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Abstract

Climate change is expected to intensify drought in the Mediterranean region. Previous studies indicate that tree species
mixing may reduce the water stress. Our study investigates the response to past drought events of four co-occurring Medi-
terranean species: Pinus pinea L. (stone pine), Pinus pinaster Ait. (maritime pine), Juniperus thurifera L. (Spanish juniper)
and Quercus ilex L (holm oak). The study was performed at an interannual scale, both in monospecific and mixed stands.
Annual tree ring widths data measured on increment cores and stem discs obtained from 281 trees were used to quantify the
responses to drought events using complementary resilience indices. Additionally, we assessed tree intra- and inter-specific
competition impact over the past 25 years. We fitted and compared generalised linear mixed models to determine the influence
of species identity, stand composition as intra-specific and inter-specific competition on complementary resilience indices
and annual basal area increment. The co-existence with other species enhanced the resistance to drought of the stone pine
as the resilience capacity of the Spanish juniper. Conversely, maritime pine’s drought resistance declined considerably in
mixed stands. Notably, only the anisohydric species Spanish juniper and holm oak were able to return to pre-disturbance
growth rates after the drought. The influence of competition on tree growth was found to differ according to the hydrological
conditions of each year and varied based on the specific source of competition. Our study showed that mixed stands in the
Spanish Northern Plateau, especially with holm oak and Spanish juniper, are more resilient to prolonged droughts due to
spatio-temporal complementarity and subsequent competition reduction. That is another reason for which such composed
mixed stands should be promoted in the arid conditions of the Spanish Northern Plateau.

Keywords Complementary resilience indices - Generalised linear mixed models - Mediterranean forests - Niche
complementarity - Mixed forests

Introduction

Forests on the Iberian Peninsula are increasingly subjected
to more frequent and prolonged droughts (Senf et al. 2020).
This climatic challenge, caused by decreased water supply
combined with elevated atmospheric evaporative demand
(Noto et al. 2023), is pushing even drought-adapted Medi-
terranean tree species towards their tolerance limits (Pefiue-
las et al. 2017). Mediterranean forests are experiencing a
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multifaceted impact due to increasing aridity, including
shorter growth periods, accelerated soil erosion, nutrient
imbalances and more frequent fires, all contributing to a
significant dieback processes in tree species and altering
forest dynamics (Pefiuelas and Sardans 2021). The forests
in the Spanish Northern Plateau are composed mainly by
four species: Pinus pinea L. (stone pine), Pinus pinaster L.
(maritime pine), Quercus ilex L. (holm oak) and Junipe-
rus thurifera L. (Spanish juniper). Over the last 30 years, a
progressive decline of Pinus pinaster has been observed in
the region, both in resin-tapped stands (Calama et al. 2023)
and mixed stands with Pinus pinea (Férriz et al. 2021). Fur-
thermore, P. pinea, although more drought—resilient than
P. pinaster, has shown signs of increased mortality (Férriz
et al. 2021), a trend that may strengthen in the future due to
climate change (Pardos et al. 2015).
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Even among drought-resistant tree species present in
the Spanish Northern Plateau (Lopez-Iglesias et al. 2014),
substantial differences in drought responses are found. For
instance, the isohydric stone pine and maritime pine will
close their stomata sooner when air vapour pressure deficit
will be increasing along with soil water potential decreasing;
whereas the transpiration at high levels of hydraulic stress
will be maintained by anisohydric holm oak and Spanish
juniper (Pardos and Calama 2022). That gives an advantage
to more drought-tolerant holm oak and Spanish juniper over
both stone and maritime pine (Mayoral et al. 2016). This
is one of the reasons behind a consequent replacement of
several dominant Pinus species mainly by holm oak, across
the lowlands of the Iberian Peninsula (Carnicer et al. 2014).
Yet, it is important to point out that a single species does not
represent entirely one or another strategy, but it moves in a
continuum between one group of traits and another (Brede-
meier et al. 2011).

