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a  b  s  t  r  a  c  t

There  is  a  growing  interest  in  understanding  and  forecasting  the  responses  of  plant  communities
to projected  changes  of  environmental  conditions.  Multi-stage  demographic  approaches,  where  plant
recruitment  is  explored  across  multiple  and  consecutive  stages,  are  essential  to obtain  a whole  overview
of  the  consequences  of  increasing  aridity  on  tree  recruitment  and  forest  dynamics,  but  they  are  still rarely
used. In  this  study,  we present  the results  of  an  experimental  rainfall  exclusion  aimed  to  evaluate  the
impact  of  projected  increasing  drought  on  multiple  stage-specific  probabilities  of  recruitment  in  a key
tree  species  typical  of  late-successional  Mediterranean  woodlands  (Quercus  ilex L.).  We  calibrated  linear
and nonlinear  likelihood  models  for the  different  demographic  processes  and  calculated  overall  proba-
bilities  of  recruitment  along  a wide  range  of  microhabitat  conditions.  Rainfall  exclusion  altered  Q.  ilex
recruitment  throughout  ontogeny.  Seed  maturation,  seedling  emergence  and  survival  and,  to a lesser
extent,  post-dispersal  seed  survival  were  the  most  sensitive  demographic  processes  to  decreased  rainfall.
Interestingly,  both  the  identity  of  the  most  critical  stages  for  recruitment  and  their  specific  sensitivity  to
rainfall  manipulation  depended  largely  on  the  yearly  pattern  of  precipitation.  The  microhabitat  hetero-
geneity  strongly  determined  the  success  of  recruitment  in  the  study  species.  The  experimental  increase
in  drought  displaced  the  peak  of  maximum  overall  recruitment  towards  the  low  end  of  the  light gra-

dient,  suggesting  that  the  dependence  on  shrubs  for  an effective  recruitment  in  Q.  ilex  could  be  intensi-
fied  under  future  environmental  scenarios.  In  terms  of  phenotypic  plasticity,  Q.  ilex  seedlings  responded
more  strongly  to  light  availability  than  to  experimentally  increased  drought,  which  could  reduce  its  abil-
ity  to  persist  under  on-going  environmental  conditions  due  to climate  change.  Results  from  this  study
provide  a full  picture  of  the  ecological  and  functional  consequences  of  the  projected  rainfall  reduction  on
tree recruitment  and  forest  dynamics  in  two  years  of  contrasting  precipitation.
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There is a growing interest in understanding and forecasting
he responses of plant communities to the projected changes of
nvironmental conditions (Vitousek, 1994; Alonso and Valladares,
007). Previous studies have predicted long-term shifts on plant
ommunity structure and dynamics as a consequence of the alte-
ation of rainfall patterns (Peñuelas and Boada, 2003; Lloret et al.,
009; Matías et al., 2011a).  The increasing aridity is expected to
ffect more dramatically to resource-limited ecosystems, such as
ry forests or Mediterranean woodlands, which are likely to exper-

ence more frequent and intense drought with the on-going climate

hange (Giorgi and Lionello, 2008; Somot et al., 2008). An effective
nd intuitive way of analysing the impact of increasing drought on
ifferent aspects of ecosystem functioning is to evaluate the effects

∗ Corresponding author at: Tel.: +34 954 62 47 11.
E-mail address: imperez@irnase.csic.es (I.M. Pérez-Ramos).
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f experimentally decreased rainfall on plant recruitment. Most
f these manipulative studies (e.g., Weltzin and McPherson, 2000;
loret et al., 2004; Matías et al., 2011a)  have only focused on the
eedling stage because they consider it the most vulnerable phase
o environmental constraints and consequently to directional cli-

ate change (Silvertown and Charlesworth, 2001; Jump et al.,
007). However, the impact of increasing drought on earlier stages
f regeneration such as seed production or seed survival remains
argely unexplored, particularly in Mediterranean ecosystems. An
ccurate evaluation of the effects of changing climate on regenera-
ion requires a “linking-stages” approach, where plant recruitment
s explored across multiple and consecutive demographic stages
hat are connected by transitional processes: seed maturation, dis-
ersal, germination, emergence and survival (Herrera et al., 1994;
lark et al., 1999; Gómez-Aparicio, 2008).
Recruitment-driving processes are usually context-dependent,
ppearing different types of plant–plant and plant–animal interac-
ions as a function of the microsite where the seed is dispersed
Schupp and Fuentes, 1995; Hulme, 1997). These interactions
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re particularly complex in heterogeneous environments, such as
editerranean woodlands, where their magnitude and sign may

ary both spatially and temporarily. On the one hand, the spa-
ial distribution of seed rain across different microhabitats will
lter the subsequent stage-specific probabilities of recruitment
Jordano and Herrera, 1995; Rey and Alcántara, 2000). On the
ther hand, the suitability for recruitment of different microhab-
tats can also change over the life-cycle of the plant leading to
ntogenetic conflicts (Schupp, 1995; Pérez-Ramos et al., 2012).
his complex network of interactions, which strongly determine
he net balance of overall recruitment, could be seriously altered
y the expected decline in water availability caused by climate
hange (Maestre et al., 2005; Valladares, 2008). Multi-stage demo-
raphic approaches explicitly considering the heterogeneity of
abitat structure are therefore essential to obtain a whole overview
f the consequences of increasing aridity on tree recruitment and
orest dynamics in Mediterranean ecosystems.

In a time of global change, there is a growing interest in explo-
ing the plant capacity to render different phenotypic values for

 given trait under different environmental conditions (concept
f phenotypic plasticity, see Valladares et al., 2006). In a recent
tudy, we have demonstrated that Q. ilex adults subjected to
xperimentally decreased rainfall exhibited high plasticity in shoot
evelopment and leaf turnover as a hydraulic strategy to effec-
ively cope with drier conditions (Limousin et al., 2012). However,
he trait-mediated capacity of seedlings to respond to increa-
ing drought has seldom been explored experimentally (Valladares,
008), even though it may  be quite different from the pattern dis-
layed by adults (Lloret et al., 2004; Niinemets, 2010).

