,
the geometric mean of asymptotic growth rates over years was 0.880
( ), with ", ranging from 0.432 (2006 +2007) to 1.815
(2012! 2013). Geometric means of " , over years per population were
all lower than 1 and varied between 0.710 (Peyral) and 0.836 (En-
ferretl, ). No signi! cant relationship was detected between
asymptotic growth rate and population size ($=0.0003; p=0.46).
Randomization tests showed that the di#erence in ", among years was
highly signi ! cant (p < 0.001, see ). In contrast, asymptotic
growth rates ", were not signi! cantly di#erent among populations
(p=0.16, see ). The variance in " ; per population was not
signi! cantly correlated with mean age at "owering ($= ! 0.02;
p=0.68) nor with population size ( $=0.0003; p=0.55).

3.2. Retrospective and prospective analyses

As " 5 did not di #er signi! cantly among populations, retrospective
and prospective analyses were performed after pooling individuals
across populations. The observed variance in asymptotic growth rates
among years was equal to 0.083, and was mainly explained by the
variation in both the fecundity term ( f), the survival of seedlings (s;)
and the survival of rosettes (s;) having the highest contributions (0.025,
0.023 and 0.021, respectively, ), followed by the survival of just-
emerged seedling &) and the " owering probability of rosettes (!,)
having a similar contribution (0.008, ). Rare events in the life-
cycle ("owering probabilites !, and !3, and survival of " owering
plants s3) had negligible contributions (sum to 0.0009, and

). The largest elasticity of asymptotic growth rate was as-
sociated with rosette survival (s;) followed by the fecundity term f
(mean number of just-emerged seedlings per " owering plant), the
survival of just-emerged seedling (), seedling survival (s;) and the
" owering probability of rosettes (! ,, ). Elasticity of ", to the re-
maining lower-level vital rates representing rare events (s, ! ;and ! 3)
summed only to 1& ( ). These latter rates were thus not considered
for the GLMs investigating the relationship between lower-level vital
rates and climatic variables.

3.3. Relationship between asymptotic growth rates and climate

Asymptotic growth rate, when pooling populations, was best ex-
plained by a model including only two climatic variables (R 2=0.58,
), with a high positive e #ect of the annual number of wet
days ($=0.15, p=0.004) and a negative e #ect of the annual average
daily mean temperature ($= ! 0.11, p=0.03). The number of
freezing days, the cumulative precipitation and the number of days
with  precipitation > 20mm proved non-signi ! cant (p > 0.05,
). No multiyear cumulative e #ect and no quadratic e#ect
of climatic variables were signi! cant (p > 0.05, Appendices E.1).

3.4. Relationships between lower-level vital rates and climate

Overall, warming and drought negatively a #ected vital rates. The
mean number of just-emerged seedlings per" owering plants f was

Fig. 3. Contribution of lower-level vital rates to the variance of ", observed
among years, and elasticity of growth rates to these vital rates calculated on the
arithmetic mean matrix calculated over 21 pair-of-years matrices.

negatively impacted by the daily mean temperature during both
summer and fall periods ( ). The survival of just-emerged seed-
lings s, was positively impacted by the number of wet days during the
germination period (both fall and the winter periods), and negatively
impacted by the daily mean temperature during both summer and fall
periods ( ). Seedling survival s; was negatively a#ected by an
increase in the daily mean temperature during the summer and fall
periods, and positively a#ected by an increase in the number of wet
days during the same periods ( ). Rosette survival s, decreased
with increasing summer daily mean temperature ( ). Finally, the
" owering probability of rosettes !, was negatively impacted by the
summer daily mean temperature and positively impacted by the
number of wet days during the fall period ( ).

3.5. Stochastic projections under climate change

In absence of climate change, when randomly drawing each matrix
with equal probability (1/21), stochastic growth rates "¢ were sig-
ni! cantly lower than 1 when pooling populations ( "s=0.881,
Cl=[0.877, 0.889], ). Stochastic growth rates were also lower
than 1 in each population, ranging from 0.742 for the smallest popu-
lation Cruzade (Cl=[0.732, 0.770]) to 0.836 for the largest one En-
ferret2 (CI=[0.829, 0.851], ).

To assess the combined #ect of environmental and demographic
stochasticity on population viability, we compared the fate of the
smallest population Cruzade and the largest one Enferret2, using their
respective population size att=0 (see details above and ). As we
did not detect any signi! cant variation in asymptotic growth rates



A. Hadjou Belaid et al.

Table 2
Summary of GLMs explaining the eftect of two climatic variables (averaged over three-month periods) on lower-level vital rates. Only climatic variables a #ecting
population growth rate were included in the GLMs. From the best model explaining a given lower-level vital rate, we report the estimated coe $ cient ($) and its

signi! cance (-test) after scaling the climatic variables. 'ns' indicates that the variable tested was not signi! cant in the model, based on a forward stepwise selection
approach (see text and for details).