As the performance of trees in mixtures often results in
growth improvement (Condés et al. 2023), trees may deal
better with water stress when growing with other species
(Pardos et al. 2021a). The niche complementarity hypoth-
esis offers an overarching explanation for this phenomenon.
Resources may be taken up by trees at different points in
space or time (resource partitioning) (Grossiord 2020), what
contributes to competition reduction, when the inter-specific
competition rate becomes lower than the intra-specific com-
petition rate (Pretzsch et al. 2017; Ammer 2019). What is
more, facilitation may occur—when the presence of one
species leads to positive modification of growth environ-
ment of the remnant species. Competition reduction and
facilitation are difficult to disentangle (Ammer 2019), but
they can contribute to a better performance of mixed forest
in overall (Pretzsch 2022), as under drought stress (Forrester
et al. 2016). In Mediterranean mixed stands, Calama et al.
(2021) and De Dios-Garcia et al. (2018) demonstrated that
stone pine growth was enhanced when coexisting with Span-
ish juniper and holm oak. Also, De Dios-Garcia et al. (2015)
confirmed better growth of stone pine when cohabiting with
holm oak and Spanish juniper while facing water stress.

Secondary growth, an indicator of tree physiological
response to drought stress, has been found to correlate posi-
tively with tree size and water supply in the Mediterranean
region (Pasho et al. 2012; de-Dios-Garcfia et al. 2018; Mar-
tinez del Castillo et al. 2018; Calama et al. 2019). Com-
plementary resilience indices based on ratios of secondary
growth before, during, and after drought have been devel-
oped to quantify tree response to stress events (Lloret et al.
2011). Resistance shows tree’s ability to withstand the stress
impact. Recovery indicates how effectively a tree is enhanc-
ing its performance after the damage suffered. Resilience
demonstrates the capacity to reach pre-disturbance growth
levels. Pardos et al. (2021a) showed that tree growth in

@ Springer

mixed stands is less affected by drought stress, the effect
being stronger in conifer-broadleaved mixtures compared
to those composed by the same phylogenetic group of spe-
cies (conifer-conifer or broadleaved-broadleaved). Tree
hydraulic traits shape drought responses (Anderegg et al.
2016, 2018), thereby underscoring the importance of spe-
cies’ identity in forming the mixture (Pardos et al. 2021a).
The more different the hydraulic traits of trees are, the more
pronounced the complementarity effect between species may
become (Rodriguez de Prado et al. 2022; Haberstroh and
Werner 2022). Species having its centre of distribution in the
Mediterranean climate zone exhibit higher resilience (Par-
dos et al. 2021a) compared to species composing temperate
forests, although this may decrease after repeated drought
events (Serra-Maluquer et al. 2018). Broadleaved forests
from temperate regions show greater resistance to drought,
while conifer forests from arid and semi-arid regions are
characterized by greater recovery. Nevertheless, if a species
is existing at the limits of its distribution, even if that is an
arid area, it may be more vulnerable to drought (Martinez
del Castillo et al. 2022). Higher resistance to drought was
proven to be linked to lower mortality likelihood in broad-
leaves, while conifer trees with higher recovery capacity are
less likely to die due to drought in long term (DeSoto et al.
2020). Consecutive droughts have an accumulative effect on
trees capacity to survive (Serra-Maluquer et al. 2018) and
extend the recovery period (Haberstroh and Werner 2022),
or can lead to a severe and critical growth decline (Schmied
et al. 2023).

In the Mediterranean climate zone, trees mostly com-
pete for water resources, with the intensity of competition
being proportional (symmetrical) to their size (Bolibok
2014; de-Dios-Garcia et al. 2015; Rodriguez de Prado et al.
2022). According to the stress gradient hypothesis, compe-
tition between trees is reduced with increasing stress rate
(Forrester 2014). Competition may also shift to facilita-
tion over time, such as during drought years (del Rio et al.
2014). However, under extreme water stress, species inter-
action may return to be negative (Haberstroh and Werner
2022), as species better adapted to stress conditions will take
advantage over those less adapted (del Castillo et al. 2016).
Research indicates that higher competition rates limit trees’
annual growth during droughts (Dorman et al. 2015; Sohn
et al. 2016), as in denser stands, quicker water depletion
exacerbates this negative impact (Zhang et al. 2015).

