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Iberian dehesas and montados are agroforestry systems protected by the European
Habitats Directive due to high levels of biological diversity associated to their savannah-
like structure. Tree scattering in dehesas, montados and other agroforestry systems
is, however, known to compromise tree regeneration, although recent work suggests
that it may protect tree populations from climate warming by alleviating plant-plant
competition. We analyze how climatic conditions, tree isolation and their interactions
influence the outcomes of regeneration stages, from flower production to early seedling
establishment, using data gathered during the long-term monitoring (2001–2018) of
ca. 300 Holm oak Quercus ilex trees located in central Spain. Holm oak reproductive
effort, predispersal seed losses, and early seedling recruitment were sensitive to
climate change, especially to year-round drought. Effort and early seedling recruitment
decreased, while abortion and predispersal seed predation increased, with higher
drought intensity. Spring warming increases pollination effectiveness, but had no further
effect on acorn crops. Forest clearing seemed to have little scope to ameliorate these
negative effects, as shown by weak or no interactive effects between the spatial
configuration of trees (cover or isolation) and climate variables (spring temperature or
drought intensity). Forest opening aimed at decreasing adult tree mortality under climate
change scenarios would then have little or no effects on tree recruitment. Landscape-
scale rotations alternating shrub encroachment and thinning along periods adapted to
changing climate are proposed as the main management option to preserve both oak
forests and dehesas in the long term.

Keywords: climate change, dehesa, drought, landscape-scale management, montado, regeneration cycle, tree
scattering

INTRODUCTION

Increasing tree mortality associated to drought events (Jump et al., 2017) and to introduced pests
(Roy et al., 2014) is threatening forests worldwide. Several recent papers conclude that forest
thinning can be an efficient management option to deal with the negative effects of global change
on tree growth and mortality (Ruiz-Benito et al., 2013; Astigarraga et al., 2020). Tree recruitment
during benign inter-event periods may also compensate for increasing tree mortality (Jump et al.,
2017). However, open woodland configurations resulting from thinning usually imply chronic
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regeneration deficits of tree populations (Pulido et al., 2001;
2010; Gibbons et al., 2008; Morán-López et al., 2016c), so that
management actions directed to increase tree survival and growth
may indirectly compromise forest survival by reducing tree
recruitment. Knowledge on the interactions between climatic
drivers and the forests structures resulting from management
are thus essential to develop management practices aimed at
ensuring the maintenance of tree populations under global
change scenarios (Valladares et al., 2014).

Natural regeneration is a multistage process that ensures the
long-term persistence of a plant population by the replacement
of the old mature individuals by the new recruits (Jordano and
Herrera, 1995; Pulido and Díaz, 2005). Regeneration is strongly
determined by the processes occurring in the early stages of seed
production, dispersal, and early seedling survival (Schupp et al.,
2010; Johnson et al., 2014).

Agroforestry systems are usually considered as prime
examples of sustainable management (Wilson and Lovell, 2016).
Among them, the Spanish dehesas and Portuguese montados
(dehesas, hereafter) are by far the best-known examples of
the so-called working landscapes, that integrate multiple land
uses and ecosystem services at landscape scales (Campos et al.,
2013). Agricultural and livestock uses are integrated with forestry
practices aimed at preserving an open tree layer of evergreen oaks
(Quercus ilex and/or Q. suber; Díaz et al., 1997). Open tree layers
imply high conservation and economic values linked to intimate
mixtures of open and forested ecosystems (Díaz et al., 1997, 2013;
Moreno et al., 2016); in fact, dehesas are one of the few man-
made habitats protected under the European Habitats Directive
(Díaz et al., 2013).

Whole-cycle analyses have detected bottlenecks of the
regeneration cycle in dehesas, associated to tree isolation (Pulido
and Díaz, 2005; Pulido et al., 2010). However, the spatial
configuration of trees can have contrasting effects depending on
the life-stage being evaluated. At the predispersal stage, general
positive effects have been found, with increased tree fecundity,
and decreased seed abortion rate and predispersal seed predation,
in more isolated trees (Díaz, 2014; Morán-López et al., 2016a).
These effects are apparently mediated by alleviation of plant-
plant competition for scarce water supplies during drought events
(Pulido et al., 2014; Morán-López et al., 2016a), as happens
with climate-related mortality of adult trees (Ogaya et al., 2019).
In contrast, isolation can negatively impact dispersal and post-
dispersal survival rates. In particular, key seed dispersal services
to safe sites, where seedlings can cope with water stress and
recruit, collapse in open woodland due to changes in the foraging
behavior by avian and rodent scatter-hoarders (Morán-López
et al., 2015, 2016c). Thus, incorporating multiple stages of
recruitment is needed to obtain a realistic view about the effects
of tree isolation on oak recruitment, as well as to evaluate whether
potentially conflicting effects of isolation and climate warming
can cancel each other.