In this study, we present the results of a manipulative experi-
ent of rainfall exclusion aimed to evaluate the impact of increased

rought on the recruitment process of a key tree species typi-
al of late-successional Mediterranean woodlands (Q. ilex L.). For
his purpose, we used a multi-stage demographic approach consi-
ering not only seedling emergence and survival but also other
arlier demographic processes such as seed production or seed
urvival. We  hypothesize that a decrease in rainfall could cause

 decline in overall recruitment along the different life-history
tages elapsing from seed maturation to seedling survival. Rain-
all reduction would not only aggravate the negative effects of the
easonal summer drought (typical of Mediterranean ecosystems)
n seedling survival, but also would probably alter the process of
eed maturation, reducing acorn crop size and thereby increasing
eed predation. However, we do not expect to find any effect of
educed rainfall on seed germination and/or seedling emergence
ecause these processes occur from autumn to spring, when soil
ater content is usually high enough as to make a decrease in

ainfall critical to these early life-history stages. We  also explored
he seedling ability to grow and modify different morphological
nd physiological traits as potential mechanisms of acclimation
o the experimental decline in water resource. All these demo-
raphic and functional processes were explored along a wide and
atural range of microhabitat conditions, which allowed us to

ncorporate into analyses the heterogeneity of habitat structure
o forecast accurately the effects of increasing drought on a wider
cale. Specifically, we aimed to answer the following questions: (i)

hich demographic processes are the most critical and sensitive
o experimentally increased drought?; (ii) How do these demo-
raphic processes vary with microhabitat conditions?; (iii) How do
eedlings respond, in terms of growth and functional performance,
long the explored gradient of natural resources?; and (iv) Are

hese microhabitat-dependent interactions altered by the effect
f experimentally induced drought? Answers to these questions
ill enable us to better understand the main factors and processes
riving oak recruitment in water-limited woodlands and will

c
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rovide a full picture of the ecological and functional consequences
f the projected increasing drought on tree recruitment and forest
ynamics under Mediterranean conditions.

ethods

tudy area and species

The study site is located 35 km north-west of Montpellier
southern France), on a flat plateau, in the Puéchabon State Fo-
est (3◦35′45′′E, 43◦44′29′′N and elevation 270 m). This forest has
een managed as a coppice for centuries, but the last clear cut was
erformed in 1942. Climate is Mediterranean with cool, wet win-
ers alternating with warm,  dry summers. Rainfall occurs mainly
uring autumn and winter, with about 80% between September
nd April. Mean annual precipitation ranges from 550 to 1549 mm
mean of 901 mm  over the previous 28 years). Mean annual tem-
erature varies from 11.5 to 14.1 ◦C (mean of 13.1 ◦C over the same
eriod). Bedrock is dominated by Jurassic limestones, which are
overed by a very shallow soil with a high volumetric rock content:
5% in the first 50 cm and 90% for the whole soil profile (Rambal
t al., 2003). The stone free fraction of the top soil (0–50 cm)  is a
omogeneous silty clay loam (38.8% clay, 35.2% silt and 26% sand).

Vegetation is largely dominated by a dense overstorey of Q. ilex
. (Fagaceae), with a mean canopy height ≈5.5 m. The understorey,
ominated by Buxus sempervirens, Phyllirea latifolia, Pistacia tere-
inthus and Juniperus oxycedrus,  composes a sparse shrubby layer
ith a percent cover lower than 25% and a height <2 m.  Q. ilex is an

vergreen broadleaved tree which has been described as a shade-
olerant species during its early life-history stages (Espelta et al.,
995; Retana et al., 1999). In the study area, it presents a strong

nter-annual variability in seed production (mast seeding), which
s mainly driven by summer drought (Pérez-Ramos et al., 2010a).
corns constitute an important part of the diet for many animals.
uring seed development, a variable percentage of acorns are par-

ially consumed by moth or beetle larvae (e.g., Espelta et al., 2009).
nce acorns reach the ground, a large part of them are removed
nd consumed by predators (Pulido and Díaz, 2005; Pérez-Ramos
nd Marañón, 2008; Pausas et al., 2009). Seed germination mostly
ccurs in early autumn and seedling emergence in spring. In the
tudy area, Q. ilex seedlings proceeding from natural regeneration
re very scant (personal observation), suggesting serious problems
f recruitment limitation.

ampling design and data collection

In 2003, a rainfall exclusion experiment was established in the
tudy area as part of the European project MIND (Mediterranean
errestrial Ecosystems and Increasing Drought). The rainfall exclu-
ion experiment was  replicated on three plots 100 m away from
ach other, and situated on a flat area with no lateral water flow.
n each replicate, two 100 m2 plots (10 m × 10 m) were subjected

o different precipitation regimes: one was a control treatment
further, control) facing natural drought conditions and the se-
ond was  subjected to rainfall exclusion (further, dry). On the dry
lot, rainfall exclusion was  achieved by using 10 m long and 0.19 m
ide PVC gutters covering 33% of the ground area under the Q. ilex

anopy, with the aim of excluding ≈30% of throughfall. Taking into
ccount interception losses and stemflow, the rainfall exclusion
xperiment reduced the net input of precipitation to the soil by 29%

ompared to the control treatment (Limousin et al., 2008), simul-
ting future predictions of climate change models for Mediter-
anean areas (Giorgi, 2006; IPCC, 2007). In the specific case of the
wo sampling years, the annual net precipitation was also ≈29%
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ower in the dry subplots in comparison with those of the con-
rol treatment (746 vs. 1050 mm and 422 vs. 597 mm for 2008 and
009, respectively). On the control plot, identical gutters were set
p upside down in order to homogenize, as far as possible, whole-
anopy albedo and understorey microclimate conditions in both
reatments. Total basal area, canopy structure and density of trees
ere similar for the two treatments at the onset of the experiment

for details see Rodríguez-Calcerrada et al., 2011a).
In each treatment (control vs. dry), we quantified all the stage-

pecific probabilities of Q. ilex recruitment from seed maturation
o seedling survival.

