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Abstract. Recruitment is a bottleneck for forest regeneration especially in semi-arid Mediterranean envi-
ronments. Ensuring natural forest regeneration is vital for preserving ecosystem function under climate
warming and increased frequency and intensity of extreme droughts. Interspecific positive interactions are
of paramount importance in these ecosystems. The net outcome of conspecific plant interactions in semi-
arid forests, however, has been less explored, particularly the range of environmental conditions for which
juveniles benefit from nursing effects. We evaluated the direction and magnitude of intraspecific relation-
ships between adults and juveniles of Pinus pinaster in a dry continental Mediterranean forest in the Iberian
Peninsula. We measured the longitudinal shoot elongation of the last 15 yr and foliar functional traits in
pine saplings growing under the canopy of adult pines and in open habitats. We examined the growth
response to precipitation and the resilience and resistance of growth to two extreme drought events in
2005 and 2012. Our results show likely facilitation of saplings by adult conspecifics. Nursed saplings had a
greater size relative to age, longer needles, and faster shoot elongation than saplings in open habitats. In
addition, saplings under the canopy were more resistant and resilient to the first severe drought event.
However, saplings grown in open habitats were more resilient to the second drought event, which might
suggest a shift in the net balance of conspecific interactions with increased drought frequency and with tree
ontogeny. These results have a direct application for the adaptation and restoration of semi-arid forest
ecosystems under climate change. Currently, adults are used as nurse plants to enhance survival and
growth of juveniles. However, this positive effect on sapling performance might shift to negative under
scenarios of increasing frequency and intensity of drought events.
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INTRODUCTION

Recruitment is crucial for the regeneration and
sustainable management of forests under climate
change (Nyland 2016). Recruitment depends on
multiple ecological processes, such as seed pro-
duction and dispersion, seedling emergence and

survival, and sapling growth and mortality
(G�omez-Aparicio 2008). Many environmental fac-
tors modulate these processes (Cuesta et al. 2010)
and in semi-arid environments survival of juve-
niles to drought is a major bottleneck for forest
regeneration (Puerta-Pi~nero et al. 2007). Thus,
increased frequency and intensity of drought due
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to climate warming might eventually compromise
forest regeneration. In water-limited ecosystems,
such as Mediterranean forests, plant–plant inter-
actions (either positive or negative) drive the
recruitment of forest tree species (Castro et al.
2004, G�omez-Aparicio et al. 2004, Andivia et al.
2017). Specifically, positive interactions at early
plant ontogenetic phases might be decisive for
forest maintenance and provisioning of ecosystem
services under more intense and frequent
droughts forecasted by climate change studies
(Christensen et al. 2007).

Facilitation among plants is a positive interac-
tion where the nurse plant increases the perfor-
mance of another plant that grows under the nurse
canopy compared to the plants growing outside
the canopy (Holmgren et al. 1997). This often
occurs because the nurse plant mitigates the abiotic
(e.g., water stress) and/or biotic (e.g., herbivory)
stresses that other plants experience outside the
nurse canopy (Bertness and Callaway 1994,
G�omez-Aparicio et al. 2008). Facilitative interac-
tions usually involve different species and drive
community structure and function (Bruno et al.
2003). Nonetheless, negative (competition) and
facilitative interactions occur at the same time in
plant communities, especially in arid and semi-arid
environments (Padilla and Pugnaire 2006, Wright
et al. 2014). The final performance of interacting
plants depends on the balance between facilitation
and competition, which at the same time depends
on the environmental context (Brooker 2006). The
stress-gradient hypothesis (SGH; Bertness and Call-
away 1994) predicts that facilitative interactions
become more important than competition as abi-
otic stress and herbivory increase. The validity of
the SGH predictions has been examined in many
species and under a wide range of environmental
conditions (Maestre and Cortina 2004, Armas et al.
2011, Granda et al. 2012, Andivia et al. 2017). The
magnitude of the shift from facilitation to competi-
tion largely depends on the indicator of plant
fitness (survival, growth, or reproduction), the
functional characteristics of the nurse and benefi-
ciary plants, and the nature of the stress (G�omez-
Aparicio et al. 2009, Maestre et al. 2009).

