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Mast seeding under increasing drought: results from a long-term
data set and from a rainfall exclusion experiment
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Abstract. Mast seeding, the synchronous, highly variable seed production among years, is
very common in tree species, but there is no consensus about its main causes and the main
environmental factors affecting it. In this study, we first analyze a long-term data set on
reproductive and vegetative growth of Quercus ilex in a mediterranean woodland in order to
identify the main environmental drivers of interannual variation in flower and seed production
and contrast the impact of climate vs. adaptive factors as main causes of masting. Second, we
conducted an experiment of rainfall exclusion to evaluate the effects of an increasing drought
(simulating predictions of global change models) on both reproductive processes. The annual
seed crop was always affected by environmental factors related to the precipitation pattern,
these abiotic factors disrupting the fruiting process at different periods of time. Seed
production was strongly dependent upon water availability for the plant at initial (spring) and
advanced (summer) stages of the acorn maturation cycle, whereas the final step of seed
development was negatively affected by the frequency of torrential-rain events. We also found
clear evidence that seed masting in the study species is not only regulated by selective
endogenous rhythms, but is mainly a physiological response to the variable environment. Our
results from the rainfall exclusion experiment corroborated the conclusions obtained from the
26-year fruiting record and demonstrated that the high interannual variation in seed crop was
mainly determined by the success in seed development rather than by the flowering effort.
Under a global change scenario, it could be expected that the drier conditions predicted by
climate models reinforce the negative effects of summer drought on seed production, leading
to negative consequences for tree recruitment and forest dynamics.

Key words: abortions; acorn production; economy-of-scale hypothesis; global change; masting cycles;
Puéchabon State Forest, southern France; Quercus ilex; resource-matching hypothesis; water stress.

INTRODUCTION

Mast seeding, the synchronous, highly variable seed

production among years, is very common in tree species

(Silvertown 1980, Kelly 1994, Koening and Knops

2000). This phenomenon implies several costs for

reproduction by reducing recruitment opportunities in

years with low seed crops (Waller 1993) and likely by

increasing density-dependent seedling mortality during

mast years (Hett 1971). Therefore, the evolutionary

selection of this reproductive strategy should provide

counteracting benefits for the plant (Kelly et al. 2001).

Although there is no consensus about these main

benefits, the pollination efficiency (Nilsson and Wästl-

jung 1987, Norton and Kelly 1988, Smith et al. 1990,

Kelly et al. 2001) and the predator satiation hypotheses

(Janzen 1971, Silvertown 1980, Kelly and Sullivan 1997)

seem to be the most prominent explanations, supported

by the results of many studies exploring mast seeding in

several tree species (e.g., Kelly 1994, Koening et al. 1994,

Monks and Kelly 2006, Kelly et al. 2008).

Interannual variability in resource supply and envi-

ronmental conditions is clearly involved in mast seeding,

but the exact nature of this involvement is not

completely understood (Kelly and Sork 2002). On one

hand, the resource-matching hypothesis states that

plants adapt their reproductive effort to the current

available resources (strongly dependent upon climate

conditions), with no need of adaptive value (Kelly

1994). On the other hand, the authors supporting

masting as a selective response to processes such as

wind pollination or predator satiation (the economy-of-

scale hypothesis) postulate that environmental factors or

resources only act as synchronizing cues for individual

plants, driving high and low seed crops at regular

periods of time (Janzen 1971, Norton and Kelly 1988).

The best demonstration that mast seeding is an evolved

reproductive strategy and not only the result of the

available resources for the plant is the presence of

‘‘switching’’ between growth and reproduction (Kelly

and Sork 2002), that is, the diversion of resources

toward reproduction in some years and toward vegeta-
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tive growth in others (Norton and Kelly 1988). In the

case that a masting plant species is merely responding to

the variable and unpredictable environment (‘‘putative’’

masting), both reproduction and growth should be

favored in good years, whereas both processes would be

depleted in years with limiting resources (Monks and

Kelly 2006). In nature, cases of ‘‘putative’’ masting are

very rare (e.g., Despland and Houle 1997), resource

switching being a more frequent event (e.g., Norton and

Kelly 1988, Alley et al. 2001, Monks and Kelly 2006).

However, there are very few published examples that

test strictly resource switching, especially in low-

productivity ecosystems such as mediterranean wood-

lands.

Among the environmental variables identified as

regularizing mast seeding and flowering, temperature

(Sork et al. 1993, Masaka and Sato 2002, Schauber et al.

2002) and precipitation (Piovesan and Adams 2001,

Abrahamson and Layne 2003) have been the most

thoroughly reported factors. Nevertheless, underlying

mechanisms that alter resource allocation to reproduc-

tion in response to interannual fluctuations of these key

factors are still unknown. In mediterranean woodlands,

where soil water availability is one of main limiting

resources for plants, we hypothesize that water limita-

tion is the key factor driving interannual variability in

seed production of Quercus species, as has been recently

demonstrated by Espelta et al. (2008) in a mediterranean

oak forest located in northeast Spain.