eed maturation and pre-dispersal seed survival

In each plot, 24 circular plastic traps (of 0.35 m of diameter) were
laced on a grid beneath the Q. ilex canopy, at ≈1.5 m above the
round. Trap content was collected monthly and the fallen acorns
ere further categorized in the laboratory into three different

ategories: (1) aborted (not completely or mal-developed seeds,
ith length < 13 mm ad/or diameter < 7 mm),  (2) insect infested

having signs of larvae predation, such as gnaw marks or holes), and
3) sound (attaining mature seed size). Since Q. ilex trees produced

 similar number of acorns in both treatments (see Pérez-Ramos
t al., 2010a for further details), we have only focused on the pro-
abilities of seed maturation (i.e., percentage of non-aborted seeds)
nd pre-dispersal seed survival (i.e., percentage of mature seeds
hich were not infested by larvae).

ost-dispersal seed survival

For the experiments of post-dispersal seed survival and seedling
onitoring, we collected Q. ilex acorns in the surroundings of the

xperimental site from at least ten different trees to encompass
ntra-specific variation. We  selected healthy acorns, discarding
hose infested by larvae through flotation (Gribko and Jones, 1995).
elected acorns were stored on a moist substrate at 2–4 ◦C until
sed in the experiments and individually weighed to the nearest
.01 g. We  used acorn fresh mass as a surrogate of dry seed mass,

ustified by their high correlation (with R2 values ranging from 0.93
o 0.99, Quero et al., 2007). In early December, acorns of known
resh mass were individually numbered and further distributed in
20 0.5-m2 experimental units (half in the control subplots and the
ther half in the dry subplots). Moreover, 30 additional units were
laced in large gaps in order to span a wide and continuous gra-
ient of light availability, from open spaces (up to 90% full sun) to
hady microhabitats under shrubs and trees (down to 5% full sun).
o avoid any border effect, a buffer area 2 m wide was kept in all the
xperimental units. In each unit, five acorns (without cupule) were
laced on the ground, four in the corners and one in the centre of the
quare. The experimental units were marked with small flags (one
laced 0.5 m from each border, in order to avoid attraction effect).
corns were periodically monitored until there was  no longer any
vidence of predation (after approximately 3 months). This expe-
iment was repeated during two consecutive reproductive cycles
2007/08 and 2008/09), which showed contrasting differences in
eed production and, thereby, in food availability for seed con-
umers. Total seed production beneath the canopy of Q. ilex varied
rom 196 seeds m−2 (2007/2008 cycle) to 93 seeds m−2 (2008/2009
ycle) in the study area (see Pérez-Ramos et al., 2010a for details).

Although it is likely that a small fraction of removed acorns could

scape consumption and potentially be dispersed by different ani-
als (e.g., Pérez-Ramos et al., 2007; Pons and Pausas, 2007; Gómez

t al., 2008), most of them are completely eaten mainly by rodents
Pérez-Ramos et al., unpublished data). Thus, from a quantitative

h
u
c
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erspective, we assumed that the seeds recorded in this study as
removed’ could be considered as ‘losses’ for recruitment.

eedling monitoring

The same experimental design was  used to monitor the pro-
esses of seed germination, seedling emergence and survival. In
arly December, five healthy acorns were sown in each of the
50 above-described experimental units at 1–3 cm depth, simu-

ating biotic seed dispersal and burial by European jays (Kollmann
nd Schill, 1996), rodents (Gómez et al., 2008) or dung beetles
Pérez-Ramos et al., 2007). In this case, all the experimental units
ere protected by wire cages (25 cm × 25 cm × 25 cm,  1.3 cm mesh

ize) to exclude seed predators. Similarly, this experiment was
epeated during two  consecutive reproductive cycles (2007/2008
nd 2008/2009), which showed contrasting precipitation patterns
see details below). Seed germination was assessed indirectly
fter the first summer, unearthing non-emerged seeds and inspec-
ing the presence of radicles. Seedling emergence and survival
ere monitored bi-weekly from February to September. Due

o the low number of emerged seedlings registered during the
rst reproductive cycle (2007/2008), additional newly-emerged
eedlings proceeding from natural regeneration (n = 126) were
arked during late autumn 2007 in the nearness of some of the

50 experimental units to monitor seedling survival.

eedling growth and functional traits

At the end of the experiment (15 September 2009), all the sur-
iving seedlings were harvested and then separated into stem and
eaves in the laboratory. Stem height was measured with a digital
alliper with precision of 0.1 cm.  Fresh leaves were counted, and
heir projected areas were determined with an area metre (Delta-

 Devices, model MK2, Cambridge, UK). These two  fractions (stem
nd leaves) were immediately weighed, oven-dried at 80 ◦C for 48 h
nd further re-weighed to the nearest 0.0001 g. Four parameters
elated with seedling growth were derived from these measure-
ents: seedling aboveground biomass (g), stem height (cm), total

eaf area (cm2) and number of leaves. In addition, we calculated
hree anchor morphological traits (sensu Ackerly, 2004) due their
nown responses to soil water content and light availability: leaf
ize (total leaf area divided by number of leaves; cm2), specific leaf
rea (SLA; leaf area per unit of dry leaf mass; m2 kg−1) and leaf dry
atter content (LDMC; dry mass per unit of fresh mass; mg  g−1).

n order to maintain leaves under water-saturated conditions, the
arvested seedlings were wrapped in moist paper and stored in
ealed plastic bags until further processing in the laboratory.