The use of interspecific facilitation as a tool in
forest restoration relies mainly on nurse shrubs
(G�omez-Aparicio et al. 2004). This idea stems
from species coexistence theory throughout
the secondary succession (Holzwarth et al.

2015), which predicts that functionally equivalent
species are less likely to coexist due to niche over-
lapping. Accordingly, Verdu et al. (2012) show
that the effectiveness of facilitation for restoration
is increased with the phylogenetic distance
between the nurse and the beneficiary species.
Consistent with this prediction, no spatial associ-
ation was observed between conspecific juveniles
and adults in different Mediterranean tree spe-
cies (Granda et al. 2012). However, facilitation
between phylogenetically close species or
between conspecifics does exist (Fajardo et al.
2006, Fajardo and McIntire 2010, Prinzing et al.
2017). In addition, conspecific facilitative interac-
tions may only be apparent at specific develop-
ment stages (Miriti 2006, Wright et al. 2014). For
example, germination and early seedling survival
can be enhanced under the canopy of conspecific
adults (Ruano et al. 2009), especially in dry years
(Lucas-Borja et al. 2016), but after establishment
the relationship might shift to competition.
Because forest regeneration is limited in dry

areas, several management methods, such as the
shelterwood system, are intended to facilitate
seedling establishment and juvenile growth under
the shelter of adult conspecifics. Understanding
this adult–juvenile interaction is critical for the
management and persistence of monospecific
forests in water-limited sites and under future
warmer drought scenarios. Resilience and resis-
tance are two main components of tree functional
stability and persistence in response to intense
drought events (Lloret et al. 2011). In terms of
growth, resistance is the ability to maintain
growth during the intense drought event, while
resilience is the capacity to restore pre-drought
growth levels. The evaluation of the response of
individuals to intense drought events in terms of
growth stability is essential to anticipate forest
structure changes and the effectiveness of forest
management methods under scenarios of increas-
ing aridity. This is especially important for juve-
niles because they are more vulnerable than
adults to droughts (Herrero and Zamora 2014,
Madrigal-Gonz�alez and Zavala 2014).
In this study, we address the net balance of

intraspecific interactions between adults and juve-
niles of maritime pine (Pinus pinaster Aiton).
Specifically, we explore whether the proximity to
adults increases sapling resilience and resistance to
consecutive intense drought events. Natural

 ❖ www.esajournals.org 2 June 2018 ❖ Volume 9(6) ❖ Article e02282

ANDIVIA ET AL.



regeneration of this species in Mediterranean-
climate locations is becoming challenging, espe-
cially toward the dry end of its distribution range
(Gonz�alez-Alday et al. 2009, Calama et al. 2017).
The study site is in an area of inland sand dunes in
central-northern Iberian Peninsula. Soils have very
low fertility and water retention capacity (Garc�ıa
Fern�andez 2004), which together with the low pre-
cipitation, strongly constrains tree growth and
regeneration (Gomez-Sanz and Garcia-Vinas
2011). Under these stressful conditions, we mea-
sured annual shoot growth over the last 15 yr in
saplings growing in two contrasting microhabitats:
beneath adult canopies and in open habitats and
assessed sapling resilience and resistance after two
severe drought events in 2005 and 2012. As the net
outcome of biotic interactions may ultimately filter
functional traits distribution (McIntire and Fajardo
2014), we also measured foliar traits and biomass
allocation at the branch level in these saplings.
With this information, we tested which relation,
facilitative or competitive, better explained the
interaction between adults and juveniles of
P. pinaster. Following the facilitation paradigm,
adult trees will enhance juvenile performance as
well as the resilience and resistance to intense
drought events. In addition, saplings growing
under the canopy of adult trees will show a more
resource-acquisitive strategy than those growing
in open areas (Garc�ıa-Cervig�on et al. 2015).