Mediterranean-type ecosystems are predicted to be

among the most vulnerable to climate change due to an

intensification of their already limiting conditions for

plant regeneration (Christensen et al. 2007). Global

change models predict increasing aridity for the medi-

terranean area, summer drought being expected to

increase in severity (Peñuelas et al. 2004, Christensen

et al. 2007). This increasing drought may negatively

affect seed production in dominant tree species by

reducing the size of the annual seed crop and/or likely by

disrupting the environmental cues that synchronize

plants for masting (McKone et al. 1998). Other

manipulative studies have examined reproductive re-

sponses to altered rainfall in herbaceous species (e.g.,

Kadmon 1993, Fay et al. 2000). However, the impact of

increasing drought on initial stages of regeneration such

as flowering and seeding has not been experimentally

evaluated in tree species, particularly of mediterranean

ecosystems.

In this study, we first present the results of a long-term

26-year data set on reproductive and vegetative growth

of Quercus ilex in a mediterranean woodland located in

southern France in order to determine whether mast

seeding and flowering are more consistent with the

resource-matching hypothesis or the economy-of-scale

hypothesis. Based on our initial hypothesis stating water

limitation as a key factor that drives masting in the

studied species, we also conducted a rainfall exclusion

experiment to evaluate the effects of an increasing

drought (anticipating predictions of global change

models) on both reproductive processes. Specifically,
the main objectives of this ambitious study were: (1) to

explore the existence of cyclical patterns in flower and
seed production; (2) to identify which environmental

factors or resources better explain the interannual
variation in both processes; (3) to test the adaptive vs.
the nonadaptive hypotheses for masting; (4) to examine

the impact of increasing drought on flower and seed
production in a manipulative experiment that altered

soil water availability under natural conditions; and (5)
to discuss the ecological implications of these findings

for oak regeneration under current and future environ-
mental scenarios.

MATERIALS AND METHODS

Study area

The study site is located 35 km northwest of
Montpellier, southern France, on a flat plateau in the
Puéchabon State Forest (3835 04500 E, 43844 02900 N,

elevation 270 m). This forest has been managed as a
coppice for centuries, but the last clearcut was per-

formed in 1942. Vegetation is largely dominated by a
dense overstory of Quercus ilex evergreen oak, with a

mean canopy height of ;5.5 m. In January 2009, the
density of the resprouted stems was 6195 stems/ha,

stems with a dbh (measured at 1.3 m above the ground
surface) , 4 cm represented 12% of the total, whereas

those with dbh . 10 cm represented 12.5%. The
understory, dominated by Buxus sempervirens, Phyllirea

latifolia, Pistacia terebinthus, and Juniperus oxycedrus,
composes a sparse shrubby layer with a percent cover

,25% and a height ,1.5 m.
Climate is mediterranean, with cool, wet winters

alternating with warm, dry summers. Rainfall occurs
mainly during autumn and winter, with ;80% between

September and April. Mean annual precipitation ranges
from 550 to 1549 mm (mean of 901 mm over the

previous 26 years). Mean annual temperature varies
from 11.58 to 14.18C (mean of 13.18C over the same
period). Bedrock is dominated by Jurassic limestones,

which are covered by a very shallow soil with a high
percentage of clays and a high volumetric rock content:

75% in the first 50 cm and 90% for the whole soil profile
(Rambal et al. 2003).

Sample collection over 26 years

In 1983, a total of 26 circular plastic traps (diameter
0.41 m) were randomly distributed beneath the Quercus

ilex canopy in an area totalling 314 m2. Traps were 0.7 m
in height to avoid post-dispersal seed removal by

mammals (the main acorn predators at the study area;
I. M. Pérez-Ramos, J. Rodrı́guez-Calcerrada, J. M.

Ourcival, and S. Rambal, unpublished data). Small holes
were drilled at the bottom of each trap to facilitate
draining of throughfall water. The leaf area index (LAI)

over the traps, estimated in 2008 by means of a leaf area
meter (LAI 2000; LI-COR, Lincoln, Nebraska, USA),
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varied from 1.97 to 3.58 (2.91 6 0.39 [mean 6 SE]). The

minimum distance between traps was 6 m.

Trap content was periodically collected: at least three

times per year from 1983 to 1999 and monthly from

2000 to 2008. In the laboratory, all samples were sorted

into male flower and acorn fractions. Wood debris and

leaf fractions have not been considered for this study.

Each fraction was oven-dried at 608C for 48 h and

weighed to the nearest 0.0001 g. Female flowers and

acorns were grouped together due to the difficulty of

determining when a female flower was successfully

fertilized. For the last nine-year period, all the collected

seeds from the beginning of July to the end of September

were mal- or not completely developed and so were

separated from the mature seeds and considered aborts.