Effects of tree isolation on the stages of the regeneration
cycle can also be strongly modulated by climatic conditions
(references above and in Monks et al., 2016). However, no
study has systematically evaluated how isolation modulates
climatic effects across pre and post-dispersal regeneration

stages. Moreover, to date, little is known about how these
interactive effects can be modified by increased drought,
probably because studies available are usually short-term. In
the Mediterranean basin, climate is characterized by high inter-
annual variability (especially in summer), and such trends are
expected to increase in the coming decades (IPCC, 2018).
Thus, long-term data can provide new insights about the
joint effects of tree spatial configuration and climate on
oak regeneration.

Here we took advantage of data gathered during a long-
term (18 years, from 2001 to 2018) monitoring of ca. 300 holm
oak Q. ilex trees growing under contrasting pseudoexperimental
levels of tree isolation. Our main aim is to evaluate how positive
and negative effects of isolation on the stages of the regeneration
cycle are modulated by changing climatic conditions. The effects
of isolation and climate and their interaction will be also
integrated across stages of the regeneration cycle to derive
management options aimed at improving the resilience of
agroforestry systems to expected climate change.

MATERIALS AND METHODS

Study Species
The holm oak (Quercus ilex) is a late-successional species that
shows a typical masting behavior (Koenig et al., 2013). Wind
pollination occurs between April and May, fruit development
during summer and early autumn, and acorn fall between
October and January (Vázquez, 1998). Variable proportions
of the reproductive effort are lost along the regeneration
cycle. Caterpillar herbivory, pollination failure, fruit abortion,
predispersal insect seed predation, postdispersal vertebrate
predation, germination failure and seedling mortality are the
main sources of propagule loss (Pulido and Díaz, 2005; Díaz,
2014; Figure 1). Predispersal losses depend on the landscape
configuration where tree populations are growing. In general, tree
isolation favors reproductive effort and decreases, or has no effect
on, pollination failure, abortion, and pre- and post-dispersal seed
predation under mother trees (reviews in Díaz et al., 2011; Díaz,
2014). Acorns are dispersed by mice Apodemus sylvaticus and
Mus spretus and European jays Garrulus glandarius. Proportions
of seeds dispersed are quite variable among both seed dispersers
and landscape configurations: mice remove 0–100% acorns in
both forests and dehesas, with large among-trees variation,
whereas jays remove ca. 35% acorns in forests and 5% in dehesas
on average. Less than 2% acorns dispersed by mice are cached in
dehesas vs. 2–23% in forests (Muñoz and Bonal, 2011; Morán-
López et al., 2015, 2016c). Usually, 100% of acorns not dispersed
and cached are predated by postdispersal seed predators such
as pilfering mice, ungulates or livestock (Pulido and Díaz, 2005;
Muñoz and Bonal, 2011). Seedling germination occurs in winter
and seedlings emerge between March and June (Pulido and
Díaz, 2005). Nurse shrubs increase post-dispersal seed predation
because they attract pilfering mice, at least in open woodland
(Smit et al., 2008), but greatly improve seedling survival to
the first summer drought (Smit et al., 2008; Gavinet et al.,
2016). Net effects of shrubs are positive as seedling recruitment
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FIGURE 1 | Factors affecting losses of reproductive potential in each stage of the reproductive cycle of Holm oaks (1, flowering; 2, pollination; 3, fruit
growth/abortion; 4, fruit ripening; 5, dispersal; 6, seedling emergence: 7, seedling establishment; and 8, adult tree). Mutualist interactions are represented in green
(dispersers, represented by a mouse, and nurse shrubs), while antagonistic organisms are shown in brown boxes (leaf-eating insects, insect predators of growing
fruits, and seed-eating vertebrates). Holm oak interactions occur within a spatial (yellow) and climatic (blue) context. Spatial configuration of trees (i.e. isolation) and
climate can affect interaction outcomes in an additive or interactive manner (i.e., water stress attenuation). After Pulido and Díaz (2005); Díaz et al. (2011), and Díaz
(2014). Photographs by I. Torre (wood mouse Apodemus sylvaticus), C.L. Alonso (European jay Garrulus glandarius) and M. Díaz (Malacosoma neustria, Quercus
ilex, Curculio elephas, Cervus elaphus, and Citysus scoparius).

is closely related to shrubs at both local and landscape scales
(Ramírez and Díaz, 2008).