From the total number of seedlings emerged in the 150 exper-
mental units, a sample was randomly selected (only one seedling
er available unit) to measure leaf gas exchange and chloro-
hyll fluorescence. Measurements were repeated in spring (early

une) and summer (mid August) of 2009 to gain some insight
nto the causes of variable seedling growth and mortality across

icrohabitats. We  used a LI-COR 6400XTR Portable Photosynthe-
is Systems (LI-COR Biosciences) equipped with a LI-COR 6400-40
eaf Chamber Fluorometer. To avoid the interference of sunflecks
hat might affect comparisons between treatments, measurements
ere made at a photosynthetic photon flux density (PPFD) of

00 �mol  m−2 s−1, except for seedlings growing in gaps for which
PFD was  fixed at 1500 �mol  m−2 s−1. We  used this reduced PPFD
or seedlings growing in the understory in order to avoid photoin-

ibition of photosynthesis. The level of 500 �mol  m−2 s−1 matched
p with the maximum value registered at the understory in a
loud-free summer day, and it was likely saturating for photosyn-
hesis according with a parallel study in the same microhabitats on
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he broadleaf evergreen Buxus sempervirens (Letts et al., 2012) as
ell as with a previous study on Q. ilex seedlings growing under

3% full sunlight (Gómez-Aparicio et al., 2006). Air temperature
as set at 25 ◦C. Net CO2 assimilation (Aarea) and stomatal con-
uctance to water vapour (gw) were expressed per unit leaf area
fter measuring the portion of leaf enclosed in the chamber with
he area metre. The ratio between the concentration of intercel-
ular CO2 and ambient air (Ci/Ca) was calculated as an estimate of
eaf-level water use efficiency. Following the measurements of leaf
as exchange, we measured steady-state (Fs) and maximum (Fm)
hlorophyll fluorescence and calculated the quantum yield of PSII
�PSII) as: (Fm − Fs)/Fm, and the electron transport rate (ETR) as:
.84 × �PSII × 0.5 × PPFD, according to Krall and Edwards (1992).

Finally, we also quantified leaf carbon isotope composition
�13C) as a time-integrated measure of intrinsic water use efficiency
Farquhar et al., 1982). For this purpose, dry leaves were ground
nd pooled by seedling, and the 13C content was determined in the
Service Central d’Analyses” of the CNRS using a CHN elemental
nalyser coupled to an isotope mass spectrometer.

icrohabitat characterization

To characterize abiotic conditions at the microsite level, light
vailability and soil water content were quantified in each of the
50 experimental units. Light availability was estimated by means
f hemispherical canopy photography. Photographs were taken at
he seedling level in the centre of each experimental unit, using a
orizontally levelled digital camera (Coolpix 4500, Nikon, Tokyo,

apan) with a fish-eye lens of 180◦ field of view (FCE8, Nikon).
e used Hemiview Canopy Analysis software (Delta-T Devices Ltd.

999, v. 2.1) to analyze the images and calculate Global Site Factor
GSF), which represents the fraction of total radiation above the
anopy that penetrates below the canopy (Anderson, 1964).

Soil volumetric water content (SWC) was measured using
 time-domain reflectometer (TDR, Trase USA, Model 6050X1)
ith 15 cm-depth permanent rods. Measurements were taken bi-
eekly (from November to September) in order to characterize soil
oisture during wet-dry periods. We  calculated mean SWC  values

or spring, summer as well as for the whole year of the two studied
eproductive cycles. We  further calculated the relative water con-
ent (RWC) as the ratio between SWC  and field capacity. Soil field
apacity was estimated in each of the 150 experimental units by
easuring SWC  after 48 h of free drainage following a substantial

ain event (greater than 40 mm)  in a cool period (from late fall to
arly spring).

ata analyses

ffects of experimentally increased drought
Differences between control and dry treatments for each of the

tage-specific probabilities of recruitment considered in this study
ere tested using generalized linear models, assuming a logit rela-

ionship between the dependent (treated as a binomial variable)
nd the independent variable (the treatment).

Since the time elapsing from seed dispersal until a seed is
emoved by predators can affect its capacity to establish as a
eedling (Kennedy et al., 2004; Pérez-Ramos et al., 2008), the
ata sets on post-dispersal seed survival were also subjected
o complementary failure time analyses (Pyke and Thompson,
986). According to exploratory analyses, seed survival times

ere not normally distributed, and therefore differences between

reatments were analyzed using a non-parametric test for mul-
iple samples, which is a generalization of Gehan’ s Wilcoxon
est (Gehan, 1965). Survival functions for each treatment and

r
c
v
p
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eproductive cycle were estimated using the Kaplan–Meier method
Kaplan and Meier, 1958).

The effect of experimentally increased drought on the parame-
ers related with seedling growth as well as on the morphological
nd physiological traits considered in this study was  evaluated by
eans of an analysis of covariance, including seed mass as a conti-

uous predictor. Before conducting these analyses, those variables
ot normally distributed were log- or square-root-transformed
o fulfil assumptions of normality and homoscedasticity. Nor-

ality was  tested using the Kolmogorov–Smirnov test. All
nalyses were carried out using Statistica (v. 6, StatSoft Inc.,
001).

ecruitment models along microhabitat conditions
The stage-specific probabilities of recruitment for the demo-

raphic processes occurring after seed dispersal (post-dispersal
eed survival, seed germination, seedling emergence and seedling
urvival) were modelled independently as a function of micro-
abitat conditions (i.e., light availability and soil water content).

