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� Background and Aims Dominant tree species in northern temperate forests, for example oak and beech, produce
desiccation-sensitive seeds. Despite the potentially major influence of this functional trait on the regeneration and
distribution of species under climate change, little is currently known about the ecological determinants of the per-
sistence of desiccation-sensitive seeds in transient soil seed banks. Knowing which key climatic and microsite fac-
tors favour seed survival will help define the regeneration niche for species whose seeds display extreme sensitivity
to environmental stress
�Methods Using the Mediterranean Holm oak (Quercus ilex) forest as a model system, an in situ time-course mon-
itoring of seed water status and viability was performed during the unfavourable winter season in two years with
contrasting rainfall, at an instrumented site with detailed climate records. In parallel, the characteristics of the
microhabitat and their influence on the post-winter water status and viability of seeds were investigated in a regional
survey of 33 woodlands representative of the French distribution of the species.
� Key Results Time-course monitoring of seed water status in natural conditions confirmed that in situ desiccation
is the main abiotic cause of mortality in winter. Critical water contents could be reached in a few days during
drought spells. Seed dehydration rates were satisfactorily estimated using integrative climate proxies including
vapour pressure deficit and potential evapotranspiration. Seed water status was therefore determined by the balance
between water uptake after a rainfall event and water loss during dry periods. Structural equation modelling of
microhabitat factors highlighted the major influence of canopy openness and resulting incident radiation on the
ground.
� Conclusions This study provides part of the knowledge required to implement species distribution models which
incorporate their regeneration niche. It is an important step forward in evaluating the ecological consequences of in-
creasing winter drought and environmental filtering due to climate change on the regeneration of the most dominant
Mediterranean tree species.

Key words: Recalcitrant seeds, oak acorn, Quercus ilex, seed survival, desiccation, drought, environmental filter-
ing, germination, regeneration niche, Mediterranean climate, microhabitat, structural equation modelling.

INTRODUCTION

Seed persistence, i.e. the survival of seeds from the time they
reach maturity on the parent plant until they germinate or die
(through ageing, predation or decay), enables the dispersion of
plant populations in time as well as in space, thereby increasing
the likelihood that some seeds of a plant’s cohort encounter
favourable environments for germination and establishment (re-
viewed in Long et al., 2015). The ability of so-called ‘orthodox’
seeds to tolerate desiccation and persist for long periods in a
dry quiescent state enables them to survive adverse environ-
mental conditions after dispersal, such as periods of cold or
drought (Buitink and Leprince, 2008). Such long-lived seeds
may form a reserve of seeds, named persistent soil seed banks,
which remain viable in the soil for several years (Thompson
and Grime, 1979; Walck et al., 2005). In natural conditions,
seed persistence in the soil is important for the sexual recruit-
ment and regeneration of local plant populations, and plays a
key role in population dynamics and vegetation composition

(Saatkamp et al., 2013; Robledo-Arnuncio et al., 2014).
Several authors have pointed out that this role will become
even more crucial in the near future because seed to seedling
transition is critically sensitive to climate change (Lloret et al.,
2004; Svensson et al., 2005; Millar et al., 2007).

However, >8 % of the world’s flowering plants produce
short-lived seeds that are non-orthodox (Tweddle et al., 2003),
i.e. they either only withstand partial drying (intermediate
seeds) or are extremely sensitive to dehydration (recalcitrant
seeds) (Roberts, 1973; Ellis et al., 1990). Most of these non-or-
thodox seeds remain fully hydrated at maturity and are shed in
a metabolically active state (Berjak and Pammenter, 2008).
Non-orthodox seed species prevail in certain habitats, for exam-
ple in tropical rain forests where they represent >45 % of plant
species (Tweddle et al., 2003; Hamilton et al., 2013).

Desiccation-sensitive seeds are also present in temperate for-
ests. Indeed, dominant tree species such as oak (Quercus) and
beech (Fagus) belong to the non-orthodox category (Finch-
Savage, 1992; Leon-Lobos and Ellis, 2002). The seeds of these
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autumn dispersers and spring germinators display short-term
persistence (Walck et al., 2005), in which the role of persis-
tence can be summarized as shifting germination from one side
of the unfavourable season to the other. Seed desiccation sensi-
tivity is potentially a high-risk regeneration strategy for these
plants, because a prolonged dry spell between shedding in the
autumn and the return of favourable conditions for germination
in the spring could result in the death of an entire annual cohort
of seeds. However, to date, very few empirical studies have
analysed the environmental factors encountered during the
unfavourable season and their effects on seed desiccation and
survival in natural vegetation systems. Using the evergreen
Holm oak (Quercus ilex, one of the most dominant
Mediterranean tree species, estimated to cover >80 000 km2;
Le Houerou 1981) as a model system, we recently analysed the
relationships between seed water contents and seed survival
rates after the winter period in different woodlands across the
French distribution area of the species (Joet et al., 2013). The
tight link between survival and water status of seeds at the end
of winter clearly revealed that, after predation, desiccation is
the major cause of in situ mortality.