METHODS

Study area
The study system is a Mediterranean

continental-climate open forest in central Iberian
Peninsula (Fig. 1; 41°22011″ N, 4°15022″ W). It is
located in a homogeneous flat territory of about
7500 ha at 841 m a.s.l. The site is on inland sand
dunes, which have sandy soils, highly unstruc-
tured, extremely poor in nutrients and with low
water retention capacity (Gomez-Sanz and Gar-
cia-Vinas 2011). The sandy layer usually reaches
10 m in depth, but in some cases, it can reach up
to 20 m (Garc�ıa Fern�andez 2004). Mean annual
temperature is 12°C, and annual precipitation
oscillates between 430 and 470 mm with maxi-
mum rainfall during winter and spring. Winter is
cold due to the high continental influence, and
summer is dry and warm with a drought period
of 4–5 months, from June to September or

October. The dominant tree species is the mar-
itime pine (Pinus pinaster Ait.), which has a mean
density of 76 tree/ha. We explored the spatial
configuration of adult and juvenile pines by
recording all individuals in a 0.25 ha square plot
established at the core of our study site in a flat
and homogenous area. The sampling showed a
marked spatial aggregation of adults and juve-
niles (Appendix S1: Fig. S1). Because of the
extreme soil and climatic conditions, tree density
is low and maximum tree height is 7–12 m in
healthy individuals. Some individuals, nonethe-
less, show a shrubby appearance with maximum
heights of 2 m (Fig. 1). The understory vegeta-
tion is formed by sparse vegetation dominated
by a few chamaephytes such as Helichrysum stoe-
chas (L.) Moench or Thymus mastichina L. and a
rich community of annual herbs and soil lichens.
The shelterwood cutting system is the typical

forest management in the area, which is per-
formed in permanent plots with moderate thin-
ning and natural regeneration over a 100-yr
rotation period. Last cutting in the area occurred
in 2016. Timber and resin extraction constitute the
main use in the area, which have had a consider-
able economic impact in the region for centuries.

Growth analysis in pine saplings
In early May 2017, we randomly selected 20

adults in a flat area of about 400 ha. These adult
trees were different from those sampled to
explore the spatial arrangement of pine trees in
the area (Appendix S1: Fig. S1). For each adult
tree, we randomly selected two saplings growing
under the canopy of an adult tree and two sap-
lings growing in open habitats. For each micro-
habitat (under the canopy and in open habitats),
one sapling was oriented to the north and the
other one to the south, relative to the adult tree.
We considered as saplings the non-reproductive
individuals, which in most cases were <3 m in
height and <35 yr old. As P. pinaster shows one
shoot flush of growth per year in the study area,
we estimated the age of saplings by counting the
number of annual bud scars or branch whorls
(Herrero and Zamora 2014). In May 2017, we
measured the longitudinal shoot growth in the
leader shoot of the 80 selected saplings. Annual
shoot growth spanning from 2001 to 2016 was
measured as the elongation of stem segments
between consecutive annual bud scars or branch
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whorls. The elongation of annual shoot segments
has been widely used to evaluate the response of
plants to environmental conditions and to
drought events (Herrero and Zamora 2014). We
also measured the stem diameter at breast height
(dbh) and 10 cm aboveground (Db), sapling
height, the number of other pine saplings in a
5 m radius to the focal sapling, and the distance
to the closest adult pine. We estimated sapling
stem volume (SV) as the product of plant height
and 1/3 basal area.

Needle morphology and biomass allocation at the
branch level

In all selected saplings, two branches oriented
to the south and north from the upper third of the
sapling canopy were cut and the number of nee-
dle cohorts was counted. We avoided branches
located under other branches to prevent any con-
founding effects due to shade (Rolo et al. 2015).

From each branch, the current-year shoot segment
(i.e., year 2016) was cut and needles were
removed, scanned (ScanJet 300 HP, Palo Alto,
California, USA), and the projected area was mea-
sured with ImageJ. We also measured the needle
length (NL) in 10 current year needles per pine
sapling. All plant material was oven-dried at 65°C
for 48 h and weighed. Needle mass per area
(LMA) was calculated by dividing total needle
mass by projected needle area. The leaf area ratio
(LAR) of the current-year shoot segment was
determined by dividing the needle area by the
shoot segment mass (needle + stem mass). Nee-
dle mass fraction (LMF) was calculated dividing
needle mass by shoot segment mass. Needle
length is a good indicator of tree response to
water availability (Herrero and Zamora 2014),
whereas LMA, LAR, and LMF reflect biomass
allocation and resource-use strategies in response
to environment conditions (Lambers et al. 2008).