Study Area
We established long-term monitoring programs of holm oak
fecundity and early seedling establishment from 2001 onward at
the National Park of Cabañeros (39◦24’ N, 4◦29’ W), central Spain
(Díaz et al., 2011; Koenig et al., 2013; Supplementary Figure 1).
Spatial configuration of oak woodlands follows two contrasting
types: forests and dehesas (Morán-López et al., 2015). Forests
occupy hills and lower slopes. Tree density is 97 trees ha−1, on
average, and understory cover is well developed (> 60% of shrub
cover). Dehesas occupy plain lowlands and are savannah-like
woodlands (12 trees ha−1, on average). Scattered trees grow in
an open grassland matrix with almost no shrub cover (< 1%).
Dehesas were opened from forests similar to the current ones
at the end of the 1950s (Vaquero, 2000), by removing shrubs,
thinning and pruning trees, plowing the ground and introducing
a free-ranging cow flock (Díaz et al., 1997; Campos et al.,
2013). The area had no human uses before except for occasional
firewood and charcoal harvest (Vaquero, 2000). Livestock was
replaced by wild ungulates (mainly red deer Cervus elaphus and
wild boar Sus scrofa) for big game hunting in the late 1970s and,

finally, it became a Park, first Natural and then National, in 1995.
Cabañeros Park can thus be considered a large-scale, long-term
thinning experiment of oak tree populations (Díaz et al., 2011).

Long-Term Monitoring of Predispersal
Seed Loss
Predispersal seed losses were monitored from 2002 onward
(17 years) in up to 145 trees scattered over a 750-ha area covering
the forest-dehesa transition (Supplementary Figure 1). Trees
were selected to represent the full ranges of spatial arrangements
found in both forests and dehesas, from clumped to isolated
(Supplementary Figure 1). We selected 103 trees in dehesa and
42 in nearby forest sites to uncover the larger local variation
of these arrangements in dehesas. Each tree was provided with
2–11 seed traps (cylindrical plastic containers 0.12 or 0.132 m2

wide and 0.5 m deep, hanging from tree branches by means
of galvanized wire) covering 1.5–2% of the canopy area. No
attempt was made to exclude rodents or birds by means of
wire mesh, as mesh could have prevented large acorns to fall
into the traps and we demonstrated lack of acorn removal
from traps by means of marked acorns placed in them (Bonal
et al., 2007). Trap contents were collected at the end of winter,
and the numbers of unpollinated flowers, aborted seeds, seeds
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infested by pre-dispersal seed predators, and sound seeds were
counted (Figure 1). We estimated the reproductive effort as the
total number of propagules (unpollinated flowers, aborted fruits,
infested seeds, and sound seeds) per unit area. Rates of pollination
failure, abortion and infestation rates were calculated by dividing
numbers of propagules lost at each stage by numbers surviving
to that stage (e.g., number of unpollinated flowers divided by
reproductive effort, number of aborted fruits divided by number
of pollinated flowers, and so on). Tree size was estimated as its
canopy projection using crown diameter measurements taken
when the tree was provided with traps; subsequent measurements
revealed no significant increases in canopy projections during
the study period. Tree isolation was measured from aerial
photographs as the proportion of area within a buffer with a 50
m radius from each focal tree not covered by other tree canopies.

Long-Term Monitoring of Early Seedling
Establishment
We monitored the effects of acorn crops on seedling
establishment from 2001 onward (18 years) in three nearby
oak subpopulations in forest areas with no current, and scarce
past, human use, located 30 km northwest of the trees provided
with seed traps (Supplementary Figure 1). Each subpopulation
was sampled by marking 50 oak trees at ca. 20-m intervals along
a linear itinerary. To measure seedling establishment, from
each focal tree and in direction to the next reference tree, we
established transects 10-m long and 2-m wide. Seedlings emerged
each year were mapped on transects and marked permanently
with colored wire for long-term monitoring. Seedlings differ
from resprouts by having cotyledons still attached or cotyledon
marks if removed by acorn dispersers (Díaz et al., 2011).
Annual surveys were done in October. Densities of current-year
seedlings and of seedlings surviving from earlier years (No./m2)
were computed for each transect and year. In addition, we
recorded crop production of reference trees. Crop production
was estimated visually on a 0–4 scale (0: no acorns or catkins;
1: < 10% of the canopy covered by acorns; 2: 10–50%; 3: 50–90%;
and 4: > 90% (Díaz et al., 2011; Koenig et al., 2013). Tree canopy
projections over each transect were mapped in October 2019 to
estimate covers providing shade to seedlings and protection from
early mortality during summer drought (Pulido and Díaz, 2005;
Smit et al., 2008).