Interest in seed persistence has recently increased due to con-
cerns about the maintenance of plant populations and species
under global climate change with more intense predicted pe-
riods of seasonal drought (Ooi et al., 2009; Walck et al., 2011;
Ooi, 2012). Improved understanding of seed persistence could
help define regeneration niches (Grubb, 1977) for different spe-
cies and, ultimately, help optimize species distribution process-
based models (Mok et al., 2012). As described in a general
resistance–exposure model (Long et al., 2015), the persistence
of a given seed population in the field (ecological longevity) is
theoretically determined by the combination of environmental
conditions and seed characteristics such as their intrinsic lon-
gevity and their level of defences against biotic/abiotic stresses.
Since non-orthodox seeds display very short potential longevity
and limited intrinsic tolerance to dehydration or cold stress (the
hydrated state conferring frost sensitivity), persistence in tran-
sient soil seed banks is thought to be mostly influenced by the
environmental conditions encountered during the unfavourable
season, i.e. the intensity and frequency of stressful events, as
well as by seed ultrastructure in relation to desiccation. Indeed,
the large seeds generally produced by non-orthodox species
could reduce their dehydration rate (Dickie and Pritchard,
2002; Daws et al., 2006; Hill et al., 2012), while anatomical
barriers such as the seed coat/fruit pericarp could reduce water
loss until the coat becomes more permeable as it deteriorates
due to weathering (Hill et al., 2010; Xia et al., 2012). Adaptive
phenological synchronization of seed shedding with the wet
season is a stress avoidance strategy which is also observed in
seasonal tropical forests (Dussert et al., 2000; Pritchard et al.,
2004; Daws et al., 2005). However, empirical studies of seed
persistence in transient soil seed banks in relation to environ-
mental factors are still rare. Such studies require the identifica-
tion of the environmental drivers of seed persistence
and an understanding of how they inter-relate, which would
make it possible to predict seed persistence under particular
conditions.

We recently showed that in Mediterranean forest ecosystems,
the water content of Holm oak seeds on the soil, and hence their
viability at the end of winter, is dramatically influenced by

winter climate factors such as cumulative rainfall and average
maximum temperatures, as well as by microhabitat characteris-
tics (Joët et al., 2013). However, in this previous report, topo-
graphical parameters were simply recorded as qualitative
descriptors with a limited number of categories. Considering the
significance of these results, further characterization of micro-
sites using quantitative variables (e.g. canopy openness, incident
radiation, litter amount and soil texture) was needed to improve
our understanding of the effects of microhabitat characteristics
on seed water status. Similarly, our previous report focused on
the relationship between winter climate, topography, seed water
status and viability after the winter period without assessing wa-
ter loss dynamics during the winter period. However, how
quickly desiccation-sensitive seeds lose water is an important de-
terminant of their ability to tolerate periods of seasonal drought.

To improve our understanding of the effects of climate and
local topographic factors on the water status of seeds that re-
main on the soil throughout the winter period, the aims of the
present study were to (1) explore and inventory the climate and
microsite factors which affect the persistence of desiccation-
sensitive seed; (2) quantify the probabilities of the different
factors through structural equation modelling, and identify their
inter-annual variability, and (3) provide ecological time-course
evaluations of the survival and water content of these seeds, in
relation to microclimate factors and the environmental drivers
of seed desiccation.

MATERIALS AND METHODS

Post-winter seed sampling campaign: study area, climate data
and microhabitat characterization

The water status and viability of seeds after winter were investi-
gated in two consecutive years in 33 woodlands, representative
of the French distribution of Q. ilex (from latitude 42�27’08’’N
to 44�51’08’’N and from longitude 02�07’24’’E to
06�48’26’’E), and analysed with respect to local winter climate
factors and microhabitat characteristics (the whole data set is
presented in Supplementary Data Table S1). The Holm oak
woodlands were sampled from 28 March to 2 April 2012 and
from 2 to 6 April 2013, using the same plots and sampling pro-
tocols. These plots were identical to those analysed previously
(Joët et al. 2013).

Acorns of Q. ilex are abiotically dispersed by gravity in au-
tumn. They may also be biotically dispersed, mainly by rodents,
and cached in the close vicinity of their original drop point, ei-
ther in the litter or buried in the superficial soil layer (Gómez
et al., 2008). Our study focused on acorns which remained in
the litter and the superficial soil layer, i.e. those that had not
been removed by long-distance dispersers (European jays),
damaged by insects or consumed by rodents and ungulates such
as the wild boar Sus scrofa. At each sampling site, at least 200
sound acorns were collected from the relatively dense seed bed
underneath at least five randomly selected Q. ilex trees. Acorns
were collected from at least five randomly selected quadrats
(50� 50 cm). Acorns were immediately placed in a hermeti-
cally sealed plastic bag, and stored in the dark at ambient tem-
perature for a maximum of 2 d until viability tests and water
content measurements.
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The climate conditions (daily rainfall, minimum and maxi-
mum temperatures) experienced by acorns from shedding to the
collection date were estimated using climate data from 1
November 2011 to 31 March 2012 and from 1 November 2012
to 31 March 2013, recorded by the nearest meteorological sta-
tion (data were purchased from Météo France public library,
https://public.meteofrance.com/). The distance between a sam-
pling site and the meteorological station was always less than
5 km. Temperature data were corrected using the international
standard atmosphere adiabatic lapse rate of 0�65 �C per 100 m
and the difference in altitude between each sampling site and
its corresponding meteorological station.

To characterize the environmental conditions at the micro-
site, the amount of soil litter cover, expressed on a dry weight
per area basis, was assessed in each of the 33 experimental plots
using three randomly selected quadrats (50� 50 cm) within the
sampling plot. The superficial (0–10 cm) soil texture was char-
acterized by the volumetric fractional content of stones and by
the gravimetric composition (sand, clay and silt) of the stone-
free fraction (Saxton and Rawls, 2006). Light availability was
estimated by hemispherical canopy photography. Photographs
were taken at ground level in the centre of each acorn harvest-
ing plot (10� 10 m), using a horizontally levelled digital cam-
era (DMC-LX5, Panasonic, Osaka, Japan) with a fish-eye lens
with a 180 � field of view (FCE8, Nikon). WinScanopy
software (Regent Ltd, Canada) was used to analyse the images
(taking into account geographical position, elevation, slope and
exposure, and corrected for magnetic north) to calculate
incident radiation on the ground (J m–2 d–1) and the site factor,
which represents the fraction of total radiation above the
canopy that penetrates below the canopy.