Fig. 1. (a) Geographical location of the study site. (b) Image of the study area showing adults and juveniles of
Pinus pinaster. (c) Detail of a pine with a shrubby appearance.
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Data analysis
To evaluate whether pine saplings from differ-

ent microhabitats differ in age and morphologi-
cal parameters (height, Db, dbh, and SV), we
fitted a linear mixed model (LMM) for each
parameter considering microhabitat as a fixed
effect, and plot (i.e., each adult pine) as a random
term. A t test was conducted to evaluate whether
differences between microhabitats were signifi-
cantly different from zero.

To analyze the shoot growth pattern of pine sap-
lings, we used a LMM in which sapling age (as a
second-degree polynomial), microhabitat (under
canopy and in open habitats), annual precipita-
tion, sapling size (Db), and competition (as num-
ber of sapling in a 5 m radius) were considered as
main effects. We also included the interaction
between microhabitat and age, and between
microhabitat and precipitation to test whether the
response of sapling growth to these covariates dif-
fered between microhabitats. We computed
annual precipitation using climatic records from
the two closest meteorological stations of the Span-
ish National Agency of Meteorology (AEMET).
Annual precipitation was computed from Septem-
ber of the previous year to August of the present
year to account for the previous winter conditions
up to the end of the growing season. Continuous
variables were standardized to allow comparisons
across model-estimated parameters and testing
interactions (Zuur et al. 2009). Multicollinearity
was evaluated using the variance inflation factor
(VIF). The response variable (i.e., shoot elongation
rate) was log-transformed to achieve normality
and homoscedasticity.

We applied a mixed model because our experi-
mental design resulted in spatial and temporary
autocorrelation due to (1) the fact that we sam-
pled four pine saplings per plot (i.e., pine adult);
and (2) growth series results in non-independency
among observations within the same pine sapling
(i.e., repeated measurements). For these reasons,
we considered pine sapling identity nested within
plot identity as a random term in the model. We
also tested different autoregressive correlation
structures for growth measurements. To do this,
we adjusted models by restricted maximum likeli-
hood (REML) using different orders for the tem-
porary autocorrelation structure and selected the
one with the lowest value of the Akaike’s informa-
tion criterion adjusted for sample size (AICc).

Once the best random structure was selected,
we identified the best-supported fixed effect
structure by following a backward model selec-
tion procedure. First, we fitted the full model
including all main effect and the abovemen-
tioned interactions, and we compared it with
reduced models in which each pairwise interac-
tion was dropped (Round 1). Then, we compared
the selected model after round 1 with models
that ignored the main effects. If the difference in
AICc between two models was ≤2, then the sim-
pler model was selected (Burnham and Ander-
son 2002). All alternative models were fitted by
the maximum likelihood method (ML), whereas
the parameters of the selected model were esti-
mated by REML.
To evaluate the resistance and resilience of

pine saplings to drought events of 2005 and
2012, we followed the procedure described by
Madrigal-Gonz�alez et al. (2017). Briefly, we first
fitted a linear mixed model in which age (as a
second-degree polynomial) and the pine sapling
identity nested within plot identity were consid-
ered as fixed and random effects, respectively.
Then, Pearson’s residuals were extracted and
scaled to 1–2 values according to the following
formula:

scaled residual ¼ xi �min xð Þ
max xð Þ �min xð Þ

� �
þ 1

where xi is the residual value for the observation
i, and max(x) and min(x) are the maximum and
minimum residual. These scaled residuals are
values of elongation rate without the effects of
sapling age. This scaling procedure allows the
calculation of resistance and resilience indexes
avoiding negative and zero values (Madrigal-
Gonz�alez et al. 2017).
Resistance (Rt) and resilience (Rs) indexes were

calculated following Lloret et al. (2011) on the
scaled Pearson’s residuals:

Rt ¼ Dr=PreDr

Rs ¼ PostDr=PreDr

Resistance is the capacity to maintain the pre-
drought (PreDr) shoot elongation rate during the
year of the drought event (Dr), whereas resilience
is the capacity to reach pre-drought elongation
rates after the drought event (PostDr). Rt and Rs

indices were calculated for each sapling from the
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scaled residual growth corresponding to the
drought events 2005 and 2012. We selected these
years because they were the most intense
drought events during the study period with an
annual precipitation of 271 and 284 mm, respec-
tively. Pre-drought and post-drought growth val-
ues were the mean scaled residuals of growth in
the 2 yr before and after 2005 and 2012, respec-
tively. To evaluate whether pine saplings from
different microhabitats differ in their resistance
and resilience to drought events, we fitted a lin-
ear model for the resistance and resilience
indexes for each drought event (2005 and 2012)
considering microhabitat as a fixed effect. A t test
was conducted to evaluate whether differences
between microhabitats were significantly differ-
ent from zero.

For each foliar trait (NL, LMA, LAR, and
LMF), we fitted a mixed model in which micro-
habitat and sapling age were considered fixed
effects, and the plot identity was included as a
random term to account for spatial autocorrela-
tion of observations. Model selection was also
performed following a backward procedure
based on the AICc. All statistical analyses were
performed R v3.2.5.

RESULTS

Growth patterns of pine saplings
Sampled saplings were between 17 and 35 yr

old. Pine saplings grown under the canopy of a
pine adult were younger (mean � SE; 25.7 � 0.7
and 28.6 � 0.9 yr old, respectively; P = 0.01),
taller (219 � 12 and 95 � 8 cm, respectively;
P < 0.001), and showed lower dbh than saplings
in open habitats (3.3 � 0.3 vs. 4.3 � 0.4 cm,
respectively; P = 0.02). However, they did not
differ significantly in terms of Db (8.0 � 0.5 vs.
9.3 � 0.7 cm, respectively; P = 0.12) and stem
volume (4.5 � 0.6 and 3.8 � 1.1 dm3, respec-
tively; P = 0.59). Mean distance to the bole of the
closest adult pine tree was 3.9 � 0.6 m and
19.8 � 1.4 m for saplings grown under the
canopy and in open habitats, respectively.

The second-order autoregressive structure was
selected as the random term structure for the
LMM used to analyze the shoot elongation pat-
tern of saplings (Appendix S1: Table S1). This
means that a given observation within the same
individual shows a temporary autocorrelation

with the two previous measurements. The best
supported model for the structure of the fixed
effects includes the interaction between the
microhabitat and the sapling age, and the main
effect of the annual precipitation (Table 1). The
selected model meets the homoscedasticity
assumptions (Appendix S1: Fig. S2), and VIF val-
ues were lower than four units, indicating an
acceptable degree of collinearity.
Saplings growing in different microhabitats

showed a different pattern of shoot elongation
with age (Fig. 2a). On the one hand, the shoot
elongation rate of the saplings under adults ini-
tially increased linearly with age and then slo-
wed to a constant value. On the other hand,
saplings in open habitats showed low elongation
rates during the first years of life but strongly
accelerated at latter ages. These different patterns
of growth over time resulted in a greater mean
shoot elongation rate under the canopy of adults
than in open habitats (10.3 � 0.9 and
4.3 � 0.6 cm/yr, Fig. 2b). In fact, shoot elonga-
tion rate was always greater in saplings under

Table 1. Comparison of linear mixed models to assess
the effects of explanatory variables on the annual
stem elongation of Pinus pinaster saplings.