Daily mean temperature No. wet days

Summer Fall Winter Spring Summer Fall Winter Spring

[Jun +Aug] [SeptNov] [DectFeb] [Mar tMay] [Jun +Aug] [SeptNov] [DectFev] [Mar tMay]
Fecundity term log(f 1) 10.28 ?? 102272 ns ns ns ns ns ns
Survival of just emerged seedling sy ! 0.17 ?2?? ! 0.08? ns ns ns 0.24 ?2?7? 0.14 2?? ns
Seedling survival s; ! 0.28 7?7 1 0.12 ns ns 0.34 ??? 0.04 ns ns
Rosette survival s, 1 0.45 ??? ns ns ns ns ns ns ns
Flowering probability of rosette !, ! 0.23 ?7?? ns ns ns ns 0.19? ns ns

+

P < 0.08,? P<0.05, ?? P<0.01, ??? P < 0.001.

among populations, we pooled data across population for each pair-of- 0.78 and led to the extinction of both populations at 100 years in most
years to obtain the 21 matrices used to simulate climate change. In the simulations ( A and C, solid black lines). Comparing this scenario
warm scenario, when increasing the frequency of extreme years from q? with those of no climate change ( A and C, dashed green lines),
(4/21=0.19) to 0.8, stochastic growth rates decreased from 0.882 to extinction probability at 50 years (P s5o) increased from 0.37 to 0.99 for
0.761 for the largest population (Enferret2, A) and from 0.879 to Enferret2 and from 0.82 to 0.99 for Cruzade, while extinction prob-
0.765 for the smallest one (Cruzade, C). Under the RCP4.5 sce-  abilities at 100 years (P100) Were close or equal to 1 for both popula-

nario, the predicted frequency of warm year q ,eq Characterized by a tions. The mean time to extinction decreased from 57 to 26.4 years for
daily mean temperature > 15.63 %C for the period 2020+2099 equaled Enferret2, and from 32 to 16 for Cruzade.

Fig. 4. Predicted consequences of the warm and dry scenarios on the viability of populations using two di#erent initial population sizes representing the largest
(Enferret2) and the smallest (Cruzade) populations when incorporating both demographic and environmental stochasticity (see text for details). Panels (A) and (C)
represent the warm scenario for the largest population size (No ={685,796,118}, Enferret2), and the smallest one ( No={41 47 7}, Cruzade). Panels (B) and (D)
represent the dry scenario for Enferret2 and Cruzade, respectively. The warm scenario consisted of an increase in the frequency of years with extremely high
temperatures (4 extreme years out of 21: 2006+2007, 2013+2014, 2014+2015), and the dry scenario an increase in the frequency of years with an extremely low
number of wet days (3 extreme years out of 21: 2001+2002, 2006+2007 and 2010+2011). 2q° indicates the frequency of extreme years with q? the observed
frequency over the 22-year of our demographic survey and gpreq the frequency predicted by the RCP4.5 climatic model for the warm and dry scenarios (g preq are 0.78
and 0.15, respectively, see text). The initial population size was estimated as the stable stage distribution predicted by the mean matrix over years after pooling data
across populations, using the mean total number of " owering plants recorded from 2010 to 2016 in Enferret2 and Cruzade, respectively.
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The dry scenario had less dramatic consequences on the viability of
populations than the warm scenario ( B and D). The increase in dry
year frequency from g? (3/21=0.14) to 0.8 led to a small reduction in

s from 0.882 to 0.855 for Enferret2 and from 0.879 to 0.851 for
Cruzade ( B and D, respectively). The RCP4.5 scenario predicted a
frequency of dry years peq, COrresponding to a number of wet days
lower than 53.8 days, equaled to 0.15, a value very close to the one
observed during the 22-year period of our demographic survey. The
RCPA4.5 scenario did not result in any signi! cant change in extinction
probabilities and mean time to extinction compared to the scenario of
no climate change, whatever the size of populations ( B and D,
solid black lines).

4. Discussion
4.1. Long term population dynamics of Centaurea corymbosa

Our results demonstrate the need for long-term demographic sur-
veys to better understand the spatio- temporal demographic varlablllty
on plants ( ;

; ). Indeed, our study based on 22 years
of data provided a more accurate picture of the determinants of po-
pulation dynamics in C. corymbosathan the study of

based on 8 years of data. In , the standard
deviation in asymptotic growth rates #(") was 0.116 among years and
0.099 among populations, with signi ! cant di#erences among years and
populations. In the current study, variation among populations became
non-signi! cant and temporal variation in asymptotic growth rates was
rather synchronized among populations ( ). This pattern is not
surprising given the narrow distribution of C. corymbosaand is largely
consistent with studies of other narrowly distributed species (

; ; ). More
importantly, the standard deviation #(") observed over the 22-year
period was much larger (0.230) than the one (0.116) reported in

. In agreement with the results of the permutation
tests, we did not ! nd any signi! cant correlation between population
dynamics and population size. Indeed, we did not ! nd any evidence
that small populations had lower population growth rates. Moreover,
the variance in asymptotic growth rates among years did not increase
with decreasing population size. In contrast to other demographic
studies ( ; ), we thus did not ! nd any
evidence of a greater sensitivity of the smallest populations to both
environmental and demographic stochasticity in our species. In addi-
tion, the variance in asymptotic growth rate was not correlated with
mean age at" owering per population. We thus did not ! nd evidence for
demographic bu#ering in populations with greater longevity, in con-
trast to what has been found at an inter-speci! ¢ scale in

. Population dynamics of C. corymbosas thus mainly a#ected by
environmental factors that vary over time rather than by spatial factors.

Average and most of the yearly asymptotic growth rates were lower
than 1 for each population and when pooling individuals across po-
pulations. Overall, we observed a declining trend in yearly asymptotic
growth rates over the 22-year period ( ), this trend being sig-
ni! cant for the smallest population and when considering all popula-
tions ( A and D, respectively). Asymptotic growth rates were ne-
gatively impacted by an increase in temperature and positively
impacted by the number of wet days. Consistent with these results,
asymptotic growth rates attained extreme values in years corresponding
to extreme climatic events. Indeed, when pooling all individuals in a
single population, the lowest value (0.432, A) was observed in

2006+2007 when the mean temperature was the highest (16.3 %C,

) and the number of wet days was the lowest (34 days, ). The
highest growth rate (1.815, A) corresponded to 2012+2013, when
we observed the second lowest mean temperature (14.2 %C, ) and
the highest number of wet days (66 days, ). Thus, population
dynamics of C. corymbosawas mainly a#ected by extreme climatic

events, which are predicted to increase in the future. Climatic variables
investigated here did not show any marked temporal trend over the 22-
year period of our demographic survey ( ), which could explain the
weak temporal trend observed in asymptotic growth rates. Overall, our
study con! rms that extreme climatic events are an important driver of
plant population dynamics as reported in other studies (

’ ’ i ’

).