Radial stem growth was used as a representative

measure of vegetative growth. This variable was

calculated from yearly recorded dbh of 68 Q. ilex trees

(with dbh . 2 cm), covering a total area of ;100 m2 at

the same study plot where the traps were placed. For

comparative purposes between reproductive and vege-

tative growth, radial stem growth was expressed as the

annual increment of dry wood biomass per unit of area,

using an allometric equation previously reported at the

study area (Rambal et al. 2004).

Environmental factors

Four environmental variables were recorded daily

during the study period: air temperature (maximum and

minimum), rainfall, net radiation, and wind velocity.

Mean daily temperature was estimated as the average of

maximum and minimum values. Incident precipitation,

air temperature, and net radiation were measured in a

clearing 300 m apart from the experiments since 1983.

Precipitation was measured with a tipping bucket rain

gauge (ARG100; Environmental Measurements, Sun-

derland, UK) calibrated to 0.2 mm per tip and placed 1

m above the ground surface; air temperature was

recorded with an MP100 sensor (Rotronic, Bassersdorf,

Switzerland) at 2 m in height; and net radiation was

measured with a pyranometer (SKS1110; Skye Instru-

ments, UK) at 2 m above the ground surface. Wind

velocity was measured using a three-dimensional sonic

anemometer (Solent Model R3A; Gill Instruments,

Lymington, UK) at a height of 11 m from a tall

scaffolding tower, located ;5 m higher than the

dominant trees. Data for the last variable are only

available since October of 1998.

From each variable, we derived 13 abiotic factors

taking into account the critical periods for flower and

fruit development: annual mean values for the current

and the previous year (following the natural period

between two reproductive cycles; from July to June for

flowering and from April to March for seeding), mean

values for spring, summer, and autumn and mean

monthly values during these seasons. For each period of

time (annual, seasonal, and monthly), we also calculated

four other variables that could have an influence on

flowering, pollination, and/or fruit-ripening processes:

the number of days with frost (air temperature , 08C),

the number of days with strong (precipitation . 10 mm)

and torrential rainfall (precipitation . 20 mm), and the

number of days with strong wind (wind velocity . 4 m/

s). In addition, we used two variables that quantify soil

water limitation for plants: the annual water deficit (WD

¼ PCP� PET, where PCP is the precipitation value and

PET is the potential evapotranspiration; see Espelta et

al. 2008) and the water stress index during summer

(WSIsum), which was estimated from discrete measure-

ments of soil water storage integrated over the rooting

depth and predawn leaf water potential. Soil water

storage was measured monthly with a neutron moisture

gauge, and predawn leaf water potential was measured

with a Scholander-type pressure chamber. These discrete

measurements of soil water storage were interpolated at

a daily timescale using a soil water balance model

(Rambal 1993) and further transformed in predawn leaf

water potential across the Campbell-type retention curve

proposed by Rambal et al. (2003). The goodness of fit

between measured and estimated values was very high

for both types of measurements (R2 ¼ 0.91, n ¼ 89 and

R2 ¼ 0.88, n ¼ 54 for soil water storage and leaf water

potential, respectively). The water stress index during

summer (WSIsum) was calculated following the ap-

proach proposed by Myers (1988), by cumulating daily

values of predawn leaf water potential over the summer

period.

Rainfall exclusion experiment

In 2003, a rainfall exclusion experiment was estab-

lished near the 26-year study (,100 m) as part of the

European project Mediterranean Terrestrial Ecosystems

and Increasing Drought (MIND). The experimental

design is comparable, in conception, with the one

described by Hanson et al. (2003). The rainfall exclusion

experiment was replicated on three plots 200 m from one

another and situated on a flat area with no lateral water

flow. In each replicate, two treatments were set up on

two 140-m2 plots (14 3 10 m). One was a control

(farther, control) and the second was subjected to

rainfall exclusion (farther, dry). On the dry plot, rainfall

exclusion was achieved using 14 m long and 0.19 m wide

PVC gutters covering 33% of the ground area under the

Quercus ilex canopy, with the aim of excluding 33% of

throughfall. Taking into account interception losses and

stem flow, the rainfall exclusion experiment reduces the

net input of precipitation to the soil by 29% compared to

the control treatment (Limousin et al. 2008). On the

control plot, identical gutters had been placed upside

down in order to homogenize, as far as possible, whole-

canopy albedo and understory microclimate conditions

in both treatments. Total basal area, canopy structure,

and density of trees were similar for the two treatments

(values [mean 6 SE] for control plots, dbh, 5.5 6 0.3 cm;

tree height, 3.3 6 0.2 m; number of stems, 85.7 6 11.8;

basal area, 27.8 6 2.6 m2/ha; values for dry plots, dbh,
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5.8 6 0.1 cm; tree height, 3.5 6 0.2 m; number of stems,

94 6 8.7; basal area, 35.4 6 2.1 m2/ha).