n addition, seed mass was tested as a covariate in all mod-
ls. These demographic processes were described by a binomial
istribution. The overall probability of recruitment was further
alculated as the product of all the stage-specific probabilities
onsidered in this study (from seed maturation to seedling sur-
ival). All models were fitted individually for each reproductive
ycle, using maximum likelihood techniques (Edwards, 1992) with
imulated annealing (Goffe et al., 1994). We  tested five alter-
ative functions (linear, exponential, Michaelis-Menten, logistic
nd power), that cover a wide range of possible responses (see
quations in Appendix 1). We  first tested models for each predic-
or and function independently, and the best of the five models
as compared to the null model, which assumes no effect of

ny factor. Second, to test for interactions between both fac-
ors, we fitted bivariate models in which the second predictor
as added either additively or multiplicatively. Competing mod-

ls were compared with the Akaike’s Information Criterion (AIC)
Burnham and Anderson, 2002) as a measure of goodness of
t: the lower the AIC value, the better the model. The absolute
agnitude of the differences in AIC (�AIC) between alterna-

ive models provided an objective measure of the strength of
mpirical support for each one of them (Akaike, 1992). Mod-
ls with �AIC between 0 and 2 were considered to have equi-
alent and substantial empirical support (Burnham and Anderson,
002).

To test differences between treatments along the explored
ange of light availability, we compared 95% support inter-
als of the slopes (b parameter) and intercepts (a parameter)
f the treatment-specific models. When 95% support intervals
id not overlap, differences between treatments were consid-
red to be relevant. These models were implemented using the
ikelihood package version 1.1 for R, and software written specif-
cally for this study in R v 2.5.0 (R Development Core Team
006).

odels on seedling growth and functional traits along
icrohabitat conditions

The same modelling approach was used to examine the vari-
tion of seedling growth and functional traits along the explored

ange of microhabitat conditions (light availability and soil water
ontent) and seed mass variation. For these models, the dependent
ariables were described by a Normal distribution, according with
revious exploratory analyses.
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esults

ffectiveness of rainfall exclusion and meteorological conditions

Results from the measurements of soil relative water content
onfirmed the effectiveness of the rainfall exclusion. Thus, RWC
as systematically lower in the dry treatment during almost all

he sampling period (81.9 ± 0.6% vs. 77.7 ± 0.6% for the control and
he dry treatments, respectively), with the exception of some well-
atered periods (especially in winter) where RWC  values were

imilarly high in both treatments (95.6 ± 0.4 vs. 93.3 ± 0.5% and
4.3 ± 0.7 vs. 92.6 ± 0.9% for the first and the second sampling year,
espectively; Fig. 1A).

The two sampling reproductive cycles (2007/2008 and
008/2009) showed contrasting precipitation patterns (Fig. 1B).
hus, autumn 2007 (critical period for seed germination) was
xtremely dry whereas autumn 2008 was particularly rainy com-
ared with the monthly mean precipitation registered for the last
8 years. In spring 2008 (critical period for seedling emergence),
onthly rainfall values were much higher compared with the aver-

ge values, whereas in 2009 they ranged around the mean. In both
ears, mean RWC  values during spring were lower in the dry sub-
lots compared with those of the control treatment (90.7 ± 0.7 vs.
6.0 ± 0.9% and 85.0 ± 1.4 vs. 81.5 ± 1.5% for the first and the second
ampling year, respectively; Fig. 1A). Summer (critical period for
eed maturation and seedling survival) was similarly dry in the two
tudied years (Fig. 1B), with remarkable differences between con-
rol and dry treatments (68.0 ± 1.6 vs. 59.4 ± 1.2% and 60.3 ± 2.1 vs.
5.8 ± 1.9% for the first and the second sampling year, respectively;
ig. 1A).

ffects of increasing drought on demographic processes

Rainfall exclusion significantly affected Q. ilex recruitment
hrough ontogeny. The highest differences between treatments
ere registered during the first reproductive cycle (2007–2008),
ith lower probabilities of seed maturation and seedling survival

ut higher values of seedling emergence in the dry treatment
Fig. 2A). During the second reproductive cycle (2008–2009),
ainfall exclusion only exerted a significant effect on seedling
urvival, with a lower number of surviving seedlings after sum-
er  in the dry subplots (Fig. 2B). Although the final pro-

ability of post-dispersal seed survival (after three months) was
imilarly low in both treatments (Fig. 2B), the seeds experimen-
ally dispersed in the dry subplots were removed significantly
arlier than those located in the control treatment, accor-
ing to complementary failure time analyses (T = 2.76; d.f. = 1;

 = 0.006).
We  also detected a strong inter-annual variability in some of the

tage-specific probabilities of recruitment considered in this study.
n 2007–2008, the most critical demographic process was seed ger-

ination, with mean probabilities values below 0.15 (Fig. 2A). In
008–2009, where the estimated seed production was extremely

ow (non-masting year), seed germination was much higher (≈0.6)
nd the lowest stage-specific probabilities of recruitment were
egistered for seed maturation and post-dispersal seed survival
Fig. 2B).

icrohabitat suitability for oak recruitment and increasing
rought
The success of Q. ilex recruitment strongly depended on the
icrohabitat where the seed was dispersed (Appendix 1). Thus,

eed germination and seedling emergence increased linearly
ith light availability, whereas seedling survival decreased with

t

t
(

nd  dotted lines. Vertical lines denote standard-error values. The overall probability
f  recruitment was  calculated as the product of all stage-specific probabilities from
eed maturation to seedling survival.

ncreasing GSF (Appendix 1). As a consequence of these oppo-
ing tendencies, the highest probabilities of overall recruitment
ere detected for intermediate values of light (GSF ≈ 40%; Fig. 3).
lthough the final probability of post-dispersal seed survival was
imilarly low along the explored gradient of light availability
Appendix 1), we also detected a positive effect of GSF on seed sur-
ival times (W = 5.83; d.f. = 1; p = 0.015), with experimental seeds
emoved later in the most opened microhabitats. All these micro-
abitat associations were found for the second reproductive cycle
2008–2009). These tendencies with GSF were similar for the first
ear in each of the stage-specific probabilities of recruitment but
he fitted models were not relevant, likely due to the low number
f germinated seeds (Fig. 2).