However, the growth—competition dynamics is influ-
enced by multiple factors, including species identity, stand
structure and soil conditions (Mina et al. 2018; Vitali et al.
2018; Pretzsch 2022). In a meta-analysis study, Castag-
neri et al. (2022) found that denser stands showed lower
resistance and, interestingly, resilience was not consistently
enhanced by lower competition. On the contrary, increas-
ing competition was observed to have a positive effect on
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recovery. Also, studies focusing on more specific cases
report lower resilience and resistance rates with increas-
ing competition (Bottero et al. 2017; Serra-Maluquer et al.
2018). Nevertheless, the majority of such studies focuses in
pure or conifer-dominated stands. The interaction dynamics
vary significantly across different forests composition. For
instance, Rodriguez de Prado et al. (2022) observed in Span-
ish forests that conifers had higher basal area growth when
mixed with broadleaved species, suggesting a shift from
competition to neutralism or commensalism. In contrast,
conifer-conifer stands predominantly exhibited competitive
interactions. Furthermore, Condés et al. (2023) noted that in
mixed stands with species of varying hydraulic traits, such
as conifer or broadleaved species, the reduction in competi-
tion increased with aridity. However, comparative studies
on the effects of competition on drought responses among
Mediterranean tree species in mixed stands remain scarce.
Considering the increasing threat for Mediterranean for-
ests, due to the shift in climate towards more aridity (Noto
et al. 2023), our aim was to compare the response to drought
and competition in terms of resilience indices and growth
between mixed and pure stands of four co-occurring Medi-
terranean tree species. The species analysed were stone pine,
maritime pine, Spanish juniper and holm oak, all widely pre-
sent in the Spanish Northern Plateau, which is a region with
Mediterranean continental climate. Our research is driven
by the overarching question: How does the stand composi-
tion influence the annual growth and drought responses of
these trees? We first explore this general inquiry, then delve
deeper to unravel the nuances of competition, distinguishing
between intra- and interspecific interactions. This approach
aims to determine whether these competition sources
impact differentially individual trees” growth rates and their
responses to specific drought conditions. Reduced competi-
tion, or even a positive effect exerted by heterogenous spe-
cies, especially during drought stress, could indirectly point
to an existence of spatio-temporal complementarity mecha-
nisms. Additionally, we aim to ascertain whether the impact
of intra- and interspecific competition on annual basal area
increment fluctuates over time. To attain the aforementioned
objectives, we examined the following hypotheses:

Hypothesis | Individual trees responses to drought events
are conditioned by species identity and stand composition.

Hypothesis Il The annual basal area increment of individual
trees is affected by the composition of the stand and spe-
cies identity, along the entire study period, not only during
drought events.

Hypothesis Il The effect of competition on a tree response
to drought depends on the identity of the competitors (inter
vs intraspecific competition).

Hypothesis IV The competition affects the annual basal area
increment of individual trees differently, depending on the
identity of the competitors.

HypothesisV The influence of intra- and interspecific com-
petition on the annual basal area increment of trees varies
over different years.