Climatic Variables
Drought is the main environmental factor limiting seedling
recruitment in Mediterranean Q. ilex populations (Pulido and
Díaz, 2005; Granda et al., 2014). Drought also increases seed
losses by increasing the likelihood of acorn abortion during
ripening, as well as the proportion of not aborted seeds that
are subsequently attacked by predispersal seed predators (Espelta
et al., 2008). We used the SPEI drought index (Standardized
Precipitation Evapotranspiration Index) to estimate drought
conditions (Vicente-Serrano et al., 2010). High SPEI values
indicate wet conditions and low values, drought. We computed
SPEI indices for both whole calendar years (January to
December) and summer (July to September) periods only

from the online-available SPEI dataset1 (Vicente-Serrano et al.,
2010). Values for the 1◦ × 1 ◦ grid cell corresponding to the
site coordinates were downloaded directly. We also estimated
monthly rainfall and temperature records for the populations
provided with seed traps. For this, we used records of the
closest weather station available (Toledo, 61 km northeast from
Cabañeros2, corrected using regression models built with data
from an automatic station sited in the study area between
December 2005 and December 2007 (Díaz et al., 2011). Target
covariates were mean year temperature and overall rainfall,
mean spring (April to May) temperature and rainfall, and
summer rainfall.

Data Analyses
Temporal trends in climatic variables were analyzed performing
linear regressions with year as the independent variable. The
effects of climate, habitat type (forest vs. dehesa) and tree isolation
on reproductive effort and on the proportion of propagules
surviving each predispersive stage of the regeneration cycle
(pollination, abortion, and predispersal seed predation) were
analyzed by fitting generalized mixed models (GLMMs) with
individual trees nested in year as the random factor. This
random effects structure controls for year and tree effects other
than those derived from effects of the fixed factors. We used
a Poisson distribution with log link function in the case of
reproductive effort (number of propagules produced) and a
binomial distribution with logit link function (Zar, 2013) for pre-
dispersal rates (proportion of flowers pollinated, acorns aborted
and infested). Fixed effects were habitat type, tree isolation, a
climatic variable, and their double and triple interactions. For
each climatic variable—SPEI (annual and summer), temperature
(annual and spring), and rainfall (annual, spring, and summer)
we built a model. Models were compared and selected by
using the Akaike Information Criterion (AIC; Burnham and
Anderson, 2004). The alternative procedure of fitting a single
model with all climate variables then testing their relative effects
was precluded by the high multicolineality of climate variables.
Continuous factors were standardized (Mean = 0, SD = 1)
previous to data analyses to allow direct comparison of effect
sizes and to make main effects biologically interpretable even
when involved in interactions (Schielzeth, 2010). Effect sizes were
computed as Pearson’s product–moment correlation coefficients
from t values (Lipsey and Wilson, 2001) and judged small
(r < 0.10), intermediate (r = 0.11–0.49) or large (r > 0.50)
following Cohen (1988).

Seedling emergence was modeled at the scale of individual
transects performing GLMMs with transect identity as the
random factor. Negative binomial distribution of errors was used
since Poisson distributions produced overdispersion (Sánchez-
Mejía and Díaz, under review). Fixed effects were the acorn
production index of the reference tree (semiquantative index,
0–4), density of conspecific seedlings (No./m2), tree cover
(proportion), the SPEIs (annual and summer), and two- and
three-way interactions between climate and vegetation variables.

1https://spei.csic.es/map/
2https://opendata.aemet.es/centrodedescargas/productosAEMET
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Density and climate data were included in the model in
t + 1 since the emergence of a given cohort occurs the year
after the crop production. Covariates were standardized before
analyses and effect sizes were computed as above. Statistical
analyses were conducted in R using the package “glmmTMB”
(Brooks et al., 2017).

RESULTS

Climatic Trends
Climate became drier in summer from 2001 to 2018 in the study
area (r18 = 0.344 and r18 = 0.516 for annual and summer drought,
p = 0.162 and p = 0.028, respectively). Increased drought levels
were mostly due to warming (r18 = 0.430, p = 0.037), with
no additional significant trends in overall rainfall (r18 = 0.049,
p = 0.847). On average, temperatures increased 0.88± 0.47◦C and
drought indices increased (i.e., SPEI decreased) 10.0% and 16.9%
(annual and summer; Supplementary Figure 2).