The increase of seed germination and seedling emergence and
he decrease of seedling survival with increasing GSF followed a
imilar pattern in both treatments, as indicated by the overlapping
f their support intervals for the b parameter (Appendix 1). This
ndicates that the magnitude of variation along the GSF gradient
id not differ strongly by the effect of decreased rainfall for none of
hese demographic processes. Interestingly, results from our mod-
lling approach showed that rainfall exclusion slightly displaced
he peak of maximum overall recruitment towards the low end of
he GSF gradient (i.e., the most shaded microhabitats; Fig. 3).

unctional responses to microhabitat conditions and increasing
rought

Seedling growth and morphology substantially varied as a func-
ion of light availability and seed mass (Appendix 2). On the
ne hand, seedlings increased their aboveground biomass and
ecreased their stem height with increasing GSF (Fig. 4A and B).
s morphological leaf traits, seedlings developed a higher number
f smaller-sized leaves (Appendix 2 and Fig. 4C) of lower specific
eaf area in these open microhabitats (Fig. 4D). On the other hand,
eedlings from heavier acorns exhibited higher values of above-
round biomass and stem height (Fig. 4A and B), and developed a
igher number of large-sized leaves (Fig. 4C) resulting in a larger

otal leaf area (Appendix 2).

Seedlings also modified their physiological traits in response
o light availability (Appendix 3). In spring, net photosynthesis
Aarea), stomatal conductance (gw) and electron transport rates
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ig.  1B).

ETR) increased linearly with increasing GSF (Appendix 3 and
ig. 5A and B), whereas the effective photochemical efficiency of
S II (�PSII) decreased exponentially along the explored gradient
f light availability (Fig. 5C). In summer, gw and �PSII showed the
ame tendency with light, but with lower values compared with
hose quantified in spring (Fig. 5B and C). In contrast, Aarea and ETR
arely changed along the light gradient (Appendix 3 and Fig. 5A)

ikely due to a strong photo-inhibition in the most open microha-
itats. The decreased photochemistry in summer caused an

ncrease of the Ci/Ca ratio relative to spring and a linear increase
f Ci/Ca with GSF (Appendix 3 and Fig. 5D), suggesting a decline in

eaf water use efficiency due to severe drought, particularly in the

ost open microhabitats.
Leaf carbon isotope ratio was affected by seed mass and soil

ater content, with seedlings germinated from heavier acorns and

a
w
m

984–2011) have been also represented for comparative purposes (open circles in

rier microsites exhibiting less negative values of ı13C (Appendix
).

Rainfall exclusion did not significantly influence any of the mor-
hological and physiological parameters considered in this study
Appendices 2 and 3).

iscussion

ffects of increasing drought on demographic processes
We experimentally demonstrated that enhanced drought
ltered Q. ilex recruitment throughout the life-cycle of the plant,
ith contrasting effects on the consecutive life-history stages. The
ost sensitive demographic processes to decreased rainfall were:
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eed maturation, seedling emergence and survival and, to a lesser
xtent, post-dispersal seed survival.

On the one hand, the experimentally intensified drought
ncreased the premature abscission of acorns before they had com-
leted their maturation process, which likely reflected the excess
ruit that the tree was not able to keep as a consequence of the
educed soil water availability (Lloyd, 1980; Siscart et al., 1999;
érez-Ramos et al., 2010a).  On the other hand, the experimen-
ally induced drought decreased seedling survival by aggravating
he negative effects of the seasonal summer drought, which was
lready very intense under natural conditions of rainfall and has
een identified as one of the major factors limiting seedling estab-

ishment in Mediterranean ecosystems (e.g., Rey and Alcántara,
000; Castro et al., 2005; Pulido and Díaz, 2005; Pérez-Ramos and
arañón, 2012). The enhanced seedling mortality with increasing

ridity is consistent with a recent manipulative study in a Mediter-

anean woodland (Matías et al., 2011a),  but contrasts with others
here seedling survival was less sensitive to rainfall manipulation

han seedling emergence (Weltzin and McPherson, 2000; Lloret
t al., 2004). In our study, however, rainfall exclusion exerted an

d
P
t
l

 the demographic processes considered in this study as follows: *P < 0.05; **P < 0.01;

nexpected positive effect on the process of seedling emergence.
he reduction of net precipitation input to the soil (see Limousin
t al., 2008 for details) probably counteracted the negative effects
f excess water generated during the rainy season. This hypothe-
is is supported by the fact that differences between treatments for
his process were only significant for the first sampling year, which
xhibited an unusual and extremely rainy spring (354.7 mm)  com-
ared with the monthly mean precipitation registered for the last
8 years (185.1 mm).  Similarly, Matías et al. (2011b) found a nega-
ive correlation between soil water content in spring and seedling
mergence of Q. ilex, an unexpected result that they also attributed
o the potential negative effects of sporadic events of soil water-
ogging on seed germination. The negative effects of excess water
n seedling emergence could be attributed to the slow diffusion
ates of gases in water-saturated soils, which hampers oxygen sup-
ly to roots and consequently may  impede the complete radicle

evelopment and shoot emergence (Schmull and Thomas, 2000;
érez-Ramos and Marañón, 2009). Finally, the seeds dispersed in
he dry treatment were removed earlier in comparison with those
ocated in the control subplots. This result could be associated to the
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educed acorn crop size quantified in the dry subplots, which led
o less abundant food resources for seed consumers on the forest
oor. An earlier seed removal may  have strong ecological reper-
ussions for recruitment because the faster the seed is removed
he lower the chance of germinating, and the lower the probability
f the plant to be independent from cotyledon reserves (Kennedy
t al., 2004; Pérez-Ramos et al., 2008).