Material and methods
Study site and climate

Data were collected in “El Carrascal” public forest
(41°35'17.9"N 4°21'28.0"W), which is situated in the
Northern Plateau of the Iberian Peninsula, occupying the
watershed of the Duero River, in the province of Vallado-
lid. The forested area of El Carrascal occupies 1140.19 ha,
enclosed in a uniform woodland. The forest is composed
of stone pine, maritime pine, Spanish juniper and holm
oak. The study site is located on a flat area at an altitude of
886 m a.s.l. Soils are mostly arkosic sands and calcareous
cambisols. El Carrascal was a private forest until 1985,
and since then is owned and managed by the Regional
Forest Service. While being a private forest, the manage-
ment was focused on favouring timber and pine nut pro-
duction in high stocking and even-aged stone pine stands.
Meantime, the other species were either used for fuelwood
or directly removed (de-Dios-Garcia et al. 2015). Since
1985 the management efforts have gone towards promoting
mixed stands, where maritime pine, holm oak and Spanish
juniper grow together with stone pine. Some stands have
not been managed in the last 25 years.

Climate is continental Mediterranean. During the
period of study (1996-2021) the mean temperature was
12 °C and annual precipitation sum averaged 444.2 mm.
The maximum absolute temperature averaged to 32 °C
in June—August, while minimum absolute temperature
to—4 °C in December-February. The water deficit was
occurring from February until October, the driest months
being from June to September, when the monthly sum of
precipitation varied between 18 and 27 mm per month and
the climatic water balance (calculated as the difference
between precipitation and potential evapotranspiration,
following Penman—Monteith method (Allen et al. 1998))
fell beyond — 100 mm per month (Supplementary Material,
Table S1). Climate data were obtained from “Valbuena
del Duero” station (41°38'33"N 4°17'28"0; 737 m. a.s.l,
www.inforiego.org), located at 5 km from the study site.
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Experimental design

Seven rectangular plots with an area ranging from 0.15 to
0.48 ha (average 0.29 ha) were established in 2021 (Table 1).
Four plots represent pure stands of the analysed species:
stone pine, maritime pine, Spanish juniper and holm oak;
three plots represent the most common available mixtures
of the studied species within the site: one plot with stone
pine—maritime pine—holm oak mixture and two plots with
stone pine—Spanish juniper—holm oak composition with
different degree of mixture. A stand was considered as pure
if the dominant species represent at least 70% of the total
number of stems. The plots were located in areas where no
cuttings have been applied in the last 25 years, so the times-
pan for the analysis was restricted to 1996-2021. Every tree
on a plot with diameter at breast height (DBH; cm) over
7 cm (Pinus spp.) or 5 cm (holm oak and Spanish juniper)
was tagged and positioned, and DBH and total height (H; m)
were measured (Table 1). Two DBH thresholds were used
due to differences in the potential sizes reached by the dif-
ferent species. For the stone pine, maritime pine and Spanish
juniper, two increment cores at breast height were extracted
from 30 to 42 trees per species in each plot, resulting in 512
cores from 256 trees. For holm oak, wooden discs were cut
from 25 trees located in the different plots. As nearly all
trees on the plots were inventoried (n=894), it was feasible
to categorize them into DBH classes tailored for each spe-
cies and plot. These classes were determined by segmenting

the full range DBH measurements from the minimum to the
maximum into intervals approximately equal to the standard
deviation. Subsequently, a proportional number of trees for
coring was selected from each class to ensure the sampling
encompassed the full spectrum of diameters present.

Dendrochronological analysis

Tree ring widths (TRW; mm) were measured using LINTAB
Measuring Table (Rinntech®) with a precision of 0.01 mm.
TRW series for each tree were averaged. Statistics com-
monly used in dendrochronology were calculated to assess
the reliability of constructed TRW series (Table S3) (Cook
and Kairiukstis 1990; Speer 2010). We also calculated Syn-
chronous Growth Changes (SGC) between all pairs of sin-
gular TRW series in a plot—species cluster. SGC expresses
the percentage of simultaneous annual growth changes
which had the same direction (i.e., increasing, decreasing
or steady) in both compared TRW series. Therefore it is an
enhanced measure of similarity between tree rings patterns
comparing to previously used GLK (Gleichlaufigkeit) (Vis-
ser 2021).