In contrast to some studies reporting both negative and posmve
ettects of climate change on vital rates ( ;
; ), our study documents a con-
sistent negative efect of increased temperature and drought on lower-
level vital rates in C. corymbosaRegarding temperature, the most cri-
tical season that impacted lower-level vital rates was the summer
period, since increasing summer daily mean temperature negatively
a#tected both fecundity, survival probability and " owering probability.
In contrast to our study, " owering probability was found to be posi-
tively impacted by high temperature in some temperate plant species
(e.g. Himantoglossum hircinum ; Dracocephalum
austriacum ). While a negative e#ect of increasing
temperature on " owering probability was also reported in
, this pattern was only observed in the southern Medi-
terranean sites but not in the northern ones. A likely explanation of this
negative ef#ect is that warm summers increase evapo transpiration and
decrease soil moisture ( ; ).
This could lead to a decrease in plant biomass as a consequence of
rosette shrinking that in turn reduces the amount of resources that a
plant can allocate to reproduction ( ). This is
particularly true for monocarpic perennial species, where " owering
probability has been shown to increase with plant size (

). Regarding precipitation, the youngest plants were the most
impacted by the number of wet days. This factor had a positive e#ect on
both survival of just-emerged seedlings (s) during the germination
period (fall and winter) and seedling survival ( s;) during the summer
and fall periods, which is consistent with several studies showmg a
positive impact of the frequency of wet days ( ;

). Both temperature and precipitation e #ects may be explained by
the fact that recurrent warm and dry days can induce a seasonal water
de! cit, which may negatively impact the whole life-cycle (

). Species growing in rocky habitats, such asC. corymbosa
are likely to be the most a#ected, since these soils have a very low
water capacity ( ). Moreover,
herbaceous species such a€. corymbosado not have a deep root system
ensuring access to water over dry periods in such rocky habitats.

4.2. Predictions from climate scenarios

Both demographic and environmental stochasticity are important
factors in determlnlng the viability of spemes with small population
sizes ( ; ; ). We here
showed that climate variation explained a large amount of variation in
vital rates and growth rates in C. corymbosaWe thus used stochastic
models to predict the fate of C. corymbosapopulations with both en-
vironmental stochasticity arising from climate change and demographic
stochasticity. We did not include density-dependence in our model,
which could make quantitative predictions overly pessimistic (

). Population viability analyses are acknowledged to be re-
levant tools to quantitatively compare the impact of di #erent scenarios
rather than quantitatively predict the future status of populations
( ). We thus used population viability analyses to
compare how the warm and the dry scenarios impacted population
viability of C. corymbosarather than attempting to explicitly predict
future population size.

Stochastic projections predicted population declines (#s < 1) under
no climate change. Populations were predicted to decline even faster in
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the future in response to an increased frequency of extreme years in
both the warm and dry scenarios. Such results are consistent with the
GLMs showing negative impacts of warming and drought, and several
studies investigating population viability in response to climate change
( ; ; ;

). More importantly, the warm scenario had more
severe consequences on population viability than the dry scenario
whatever the initial population size. However in our simulations, the
initial population size impacted both extinction probability and the
mean time to extinction, a pattern consistent with theoretical studies
since small populations are more vulnerable to extinction than largest
ones ( ; ). Using the RCP4.5 sce-
nario, the change in temperature projected for the period 2071 +2099
was of the same order of magnitude than the one predlcted by other
regional climatic models ( ;

). In contrast, our dry scenario predicted an annual mean number
of wet days equal to 66.41 (! 3.2&), while other models predicted a
much severe decrease |( 19.6&, ). This suggests
that uncertainty in climate models should be carefully considered in
management plans and when evaluating extinction risk. Such un-
certainty is particularly pronounced for the Mediterranean region (

; ).
Faced with climate change, populations can either migrate or adapt
by mlcroevolutlon or phenotypic plasticity to avoid extinction (

; ). In the Mediterranean region, many
narrow endemic species are characterized by a low ability to colonize
existing suitable habitats due to several biological traits such as low
dispersal ability (

). In C. corymbosaself- mcompatlblllty and monocarpy make
successful colonization even less likely ( ). Thus, for
such species, persistence mainly depends upon their ability to respond
plastically to climate change or to become IocaIIy adapted to new en-
vironmental conditions ( ; ;

). Theoretical work suggests that perennial species should display
slower evolutionary responses than annual plants, since higher adult
survival limits the adaptive capacity of local populations (

). Moreover, small populations have a lower evolutionary poten-
tial, since they become genetically impoverished due to the impact of
genetic drift. Using a shorter survey (1995 +2001),
showed that demographic rates were not correlated with intra-popu-
lation genetic diversity in Centaurea corymbos# ).
Using the same genetic data ( in ), we
likewise con! rmed that genetic diversity was correlated with neither #g
(Spearman correlation rho=0.26, p=0.61) nor the slope of regression
in asymptotic growth rates over years (rho=0.09, p=0.89). Thus, our
results do not support evidence for accumulation of deleterious muta-
tions ( ), nor a loss of standing variation due to genetic
drift in small populations of C. corymbosa

4.3. Management recommendations

Persistence of narrow endemic species in the Mediterranean region
may have been favored by the capacity of those species to grow in rocky
habitats ( ), since these remote habitats do not
face direct threats due to human activities. Demographic studies of cli#-
dwelling species have shown unusual demographic stablllty and resi-
lience of these plants ( ;

; ) likely arising from much higher
importance of rosette survival than recruitment for the maintenance of
populations ( ; ; ).