To test the effectiveness of the rainfall exclusion on

plant water status, leaf water potential was measured at

predawn with a pressure chamber (model 7000; PMS

Instrument Albany, Oregon, USA). In both treatments,

2–3 replicate leaves from four different trees were

periodically measured during spring and summer from

2003 to 2006.

In each plot, 24 circular plastic traps (0.35 m

diameter) were randomly distributed beneath the Quer-

cus ilex canopy, at ;1.5 m above the ground surface.

Trap content was collected monthly and divided into

male flower and acorn fractions. Wood debris and leaf

fractions have not been considered for this study.

Acorns were further categorized into three different

categories: (1) aborted (not completely or mal-developed

seeds, with length , 13 mm 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). For each fraction, all seeds were counted and

the entire sample was oven dried at 608C for 48 h and

weighed to the nearest 0.0001 g.

Data analysis

Masting cycles.—Cyclical patterns of flowering and

seeding were explored using single-spectrum Fourier

analyses, after subtracting the overall mean from the

data series (Bloomfield 1976). Prior to the analyses,

series were transformed by means of a process of split-

cosine-bell tapering that leads to a reduction of leakage

in the spectral density plots (Bloomfield 1976). Interan-

nual variability in flower and seed production was

examined using the population-level coefficient of

variation (CVp), calculated as the ratio of the standard

deviation to the annual mean of each fraction for the 26

collecting traps. The CV was also calculated for the most

explicative environmental factors that were previously

selected by our modeling approach.

Effects of environmental factors.—To identify individ-

ual climate factors that may be useful predictors of

annual flowering and seeding, we fitted linear and

nonlinear models for each reproductive process, using

maximum likelihood techniques. Flower and seed

production were modeled independently as functions

of the 156 environmental factors (12 climate variables 3

13 different periods of time) considered in the study

(Table 1). We tested three alternative functional forms

(linear, exponential, and Michaelis-Menten) that cover a

wide range of possible forms (see equations in Appendix

A). We first tested models for each factor and functional

form independently, and the best of the three models

was compared to a null model that assumes no effect of

any factor. Second, to test for joint limitation (i.e., more

than one factor being limiting at once), we fitted

bivariate models using those factors that had an effect

on flowering or seeding when evaluated singly. We tried

alternative models in which the second environmental

factor was added either additively or multiplicatively.

Models including more than two factors were not

considered due to their lower empirical support. In

total, more than 1000 different models were individually

run for this study. This modeling approach is suitable

for identifying plant responses to abiotic factors at

different stages of the regeneration cycle (e.g., Pacala et

al. 1996, Kobe 1999, 2006, Gómez-Aparicio et al. 2008,

Pérez-Ramos et al. 2008, Urbieta et al. 2008).

Models were parameterized with maximum likelihood

(Edwards 1992) using a simulating annealing algorithm.

Based on exploratory analyses, we assumed a normal

distribution for the dependent variables. Alternative

models were compared using the Akaike information

criterion corrected for small sample sizes (AICc) (Burn-

ham and Anderson 2002). The absolute magnitude of

the differences in AICc (DAIC) between alternative

models provides an objective measure of the strength of

empirical support for the competing models. Models

with DAIC between 0 and 2 were considered to have

equivalent and substantial empirical support (Burnham

and Anderson 2002). The R2 of the regression of

observed vs. predicted was used as a measure of the

goodness of fit of each alternate model.

We used the same modeling approach to examine the

relationships between both reproductive processes

(flowering and seeding), as well as between them and

the percentage of aborted seeds. All models were

implemented using the likelihood package version 1.1

TABLE 1. Values for the entire sampling period (1983–2008) of the five annual environmental
factors measured in the Puéchabon State Forest in southern France, as well as of the best abiotic
predictors selected by our modeling approach.

Environmental factor Mean 6 SD CV

Annual minimum temperature (8C) 8.1 6 0.4 0.05
Annual maximum temperature (8C) 18.1 6 1.0 0.06
Annual mean rainfall (mm) 901.1 6 239.5 0.27
Annual net radiation (J/cm2) 1411 6 50.3 0.04
Annual wind velocity (m/s) 3.0 6 0.2 0.08
No. days with torrential rain (spring, NTRspr) 2.3 6 1.6 0.70
No. days with strong rain (summer, NSRsum) 3.6 6 1.8 0.49
No. days with torrential rain (September, NTRsep) 6.5 6 2.9 0.46
Water stress index in summer (WSIsum, MPa) 81.2 6 11.8 0.14
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for R and software written specifically for this study in R

version 2.5.0 (R Development Core Team 2006).

Resource-matching vs. economy-of-scale hypothesis.—

To test whether mast seeding is an evolved reproductive

strategy (economy-of-scale hypothesis) or only results

from the available resources for the plant (resource-

matching hypothesis), we used two different approaches.