The tree ring width series characteristics obtained through
cross dating and ring width measurements are shown in
Table S3. The Expressed Population Signal (EPS) surpassed
the widely accepted threshold of 0.85 (Speer 2010), indicating
a high common variability among TRW series in response to
environmental conditions. The average correlation between

Table 1 Basic dendrometric characteristics of the species across the sample plots. Next to average values, (+standard deviation) is given

Plot (total area) Type Species N [stems] N [stems ha™!] DBH [cm] Height [m] G [m*ha™! BAI [cm? year’l]

Plot 1 (0.30 ha) Mixed Jt 47 157 (36%) 13.2 (£5.1) 6.2 (£1.6) 2.27 (17%) 4.8 (£2.7)
Pp 25 83 (19%) 38.3 (+10.1) 104 (=1.7) 10.22 (74%) 23.7 (+8.6)
Qi 60 200 (46%) 10.1 (+1.9) 5.1 (+0.9) 1.31 9%) 1.7 (+0.6)

Plot 2 (0.30 ha) Mixed Jt 83 277 (46%) 7.6 (+2.2) 4.8 (=1.0) 1.01 (5%) 33(x1.8)
Pp 42 140 (24%) 38.8 (+10.0) 10.5 (= 1.8) 17.18 (93%) 132 (£5.9)
Qi 54 180 (30%) 6.3 (+1.0) 3.8 (£0.6) 0.3 (2%) 0.6 (+0.0)

Plot 3 (0.48 ha) Mixed Pp 62 129 (30%) 30.2 (+13.6) 11.0 (£3.4) 10.59 (45%) 22.6 (+16.6)
Pt 79 165 (38%) 28.4 (+10.2) 11.8 (£2.7) 11.72 (50%) 13.9 (= 11.6)
Qi 69 144 (32%) 9.0 (+3.3) 52(x2.3) 1.03 (5%) -

Plot 4 (0.36 ha) Pure Pp 78 217 (95%) 29.3 (=10.9) 9.5 (£2.0) 16.23 (99%) 21.3(x£9.5)
Qi 4 11 (5%) 7.3 (x£2.4) 3.2(x£0.9) 0.05 (< 1%) -

Plot 5(0.30 ha) Pure Pp 7 23 (9%) 36.4 (+11.0) 10.5 (+1.6) 2.62 (15%) -
Pt 54 180 (73%) 31.7 (£5.7) 122 (=1.7) 14.7 (83%) 15.1 (%5.9)
Qi 13 43 (17%) 11.0 (£3.1) 53 (1.1 0.44 3%) -

Plot 6 (0.16 ha) Pure Qi 232 1450 (100%) 8.9 (x£3.3) 45(x14) 10.15 (100%) 1.3 (x£0.9)

Plot 7 (0.15 ha) Pure Jt 67 457 (89%) 11.7 (£3.9) 5.6 (+0.9) 5.41 (60%) 24 (x1.1)
Pp 6 41 (8%) 31.1 (=13.1) 79 (x1.2) 3.56 (39%) -
Qi 2 14 (3%) 7.9 (£0.7) 4.0 (x£0.1) 0.07 (< 1%) -

N: total number of stems (share in %). G [ m? ha™']: total basal area (share in %); BAI [ cm? year’I J: annual basal area increment, given for the

cored trees only
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the TRW series and their respective master chronology ranged
from 0.56 to 0.81, with Synchronous Growth Changes (SGC)
consistently exceeding 0.60.

Once the averaged TRW for each year ¢ and tree i from the
plot j (TRWj;) was calculated, DBH of the cored trees was
reconstructed as:

t+1

2021
DBH;, = DBHZOM;U-—< > TRW,.jt> X2

where DBH,,, ;; represents the breast height diameter of the
tree at the year of inventory (2021). Then basal area (BA;
cm?) and basal area increment (BAI; cm?X year™!) of each
tree i on year ¢ were calculated.