Instrumented site for time-course monitoring of the seeds over
the winter

A dense time-course monitoring of seed water status was per-
formed in an instrumented site with fine micro- and mesocli-
mate records to refine the respective influence of these factors
(the whole data set is presented in Supplementary Data Table
S1). The experimental site (http://puechabon.cefe.cnrs.fr/), a Q.
ilex-dominated evergreen forest, is located 35 km north-west of
Montpellier (southern France) in the Puéchabon State Forest on
a flat plateau (3 �35’45’’E, 43 �44’29’’N, 270 m a.s.l.). All the
trees grew after a clear-cut made in 1942. The maximum can-
opy height is 5�5 m and the density of re-sprouts is around 6400
stems ha–1. Understorey evergreen species (Buxus sempervi-
rens, Phyllirea latifolia, Pistacia terebinthus, Pistacia lentiscus
and Juniperus oxycedrus) make up a sparse shrubby layer with
<25 % cover and <2 m in height. The soil is extremely rocky
and of hard Jurassic limestone origin; on average, the volumet-
ric fractional content of stones and rocks in the top 0–50 cm
layer is 0�75 on average, the stone-free fraction being a homo-
geneous silty clay loam.

Around 4000 freshly shed mature acorns of Q. ilex were col-
lected in November 2012 and November 2013, in a single plot
located near the instrumented plot and close to Montpellier
(43 �6’29’’N, 03 �89’00’’E), which was protected from preda-
tion by wild boars, and transferred to the Puéchabon site. The
acorns were placed on the ground, one half in a shady micro-
habitat under shrubs and trees (understorey, down to 5 % full

sun) and the other half in an open space with up to 90 % full
sun. The acorns were protected by wire cages
(100� 100� 50 cm, 1�3 cm mesh size) to protect them from
seed predators. One hundred seeds were collected from both
halves of the plot weekly to check viability and measure seed
water content, as well as to monitor in situ germination. The ex-
perimental plot is a flat 100 m2 area (10� 10 m) with no lateral
water flow. Superficial soil volumetric water content (0–5 cm)
was measured using three EC-5 frequency domain reflectome-
try probes (Decagon Devices Inc., Pullman, WA, USA) sur-
rounding the wire cage (from 1 to 3 m). The maximum water
content was 25�1 % of the soil volume. Soil temperature was
measured at a depth of 3 cm using three thermocouples (Type T
with a stainless steel sheath; TC SA, Dardilly, France) also sur-
rounding the wire cage. Both parameters were measured contin-
uously during the winter season, and recorded at a 30 min time
step on a CR10X datalogger (Campbell Scientific Ltd,
Shepshed, Leicestershire, UK).

Weather variables [rainfall, wind, air temperature and air rel-
ative humidity (RH)] were recorded using a standard weather
station located in a tree-free area close (100 m) to the experi-
mental plot. Global and net radiations were recorded on an
11 m tall scaffolding tower about 5 m taller than the
dominant trees. Meteorological data were continuously re-
corded by a datalogger (model 21X, Campbell Scientific Ltd)
and averaged at a 30 min time step. Air temperature and air hu-
midity were measured with an MP100 sensor (Rotronic,
Bassersdorf, Switzerland). A three-dimensional sonic anemom-
eter (Solent Model R3A; Gill Instruments, Lymington, UK)
was used to measure wind velocity and friction velocity. Global
radiation was measured with a pyranometer (SKS 1110; Skye
Instrument Ltd, Powys, UK) and net radiation was measured
with a Kipp Zonen CNR1 net radiometer (Kipp & Zonen
BV, Delft, The Netherlands). Soil heat flux was measured with
five soil heat plates (HFP01SC; Hukseflux, Delft, The
Netherlands) buried at a depth of 5 cm near the tower. Potential
evaporation (PET) was estimated using the Penman–Monteith
equation.

Seed water content and viability

All experiments were carried out using sound acorns, which
were sorted from unsound ones by visual screening after re-
moval of the pericarp. The moisture content, expressed on a
fresh weight basis, and the dry mass of the seed and the peri-
carp were determined gravimetrically after oven drying for 17 h
at 103 �C, using 15 seeds per sample.

Seed viability was assessed by both percentage germination
and the percentage of normal seedling development. For each
condition and location sampled, the pericarp was removed and
six batches of six seeds were placed on 18 g of vermiculite fully
imbibed with 45 mL of sterile water in closed plastic

VC

Magenta
boxes and kept at 25 �C in the dark. Germination was recorded
when the radicle had grown at least 10 mm after 2 weeks of cul-
ture, therefore ensuring that protrusion was not due to mechani-
cal elongation of the hypocotyl but to true growth of the
radicle. Normal seedling development was recorded using the
criteria of radicle geotropic growth and the opening of primary
leaves after 6 weeks of culture.
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Seed and acorn dehydration time under controlled conditions

Prior to monitoring seed water status under natural winter
conditions, the basic desiccation properties of the acorns
(i.e. maximal dehydration rates) were assessed under controlled
conditions using equilibrium drying at two rates of RH (45 and
62 %) frequently experienced in situ. Batches of ten holm oak
naked seeds or acorns were desiccated by equilibration over
K2CO3 (45 % RH) and NH4NO3 (62 % RH) saturated solutions
for 20 d in the dark as previously described (Dussert et al.,
2000). Dehydration rates were measured at 25 �C, a tempera-
ture close to maximal temperatures frequently observed in situ
(at the Puéchabon site) in March and April. Water loss was as-
sessed gravimetrically on a daily basis.

Statistical analyses and structural equation modelling

Correlations between environmental variables and seed water
content were analysed by linear regression using Pearson’s cor-
relation coefficient. A significance threshold of P¼ 0�01 was
retained. The effects of environmental variables on seed water
content were also tested using linear models. For each model
tested, a year effect was added, to take into account the fact that
measures were repeated in two consecutive years.