Climatic and Isolation Effects on
Reproductive Effort and Predispersal
Propagule Losses
Data on reproductive effort and predispersal propagule losses
were gathered for 145 trees, 103 in dehesa, and 42 in nearby
forest sites to uncover the larger local variation of tree spatial
arrangements in dehesas. Tree isolation (measured as the

proportion of area around trees without cover) was 88.7 ± 0.9%
(SE; range 63.2–99.5%). Mean isolation was larger in open
woodland (Supplementary Figure 1), but ranges overlapped
widely due to deliberate selection of trees within heterogeneous
landscape configurations (Supplementary Figure 3). Sample
sizes (years with data) for reproductive effort, pollination failure,
abortion rates and predispersal losses of marked trees were
12.8 ± 0.3, 12.5 ± 0.3, 12.2 ± 0.3, and 11.8 ± 0.3 years/tree,
respectively. Mean reproductive effort varied between less than
10 and over 250 propagules/m2 along the study period, with wide
among-years variation in both effort and predispersal seed losses
both among and within trees (Figure 2).

The lowest AIC values in models testing for tree isolation
x climate interactions were obtained when considering year-
round drought (abortion rates and predispersal seed predation),
summer drought (reproductive effort) or mean year-round
temperature (pollination failure; Table 1). Other models had
AIC values more than two units larger (1AIC > 2) so that
they were less parsimonious (Burnham and Anderson, 2004).
Decreasing SPEI, which indicates increasing drought intensity,
was associated to decreasing reproductive effort and increasing
abortion and predispersal seed predation rates. Increasing spring
temperature resulted in lower pollination failure rate (Table 1).
Effect sizes for climatic effects were small to intermediate. Habitat
type had an intermediate effect on reproductive effort, which
was 1.17 times larger in dehesa than in forest. Tree isolation
had no further significant effects, but a small marginal negative

FIGURE 2 | Mean (± SE) number of propagules of each type produced by the 145 trees provided with seed traps along the 17-years study period.
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TABLE 1 | Lowest-AIC GLMM models testing for effects of climate variables on the predispersal stages of Holm oak regeneration process.

Effect B SE (B) t p Effect size (r)

REPRODUCTIVE EFFORT Habitat 1.17 0.13 9.182 <<0.001 0.209 (i)

Tree isolation 0.01 0.10 0.069 0.945 0.002

Summer SPEI 0.16 0.06 2.851 0.004 0.066 (s)

Isolation × Habitat = dehesa 0.15 0.12 1.21 0.226 0.028

Isolation × SPEI −0.02 0.05 −0.38 0.702 0.009

Habitat = dehesa × SPEI 0.18 0.07 2.72 0.006 0.063 (s)

Isolation × Habitat = dehesa × SPEI −0.02 0.07 −0.28 0.776 0.007

AIC = 20402.3

POLLINATION FAILURE Habitat −0.03 0.12 −0.28 0.780 0.007

Tree isolation 0.08 0.10 0.81 0.417 0.019

Spring temperature −0.22 0.05 −4.56 <<0.001 0.107 (i)

Isolation × Habitat = dehesa −0.15 0.12 −1.24 0.216 0.029

Isolation × temperature −0.19 0.04 −4.26 <<0.001 0.100 (i)

Habitat = dehesa × temperature 0.17 0.06 2.96 0.003 0.070 (s)

Isolation × Habitat = dehesa × temperature 0.19 0.05 3.66 <0.001 0.086 (s)

AIC = 13116.4

ABORTION RATE Habitat −0.13 0.09 −1.53 0.127 0.036

Tree isolation −0.13 0.07 −1.87 0.061 0.045 (s)

Year-round SPEI −0.14 0.04 −4.01 <<0.001 0.095 (s)

Isolation × Habitat = dehesa 0.07 0.08 0.86 0.390 0.021

Isolation × SPEI −0.02 0.03 −0.46 0.646 0.011

Habitat = dehesa× SPEI −0.08 0.04 −1.92 0.054 0.046 (s)

Isolation × Habitat = dehesa × SPEI 0.07 0.04 1.84 0.066 0.044 (s)

AIC = 10443.1

PREDISP. PREDATION Habitat −0.02 0.06 −0.42 0.674 0.010

Tree isolation 0.00 0.04 −0.06 0.954 0.001

Year-round SPEI −0.09 0.03 −2.91 0.004 0.066 (s)