Evaluated model AICc DAICc

Round 1
�Full model 2229.8 0.6
�Microhabitat 9 age 2235.0 4.6
�Microhabitat 9 precipitation 2230.4 0

Round 2
�Precipitation 2331.8 103.3
�Size 2229.4 0.9
�Competition 2228.9 0.4
�Precipitation and size 2331.9 103.4
�Precipitation and competition 2330.5 102.0
�Size and competition 2228.5 0
�Precipitation, size and competition 2330.5 102.0

Selected model Microhabitat 9
age +

precipitation

Notes: The full model included the interaction between
microhabitat and age (as a second-degree polynomial), and
between microhabitat and precipitation, as well as the main
terms size (sapling Db and competition [number of saplings in
a 5 m radius]). Models in round 1 excluded the pairwise inter-
action terms while models in round 2 excluded main terms.
Model selection was performed based on the corrected
Akaike’s information criteria (AICc). DAICc refer to the differ-
ence in AICc between the assessed model and the model
selected in each Round (i.e., DAIC = 0). The final models show
the selected explanatory variables for the fixed-effect terms.
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adult canopies than in those in open habitats
(Appendix S1: Fig. S3). Pine saplings positively
responded to annual precipitation (Fig. 2c) with
no differences between microhabitats.

Resilience and resistance to intense drought
events
The drought of 2005 strongly reduced the sap-

ling shoot elongation rate irrespective of the

Fig. 2. Model prediction for (a) the effect of the interaction between microhabitat and sapling age, (b) the
effect of microhabitat, and (c) the effect of annual precipitation on the annual shoot elongation of Pinus pinaster
saplings.
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microhabitat (Appendix S1: Fig. S3). However,
saplings under the canopy of adults recovered
the pre-drought elongation rate 2 yr after the
drought event, whereas saplings in open habitats
recovered it 6 yr later (Fig. 3). In response to the
2005 drought, saplings under canopy were more
resistant (0.91 � 0.01 vs. 0.86 � 0.01, P = 0.03)
and resilient (0.98 � 0.01 vs. 0.91 � 0.01,
P < 0.001) than saplings in open habitats (Fig. 4).
The drought of 2012 also reduced sapling shoot
elongation (Appendix S1: Fig. S3). Unlike the
drought of 2005, saplings in an open habitat
recovered faster than those under canopy
(Fig. 3), which were less resistant (0.93 � 0.01
vs. 0.97 � 0.01, P = 0.07) and resilient (0.91 �
0.01 vs. 1.00 � 0.02, P < 0.001) than the saplings
in open habitats (Fig. 4). Thus, the microhabitats
modulated the resistance and resilience capacity
of saplings to the two most intense drought
events during the study period in the opposite
way.

Differences between microhabitats in needle and
shoot morphological attributes

Sapling age and microhabitat did not signifi-
cantly affect LMA, LAR, or LMF (Appendix S1:

Table S2). Mean � SE values for LMA, LAR, and
LMF were 0.363 � 0.001 kg/m2, 2.11 � 0.03 m2/
kg, and 75.9 � 0.77%, respectively. However,
needle length was positively related to sapling
age (estimated slope = 0.09 � 0.02) and was sig-
nificantly greater in saplings grown under
canopy than in open habitats (7.2 � 0.2 and
5.9 � 0.3 cm, respectively; P < 0.001). In addi-
tion, saplings under canopy had a higher num-
ber of needle cohorts per branch of the same age
than saplings in open habitats (median = 4 and
2, respectively).

DISCUSSION

Our results support the facilitation hypothesis
of saplings by adult conspecifics of Pinus pinaster
in the study forest. Most performance and func-
tional variables showed higher values in the sap-
lings recruited beneath the canopy of adult
conspecifics than in open spaces as evidenced by
their greater size, needle length, shoot elongation
rate, and resilience after the first intense drought
(2005). However, resilience to the second intense
drought event (2012) was lower in saplings under
the canopy, suggesting a shift in the net balance of

Fig. 3. Standardized residuals for annual shoot elongation of Pinus pinaster saplings growing under the canopy
of adult pines and in open habitats. Residuals were obtained after fitting a linear mixed-effects model which
included sapling age (as a second-degree polynomial). The shaded areas depict values during the drought events
of 2005 and 2012, respectively. Boxes are 95% and 5% percentile values, while the solid lines indicate the median.
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conspecific tree–tree interactions with increased
drought frequency and with tree ontogeny.