Interestingly, the relative importance of the different demo-
raphic processes for recruitment strongly varied in the two
ampling years. During the first reproductive cycle, seed germi-
ation was the most critical process for Q. ilex recruitment (with
ean probability values below 0.15), likely due to the low level

f precipitation registered in autumn 2007, the time period when
corn germination mostly occurs. In Mediterranean environments,
he timing and magnitude of the rainy season may  be crucial for
he regeneration of some species because it marks the end of the
ry period and affects early stages of plant development (Miranda
t al., 2009). This is particularly important for Quercus species, for
hich acorn germination is highly dependent on soil water content

f superficial soil layers (e.g., Borchert et al., 1989; Finch-Savage,
992; Broncano et al., 1998). During the second reproductive cycle,
here the estimated seed supply was much more limited, the lo-
est probabilities of transition were found for seed maturation

nd post-dispersal seed survival. The lower resource availability
or seed consumers could explain the higher values of seed removal
etected in the non-masting year, supporting previous studies on
agaceae species (e.g., Shaw, 1968; Xiao et al., 2005; Pérez-Ramos

nd Marañón, 2008). In a long-term study at the same area, we have
ecently demonstrated that seed production in Q. ilex was largely
riven by water availability, with larger acorn crops appearing
fter moister summers (Pérez-Ramos et al., 2010a).  Therefore, the

s
n
s
o

ig. 4. Relationships between the main morphological parameters (seedling aboveground
he  best-supported predictors (see Appendix 2).
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verall recruitment of this species strongly depends on the yearly
recipitation pattern, with moister autumns favouring seed germi-
ation and exceptionally rainy summers favouring seed maturation
nd the occurrence of masting years that in turn substantially
ecrease post-dispersal seed predation. Similarly, Matías et al.
2012) found that sporadic wet  summers are more critical for the
ecruitment of Mediterranean woody species than the increasing
ridity projected by climate change models.

Our multi-stage demographic approach highlights the impor-
ance of considering early life-history stages for better understan-
ing the most critical transitions for regeneration and predicting
he extent to which the alteration of rainfall patterns due to cli-

atic change could affect the overall recruitment of long-lived
lant species. Remarkably, our findings show that an accurate eva-

uation of the ecological effects of changing climate on regeneration
hould consider not only the projected increasing aridity but also
he balance among dry and wet  periods (Lloret et al., 2012). Thus,
oth the identity of the most critical stages for recruitment and
heir specific sensitivity to rainfall manipulation depended largely
n the yearly pattern of precipitations. According to recent cli-
ate projections for the Mediterranean region, with estimates of

ecreased rainfall ≈15% for spring, ≈42% for summer and ≈10%
or autumn (Somot et al., 2008), some important consequences for
. ilex recruitment could be derived from our results. On the one
and, the predicted drier autumns could drastically reduce acorn
ermination, such as we found for the first reproductive cycle. On
he other hand, the expected increasing aridity in summer could

eriously impair the process of seed maturation and aggravate the
egative effects of drought on seedling survival during this sea-
on, as we have demonstrated with our manipulative experiment
f rainfall exclusion. However, the projected decrease in rainfall

 biomass (A); stem height (B); number of leaves (C); and specific leaf area (D)) and
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uring spring will reduce the frequency and duration of events of
oil waterlogging, mitigating thus the negative effects of excess
ater on the process of seedling emergence. Although we think that
. ilex recruitment will be probably more hampered in future envi-

onmental scenarios, we recognize that two years of experimental
reatment with such as unforeseen rainfall variability makes it very
ifficult to predict the overall impact of on-going increasing aridity
n the recruitment process of a long-lived species.

icrohabitat suitability for oak recruitment and increasing
rought

The microhabitat heterogeneity strongly determined the suc-
ess of recruitment in the study species, leading to a large
patial variation of suitability for natural regeneration (‘recruit-
ent hotspots’, sensu Hampe et al., 2008). Specifically, the variation

n light availability generated by the heterogeneity in canopy struc-
ure was the main factor that affected the consecutive life-history
tages occurring after seed dispersal, in agreement with previous
tudies emphasizing light as the main abiotic factor that defines
he regeneration niche of Mediterranean tree species (e.g., Puerta-
iñero et al., 2007; Gómez-Aparicio et al., 2008).

On the one hand, seed germination and seedling emergence
ncreased with light availability, as has been recently documented
or the same oak species in other Mediterranean woodland (Matías

t al., 2012). On the other hand, the seeds experimentally dis-
ersed in these open microhabitats were removed later, which
ould be attributed to the lower foraging activity of rodents in
hese less protective microsites where the risk of being devoured

r
t
b
o

 along the natural gradient of light availability (expressed as Global Site Factor).
 solid lines, whereas those taken in summer (August/2009) with white circles and

y their predators is usually higher (e.g., Gómez et al., 2003; Pons
nd Pausas, 2007; Pérez-Ramos et al., 2008). In contrast, seedling
urvival strongly decreased with increasing light, supporting pre-
ious studies on Mediterranean oak species (Espelta et al., 1995;
uerta-Piñero et al., 2007; Urbieta et al., 2008; Matías et al., 2012).