First, we explored the presence of switching by

examining the relationship between the reproductive

effort (flower and seed production) and the radial stem

growth (used as a measure of vegetative growth) using

maximum likelihood techniques. Second, we used the

cross-spectrum Fourier analysis to evaluate the level of

synchrony between the two reproductive variables and

the best environmental predictors (selected by our

modeling approach).

Rainfall exclusion treatment.—Differences between

control and dry treatments for leaf water potential (in

spring and summer) were tested using one-way

ANOVAs. The changes in flower and seed production

through the six years of record and in response to the

rainfall exclusion treatment were analyzed using a

repeated-measures ANOVA. For this type of analysis,

data were grouped by plot because the samples were not

separated individually (by trap) between June of 2003

and September of 2007. For the last two reproductive

cycles (2007–2008 and 2008–2009), when the content of

the 72 traps was collected individually, differences

between control and dry treatments for flower and seed

production (separated into their different categories)

were evaluated using one-way ANOVAs. None of the

abovementioned variables departed significantly from

normality according to the Kolmogorov-Smirnov test.

All these analyses were carried out using Statistica

(version 6; StatSoft 2001).

RESULTS

Masting cycles

Seed production was highly variable among years,

with mean annual crops ranging from 0.3 to 180.6 g/m2

and a relatively high value of CVp (1.18). Remarkably,

the largest seed crops mostly coincided with rainy years,

especially during spring (Fig. 1). Flower production,

however, showed a lower interannual variability, with

crop values ranging from 0.1 to 41.3 g/m2 and a CVp of

0.80 (Fig. 1). According to single-spectrum Fourier

analyses, seed production showed a strong 2.4-year cycle

and, to a lesser extent, another cycle of 6 years (Table 2).

Remarkably, the 2-year cycle appeared mainly for the

first six years (1983–1988), whereas the 6-year cycle was

more pronounced during the rest of study years (Fig. 1).

Regarding flower production, the most marked cycles

matched 3.4 and 4.8 years, appearing more regularly

distributed along the whole study period (Table 2, Fig.

1).

The environmental factors showed a lower year-to-

year variability, with values of CV ranging from 0.04 to

0.70, depending on the variable considered (Table 1).

Effects of environmental factors

The main abiotic factors affecting annual seed

production in Q. ilex were all related to water resource.

The water stress index during summer (WSIsum) and the

number of days with torrential rain during spring

(NTRspr) were the best predictors of seed production,

as indicated by the best-supported bivariate model

including both environmental variables (Table 3, Fig.

FIG. 1. Flower and seed production of Quercus ilex over the 26-year study period (1983–2008) in Puéchabon State Forest in
southern France. Values of flower production have not been represented for the period 1997–1999 because no data were available
for these years. Temporary dynamics of accumulated rainfall during spring and summer are represented by vertical bars.
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2A). Individually, WSIsum was the factor with the

strongest empirical support (within 2 AIC units of the

best supported model) and produced an exponential

reduction of the annual seed crop (Table 3, Fig. 2B). In

contrast, seed production increased exponentially with

NTRspr, though this factor had substantially less

empirical support than WSIsum (Table 3, Fig. 2C).

There was also evidence for a positive effect of the

TABLE 2. Results of single-spectrum Fourier analyses exploring cyclical patterns in seed and
flower production of Quercus ilex over the entire 26-year period.

Period (yr) Frequency Cosine Sine Periodogram Spectral density

Seed production

2.0 0.5 16.5 0.0 3279.4 2503.2
2.2 0.5 �0.2 4.7 266.7 4094.7
2.4 0.4 �5.7 �32.1 12 748.8 6634.0
2.7 0.4 7.3 �13.6 2861.9 4908.3
3.0 0.3 1.1 12.8 1993.8 2623.3
3.4 0.3 �5.0 �11.5 1880.1 2374.4
4.0 0.3 13.3 11.8 3773.9 2750.0
4.8 0.2 �4.3 9.0 1189.4 3370.4
6.0 0.2 �20.4 �13.3 7112.3 4613.4
8.0 0.1 15.1 10.8 4143.5 3742.4
12.0 0.1 �2.3 6.0 501.5 1583.0
24.0 0.0 1.0 �5.8 412.1 513.9

Flower production

2.0 0.5 1.7 0.0 34.4 25.0
2.2 0.5 �0.7 1.0 16.9 22.0
2.4 0.4 0.8 �1.1 20.7 24.5
2.7 0.4 1.1 0.2 15.6 76.1
3.0 0.3 3.4 1.6 172.1 235.2
3.4 0.3 �6.7 �2.7 617.9 369.0
4.0 0.3 �2.4 �2.3 137.2 351.3
4.8 0.2 1.8 �6.2 504.7 378.6
6.0 0.2 2.4 5.0 370.7 365.9
8.0 0.1 0.6 4.5 246.5 323.4
12.0 0.1 0.4 5.8 403.3 311.6
24.0 0.0 �1.6 �4.2 244.3 224.0

Notes: The main regular cycles appear in boldface. The periodogram values, which can be
interpreted in terms of variance (sums of squares) of the data at the respective frequency or period, were
computed as the sum of the squared sine and cosine coefficients at each frequency (times N/2). The
spectral density estimates were computed by smoothing the periodogram values in order to identify the
general frequency ‘‘regions’’ that significantly contribute to the cyclical behavior of the series.