In a scenario of no climate change, rosette survival (that had the highest
elasticity on growth rates) should be increased from 0.71 to 0.92 to
ensure the persistence of C. corymbosain a deterministic model
( ). However, management actions aimed at increasing
specil ¢ vital rates, such as watering plants are not feasible in such
rocky habitats. Implementing management actions that reduce the ne-
gative e#ects of demographic, genetic and environmental stochasticity
by manipulating population size and population number appear much
more promising.

Previous studies have shown the importance of biological features
such as self-incompatibility and low dispersal ability on the population
persistence of C. corymbosa ). Two new populations
were introduced in 1994 on the top of unoccupied cli #s thus conl rming
the existence of suitable but empty habitats nearby existing natural
populations ( ; ). Introduced po-
pulations exhibited on average higher plant survival than natural po-
pulations, mainly because seeds had been introduced manually in a
priori suitable microsites ( ). However, fecundity in
introduced populations was lower than in natural ones, likely as a
consequence of low local density of " owering plants, leading to strong
pollen limitation ( ). One introduced population has
been extinct for 5years, while the other population only harbored 35
plants in the last census performed in December 2017. In the future,
protocols should be carefully designed to ensure successful introduc-
tions. For instance, introducing a large number of seeds (>1000) dis-
tributed over a few sites and at yearly intervals should allow population
persistence on the short term ( ; ).

Faced with accelerated climate change, conservation policies for
endangered species, such a£. corymbosashould be reconsidered. As
our study demonstrated the importance of climate on the fate of po-
pulations, introductions in distant habitats should be considered, al-
though such assisted colonization event requires suitable and available
habitats at a larger scale. At present, prioritization actions of con-
servation rely on the climatic niche of the species ( ;

), and depend on our ab|||ty to de ! ne new protected
areas in Northern localities ( ; ) or
m|cr0refug|a (i.e. location with a low impact of climate change,

; ). Recently, an increasing amount of
empirical evidence has been gathered to document that organisms,
including plants, can show mlcroevolutlonary responses in natural po-
pulations ( ; ), suggesting plants
can adapt to new environmental conditions ( ).
Therefore, reinforcement, which allows increasing population size and
thus reducing extinction risk arising mainly from demographic and
genetic stochasticity, is also potentially an e$ cient and reasonable
management strategy for species facing climate change.
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Appendix A

Appendix Al

Number of individuals recorded within the 41 permanent plots over the 22-year period. Number of new seedlings represents all new plants recorded
in the permanent plots every 3 months during year tto t + 1, out of which some did not survive until June t+ 1 with a probability 1-s ¢, and thus did
not reach the seedling stage. The number of individuals recorded in June (t) in each life-stage of the life-cycle used to construct population projection
models, is given for: Seedling, the one-year plants that survive until June (t), Rosette, vegetative plants older than one year, and Flowering plants
that represent reproductive plants. The total number of individuals per year did not include the new seedlings. The total individual life-histories
(6112) corresponds to the sum of number of new seedlings (5779) and number of rosettes and" owering plants at the ! rst census (315 + 18).

Year New seedlings Seedling Rosette Flowering plant Total
stage stage stage
1994 NA NA 315 18 333
1995 467 234 161 35 430
1996 258 145 184 48 377
1997 608 181 160 48 389
1998 427 165 195 28 388
1999 349 204 178 37 419
2000 284 164 218 41 423
2001 1097 475 204 30 709
2002 466 356 250 17 623
2003 167 115 357 30 502
2004 299 197 144 12 353
2005 73 45 137 17 199
2006 262 30 97 22 149
2007 72 42 40 9 91
2008 182 47 45 9 101
2009 368 102 43 6 151
2010 67 29 36 3 68
2011 29 15 44 3 62
2012 50 8 20 6 34
2013 116 93 19 7 119
2014 89 45 41 4 90
2015 31 10 48 5 63
2016 18 9 35 2 46
Total 5779 2711 2971 437

Appendix A2. Total number of " owering plants per year recorded by the exhaustive count per population. The dashed line corresponds to the trend of the number of
" owering plants over time ($= ! 2.21, p=0.02). The growth rate calculated from the number of " owering plants was equal to 0.92.

Appendix B
Projections matrices per population. The fecundity term fs, was estimated as the geometric mean offsy obtained per pair-of-years, other parameters
are obtained by pooling data over years.

Population a3 azy azo azs azy as2 azz
fso s (1-14) S (1-17) sz (1-13) Sl S22 S!s
Pooled pop. 5.104 0.351 0.586 0.024 0.011 0.120 0.038
Enferret2 4.267 0.345 0.509 0.029 0.029 0.165 0.029
Enferretl 3.834 0.347 0.595 0.000 0.009 0.119 0.035

(continued on next page
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Appendix B (continueg

Population aisz aog aogo ap3 azq azo aas
fso s (1-14) s (1-17) s (1-13) Sl S!2 S!s
Auzils 4.549 0.379 0.598 0.026 0.000 0.094 0.026
Portes 4.283 0.294 0.640 0.017 0.011 0.113 0.017
Peyral 3.601 0.404 0.573 0.067 0.000 0.108 0.067
Cruzade 2.819 0.361 0.593 0.020 0.016 0.174 0.082

Appendix C. Distribution of the standard deviation of asymptotic growth rates under the null hypothesis of: (A) no di #erence among years and (B) no dierence
among populations. The x-axis represents the standard deviation of" , calculated (A) over the 21 year values, (B) over the 6 population values. The y-axis represents
the number of observations. The dashed vertical lines indicate the observed value. Randomization tests were based on 2000 permutations