The variable suitability of microhabitats through recruitment
tages resulted in ontogenetic conflicts along the natural gradient
f light availability (Schupp, 1995; Pérez-Ramos et al., 2012). As

 consequence, the overall probability of recruitment decreased
ith increasing light, supporting previous studies identifying Q.

lex as a shade-tolerant species with more successful recruitment
or intermediate values of irradiance (Espelta et al., 1995; Retana
t al., 1999; Puerta-Piñero et al., 2007). In stressful environments,
he shade provided by the canopy (especially shrubs) is some-
imes crucial for natural regeneration of many woody plant species
e.g., Castro et al., 2004; Gómez-Aparicio et al., 2004; Rodríguez-
alcerrada et al., 2010). However, these plant–plant interactions
ay  dynamically switch from facilitation to competition depen-

ing on local environmental conditions (Maestre and Cortina,
004; Maestre et al., 2005). Interestingly, the experimental increase

n drought displaced the peak of maximum overall recruitment
owards the low end of the light gradient (i.e., microhabitats mainly
ocated under the cover of shrubs). This suggests that the depen-
ence on shrubs for an effective recruitment in Q. ilex could be

ntensified in the future due to projected climatic changes. Our

esults support the conclusions suggested by a recent manipula-
ive experiment focused on the seedling stage (Matías et al., 2012),
ut differs from others forecasting a predominant negative effect
f plant canopy on sapling survival owing to earlier and more
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ronounced competition for water under drier conditions (Miriti,
006; Valladares, 2008).

To our knowledge, the present study is the first one that evalu-
tes experimentally how the projected reduction of rainfall could
lter the regeneration niche of a long-lived species along a conti-
uous gradient of microhabitat conditions. However, further stud-

es on later life-history stages (i.e. saplings and juveniles) are
ecessary to determine whether the above-described net balance
ill remain invariable throughout the whole life-cycle of the plant

n response to increasing water limitation.

unctional responses to microhabitat conditions and increasing
rought

Seedling growth and morphology substantially varied as a func-
ion of the microhabitat where the seed was dispersed. In low-light

icrosites, seedlings were taller and exhibited larger values of
pecific leaf area (SLA), two plant attributes commonly associated
o an optimizing light-capture strategy (e.g., Poorter and Garnier,
999; Wright and Westoby, 2001; Rodríguez-Calcerrada et al.,
010; Pérez-Ramos et al., 2010b).  In open microhabitats, seedlings
ad similar total leaf area compared with the most shaded ones
ut developed a higher number of smaller-sized leaves of lower
LA, probably as morphological adaptations for reducing water
oss during the dry period (Zimmermann, 1978; Dudley, 1996;
esk and Westoby, 2003). In these microhabitats where light was
ot a limiting resource, seedlings showed higher rates of leaf gas
xchange during the growing season, which resulted in larger
alues of aboveground biomass. In summer, however, soil water
eficit caused a strong metabolic impairment of photosynthesis,
articularly in high-light microsites, which contributed to explain
he lower probabilities of seedling survival detected in these micro-
abitats subjected to excess radiation. In large gaps and clearings
f Mediterranean forests, the high level of irradiance intensifies
lant water stress during summer, promotes processes of photo-

nhibition and overheating and, consequently, increases seedling
ortality (Valladares, 2003; Rodríguez-Calcerrada et al., 2010).
However, the increase in drought induced by the experimental

ystem did not influence seedling growth as well as any of the mor-
hological and physiological traits measured in this study. Seedling
rowth was not altered by rainfall manipulation probably because
. ilex shows a drought-avoidance phenological strategy with a
hort phenophase for growth during spring and early summer
Gratani, 1996; Castro-Díez and Montserrat-Martí, 1998), when soil
ater content is still not a limiting resource. In the same study site,
. ilex adults subjected to decreased rainfall also showed a simi-

ar growth compared with those facing natural rainfall conditions
Rodríguez-Calcerrada et al., 2011a),  but exhibited higher plasti-
ity in terms of shoot allometry and canopy leaf area (Limousin
t al., 2012). The lower phenotypic plasticity of seedlings compared
ith adults could be partially attributed to the strong depend-

nce on seed reserves during early growth, commonly described
n large-seeded species such as oaks (Long and Jones, 1996; Quero
t al., 2007; Pérez-Ramos et al., 2010b; Rodríguez-Calcerrada et al.,
011b). In fact, most of the parameters related with seedling
rowth and morphology were mainly governed by seed mass in
he study species, with seedlings coming from heavier acorns dev-
loping a taller stem, a higher number of large-sized leaves and,
onsequently, a higher aboveground biomass.

The only trait-mediated response to soil water content was
ound for the leaf carbon isotope ratio (�13C), with seedlings

xhibiting less negative values of �13C in drier microsites. This
esult indicates that seedlings showed higher intrinsic water
se efficiency in those microhabitats subjected to stronger
ater deficit (Aranda et al., 2007; Flexas and Medrano, 2002;

C
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odríguez-Calcerrada et al., 2011b),  and that photo-inhibition of
hotosynthesis only occurred at the end of summer, when drought
as more intense. Interestingly, leaf �13C was also dependent on

eed mass, suggesting that this physiological trait was  not solely
elated to photosynthetic discrimination. The reduced leaf �13C in
arger-seeded seedlings could be related to the fact that carbohy-
rates transferred from seed reserves are more enriched in the

sotope 13C than the new photoassimilates (Ponton et al., 2002;
ennedy et al., 2004; Rodríguez-Calcerrada et al., 2011b).

In summary, our results indicate that Q. ilex seedlings respond
ore strongly to heterogeneity in light availability than to experi-
entally increased drought. The limited phenotypic plasticity of
. ilex seedlings in response to drought could put at risk the
ersistence of their populations under on-going environmental
onditions due to climate change (Richter et al., 2012). The limited
bility of seedlings to stand drought could be intensified due to
heir less extensive root system compared with adults (Cavender-
ares and Bazzaz, 2000). Further studies on later life-history stages,
hen seed reserves are completely depleted and plants are more
ependent on external resources, could help to elucidate whether
henotypic plasticity will be an effective way to cope with increa-
ing drought under future environmental scenarios.
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ausas, J.G., Marañón, T., Caldeira, M.,  Pons, J., 2009. Natural regeneration. In: Aron-
son,  J., Pereira, J.S., Pausas, J. (Eds.), Cork Oak Woodlands on the Edge. Ecology,
Adaptive Management and Restoration. Island Press, Washington, USA, pp.
115–124.
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