Principal component analysis (PCA) was used to analyse the
respective contributions of mesoclimatic and microtopographic
variables to the variation in seed water content and viability. A
structural equation model (SEM; Mitchell, 1992) was used to
test for possible causal links within the transient soil seed bank
system, and especially to investigate whether seed viability was
related to explanatory variables such as climate. For each sepa-
rate year (2012 and 2013), we explored whether seed survival
was explained by the relationships between seed water content
and climate variables (rainfall and solar incident radiation).
Since climatic conditions were highly contrasted between the
2011–2012 and 2012–2013 winter seasons, we aimed at testing
whether the contributions of environmental variables display
interannual variations. Furthermore, we also tested the impor-
tance of seed mass in the model, or whether the pericarp:seed
mass ratio explained differences in seed desiccation better.
Note that pericarp:seed mass ratio data were not available
in 2012; therefore, we were only able to test a simple model.
We used two SEM ‘goodness of fit’ measures, the standard v2

test and also the Bentler’s comparative fit index (CFI; Bentler,
1990), for which a model is regarded as acceptable if the
CFI exceeds 0�93 ((Byrne, 1994). All analyses were carried
out with R statistical software (R Core Team, 2014). SEM
analysis was conducted with the R package lavaan (Rosseel,
2012).

RESULTS

Influence of climate and microsite factors on post-winter seed
water content and survival

Interannual variability of cumulative winter rainfall was very
high: the 2011–2012 winter was the driest winter in Languedoc
since rainfall has been recorded (approx. 100 years), whereas
the 2012–2013 winter was mild and wet, with rainfall exceed-
ing seasonal norms. Relationships between seed water content

and environmental factors were analysed by linear regression
(Fig. 1). A highly significant (P< 10–3) positive correlation
was observed between seed water content and winter cumula-
tive rainfall from December to March, without any significant
interannual effect on the slope (Supplementary Data Table S2).
This climate variable explained a significant proportion (50 %)
of variance for seed water content (Fig. 1A). Independently of
cumulative rainfall, seed water status was also affected by the
duration of the drought (Fig. 1B), but with a significant interan-
nual variation (Table S2). Finally, microhabitat features includ-
ing canopy openness (site factor) and amount of direct solar
radiation reaching the transient soil seed bank appeared to have
an influence on seed water content (Fig. 1C, with significant
variation between years as shown in Table S2). Such an effect
appeared to be additive to that of other dominant effects since
fitted lines for the two consecutive surveys displayed similar
slopes with a y-intercept offset.

To examine the respective contribution of all climate and mi-
crohabitat variables to seed status after winter, all the variables
were analysed by PCA. The four main principal components
(PC1–PC4) explained 78�5 % and 69�7 % of the variance of the
whole data set for winter 2011–2012 and winter 2012–2013, re-
spectively (Supplementary Data Table S3). Variances of seed
viability and water content were mainly explained by PC1 and
PC3; these two components accounted for 48�4 and 37�8 % of
the overall variance, respectively, in 2012 and 2013 (Fig. 2).
Independently of the winter season analysed, seed viability and
water content vectors were collinear. The correlation circles
demonstrate that the mesoclimate variables shown to influence
seed water content individually (i.e. cumulative rainfall and
drought duration, as assessed by linear regression, see above)
mainly contributed to PC1, while a microhabitat parameter
such as incident solar radiation was associated with PC3. These
key findings suggest that both climate and microhabitat features
are required to explain between-site variation in seed survival.

Although PCA is useful to identify covariations between eco-
logical factors and seed status, it cannot be used to detect
whether there is a particular structural organization among vari-
ables, such as cause–effect relationships. An SEM was thus
used to test the fit of data to prior causal hypotheses concerning
the functioning of the transient soil seed bank system. The first,
and simplest, hypothesized model included only one key factor
for climate (rainfall) and one for microhabitat (incident solar ra-
diation). This model fitted the data well [P(v2)> 0�647;
d.f.¼ 13; CFI¼ 0�99], with all paths being significant
(Fig. 3A). A more complex theoretical structure, including ad-
ditional factors, also fitted the data well [P(v2)> 0�325;
d.f.¼ 11; CFI¼ 0�987], but was not retained since other paths
from maximum temperature to seed water content, and from
drought stress index (maximum number of consecutive days
without rainfall) to seed water content, were not significantly
different from zero (Supplementary Data Fig. S1). Similarly, no
significant effect was detected for soil texture or litter biomass
(data not shown). Structural equation modelling therefore con-
firmed that seed survival and seed water content were under rel-
atively simple controls when approached at the seasonal time
scale. Indeed, using the 2012–2013 data set, 46 % of the vari-
ance of seed water content (i.e. r2¼ 0�46) was explained by
rainfall, incident radiation and seed coat ratio, while 50 % of
the variation in seed survival was explained by seed water
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content and seed mass (whereby seed survival increased with
seed mass; Fig. 3A). The final structural model explained 50 %
of the variation in seed survival (estimated by germination rate)
during the wet 2012–2013 winter, and 70 % of the variation
during the dry 2011–2012 winter (Fig. 3B). The influence of
incident solar radiation on seed survival was consequently quite
low in the 2011–2012 dry winter, whereas rainfall was the main
limiting factor and the influence of rainfall was therefore
greater in the 2011–2012 dry winter than during the wet 2012–
2013 winter. Finally, the SEM supported a slight indirect causal
relationship between seed mass and seed survival through sub-
tle changes in the seed:seed coat ratio (Fig. 3A). The negative
relationship between seed water content and pericarp:seed ratio
suggests a trade-off between seed mass and pericarp mass,
small seeds being copiously coated. However, the direct effect
of seed mass was limited, and did not reach significance in the
dry 2011–2012 winter season (Fig. 3B).