Appendix D

Arithmetic mean and coe$ cient of variation of lower-level vital rates over years after pooling data over populations, sensitivity and elasticity of
growth rates to these vital rates calculated at the arithmetic mean matrix over 21 matrices, and contributions of lower-level vital rates to the
variation of growth rates among years.

f So $1 S S "1 "2 "3
Mean 13.235 0.484 0.363 0.732 0.059 0.016 0.181 0.217
CcVv 0.644 0.395 0.505 0.184 1.046 2.598 0.386 1.352
Sensitivity 0.017 0.457 0.55 0.721 0.117 0.31 0.648 0.008
Elasticity 0.170 0.170 0.155 0.405 0.005 0.004 0.090 0.001
Contribution 0.025 0.008 0.023 0.021 <0.001 <0.001 0.008 <0.001

Appendix E.1
Single-variable log-linear models showing the relationship between asymptotic growth rates and each climatic variable. R 2 cor-
responds to the coeb cient of determination for the tested model.

Climatic variable in year t R? Estimate p-Value
Daily mean T% 0.31 1 0.320 0.011
Daily maximal T% 0.30 1 0.250 0.009
Precipitation 0.01 1 0.001 0.672
No. days with T% > 25 0.18 1 0.013 0.052
No. freezing days 0.03 0.008 0.451
No. wet days 0.46 0.021 0.001
No. days with precip. > 20 mm 0.04 1 0.021 0.381
Climatic variables in year t-1

Daily mean T% 0.003 0.031 0.251
Daily maximal T% 0.006 0.032 0.233
Precipitation 0.058 1 0.001 0.452
No. days with T% > 25 0.005 ! 0.002 0.253
No. freezing days 0.001 0.001 0.360
No. wet days 0.012 1 0.004 0.250
No. days with precip. > 20 mm 0.010 1 0.009 0.141

~uadratic e #ect
(continued on next page
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Appendix E.1 (continued

Climatic variable in year t R? Estimate p-Value
Daily mean T% 0.30 1 0.011 0.010
Daily maximal T% 0.30 1 0.006 0.009
Precipitation 0.01 0.000 0.631
No. days with T% > 25 0.18 ! 0.001 0.052
No. freezing days 0.02 0.000 0.540
No. wet days 0.43 0.003 0.002
No. days with precip. > 20 mm 0.04 1 0.001 0.411
Appendix E.2

Selection models for assessing the relevance of climatic variables to explain variations in asymptotic growth rates based on a forward
stepwise selection approach. The signl cance of each added variable in the model was tested using an analysis of deviance. The null
model included only the intercept.

Model Compared models p-Value
MO: Null model

M1: No. wet days MO, M1 0.001
M2: No. wet days + (No. wet days) 2 M1, M2 0.311
M3: No. wet days + Daily mean T% M1, M3 0.031
M4: No. wet days + Daily mean T% + (Daily mean T%} M3, M4 0.292
M5: No. wet days + Daily mean T% + Daily maximal T% M3, M5 0.890
M6: No. wet days + Daily mean T% + (Daily maximal T%)? M3, M6 0.843

Appendix E.3

Selection models for assessing the relevance of climatic variables to explain variations in lower-level vital rates based on a forward stepwise selection
approach. P-values correspond to the F-test for the log-linear models and to Chi-test for the generalized linear models with binomial error, and
signi! cant values are given in bold. The null model included only the intercept. We denoted the number of days with Precipitation > 1 mm by  2p°
and the mean daily temperature by 2T°. The seasons are denoted by 1, 2, 3 and 4 to indicate summer, fall, winter and spring, respectively (see the
main text and )

Lower-level vital rate Model Compared models p-Value

log(f+1) MO: Null model
M1: T1 MO, M1 0.012
M2: T1+T2 M1, M2 0.031
M3: T1+T2+T3 M2, M3 0.165
M4: TL+T2+T4 M2, M4 0.583
M5: T1+T2+P1 M2, M5 0.794
M6: TL+T2+P2 M2, M6 0.222
M7: TL+T2+P3 M2, M7 0.806
M8: T1+T2+P4 M2, M8 0.236
Selected model: log f+1 )~T1+T2

S MO: Null model
M1: P2 MO, M1 <0.001
M2: P2 +P3 M1, M2 <0.001
M3: P2+P3+T2 M2, M3 0.006
M4: P2+P3+T2+T1 M3, M4 <0.001
M5: P2+P3+T2+T1+P1 M4, M5 0.082
M6: P2+P3+T2+T1+T3 M4, M6 0.087
M7: P2+P3+T2+T1+T4 M4, M7 0.120
M8: P2+P3+T2+T1+P4 M4, M8 0.091
Selected model: S5~T1+T2+P2+P3

S MO: Null model
M1: T1 MO, M1 <0.001
M2: T1+P1 M1, M2 <0.001
M3: T1+P1+P2 M2, M3 0.002
M4: T1+P1+P2+T4 M3, M4 0.974

(continued on next page
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Appendix E.3 (continued

Lower-level vital rate Model Compared models p-Value
M5: T1+P1+P2+P3 M3, M5 0.352
M6: TL+P1+P2+P4 M3, M6 0.072
M7: T1+P1+P2+T3 M3, M7 0.316
M8: T1+P1+P2+T2 M3, M8 0.030
Selected model:S; ~T1+T2+P1+P2

S MO: Null model
M1: T1 MO, M1 <0.001
M2: T1+P1 M1, M2 0.692
M3: T1+P2 M1, M3 0.115
M4: T1+P3 M1, M4 0.174
M5: T1+P4 M1, M5 0.092
M6: T1+T2 M1, M6 0.163
M7: T1L+T3 M1, M7 0.662
M8: T1+T4 M1, M8 0.365
Selected model: S, ~T1