TABLE 3. Summary of the models analyzing the effects of environmental factors on flower and
seed production and on the percentage of premature seeds (aborted) over the entire 26-year
period (1983–2008).

Dependent variable
and environmental factor FF Relation R2 AIC DAIC

Seed production

NTRspr þ WSIsum LIN þ, � 0.65 223.45 0.00
WSIsum EXP � 0.59 224.54 1.09
NTRspr EXP þ 0.49 238.44 14.99
NSRsum EXP þ 0.40 242.54 19.09
NTRspr þ NSRsum LIN þ, þ 0.46 243.01 19.56
NTRspr 3 NSRsum MM þ, þ 0.43 244.19 20.74
Null 252.18 28.73

Flower production

Null 158.36 0.00

Percentage of aborted seeds

NTRsep LIN þ 0.85 52.58 0.00
NTRspr EXP � 0.62 58.98 6.40
Null 66.66 14.08

Notes: All the models with better empirical support than null (2 � DAIC) are shown, ranked
from best to poorest fits. Additive (þ) and multiplicative (3) interactions between two factors are
noted. The signs of the relationships (positive or negative) between each dependent variable and all
the selected environmental predictors are also indicated. Functional form (FF) abbreviations are:
LIN, linear model; EXP, exponential model; MM, Michaelis-Menten model; null, null model. See
Table 1 for explanations of environmental factor abbreviations.
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number of days with strong rain during summer

(NSRsum), which also interacted with NTRspr (as

indicated by the selected bivariate models), but with

less empirical support than the other two predictors

(Table 3).

The number of days with torrential rain during spring

also affected the percentage of premature acorns, with

higher proportion of aborted seeds being associated with

drier springs (Table 3, Fig. 3A). However, the number of

days with torrential rain in September (NTRsep) was the

factor with the strongest empirical support, increasing

linearly with the percentage of aborted seeds (Table 3,

Fig. 3B). Remarkably, the proportion of premature

(aborted) seeds was negatively correlated with the

annual seed crop (R2 ¼ 0.70 and DAIC ¼ 9.43 with

regard to the null model; Fig. 3C).

Regarding flower production, no environmental

factors were found with stronger empirical support

than the null model (Table 3). This reproductive

variable was not correlated with the annual seed

production (R2 ¼ 0.01 and DAIC ¼�5.72 with regard

to the null model).

Resource-matching hypothesis vs.

economy-of-scale hypothesis

A positive linear relationship was found between seed

production and the mean radial stem growth (R2¼ 0.17

and DAIC¼ 2.01 with regard to the null model), which

indicates the absence of switching and, thereby, supports

the resource-matching hypothesis as a possible explana-

tion for mast seeding in Q. ilex (Fig. 2D). On the

contrary, no good correlation was found between radial

stem growth and flower production (R2 ¼ 0.003 and

DAIC ¼�1.95 with regard to the null model).

Results of cross-spectrum Fourier analysis showed

that the main regular cycles of seed and flower

production were highly correlated with the temporal

series of the most explicative environmental factors

FIG. 2. Seed production as a function of the best environmental predictors: additive bivariate model including (A) water stress
index in summer (WSIsum) and number of days with torrential rain in spring (NTRspr), (B) WSIsum, and (C) NTRspr. (D)
Relationship between seed production and radial stem growth over the 26-year study period (1983–2008). Lines represent the
predicted models with the best empirical support (see Table 3).
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predicted by our modeling approach. On one hand,

seed production was correlated with WSIsum at the 2.4-

year cycle and with NTRspr at the 6-year cycle, as

indicated by the highest values of cross-amplitude for

these two periods (Appendix B). On the other hand,

flower production showed a high level of synchrony

with WSIsum for a periodicity of 3.4 years and, to a

lesser extent, with NTRspr for 4.8 years (Appendix B).

Rainfall exclusion experiment

As expected, rainfall exclusion decreased leaf water

potential during summer for all the sampling years

(Appendix C). In spring, however, this reduction was

only significant for 2005 (Appendix C).

Rainfall exclusion induced a double effect on the

seeding process: (1) a significant reduction in the

production of sound acorns, in terms of biomass, and

(2) a significant increase in the number of premature

(aborted) seeds (Fig. 4). Therefore, Q. ilex trees

produced a similar number of acorns (F1,23 ¼ 0.04 and

P ¼ 0.84 for differences between treatments in the total

number of acorns), but with a different proportion of

aborted seeds, depending on the available water

resource. No significant differences between treatments

were found either for the flower production (F1,23¼ 0.25

and P¼ 0.62) or for the infested acorn fraction (both in

number of seeds and in biomass; Fig. 4).