Kinetics of dehydration under controlled conditions

Visualized by the decrease in fresh mass, the dehydration ki-
netics of both acorns and naked seeds fitted a simple exponen-
tial decay function (Supplementary Data Fig. S2A). Fresh
Holm oak acorns equilibrated relatively quickly with environ-
mental moisture under these adverse conditions (i.e. low rela-
tive humidity and warm temperatures) which are relatively
frequently observed in March–April in Mediterranean regions.
The time required to reach the critical water content (WC50 val-
ues of approx. 30 %, i.e. the seed water content at which half of
the initial viability is lost; Joët et al., 2013) was 2�5 and 3�5 d
for naked seeds at 43 and 62 % RH, respectively, while peri-
carp-protected seeds reached this critical value after 11 and
14 d, at 43 and 62 % RH, respectively (Fig. S2B). These results
highlight the fact that the pericarp is relatively water permeable
and does not provide efficient long-term protection against
desiccation.

Seed water content and survival over the course of the season

The experimental site was characterized by a mild and rainy
winter during the first monitoring period, from 1 December
2012 to 15 April 2013 (Fig. 4C, I). The rainfall pattern was rela-
tively regular, with a maximum of only six consecutive days

without rain, and rain fell on half the 136 monitored days.
Moreover, the rainfall record was exceptionally high (with
365 mm in March), including five rainfall events with >40 mm
rainfall per day. As a result, the relative water content (RWC)
of the superficial soil layer remained high (Fig. 4K), oscillating
between 50 and 100 % of the soil retention capacity. It is worth
noting that even small rainfall events (5–10 mm) had noticeable
impacts on the superficial soil water content, maintaining
favourable humidity conditions in the vicinity of the soil seed
bank. In parallel, the vapour pressure deficit (VPD) of the atmo-
sphere remained low but stable throughout the season (Fig. 4E),
as did the PET, a synthetic variable which reflects the energy
available to evaporate water by including temperature, solar ra-
diation, wind and VPD (Fig. 4G). These winter climate condi-
tions were highly favourable for the transient soil seed bank
located in the forest understorey. Indeed, seed water content re-
mained relatively stable, oscillating between 36�5 and 43�2 %.
The seed survival remained unchanged for most of the monitor-
ing period (survival rate >95 %), followed by only a 10 % drop
during the last 2 weeks, which were the warmest (Fig. 4M).
Substantial in situ germination was observed. The onset of in
situ germination coincided with a major rainfall event at the
end of January, while the maximal germination rate was
observed after the major rainfall events in March (asterisks in
Fig. 4O). The final germination reached 50 %. Much lower
seed survival and germination were observed in the soil seed
bank located in the open microhabitat (exposed to the sun) than
in the forest understorey. There, despite the favourable climatic
conditions, germination was only half that observed in shady
conditions (25 % final germination) while survival was criti-
cally affected and decreased to around 30 % (data not shown,
Supplementary Data Table S1).

The second monitoring period, from 1 December 2013 to 15
April 2014, was characterized by far less rainfall than the first
monitoring period (Fig. 4J). March was particularly dry
(5�4 mm), with up to 17 consecutive days without rain. This re-
sulted in low soil RWC that ranged from 24�8 to 56�7 % of the
soil retention capacity (Fig. 4L). The driest warmest periods
were associated with high values of VPD and PET, which
peaked in April (Fig. 4F, H). Consequently, seed water content
gradually decreased and fell below WC50 values (approx. 30 %;
Joët et al., 2013; Fig. 4N). These climatic conditions were ex-
tremely detrimental for seed survival, which was zero in the
sunny open microhabitat (Supplementary Data Table S1) and
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FIG. 1. Correlations between the seed water content of Quercus ilex seeds collected in 33 woodlands in the South of France in spring 2012 (filled circles) and in
spring 2013 (open circles), and winter climatic parameters used to describe the intensity and length of drought events: rainfall (A) and number of days without rain
(B). Descriptors of microhabitat including direct solar radiation (MJ m–2 d–1) are also presented (C). R and P are Pearson’s linear correlation coefficient and probabil-

ity of significance, respectively.
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was as low as 15 % in the forest understorey in the final stages
(Fig. 4P). These dry conditions also prevented the seeds from
germinating in either microhabitat.

Seed water dynamics and effects of climate variables

The regular rainfall events during the first monitoring period
(winter 2012–2013), and the subsequent refilling to levels close

to maximum soil water retention capacity, made it possible for
us to compare changes (in amplitudes and in dynamics) in wa-
ter content in the different compartments of the experimental
system: the superficial soil layer in the close vicinity of the soil
seed bank (Fig. 4K), in the pericarp and in the seed itself
(Fig. 4M). Over this exceptionally rainy winter period, the coef-
ficient of variation in soil water content (13�8 %) was higher
than that in the pericarp (8�5 %) and much higher than that in
the seed itself (4�1 %). These variations in the amplitude of wa-
ter content suggest that water exchanged between the seed and
the atmosphere is significantly buffered by the pericarp barrier
compared with water exchange rates of the superficial soil.
However, the three rainfall events with >40 mm rainfall per
day in mid-December, mid-January and at the beginning of
March had a major impact not only on soil RWC and on peri-
carp water content, but also on the seed water content (arrows
in Fig. 4I, K, M). This result suggests relatively rapid water ex-
changes between the seed and its environment, with significant
water uptake in the first few days after a rainfall event. The sec-
ond monitoring period (winter 2013–2014) was exceptionally
dry and enabled us to identify the dynamics of soil and seed wa-
ter losses (Fig. 4L, N). The driest, warmest episodes (high PET
values, arrows in Fig. 4H) were associated with rapid marked
decreases in soil RWC as well as seed water content (arrows in
Fig. 4L, N), with a decrease of >1 % d–1 in seed water content
(approx. 3�5 % RWC), linked with decreases in seed viability
levels (arrows in Fig. 4P). However, as mentioned above, the
coefficient of variation in soil water content (23�1 %) was
higher than that observed for pericarp (9 %) and seed (10�4 %),
confirming that water losses from the seed, which was partially
protected by the pericarp, were slower than from the superficial
soil layer.