"y MO: Null model
M1: T1 MO, M1 0.005
M2: T1+T4 M1, M2 0.122
M3: T1+P1 M1, M3 0.251
M4: T1+P4 M1, M4 0.071
M5: T1+ P2 M1, M5 0.020
M6: T1+P2+P3 M5, M6 0.415
M7:T1+P2+T2 M5, M7 0.868
M8:T1+P2+T3 M5, M8 0.976

Selected model:! , ~T1+ P2

Appendix F. Relative e#ect of demographic stochasticity and environmental stochasticity on the viability of C. corymbosgpopulations. Simulations were performed
either by incorporating only environmental stochasticity through whole matrix selection (see text), or both environmental stochasticity and demographic sto-
chasticity introduced through multinomial sampling of the stable stage distribution (see text). Projections were simulated using 1000 stochastic iterations, each
iteration representing a trajectory of population size over 100 years. The initial population size, Ny ={2148, 2497, 370}, used to start our simulations was calculated
from the stable stage distribution obtained from the arithmetic mean of the total number of " owering plants recorded in the population (exhaustive survey,

) from 2010 to 2016, and the scaled eigenvector W from the arithmetic mean matrix over years (2010 +2016) when pooling data over populations (see text for
details). Extinction probability at a given time t corresponds to the number of trajectories for which N(t) < 1 over the total number of trajectories. T o 5 represents the
time corresponding to an extinction probability equal to P=0.5

Appendix G

Required values of lower-level vital rates for achieving population persistence in a deterministic model ( #,=1), using two di #erent methods: lower-
level vital rates values were either predicted from the elasticity values, or directly from the global mean matrix after pooling individuals over
populations and years to obtain a single population. For both methods, we varied only one vital rate at a time, while keeping others at their observed
value in the mean matrix.

Vital rates Observed value Required value

Elasticity prediction Prediction from the global matrix
Survival of just-emerged seedling s 0.477 0.811 0.790
Rosette survival s, 0.707 0.918 0.937

Fecundity term f 11.16 18.98 18.50
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Centaurea corymbosBourret (Asteraceae) is a narrow Mediterranean species end

the Massif de la Clape near Narbonne (southern France, 43°13 N, 3°08 E). It is list

French Red Book of endangered species and in the European Habitat Directive list o
found on different cliffs 0.3-2.3 k rt. Individuals grow on the top of cliffs and in
areas in very low density. The species has a monocarpic perennial life-cycle sinickelats

stay as a rosette for 2 to 13 years before flowering and most plants die just after repr

The flowering period extends from May to mid-August, and most of the seeds germin
forming a corymb beari
are dispersed over short distances by wind and ants. Despite suitable habitats in the

the six populations, we did not report any colonization event outside the range of the

populations during our fieldworks since 1994 (see also Colas et al., 1997; Olivieri et a

Riba et al., 2005

The six populations of. corymbosdave been surveyed since June 1994. Every 3

(June, September, December and March), we recorded the presence and measured

each individual within 41 permanent plots (0.33-14.3% amd new seedlings were adde

the dataset. We used the individual mean of the rosette dia$‘%$cm-as measure of pl

size L andl are measured at the nearest 0.5 cm). During the peak of flowering (mid-J

added the flowering status of the recorded plants. We also counted the total number o

produced for 237 flowering individuals that represent 57.3% from the total number of fl

plants recorded in the permanent plots over the 22-year period. In our demographyg
each new seedling is mapped, which allowed us to follow individuals throughout the

life-history, from emergence to death. This enable us to accurately determine the pla

all individuals present within permanent plots, with the exception of plants already pr

the plots at the first censuses. For the present work, we used data collected from Ju




June 2016. A total of 6112 individual life-histories, whose 5128 with known exact age

of individuals) were used to construct the following Integral Projection M

Therefore, in the current paper, models were fitted using individual size and all other
information obtained in March (census just before reproduction) except for flowering
information that were added to the dataset from the next census at each year).(June
Populations are then projected based on a pre-breeding census with one year time step from
March. to March$. /1.

We used the data-frame shown in Box 1.2 to construct the IPM kernels that contains the
identification number (Ind) associated to each individual plant recorded during the demographic
survey period , year(Year) and the corresponding population and permanent plot (Pop and Q,
respectively). StageO and Stagel represent the status and the fate of the individuabaidyear
.11 respectively (surviving “S” and dead “Dgnd thus we associated the survival column
(Survl) that is a binomial variable representing whether the individual has survived from year
B0 yeah./1. SizeO and Sizel represent the individual size (in cm) at.yeadb. /1,
respectively, and AgeO the individual age at ye#nat was obtained from life-time of each
plant from recruitment to death (AgeO =1 year, seedlings that survive until March t). Age is
considered as missing data for plants already present in the plots at the first censuses. The
flowering column (FIr0) is also a binomial variabl#; for flowering plantsrecorded at year
and “0” for non-flowering plantsii G o st e
thus used flowering data obtained at peak of flowering (mid-June) and associated this
information on plants recorded in March. During the same census, we counted also the total

number of capitula (Cptl0) produced per flowering plant at y@ar




Matrix Projection Models * Integral Projection Models

Stagestructured populations Sizestructured populations

2(3/4) = 5%$2(3) 2(6,3/4)=17 8(6,9)%$29
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As Centaurea corymbosia a monocarpic species (93.5 % of plants die after reproduct
flowering probability function was included in the survival-growth kernel (Rees and
2002). Consequently, the survival functiay)@vas fitted excluding individual mortality d
to reproduction. This represents a crucial step since flowering-related death is suppose
a positive effect on population growth rate provided the recruitment is sufficient, while
before flowering has a negative effect on populations (Rees and Rose, 2002).