One step detrending of BAI series was applied using splines
(67% of wavelength, 50% frequency response), to remove age
related growth fluctuations (Cook and Kairiukstis 1990),
in order to obtain a series of indexed basal area increment
(IBAI). All dendrochronological analysis were performed
using dplR package (Bunn and Korpela 2018) within the R
for Statistical Computing Environment (version 4.2.2).

Plot backdating

In order to reconstruct the past state of non-cored trees within
the plot and characterize past competition status between trees,
we used the following backdating sequence. First, we used
BAI data of cored trees to fit the following linear regression:

log (BAI ;

i,timespan

) = a+ B = log (DBHyy, ) + ¢

This model was fitted separately for each plot and species,
in 5-year timespans. Only the oak data was merged, as the
sample size was low (Table S3). The fitted models were then
used to predict the basal area increment of the non-cored trees
in five-year periods (2021-2016, 2016-2011, 2011-2006,
2006-2001, 2001-1996). All models explained a high portion
of variation in the data (R>>0.8). Basal area of a non-cored
tree in a given year was obtained by subtracting the accumu-
lated BAI from the basal area corresponding to 2021. Finally,
tree basal area in a given year is transformed to tree DBH.
We acknowledge that the described approach is based on an
assumption that the trees of similar size were growing at simi-
lar pace, a fact about which we cannot be certain. Neverthe-
less, we believe, the method presented let us to reconstruct the
past size of trees with enough accuracy to reflect the changing
competition conditions.

Selection of drought years
In order to identify those years during which tree growth

was mainly supressed due to extreme drought events, we
used two indices (Steckel et al. 2020): (1) Standardized

Precipitation—Evapotranspiration Index (SPEI) (Vicente-
Serrano et al. 2010) for identifying years with significant
water shortage (drought events) and (2) Cropper Index
(Cropper 1979) for determining those years when deep
growth reduction had taken place (negative pointer years).
SPEI was computed for 1, 3, 6 and 12 accumulation peri-
ods (Sect. "Introduction”, SI). A year was classified as
drought event if at least one month during the growing
season (March—October, defined as period with average
monthly temperature > 8 °C) exhibited a minimum of two
SPEI variations (SPEI_;, 3,4,.1,) < — 1 (Table S2) (Potop et al.
2014). With respect to Cropper Index, a year was identified
as a negative pointer year if at least 60% of the cored trees
showed TRW in that year lower than 0.75 standard devia-
tions from the mean growth, computed in 5 year moving
window (Jetschke et al. 2019). If a year was reported simul-
taneously as drought event and negative pointer year, it was
considered as drought year.

Statistical analyses considered six drought years: 1999,
2002, 2005, 2009, 2012, and 2017 (Fig. S1). Regardless
of the SPEI formulation used, the years 1999, 2005, 2009,
2012, and 2017 were consistently identified as drought
events (Table S2). Additionally, due to low precipitation sum
(284.8 mm) and harsh hydrological conditions (SPEI ; and
SPEI ;, < —1 for May, August and September), 2002 was
also considered a drought year. The cumulative precipita-
tion during selected drought years averaged 241.3 mm per
year for the hydrologic season (October previous year to
September of the current year), compared to 439.1 mm for
the entire analysed period.

Quantification of competition between trees

With the aim of capturing the competition between trees, we
used distance dependent Hegyi Competition Index (HGCI)
(Hegyi 1974). The index was proven to capture well the
competition between trees from arid regions (Contreras
et al. 2011), and it was suitable for the stands under study
(Table S4). The index represents the sum of the competition
exerted by the n competing trees over the ith subject tree,
and was computed for each tree and year of the considered
timespan (1996-2021):

HGCI, = ) DBHy/ (DBH, x disty,)
k=1

where dist;; is the distance between the ith subject tree and
kth neighbour tree; DBH, and DBH, are the diameters at
breast height of the competitor and subject tree, respectively.

During the calculation of HGCI, we first identified the
competitors of every subject tree, defined as those trees which
Influence Area (IA; m?) overlapped with the IA of the subject
tree (Tomé and Burkhart 1989). The IA of a given tree was
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defined as the area of a circle centred on that tree and a radius
equal to 30 times the DBH of the tree (de-Dios-Garcia et al.
2015). Correction for boundary effect of the plot was included
following Martin et al. (1977).