Pine saplings grown under canopy and in open
habitats were different in size after controlling for
age. These differences may be attributed to (1) a
strong photo-inhibition in response to direct irra-
diation and thus limited carboxylation (Puerta-
Pi~nero et al. 2007), (2) increased stem elongation
in response to shade (Lafuente-Laguna et al.
2012) and/or greater soil water availability
(G�omez-Aparicio et al. 2008, Prieto et al. 2011),
and (3) limitations associated with a less stable
environment, more exposed to climatic variabil-
ity including drought events (Madrigal-Gonz�alez
and Zavala 2014). Air temperature, humidity,
and soil fertility are more stable and at levels that
increase the growth of beneficiary species under
the nurse individuals compared to open spaces

(Moro et al. 1997, G�omez-Aparicio et al. 2005,
Cuesta et al. 2010). Consistently, needle length
and the number of needle cohorts, which nega-
tively correlate with the water stress to which
trees are exposed (Jonasson et al. 1997, Herrero
and Zamora 2014), were greater in saplings
under the influence of adults. Contrary to our
expectations, nonetheless, the rest of leaf and
shoot traits did not differ between microhabitats.
Acclimation of plants to shade involves lower
LMA, and greater LAR and LMF to optimize
light harvesting (Lambers et al. 2008, Rolo et al.
2015). Similarly, facilitated saplings would show
a more resource-acquisitive strategy than those
growing in open areas (Garc�ıa-Cervig�on et al.
2015). Thus, the lack of differences in current year
shoot and leaf morphological traits between
microhabitats suggests that the distinct environ-
mental conditions in both microhabitats do not
affect the mass allocation at current year shoot
level, but saplings of open spaces adjust leaf size
and number to minimize water loss (Ogaya and
Pe~nuelas 2006). Further studies should incorpo-
rate the evaluation of water relation parameters,
root traits, as well as differences in environmental
conditions between microhabitats to disentangle
the underlying mechanisms behind the observed
facilitation process.
Despite the growth rate being higher in saplings

under the canopy than in open habitats, saplings
had similar growth responses to precipitation in
both microhabitats indicating no synergy between
precipitation and microhabitat. Additionally, sap-
lings in open areas showed exponential growth
with very low growth during the first years after
emergence. The low aboveground growth rate of
saplings in open habitats at very early develop-
ment stages might reflect a plastic biomass alloca-
tion response that prioritizes the root growth at
the expense of shoot growth at early development
stages, especially in plants exposed to water stress
(Schenk and Jackson 2002, Olmo et al. 2014, Ledo
et al. 2017). Greater root to shoot development
can reduce plant water loss while increasing water
uptake capacity (Grossnickle 2012). These results
support the idea of stressful environmental condi-
tions outside the canopy protection and that
plants show greater sensitivity to stress at early
ontogenetic stages. Previous studies in this forest
ecosystem have also observed positive effects of
adult pine trees on the herbaceous layer diversity

Fig. 4. Resistance and resilience to the drought
events of 2005 (left panels) and 2012 (right panels) for
Pinus pinaster saplings growing under the canopy of
conspecific adults and in open habitats. Boxes are 95%
and 5% percentile values, while the solid lines indicate
the median. The P-value of the t test that evaluates
whether differences between microhabitats were signifi-
cantly different from zero is shown within each panel.
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at the landscape level (Madrigal-Gonz�alez et al.
2010). Similarly, germination and early survival of
P. pinaster seedlings decreases with harvested
basal area under Mediterranean conditions (Gon-
z�alez-Alday et al. 2009, Ruano et al. 2009).