Isolation × Habitat = dehesa −0.03 0.05 −0.52 0.603 0.012

Isolation × SPEI 0.01 0.03 0.53 0.594 0.012

Habitat = dehesa × SPEI 0.03 0.03 0.86 0.387 0.020

Isolation × Habitat = dehesa × SPEI 0.01 0.03 0.43 0.665 0.010

AIC = 10139.7

Both main effects of climate and its interactions with habitat (dehesa open woodland vs. closed forest) and tree isolation were tested. Effect sizes were computed from
t test values following Lipsey and Wilson (2001) (s, small effect; i, intermediate effect, after Cohen, 1988). SPEI, standardized precipitation evapotranspiration index, that
decreases as drought intensity increases (Vicente-Serrano et al., 2010). Boldface indicates significant results.

effect on abortion rates that tended to interact, also marginally,
with habitat and SPEI effects (Table 1). Finally, isolation and/or
habitat modulated climate effects on reproductive effort and
pollination failure, but had no main or interactive effects on
abortion or predispersal predation. Tree isolation decreased
temperature effects on pollination failure, especially in open
dehesa woodland, with intermediate and small effect sizes,
respectively. Positive SPEI effects on reproductive effort (hence
negative effects of increasing drought) were stronger in dehesas
(positive interaction), with small effect sizes, meaning that
negative effects of drought on effort were attenuated in open
woodland (Table 1).

Climatic and Vegetation Effects on Early
Seedling Recruitment
We censused 1222 seedlings from 2001 to 2018 in 2850 transect
× year combinations. First-year mean seedling densities varied

widely between almost zero to more than 500 seedlings/ha
(Figure 3). After accounting for the significant small effect of
local acorn crops on seedling emergence in the following year,
early seedling recruitment was positively associated to sites with
higher densities of seedlings surviving from previous years and
with years with higher SPEI, i.e., with milder drought conditions
year-round (Table 2; the model including summer drought had
higher AIC values). Tree cover had no significant main effects,
although higher tree covers reduced the positive effects of local
density of surviving seedlings on early recruitment (Table 2).
Effect sizes were small except for conspecific seedling densities,
that had intermediate effects.

DISCUSSION

Holm oak reproductive effort, predispersal seed losses, and early
seedling recruitment were sensitive to climate change. Small
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FIGURE 3 | Mean (± SE) seedling densities along the 18-years study period
(gray circles). Data on mean (± SE) acorn crops are also shown (crosses).

(c.a. 10%) increases in drought severity during the last 18 years
were related to reduced reproductive effort, enhanced abortion
rates and predispersal seed predation by specialist insects, and a
lower early seedling recruitment (Espelta et al., 2008; Sánchez-
Humanes and Espelta, 2011; Fernández-Martínez et al., 2012;
Pulido et al., 2014; Pérez-Ramos et al., 2015; Morán-López et al.,
2016a; see Monks et al., 2016 for a theoretical review). Higher
pollination rates associated to warmer springs (Fernández-
Martínez et al., 2012) did not compensate for negative effects of
warming as acorn crops were reduced. Overall, climate change
expectations for the Mediterranean basin (more intense drought
events; IPCC, 2018) will decrease reproductive output, acorn
crops and early seedling recruitment, thus exacerbating negative
effects of these climatic trends on the survival of adult trees
(Ogaya et al., 2019).

Reproductive Effort and Predispersal
Propagule Losses
Contrary to our expectations, tree isolation effects were
generally weak and less important than those of climate, except
for intermediate positive effects of dehesa opening on the
reproductive effort of trees. This is not surprising since dehesa
formation from oak forests seeks for increased acorn production,
as tree thinning and removal of understorey shrubs decrease
plant-to- plant competition for water resources (Pulido and
Díaz, 2005; Pulido et al., 2010; Díaz, 2014). Such water stress
alleviation can prevent oaks from functioning close to their
point of stomatal closure at dawn during summer months,
which implies photochemical inhibition and low availability of
carbohydrates for acorn production, thus reducing abortion rates
and enhancing overall acorn production (Forner-Sales et al.,
2020). Even though we expected reduced pre-dispersal predation
in isolated trees due to the limited dispersal capabilities of the
predispersal acorn predators of holm oaks (mostly chestnut
weevils Curculio elephas; Debouzie et al., 1996; Bonal et al.,
2007; Díaz et al., 2011; Tong et al., 2017), predation rates were
independent of the spatial configuration of trees. Weevils may
arrive at lower rates to isolated trees but stay sedentary after

arrival, increasing seed predation and mitigating the effects
of reduced migration rates (Bonal et al., 2012). In addition,
drought-induced changes in acorn production may have led to
different levels of predator satiation in trees (Bonal et al., 2007),
outweighing the potential effects of tree isolation (Díaz, 2014)
on predation rates by specialist insects. Alternatively, isolation
effects may have been found weak because the spatial scale of
measurement may have been too small for detecting them (e.g.,
Bonal et al., 2012 for weevil infestation; see below for scales
of pollination effects). The chosen scale was fixed according
to typical rages of variation of tree distribution in dehesas
(Supplementary Figure 1), and was proven useful in previous
work (Díaz, 2014).