The fecundity functiorB(#, ") $epresents the number of recruited individuals of giag

year./1 produced by an individual of sixeand ageMat yea$. This function is given by:

Bu(#,") =" n(")4n (") ga.h0f (#) $$$$$$$(FGO))

and is constructed as the product of flowering probability functiaih the number of capitu
produced per individualf{a), the establishment rat&¢tb) and the distribution of seedli
size in March fg). Note that the latter distribution did not depend on neither the mothe
size nor its age. The establishment rate was estimated as the ratio of the number of
that survive until March over the total number of capitula counted on the recorded flo

plants at the previous year.

As we considered age in our models, the global kernel K is then similaesli@matrix i

age-structured population models, however each entry is a continuous function (see B

>4(6,9) >4(6,9) p >qus(6,9) >4(6,9)
n<4(6,9) r p r
8(6,9) =1 r <,(6,9 p r
t t u t
k r r e < qu4 (6,9) <q (6,9)V

IPM model did not includ

bank and migration since less than 5% of seeds may remain dormant for one year




dispersal among populations is highly limi




Representation of the demographic functions used to construct the in
projection model and the globdA™

Global kernel of the Integral projectio
Model corresponding to the global matrix (s
text) including both size and age. The grg
represents all possible transitions from siz
at Mgiven ageMto sizey at ageM/ 1. An
individual of ageMin yeart can either produce
seedlings of age 1 and sigein year./1
(By(#,"), first line of the matrix, i.e. fecundity
terms, peaks for siZg) close td?), or survive
and grow to an individual of agél/ 1 and
size#®n year./1 (A(#, "), subdiagonal
entries). The survivagrowth and the
fecundity kernels have been scaled in
present figure. The numbers at each peal
each sukkernel indicate the age classes.




2.2.4 Implementation of Integral Model

Analytic resolution of the integrals in equation 2 is generally impossible and thus saould b
evaluated numerically using the classical midpoint rule (Childs et al., 2003; Ellner and Rees,

2006; Rees et al., 2014). Considering the basic model in equation 2, we define mesh points by
(U&)

dividing the size rangéce, ¢ into Z sub-intervals of widthY = , and setting#, at the

midpoint of thef™¥size sub-interval:

#e=ce/ (E\?0°)Y, $$$SSSSSSSSSSSE = 1,X, ..., Z

The midpoint rule approximation to equation 2 is then:
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Figure 1. Comparison between the observed distribution of flowering plant size (
and the predictedtable flowering-size distributh from the integral projection mod¢
(green line) when pooling individuals across populations.

Mean size at flowering significantly differed among populations (p < 0.001) and rangsg

9.98 cm (Portes, Table 2) to 14.44 cm (Cruzade, Table 2). Pairwise comparisons shd

size at flowering in Cruzade was significantly higher than size in all other populations (p

Fig. 3). Age at flowering was also significantly different among populations (p < 0.001,
and ranged from 3.9 years (Cruzade, Table 2) to 6.2 years (Portes, Table 2).
comparison showed that age at flowering was significantly higher for both Portes ang
compared to other populations (p < 0.05, Fig. 3). A significant negative correlation was (
between mean size and mean age at flowering per population (Spearman'’s rank c&sre
\$1,>$ = $?0??X Individual growth curve for flowering plants showed an increas
individual size in relation to age with a plateau for plants older than 6 years (orange
Fig. 4). However, some individuals showed either a high increase in size with increag
(green curve in Fig. 4) or a quadratic growth with a decrease in size for older plants (rg
in Fig. 4). We did not found significant difference in individual growth curves a
populations using the parameters of the linear models (p = 0.17 for the intercept, p=
the slope and p = 0.48 for the quadratic term).




Figure 2: Yearly population
growth rates obtained whe
pooling individuals across
populations based on tw
models:  Matrix  projection

models {,3,,:) in red line (see
Hadjou Belaid et al., 2018) an
Integral projection models ir
green line T,34. Value of
» $ndicates Spearman’s ran
correlation.

Figure 3: The observed size and age at flowering per population for individuals rec:
over the 22years period. The green line of each graph repretentobal median value.

Figure 4: Individual growth curves
representing the relationships betwe
size and age for flowering plan{s78
individual). Each curve is obtaine
based on the median value (from 1
values) of the estimated intercepind
the slope with threes values of th
quadratic term: lower quartile (gree
curve), median (orange curve) ai
upper quartile (red curve). Each symt
in the curvesrepresents the plant siz
every three months.







Fitness landscape was given by the
population growth rate &s a function of thér. For each population, when pooling data over
the 22-year period, the estimated intercept of flowering funcbgg(was not significantly
different to the optimal flowering strategy except for Cruzade (see confideapeistin Table
2 and Fig. 5). For this populatidinobsis smaller (-5.22) thakbx opt (-3.90) suggesting that plants
flowered at a larger size than the optimal flowering strategy (Fig. 5). However, it is noticeable
that it the only population with bothodsand lopt greater than 1, in total disagreement with
growth rates estimated by MPMs (Table 2). In the largest populations (E1 axdd&2ps the
most similar to the optimal one (Fig. 5). For most populations the gradient of selection was
close to zero due to the negligible shift between the estimated intercept and the optimal one
(Table 2). The smallest population (Cr) rihd highest gradient of selection (" = 81) Table
2).