The marked climatic variations between the two consecutive
winter seasons provided suitable conditions to identify the main
environmental drivers of seed desiccation using bivariate analy-
sis and linear regression between seed water content and cli-
mate factors (Table 1; see Supplementary Data Table S4 for
correlations computed for each annual data set). First, it is
worth noting that the pericarp and seed water content were
clearly correlated with soil water content. Among climate vari-
ables, maximum temperature, total solar radiation, VPD and
PET had the most highly significant (P< 0�001) negative corre-
lations with both pericarp and seed water content (Table 1;
Table S4), suggesting that they are directly (environmental
drivers) or indirectly (covariables associated with the environ-
mental drivers) involved in seed water loss. These correlations
were observed in acorns placed on the ground in both micro-
habitats, but Pearson coefficients were significantly higher in
sunny open microhabitats than in the understorey. To better un-
derstand water exchanges, seed water balance (i.e. the net water
gain or loss between two consecutive sampling campaigns) was
also calculated and correlations with climatic data analysed
(Table 1). Among climatic factors, only VPD and PET were
also correlated at a highly significant level (P< 0�001) with the
seed water balance, suggesting a simple nearly straight-line re-
lationship between these environmental drivers and the rate of
seed water evaporation (Fig. 5). Seed water content appears to
be a balance between water uptake after a rainfall event and
water loss driven by evaporative demand during dry periods.
Indeed, an integrative view was obtained using the water
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balance (difference between precipitation and PET) (Fig. 5).
Seed water content decreased progressively when the evapora-
tive demand was greater than rainfall (negative water balance).
Conversely, when the water balance was positive, seed water
content stabilized at around 40 %, a fully hydrated state
(Fig. 5). Similar trends were observed using seed net water gain
or loss (Fig. 5).

DISCUSSION

In consecutive years with contrasted precipitation in winter, the
time-course monitoring of seed water status in natural condi-
tions enabled the identification of key environmental drivers of
seed dehydration. Seed water losses were satisfactorily de-
scribed using the integrative variable PET, which represents the
environmental demand for evaporation. Seed water status is

therefore under relatively simple controls, and can be repre-
sented by the balance between water uptake after rainfall and
water loss during dry periods. Monitoring the seed water status
during the winter season also enabled us to identify the critical
periods for seed survival. PET, the proximal cue for seed water
status, was most influenced by solar radiation and high temper-
atures, which both reach the maximum in spring. Indeed, during
drought spells of similar length, the intensity of stress experi-
enced by Holm oak acorns was higher in March–April than ear-
lier during the winter period. Our data therefore highlighted the
March–April period as a critical time window for seed survival,
since regular significant rainfall was required to prevent seed
dehydration and to trigger in situ germination. It is worth men-
tioning that, during this period, only a few warm sunny days
sufficed to cause water loss at rates that are critical for seed sur-
vival. The highest rate of water loss observed in natural condi-
tions (a decrease of 1 % d–1 in seed water content) is close to
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CFI = 0·99

P > 0·486
CFI = 0·99

Pericarp-seed ratio
r 2 = 0·54 Seed mass

Seed mass

Seed water content
r 2 = 0·46

Seed water content
r 2 = 0·44

Survival (germination proxy)
r 2 = 0·50

Survival (germination proxy)
r 2 = 0·70

Survival (Normal seedling)
r 2 = 0·96

Survival (Normal seedling)
r 2 = 0·88

–0·732

–0·210

–0·546

–0·198 (ns)

2011–2012

2012–2013A

B

0·066 (ns)

0·940

0·856

–0·296

–0·074

0·499

0·651

0·980

0·283

0·112

0·275

FIG. 3. Structural equation models of the influence of the selected explanatory variables on seed survival in transient soil banks. The best and simplest model derived
from data acquired in 2012–2013 (A). P(v2)> 0�647; d.f.¼ 13; comparative fit index (CFI)¼ 0�99. The part of the variance explained by the model (r2) is given un-
der the variable name. Path coefficients between variables are standardized partial regression coefficients. Line widths are proportional to the standardized path coef-
ficients. All paths shown are significant. Positive and negative effects are represented by black and grey arrows, respectively. Direct paths are shown with straight
single-headed arrows, whereas correlations are shown with dotted double-headed lines. Structural equation models for seed survival in transient soil banks derived

from data acquired in 2011–2012 (B). P(v2)> 0�486; d.f.¼ 15; CFI¼ 0�99.
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and even higher than maximal rates observed in fresh mature
fruits under experimental equilibration drying conditions at
60 % RH, 25 �C (Supplementary Data Fig. S2). Such differ-
ences suggest that the pericarp barrier becomes more permeable
to water exchanges over the course of the winter season due to
deterioration, as already suggested in other oak acorns (Xia
et al., 2012). Finally, time-course monitoring of seed water sta-
tus in two different locations, i.e. the forest understorey and
open sun-exposed conditions, further demonstrated the influ-
ence of microhabitat conditions on seed water status, the rate of
water loss being significantly higher in open sunny conditions.
Conversely, one may hypothesize a lower rate of water loss for
locally dispersed seeds that have been cached in the litter or
buried in the soil by rodents. However, our study clearly estab-
lished a highly significant correlation (r2¼ 0�77; P< 10–4) be-
tween the water content of the superficial soil layer (0–5 cm)
and that of seeds on the ground. Therefore, the water loss dy-
namics of cached seeds should be driven by the same climate
proxies (i.e. PET and water balance) as unburied ones.