Proposed interactive effects of isolation and climate were
generally weak, except for the modulation of spring temperature
effects on pollination success by isolation and habitat. Increased
temperatures represent a double-edged sword for pollination,
warmer and drier conditions can increase the amount of airborne
pollen (Fernández-Martínez et al., 2012), but if drought stress
is too intense pollen production by trees can be disrupted
(Bykova et al., 2018). Positive effects of warming on pollination
were stronger in dehesa woodlands, probably due to enhanced
water status of trees in low density stands where shrub cover
is also much lower than in forests (Moreno and Cubera,
2008). In addition to habitat-type effects, isolated trees were
less responsive to warmer springs. Despite that long-distance
pollen dispersal is frequent in holm oak stands (Ortego et al.,
2014), most pollen is deposited locally (< 100 m; Morán-
López et al., 2016b). Isolated trees may have received decreased
pollen loads (Morán-López et al., 2016b) or lower quality
pollen coming from related neighboring individual trees (Ortego
et al., 2014) resulting in lower fertilization success (García-
Mozo et al., 2007), and hence, attenuating the positive effects
of spring temperature on fertilization. In the rest of the stages,
when significant effects were found, their magnitudes were
generally small. Therefore, our results suggest that management
options to ameliorate negative effects of climate change on
reproductive output and predispersal seed losses would be limited
as compared to options to reduce negative effects on adult trees
(Ogaya et al., 2019).

Seedling Recruitment
Higher acorn crops resulted in higher local early recruitment of
oak seedlings, as expected from the masting strategy of most oaks
(Pearse et al., 2016). Effect sizes of acorn crops were, however,
small, as compared with the positive effect of the local abundance
of older seedlings. Since local acorn crops were estimated form
crops of the tree heading each transect only, low effect sizes
may have been due to underestimates of the seed rain coming
from other neighboring trees. Alternatively, unmeasured traits
of transects different from direct local seed rain may have
favored recruitment, so that it was concentrated in the same
microsites year after year. Holm oak recruitment would thus be
site- rather than seed-limited (Eriksson and Ehrlén, 1992). This
conclusion would concur with the generally accepted idea that
intense summer drought in the Mediterranean region is the main
limiting factor for recruitment (Gómez-Aparicio et al., 2005),
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TABLE 2 | Lowest-AIC GLMM models testing for effects of local density of seedlings surviving from previous years, tree cover, and drought on fist-year Holm oak
seedling recruitment after accounting for effects of previous-year acorn crops.

Effect B SE (B) t p Effect size (r)

EARLY SEEDLING RECRUITMENT Acorn crop 0.22 0.05 4.68 �0.001 0.090 (s)

Density of surviving seedlings 1.67 0.09 18.17 �0.001 0.331 (i)

Tree cover 0.09 0.07 1.40 0.162 0.027

Year-round SPEI 0.19 0.06 3.41 0.001 0.066 (s)

Seedlings × tree cover −0.28 0.09 −3.10 0.002 0.060 (s)

Seedlings × SPEI −0.08 0.08 −1.00 0.315 0.019

Tree cover × SPEI 0.01 0.06 0.18 0.859 0.003

AIC = 2834.2

Both main effects of climate and its interactions with seedling density and tree cover were tested. Effect sizes were computed from t test values following Lipsey and
Wilson (2001) (s, small effect; i, intermediate effect, after Cohen, 1988). SPEI, standardized precipitation evapotranspiration index, that decreases as drought intensity
increases (Vicente-Serrano et al., 2010). Boldface indicates significant results.

which tends to be concentrated in microsites where water stress is
mitigated (i.e., under canopy cover, Gómez-Aparicio et al., 2005;
Pugnaire et al., 2011; Granda et al., 2014).