The intense drought events strongly reduced
sapling growth. Interestingly, the response of pine
saplings varied not only between microhabitats
but also between drought events. Saplings in
open habitats showed the lowest growth resis-
tance and resilience to the 2005 intense drought.
In fact, saplings in open areas recovered their pre-
drought growth rates 6 yr later than saplings
under adults. These results reinforce our hypothe-
sis about the facilitative role of conspecific adults
in harsh environments. However, resilience to the
2012 drought was greater in saplings in open
habitats than in those under adults. Ontogeny can
determine the direction of plant–plant interactions
(Miriti 2006). Our results suggest a shift from
facilitative to negative interactions between con-
specific adults and juveniles. Further evidence of
this is that sapling growth rate saturated at a
younger age under adults than in gaps. Facilita-
tion usually prevails at early ontogenetic stages
(Miriti 2006), where plants are more vulnerable to
abiotic stress due to shallow roots and low carbon
reserves (Niinemets 2010). Conversely, large
plants demand more resources, which may in-
crease competition (Wright et al. 2014).

Few studies have demonstrated the mecha-
nisms underlying positive interactions between
conspecifics in stressful environments (see Welt-
zin and McPherson 1999, Fajardo et al. 2006,
Fajardo and McIntire 2010, Gimeno et al. 2015).
Niche differences for avoiding the functional
similarity among individuals of the same species
rely on differences in size and other functional
traits that change with ontogeny such as leaf size
or gas exchange (Mediavilla and Escudero 2003).
Tree size increases continuously, which modu-
lates their future growth (Stephenson et al.
2014), and the productivity (Coomes et al. 2014)
and interactions (Aakala et al. 2013) in forest
communities. Size differences might imply niche
differentiation in resource use (Zang et al. 2012).
For instance, in situations where strong above-
ground competition is predominant, size stratifi-
cation in combination with distinct light yield
strategies may lead to greater resource use
efficiency and, therefore, greater packaging of

biomass and productivity (Forrester and
Albrecht 2014). Nonetheless, size heterogeneity
in monospecific forests can reduce stand produc-
tivity due to strong intraspecific asymmetric
competition (Bourdier et al. 2016). This apparent
contradiction might be solved by incorporating
environment stress as a bottom-up force that hin-
ders dominancy through the reduction of above-
ground biomass. Our results therefore highlight
the importance of environmental stress for
explaining the coexistence of adult and juvenile
conspecifics in populations at the ecological limit
of their distribution. In parallel, these results
highlight an interesting paradox. In a scenario of
increased frequency of intense droughts, benefits
provided by adults during early ontogenetic
stages might jeopardize the long-term perfor-
mance of saplings. Greater sapling growth under
adults might reduce root investment, which can
compromise the ability of saplings to withstand
repeated intense drought events (McDowell
et al. 2008). In addition, a higher juvenile density
below adult canopies than in open habitats
(Appendix S1: Fig. S1) might also exacerbate the
negative effect of repeated intense droughts due
to greater competition. Future studies in similar
harsh environments using spatially explicit ap-
proaches are needed to evaluate the long-term
impacts of drought events on other demographic
processes, such as mortality, to understand plant
carbon dynamics and their importance in forest
regeneration under scenarios of increased fre-
quency of extreme drought.

Management implications and conclusions
Our results are interesting for the evaluation of

the potential increase of intense drought events
linked to climate change on the regeneration and
restoration of pine forests under harsh environ-
ments. These ecosystems are vulnerable to tree
cover loss because seedling recruitment strongly
depends on facilitation by adult conspecific
(Gonz�alez-Alday et al. 2009, Ruano et al. 2009,
Rodriguez-Garcia et al. 2011). Specifically, pre-
existing adult trees can enhance survival and
growth of juveniles after disturbances, such as
intense droughts, fires, or tree harvesting, but also
the success of actives restoration measures such
as seedling planting. However, our results also
show a shift in the net effect of adults on sapling
resilience to repeated intense drought events.
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Higher frequency of intense droughts in such
already water-limited forests might represent
novel hazards that exceed our ability to manage
regeneration through adult positive interactions.
In this regard, the shelterwood thinning should
be adapted to the reality of extreme event legacies
on tree productivity through a spatially explicit
planning that maximizes growth, short-term resi-
lience, and recovery capacity after repeated per-
turbations. Further studies are therefore needed
on the spatially explicit nature of the outcome of
adult–juveniles plant interactions in a scenario of
increased magnitude and frequency of drought.
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