The seed sampling campaign conducted at the end of winter
throughout the French distribution range of Holm oak enabled
the fine characterization of explanatory factors for seed water
status and survival at the microsite level. Several microsite de-
scriptors including soil texture and litter biomass were found to
have little influence on seed water content, suggesting a rather
limited effect of seed caching in the litter on the water status
and fate of Holm oak seeds. In contrast, the openness of the
canopy (site factor) and, consequently, the direct incident radia-
tion on the ground were found to be of utmost importance.
Direct incident radiation explained most of the seed water con-
tent variance associated with microsite characteristics. Seed wa-
ter status and survival in natural conditions was explained
through very few ecological correlates, the most important ones
being rainfall and incident solar radiation. These are major

contributors to the water balance, the proximal cue that best ex-
plained variations in seed water content during time-course
monitoring of the seeds. The relative contributions of climatic
and microsite factors were subject to strong interannual varia-
tions depending on the winter climate scenario concerned. The
harsh climatic conditions in the 2011–2012 winter, with excep-
tional drought spells, resulted in high seed mortality throughout
the French area of distribution of the species. Under these con-
ditions, climate explained most of the between-site variation in
seed survival, and microhabitat features explained most of the
residual part. Indeed, seed survival was mostly associated with
a few sites with highly favourable microhabitat characteristics
including low incident radiation. On the other hand, under the
more favourable climate conditions in the 2012–2013 winter,
seed mortality was associated with harsh microhabitat condi-
tions. Our findings on Holm oak transient soil seed banks cor-
roborate the results of an increasing number of studies which
established the crucial importance of the microhabitat for Holm
oak seed germination, seedling survival and growth (Gómez
et al., 2004; Monnier et al., 2012; Perez-Ramos et al., 2012,
2013), as well as of biotic interactions through facilitation
(Cuesta et al., 2010; Muhamed et al., 2013).

This study also highlighted the role of seed mass in promot-
ing seed survival up to the end of the winter season. Seed mass
has long been recognized as a key plant functional trait which
defines a species’ ecological strategy (Westoby, 1998), affects
seedling survival in particular (Moles and Westoby, 2004) and
even influences species distribution (Morin and Chuine, 2006).
Our results confirmed the role of seed mass in seedling survival
in Holm oak. However, our results also showed that seed mass
is less important than water content. This suggests that common
functional traits alone cannot always explain fine physiological
processes at the intraspecific level, but need to be completed by
other eco-physiologically appropriate measurements. In that

TABLE 1. Correlation matrix between pericarp water content, seed water content and seed water balance, and climatic factors for
acorns monitored on a weekly basis at the Puéchabon site during the two consecutive winter seasons 2012–2013 and 2013–2014

(n¼ 30)

Forest understorey Sunny conditions

Pericarp WC Seed WC Seed water
balance

Pericarp WC Seed WC Seed water
balance

T (�C) –0�67 –0�59 –0�43 –0�66 –0�68 –0�38
Tmin (�C) –0�32 –0�30 –0�10 –0�25 –0�33 –0�00
Tmax (�C) –0�79 –0�67 –0�52 –0�81 –0�77 –0�52

T soil (�C) –0�74 –0�71 –0�44 –0�70 –0�78 –0�38
RH (%) 0�49 0�42 0�52 0�54 0�44 0�58

RH min (%) 0�65 0�52 0�58 0�73 0�59 0�67

RH max (%) 0�21 0�23 0�33 0�14 0�15 0�37
SR (MJ m–2) –0�77 –0�62 –0�55 –0�90 –0�80 –0�63

Wind (m s–1) 0�59 0�48 0�20 0�59 0�53 0�21
VPD –0�77 –0�68 –0�62 –0�82 –0�78 –0�68

Rain (mm week–1) 0�51 0�46 0�50 0�38 0�32 0�36
Soil RWC (%) 0�88 0�88 0�37 0�72 0�76 0�30
PET (mm d–1) –0�86 –0�80 –0�59 –0�90 –0�88 –0�66

Water balance (rainfall – PET) 0�57 0�51 0�56 0�45 0�40 0�44
Water balance (negative values; n¼ 22) 0�51 0�41 0�69 0�66 0�64 0�84

Seed water balance is the net water gain or loss between two consecutive sampling campaigns.
R¼Pearson’s linear correlation coefficients. R-values in bold are P-values< 0�01, and underlined R-values are P-values< 0�001.
PET, potential evapotranspiration; RH, relative humidity; RWC, relative water content; SR, solar radiation; T, temperatures; VPD, vapour pressure deficit;

WC, water content.
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sense, the seed:seed coat ratio and the degree of sensitivity to
desiccation are interesting proxies (and are complementary to
seed mass) for non-orthodox seed survival (e.g. Daws et al.,
2006; Hill et al., 2012).