Close dependence on facilitation by shrub understoreys
for early recruitment has been repeatedly demonstrated in
Mediterranean oaks growing in open woodland (Ramírez and
Díaz, 2008; Gómez-Aparicio, 2009), as shading and improved
soil conditions under shrub canopies enhances seedling survival
to the first summer drought (Smit et al., 2008, 2009). Local
tree cover in the study area had no significant effect on early
recruitment, indicating that neither shading nor seed rain coming
from nearby trees were the factors defining safe microsites.
In fact, tree cover weakened the positive associations between
early recruitment and density of seedlings from earlier cohorts,
suggesting higher intraspecific competition under tree canopies,
at least in closed forests. In accordance, conspecific tree canopies
have been shown to limit holm oak recruitment in Mediterranean
forests (Granda et al., 2014). Drought conditions decreased
early recruitment, as expected from the sensitivity of holm
oak seedlings to drought during its first year of life (Gómez-
Aparicio et al., 2008), but local microsite conditions did not
ameliorate the increased drought effects, as shown by the lack
of interactive effects of older seedlings or tree cover with
SPEI. Therefore, microsite effects on recruitment would not be
based on protective shading against drought, and forest clearing
would not be a promising management option to ameliorate
negative effects of climate change on early seedling recruitment
of Holm oaks. Alternative microsite effects on recruitment such
as protection against herbivory or attraction of seed dispersers
would be worth of further study (Smit et al., 2008, 2009;
Morán-López et al., 2015, 2016c).

Forest clearing has been shown to collapse the regeneration
cycle of Holm oaks because of the strong negative effects
of clearing on acorn dispersal effectiveness (Pulido and Díaz,
2005; Pulido et al., 2010). Such negative impacts are mostly
due to changes in the foraging behavior of dispersers under
opened, risky conditions (Morán-López et al., 2015, 2016c),
rather than to low disperser’s populations (McConkey and
O’Farrill, 2016). Current research effort on the effects of climate
change on animals is focused on changes in abundance and
distribution, with little effort on effects of climate on behavior

and interspecific interactions (Díaz et al., under review and
references therein). It is thus unknown whether climate change
may decrease (or increase) negative effects of forest clearing
on the behavior of seed dispersers (Valladares et al., 2014;
Morán-López et al., 2015, 2016c).

Managing Conflicting Effects of Isolation
and Climate During the Regeneration
Cycle
Most stages of the reproductive cycle of Holm oaks were
negatively affected by drought. Positive effects of higher spring
temperature on pollination rate did not seem to compensate for
the remaining negative effects. In addition, alleviation of plant-
plant competition though forest clearing seemed to have little
scope to attenuate the negative impacts of drought, as shown
by weak or no interactive effects of climate and tree cover or
isolation. Management options aimed at decreasing adult tree
mortality under climate change scenarios (Ruiz-Benito et al.,
2013; Astigarraga et al., 2020) would then have little or no effects
on tree recruitment.

Conflicting effects of management options for the
maintenance of the economic and ecological sustainability
of Mediterranean oak forests and dehesas have been analyzed
previously (Díaz et al., 2013). Open configurations increase
the economic and conservation values of oak woodlands, but,
paradoxically, compromise their ecological sustainability
because openness collapses tree regeneration (Campos
et al., 2013). Our results agree with the solution proposed
to solve the economic/ecological sustainability of dehesas
by means of management practices designed at landscape
scales, including open and closed areas that will rotate
over long (decadal) periods. This will ensure both tree
recruitment (in closed areas) and economic and conservation
values (in open areas; Díaz et al., 2003, 2013; Morán-López
et al., 2016c). Such landscape-scale designs can be covered
by several tools of the current and reformed Common
Agricultural Policy, namely the former greening and the
coming Eco-scheme tools (Pe’er et al., 2020). In this way,
climate and land use change effects on the life cycle of
the keystone trees of agroforestry systems can be solved
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and integrated into effective systems of adaptive management
(Díaz and Concepción, 2016).
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Díaz, 2014; Sánchez-Mejía and Díaz, under review).

Supplementary Figure 2 | Drought trends along the study period. Closed circles,
continuous line: summer drought; open circles, dashed line: annual drought. Lines
are regression lines (SPEI = 218.8 - 0.11·YEAR and SPEI = 124.5 - 0.06·YEAR,
respectively). SPEI drought indices (Standardized Precipitation Evapotranspiration
Index; Vicente-Serrano et al., 2010) estimated drought conditions. High SPEI
values indicate wet conditions and low values, drought. See texts for details.

Supplementary Figure 3 | Isolation (percent area in 50-m circles centered in
focal trees not covered by the canopies of other trees) of the 145 trees provided
with seed traps according to habitat type. Dots: individual trees; small square:
median; box: interquartile range.
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