Interestingly, differences caused by rainfall exclusion

were significant for the 2007–2008 period, considered as

a masting year, but not for the 2008–2009 period, when

the seed crop was substantially smaller (Fig. 4). The

same observation holds when the complete six-year cycle

is examined, the highest differences appearing in years

with high seed crops (2004–2005 and 2007–2008;

Appendix D). However, these differences between

treatments were not statistically significant, likely

because of the very low number of replicates considered

in the analyses when samples were grouped per plot.

DISCUSSION

Effects of environmental factors

on mast seeding and flowering

Quercus ilex showed strong among-year variation in

seed production, with a high CVp value (1.5) that is

comparable with other studies of oak species (e.g., Kelly

et al. 2000, Kelly and Sork 2002, Espelta et al. 2008).

The high interannual variation in seed production was

largely explained by the variation of some abiotic

variables related to water resource. The water stress in

summer was the best predictor of seed production,

supporting previous studies in other mediterranean oak

forests (Espelta et al. 2008) and confirming our initial

hypothesis stating water limitation as the key driver for

mast seeding in the studied species. In mediterranean-

type ecosystems, the process of acorn maturation occurs

under water-limited conditions in summer, and oaks

usually exhibit high abortion rates during this period

(e.g., Siscart et al. 1999, Espelta et al. 2008), which likely

reflect the excess fruit that the tree is not able to keep as

a function of the available resources (Lloyd 1980).

Results from our observational study confirm this fact:

the highest proportion of premature (aborted) acorns

appeared in years with the lowest seed crops, coinciding

with those that showed the driest summers.

The water availability for the plants during spring,

when flowering and fertilization processes occur, also

FIG. 3. Percentage of premature (aborted) seeds as a
function of the best environmental predictors: (A) number of
days with torrential rainfall during spring (NTRspr); (B)
number of days with torrential rainfall in September (NTRsep);
and (C) relationship between the percentage of premature
(aborted) seeds and the annual seed production for the 2000–
2007 period. Lines represent the predicted models with the best
empirical support (see Table 3).
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affected the annual seed crop. Remarkably, the number

of days with torrential rainfall in spring (NTRspr),

instead of mean values of precipitation, was the only

selected variable during this period. This result might be

explained by the low depth of the soils at the study area,

which probably dry very fast and need to receive high

sporadic amounts of water to be well soaked. Previous

studies on Quercus species have reported positive effects

of high levels of precipitation during spring on the

flowering effort (e.g., Cecich and Sullivan 1999, Abra-

hamson and Layne 2003). In our study, NTRspr did not

influence the annual production of male flowers, but it

had an important effect on the percentage of aborted

acorns (i.e., unfertilized flowers or not completely

developed seeds). Since the production of male flowers,

and consequently the pollen production, was relatively

constant among years and was not limited by drought,

the most plausible explanation is that the higher

abortion rates during drier springs were rather due to

an early abscission of recently pollinated flowers than to

fertilization failures.

In addition to the effects of WSIsum and NTRspr on

the proportion of aborted seeds, which emphasize the

role of water as a limiting resource for the plant, we

detected a negative effect of the frequency of intense

precipitation at the end of summer. The mechanical

effect produced by frequent torrential rainfalls during

September likely favored the premature abscission of

acorns before they had completed the maturation

process. Such a pattern of mechanical premature

abscission of acorns has already been documented in

other previous studies (Feret et al. 1982).

In summary, precipitation pattern determined the

seed crop size by disrupting the fruiting process at

different periods of time. The acorn ripening process was

strongly dependent upon water availability for the plant

at initial (spring) and advanced (summer) stages of the

maturation cycle, whereas the final step of seed

development was negatively affected by the frequency

of torrential-rain events.

Resource-matching hypothesis vs.

economy-of-scale hypothesis

Our results from the long-term data set demonstrated

that the masting phenomenon for Q. ilex populations in

southern France is not simply an evolved reproductive

strategy, but is strongly dependent upon the available

resources for the plant. On one hand, the positive

FIG. 4. Differences between rainfall exclusion treatments on seed production (both in terms of number of acorns and in seed
biomass; meanþ SE) for the two studied cycles. The dry treatment was achieved experimentally by excluding 33% of throughfall,
while the control treatment consisted of ambient rainfall. Seeds were sorted at the laboratory into three different categories:
premature (aborted), depredated by larvae (infested), and sound.
* P , 0.05; ns, not significant.
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correlation between seed production and radial stem

growth refutes the existence of switching and, thereby,

supports the resource-matching hypothesis (Norton and

Kelly 1988, Kelly and Sork 2002). According to this

hypothesis, plants invest more internal resources in

everything (vegetative growth and reproduction) during

good years, whereas both processes are depleted in years

with limiting resources (Monks and Kelly 2006). On the

other hand, the high level of synchrony between the

masting cycles and the temporal series of certain

environmental factors such as WSIsum and NTRspr

suggests that the interannual variation in seed crop is

not regulated simply by selective endogenous rhythms,

but is mainly a physiological response to the variable

environment.