For long-lived species such as Holm oak, a low regeneration
rate by seeding could be balanced by long-term maintenance of
established plants and vegetative reproduction (Garcia and
Zamora, 2003). However, a long-standing increase in the fre-
quency of prolonged drought spells in winter and spring and a
rise in temperatures are likely to compromise the regeneration
of temperate non-orthodox seed species in certain areas. The
sensitivity of plants to environmental changes when they are in
their early developmental stages makes regeneration the most
critical stage for survival in a Mediterranean-type community
(Lloret et al., 2004; Perez-Ramos et al., 2013). However, the
seed and seedling stages are currently rarely taken into account
in species distribution models [both correlative (e.g. Thomas
et al., 2004) and process-based models (e.g. Morin et al.,
2007)] used to predict shifts in species ranges in response to

climate change. There is thus an urgent need to estimate the
role of seed desiccation sensitivity in the processes which deter-
mine the distribution of individual tree species, i.e. to define the
combination of climate regimes and microhabitat conditions
which exceed the environmental tolerance of Holm oak seeds.
The present study is the first step towards this goal, as it
advances our understanding of the climatic drivers of seed
survival. Moisture availability and drought intensity have al-
ready been shown to have a major influence on the distribution
of plant species and plant community structure in various bi-
omes (Silvertown et al., 1999; Engelbrecht et al., 2007).
Whether the sensitivity of seeds to desiccation is a key
functional trait, that also plays a role in shaping species distri-
bution, remains to be determined. This role should be better
studied and integrated since, in a similar vein, the minimum
temperature required for seed germination has recently been
proposed as a direct proxy for predicting plant species distribu-
tion ranges along a temperature gradient (Rosbakh and
Poschlod, 2015).
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SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: seed mass
and water content, and percentages of germination and of nor-
mal seedling development in different batches of Quercus ilex
acorns. Table S2: effect of rainfall, number of days without rain
and direct solar radiation, as well as their interannual variation,
on the water content of Quercus ilex seeds. Table S3: correla-
tion of the first four principal components resulting from princi-
pal component analysis of the whole data set with individual
seed traits, climatic and microtopographic variables. Table S4:
correlation matrix between pericarp, seed water content, seed
water balance and climatic factors for acorns monitored on a
weekly basis in the Puéchabon site during the two consecutive
winter seasons 2011–2102 and 2012–2013. Figure S1: struc-
tural equation models of the influence of the selected explana-
tory variables on seed survival in transient soil banks. Figure
S2: time to seed desiccation in controlled conditions.
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Joët T, Ourcival JM, Dussert S. 2013. Ecological significance of seed desicca-
tion sensitivity in Quercus ilex. Annals of Botany 111: 693–701.

Le Houerou HN. 1981. Impact of man and his animals on mediterranean vegeta-
tion. In: F Di Castri, DW Goodall, RL Specht, eds. Mediterranean-type
shrublands. Amsterdam: Elsevier, 479–521.

Leon-Lobos P, Ellis RH. 2002. Seed storage behaviour of Fagus sylvatica and
Fagus crenata. Seed Science Research 12: 31–37.

Lloret F, Penuelas J, Estiarte M. 2004. Experimental evidence of reduced di-
versity of seedlings due to climate modification in a Mediterranean-type
community. Global Change Biology 10: 248–258.

Long RL, Gorecki MJ, Renton M, et al. 2015. The ecophysiology of
seed persistence: a mechanistic view of the journey to germination or
demise. Biological Reviews of the Cambridge Philosophical Society 90:
31–59.

Millar CI, Stephenson NL, Stephens SL. 2007. Climate change and forests of
the future: managing in the face of uncertainty. Ecological Applications 17:
2145–2151.

Mitchell RJ. 1992. Testing evolutionary and ecological hypotheses using path
analysis and structural equation modelling. Functional Ecology 6: 123–129.

Mok HF, Arndt SK, Nitschke CR. 2012. Modelling the potential impact of
climate variability and change on species regeneration potential in the
temperate forests of South-Eastern Australia. Global Change Biology 18:
1053–1072.

Moles AT, Westoby M. 2004. Seedling survival and seed size: a synthesis of the
literature. Journal of Ecology 92: 372–383.

Monnier Y, Prevosto B, Ripert C, Corbani AC, Fernandez C. 2012. Forest
microhabitats differentially influence seedling phenology of two co-existing
Mediterranean oak species. Journal of Vegetation Science 23: 260–270.

Morin X, Augspurger C, Chuine I. 2007. Process-based modeling of species’
distributions: what limits temperate tree species’ range boundaries? Ecology
88: 2280–2291.

Morin X, Chuine I. 2006. Niche breadth, competitive strength and range size of
tree species: a trade-off based framework to understand species distribution.
Ecology Letters 9: 185–195.

Muhamed H, Touzard B, Le Bagousse-Pinguet Y, Michalet R. 2013. The
role of biotic interactions for the early establishment of oak seedlings
in coastal dune forest communities. Forest Ecology and Management 297:
67–74.

Ooi MKJ. 2012. Seed bank persistence and climate change. Seed Science
Research 22: S53–S60.

Ooi MKJ, Auld TD, Denham AJ. 2009. Climate change and bet-hedging: inter-
actions between increased soil temperatures and seed bank persistence.
Global Change Biology 15: 2375–2386.

Perez-Ramos IM, Urbieta IR, Zavala MA, Maranon T. 2012. Ontogenetic
conflicts and rank reversals in two Mediterranean oak species: implications
for coexistence. Journal of Ecology 100: 467–477.

Perez-Ramos IM, Rodriguez-Calcerrada J, Ourcival JM, Rambal S. 2013.

Quercus ilex recruitment in a drier world: a multi-stage demographic
approach. Perspectives in Plant Ecology Evolution and Systematics 15:
106–117.

Pritchard HW, Daws MI, Fletcher BJ, Gamene CS, Msanga HP, Omondi

W. 2004. Ecological correlates of seed desiccation tolerance in tropical
African dryland trees. American Journal of Botany 91: 863–70.

R Core Team. 2014. R: a language and environment for statistical computing. R
Foundation for Statistical Computing. Vienna, Austria.

Roberts EH. 1973. Predicting the storage life of seeds. Seed Science and
Technology 1: 499–514.

Robledo-Arnuncio JJ, Klein EK, Muller-Landau HC, Santamaria L. 2014.

Space, time and complexity in plant dispersal ecology. Movement Ecology
2: 1–17.
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