3.2.3 Changes in the optimal flowering strategy per population over two periods of 11 years

Dividing the demographic survey in two periods allowed to test whether the Bbjft (
brobg, the optimal fitness and the gradient of selection changed over time for each population.
The observed growth rates,dare similar to the optimal valuesy! (Table 3, Appendix 3). A
decrease in optimal fithess was observed for most populations, but was significant only for
Cruzade (from 1.098 to 0.932, p = 0.04, Table 3 and Appendix 3). The decline in optimal fithess
in Cruzade was associated with a decrease in survival probability, since the intercept of the
survival function decreased from -2.99 to -3.91 (p = 0.006). The difference between the
estimated intercepbfony and the optimal onéx(opy) Was not significantly different between
the two periods for all populations (p > 0.05, AppendixTBe gradient of selection " was not

significantly different between periods for all populations (p > 0.05).




Figure 5:










Figure 6: Temporal trend in the observed mean size and mean age at flowering (¢
circle indicates the yearly number of individuals), the optimum size at flowering

optimum and the observed population growth rates, the difference between the optim
the estimated intercepb{opt- br.obs S€€ text) and the gradient of selection ".




Figure 7: The effect of climatic variables on the observed and the predicted (optima
at flowering, the optimum population growth rate, the difference between the observ
the estimated intercept:da:- br.obs) and the gradient of selection ". Only significant effe:
are presented in this figure. The climatic variables are calculated as the average me
temperature and the average number of wet days (with rainfall > 1 mm) for the perio

Marcht to Februaryt+1. The value of Rindicates the squared obtained from models.







Figure 8: Prediction of population fithess landscape under future climate scenario. Th
symbols (*)represent the present flowering strategy and the red onep(esent the future
flowering strategy. The continuous vertical blue and red lines correspond to the o
values for the current and the future flowering strategies, respectively. The dashduhgri

corresponds to the estimated intercept that coincided with the optimal one in the {
flowering strategy. Confidence intervé#%)are given by the dashed black lines. The g
rectangle indicates the negative values of the predictedasitowering.
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Brassica insularis en fleurs Brassica insularin etat de
dormance végeétative

Figure 3: Cycle de vie diBrassica insularis
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N.B.1: Signification et hypotheses des tests de GOF

WBWA (where before where after) : Test of memory
HO = {ll n'y a pas de différence dans I'état attendu au prochain recertsemte
les individus capturé rencontrés dans les différents états}.

3G.SR :Test of transience
HO ={ll n’y a pas de différence dans la probabilité d’étrecapturé entre leg
nouveaux* et les anciens* individus capturés a une occasion i dans$n état

3G.Sm Composite test

HO = {ll n’y a pas de différence entre le temps et I'état attendus de pre
recapture entre les nouveaux* et les anciens* individus capturés a I'oc€agiq
I'état a8t revu encore au moins une fois}.

M.ITEC : Test of immediate trap-dependence

HO ={ll n’y a pas de difféence dans les probabilités de recapture dans les diff§
états d+1 entre les individus du méme état a I'occasign’ils soient capturés o
non-capturés a cette occasion, conditionnel a la présence aux deux occasio

M.LTEC :

HO = {ll N’y a pas de différence dans le temps et I'état attendus du proc
recapture entre les individus du méme état a I'occasjoinne sont pas captures
I'occasioni+1, qu’ils soient capturés ou non a l'occasipnconditionnel a la
présence aux occasiofistf / X}.

*Nouveaux: individus nouvellement marqués. Anciens : individus déja margaéayant I'occasion.

126




127




128




¥ Notons que dans la matrige I'élément(1\é g,) est analogue &plans la matrice

A obtenue par I'approche classique. En efigt, est la probabilité de transition d
I'état F a I'état V donc la probabilité de floraisbannée suivant@our un individu
a I'état F n’est autre queég, (noté p dansA).

Dans la méthode classique, une correction sur le jeu de donnéesfacétée pou
modifier les cas non détectés par « Vivar@n se basant sur 'année d’apres. Q
permet d’utiliser ces données pour I'estimation de survie, par contre elles
considérées comme dofes manguantes pour I'estimation des taux de trang
puisque I'état de 'individu est inconnu (Pefit, non publié).

Dans les modéles CR, I'état d'un individu a I'occagidorsque I'individu n’est pas
détecté peut étre prédit en se basant sursthire de vie complete et donc ¢

données sont utilisées pour I'estimation de survie et des probatidit@ssition.

129




130




Figure 4 : Paramétres de survié f, i, ii; )Rle transition @ 4,0, ) et tauxd’accroissement asymptotiques)(estimés par I'approch
classique (notée MPMs) et par les modeles cappagaptures (CR). Les différentes formes et couleurs des points représentent les
populations duBrassica insularisChaque point indique la valeur du parametre pour une année $8rdes de suivi démographique. La lig

noire représente la droite x = y.
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Figure 5 : Probabilité de détection des adultes végétatifs €t des adultes fleuris
(0g) pour les quatre populations sur les 18 ans de suivi démographique
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Contrairement aux probabilités de survie, les parametres de tramsitidrpas montré de
différences significatives entre les deux approches vu que les parametres se chevauchaient (voir
Annexe 1). Cependant, I'estimation par I'approche classique est basée forcément sur un nombre
d’individus plus faible que celle par I'ppoche CR. En effet, les cas « vivardans I'approche

134




135




136




137




138




139




140




141




142




143




144




145




146




147




148




149




150




151




152




Stade de vie Taille + age
52(3 | 8(6,9)%$49,3:9
- L + $A30
A Ay, A i
- + Aa(9)
4, 01 | N ‘*- #&7A(9)
+ A + " 4(6,9)
+ i + #,,4(9)
+ #. (6)

>4(6,9) >0(6,9) p >qua(6,9) >4(6,9)
n<4(6’9) r P r

8(619) = | r < 0(619) p r
t t u t
k r r qu4 (6,9) < (6,9)V

I,A(AA<A "A)<A) =r, *+$$, &=r,1r ,
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