Although our findings agree most closely with the

resource-matching hypothesis, we cannot conclude that

climate is the only factor responsible for masting. The

relatively low correlation (R2¼ 0.17) between vegetative

growth and seed production and the higher variability

for seed crop than for abiotic factors suggest that our

study case is probably not a pure example of ‘‘putative’’

masting. Among the possible selective benefits that

could favor a highly variable reproduction in Q. ilex,

predator satiation (Janzen 1971, Silvertown 1980, Kelly

and Sullivan 1997) seems to be the best hypothesis

supporting our results. Thus, the lowest probabilities of

seed predation at the study site were quantified in years

with the highest seed crops (I. M. Pérez-Ramos, J.

Rodrı́guez-Calcerrada, J. M. Ourcival, and S. Rambal,

unpublished data), probably due to a satiating effect on

seed predators. This temporal pattern of lower con-

sumption rates in more productive years has been

documented in other forest types (e.g., Shaw 1968,

Pérez-Ramos and Marañón 2008). In addition, the

seeding pattern observed in this study (with alternating

two- and six-year cycles) is consistent with a chaotic

driver (Rees et al. 2002). Such a temporal sequence of

seeding production has been described by Kelly et al.

(2008) and was interpreted as an effective mechanism for

satiating predators in ecological time. On the other

hand, the fact that a higher flowering effort does not

imply a higher size of the annual seed crop (since no

significant correlations were found between both repro-

ductive variables) disproves the pollination efficiency

hypothesis (Nilsson and Wästljung 1987, Norton and

Kelly 1988, Smith et al. 1990, Kelly et al. 2001) as a

possible selective force that drives masting in the study

species. Similar evidence refuting this hypothesis has

been documented for other temperate oaks (Sork et al.

1993, Shibata et al. 2002, Espelta et al. 2008).

Rainfall exclusion experiment: implications for Q. ilex

regeneration under increasing drought scenarios

Our results from the manipulative experiment of

rainfall exclusion are interesting for several reasons.

First, they allowed us to corroborate the conclusions

obtained from the 26-year fruiting record, highlighting

the importance of abiotic variables linked to soil water

availability as key factors driving the annual fluctuations

in seed production of Q. ilex.

Second, we could describe the underlying mechanisms

(proximate causes) of masting. The high year-to-year

variation in seed production was mainly determined by

the success in seed development rather than by the

annual fluctuations in flowering effort. Thus, Q. ilex

trees produced a similar number of male flowers and

seeds in both treatments, but the number of abortions

increased and the production of sound acorns was

reduced when drought was experimentally intensified.

These results stating seed survival as the proximate

cause of masting are in accordance with some studies on

oak species (Williamson 1966, Farmer 1981, Espelta et

al. 2008), but contrast with others that identified the

number of flowers (Feret et al. 1982, Cecih and Sullivan

1999, Masaka and Sato 2002) or even both processes

(Sork et al. 1993) as the main determinants of the final

seed crop. Remarkably, the alteration of water avail-

ability by the rainfall exclusion did not produce any

effect on the seed production pattern in years of low seed

crop. In low-productive habitats such as mediterranean

woodlands, where the large seed crops are mainly

restricted to wetter years, an additional increase in

drought severity was probably not able to aggravate the

already limiting conditions of extremely dry years.

Finally, these findings enable us to accurately predict

global change effects in future environmental scenarios.

Under a global change scenario, summer rainfall is

expected to decline in the mediterranean region (Giorgi

2006, Christensen et al. 2007). At the study site, where

the annual seed crop is largely driven by water

availability during summer, it could be expected that

the drier conditions predicted by climate models

reinforce the negative effects of summer drought on

seed production. A collapse during this early stage could

have important negative consequences for the recruit-

ment of the study species, which already suffers serious

regeneration problems at the study site (I. M. Pérez-

Ramos, personal observation). In general, natural

recruitment of mediterranean tree species is usually

restricted to sporadic ‘‘wet’’ years (e.g., Traveset et al.

2003, Gómez-Aparicio et al. 2005) and could be even

more dependent on such years in future environmental

scenarios (Gómez-Aparicio et al. 2008). The information

provided by our experimental approach constitutes a

crucial step to evaluate the impact of increasing drought

due to climate change on the early stages of regeneration

in mediterranean tree species, taking as example one of

the most dominant oak species in temperate woodlands.

In the future, it would be interesting to investigate the

effects of increasing drought on the successive regener-

ation stages (such as seed germination, seedling emer-

gence, survival, and growth) to draw a full picture of the

ecological consequences of the decline in water resource

on tree recruitment and forest dynamics under mediter-

ranean conditions.
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I. M. PÉREZ-RAMOS ET AL.3068 Ecology, Vol. 91, No. 10



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