The overall competition suffered by each subject tree i was
splitted up into the competition experimented from neighbour
trees of a different species (interspecific competition, CLinter)
and from neighbour trees which belong to the same species
(intraspecific competition, Cl.intra).

We calculated not only the present competition levels each
tree faces but also the competition experienced in the past.
To this aim, we utilized the reconstructed diameters of non-
cored trees from previous years, as detailed in the Sect. “Plot
backdating” (see also Sect. “Material and Methods”, SI). In
this reconstruction task, we could not directly account for the
mortality processes within the sample plots. Nevertheless, no
signs of mortality, such as dead trees or stumps were evident
in the defined DBH thresholds, reflecting the absence of man-
agement practices on these plots for the past 25 years. The
sole exception was plot nr 3 (Table 1), where standing dead
trees were found and included in the inventory. This inclusion
indirectly represents the competition those trees were exerting
in the past.

Response of trees to drought

The response of trees to drought was quantified using com-
plementary resilience indices (Lloret et al. 2011), computed
using IBAI series, for the selected drought years. The values
of growth before (IBAI,,.p,,) and after the drought (IBAI, p,)
were calculated as the average of growth attained during a
reference period before or after drought, respectively. There-
fore, a sound choice of the reference period length is crucial
(Schwarz et al. 2020). While establishing the reference period,
we computed average growth recovery time (Thurm et al.
2016) in order to see, how many years each species across
different compositions needed to recuperate its pre-drought
growth. None of the species needed more than 2 years to recu-
perate its growth (Table S6). The distance between identified
drought years was no more than 3 years in the majority of
cases (Fig. S1). In order to avoid the overlapping between ref-
erence periods and drought years, the final choice of 2 years
as reference period was made. Average values of the comple-
mentarity resilience indices calculated for differing reference
periods (2-8 years) are shown in Table S7.

The resistance index (Rt) is the ratio between growth during
(IBAIL,,) and before the disturbance (IBAIp,,p,):

Rt = IBAIDr/IBAIPreDr

Rt shows the ability of a single tree to maintain its growth
during stress, with values closer to zero indicating lower
resistance.

@ Springer

Recovery index (Rc) relates the average growth of a
tree after disturbance (IBAlp,p,) to the growth during the
disturbance:

Rc = IBAIPos'rDr/IBAID

Rc describes the ability of a tree to resume growth after a
stress event, so a greater index indicates a faster process of
recuperation of the tree.

Finally, the resilience index (Rs) relates the average
growth of a tree before a stress event with the average
growth after the event:

Rs = IBAIPuler IBAIP b
reDr

Rs shows the “returning to balance” of a tree after suffer-
ing a disturbance. Rs values > 1 show higher growth rates
of a tree than before the disturbance; values < 1 demonstrate
persistent growth rate decline, and Rs =1 means that the tree
returned to average growth rate present before disturbance.
As Res itself does not take into account the damage suffered
by the tree during the disturbance (Lloret et al. 2011), the
use of relative resilience (RRs) index is recommended:

RRs = (IBAIPOStDr - IBAIDr)/IBAIP H

Model fit, evaluation and comparison

The response variables (resilience indices and basal area
increment (BAI)) showed high right—skewness (Figures S2
& S3). To appropriately model these variables we chose
Generalised Linear Mixed Models (GLMM) with Gamma
(for variables other than RRs due to its potential for nega-
tive values) and Tweedie (suitable for RRs) conditional
distributions, both employing natural logarithmic (log,)
link-function (Zuur et al. 2013; Manrique-Alba et al. 2022).
To ascertain the superiority of GLMM over a conventional
Linear Mixed Model (LMM) approach, we also evaluated
Gaussian distributions with log, and identity link-functions.
The GLMMs with Gamma and Tweedie error distributions
consistently outperformed the Gaussian models in terms of
AIC (accuracy constrained by parsimony), thus validating
our choice of these distributions for our data (Burnham et al.
2002). Then, we optimized the random effects structure for
each hypothesis model set based on the lowest AIC (Fieberg
2022), using Restricted Maximum Likelihood approxima-
tion (REML) (Zuur et al. 2009). In a subsequent step, the
models involved in every hypothesis were compared in terms
of AIC, Kullback-Leibler distance (AAIC) and weighted
AIC (WAIC) (Burnham et al. 2011). Ecological interpre-
tation of the best-selected model for each hypothesis is
detailed in Table 2.
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Post-hoc analyses of the hypotheses were performed
using two differing techniques. For Hypotheses I and II, we
calculated contrasts of estimated marginal means (EMM)
for different levels of nominal variables (species, type of
the stand) using the emmeans package (Lenth 2023). For the
Hypotheses III and IV, adjusted predictions at representative
values were calculated to evaluate the effects of focal predic-
tors, using the ggeffects (Liidecke 2018) and marginaleffects
packages (Arel—Bundock 2023). All GLMMs were fitted
using the glmmTMB package (Brooks et al. 2017). The sta-
tistical analyses were conducted using the R Language for
Statistical Computing (R Core Team 2022).

Data analysis Modelling approach

In order to contrast each of the hypotheses stated, we com-
pared different nested GLMMs. Our modelling approach
was structured to incrementally address the complexity
of our research questions. Initially, in Hypotheses I and
II, our focus was on discerning the influence of species
identity through stand composition on resilience indices
and annual growth throughout the study period. This foun-
dational step was crucial to establish a baseline under-
standing. Subsequently, in Hypotheses III and IV, we
expanded our analysis to examine how different sources
of competition experienced by individual trees influence
their responses to specific drought events and their overall
annual growth. Finally, in our last hypothesis, we explored
how the competition effects on annual basal area increment
fluctuate over time, offering insights into the dynamic
nature of forest competition across years. By adopting
this sequential modelling strategy, we addressed potential
cofounding factors in a structured manner, ensured that
each step of our analysis built logically upon the previous

one. That allowed us to clearly isolate and understand the
primary effects before introducing additional, more com-
plex interactions in the subsequent models. These consid-
erations are reflected in the following hypotheses:

Hypothesis | Individual tree responses to drought events are
conditioned by species identity and stand composition.

The main goal behind this hypothesis was to find if
the composition of the stand affects significantly the reac-
tion of trees to drought (computed for the drought years),
expressed through resilience indices. In order to test this,
three models were compared:

Rl =p,Species; + p,DBHy, + B;(Species; x DBH,;,)

1
+ b+ b+ b, + ey M

Rl =p,Species; + p,Type; + p3DBH ;, + ﬁ4(Speciesij X DBHU,)
+b;+ b+ b, + ey
@)
Rl =p,Species; + p,Type; + p; (Speciesij X Typej) + B,DBH;,
+ fs (Speciesij X DBHU,) +b; + bj +b,+ Ejs
3)
RI stands for each resilience index modelled separately
(Rt, Rc, Rs, RRs). Species is a factor with four levels,
which represents the analysed species (Jt, Pp, Pt, Qi) and
Type is a factor with two levels, representing the two types
of the stand under study (Mixed, Pure); DBH is the diam-
eter at breast height (cm); u is the intercept and j, repre-
sent the parameter coefficient for the n' fixed effect; b, bj
and b, represents the tree, plot and year random effects; €
stands for the residual error term. From now on, subscripts
i, j, t represent tree, sample plot and year respectively.

Table 2 Model overview—

. . Hypothesis Model If it is the best model implies
explanation of the ecological
sense of additional fixed I 1 Composition (mixed—pure) does not affect resilience indices
effect for every model in the ... . T . .

. . 2 Composition affects resilience indices in a similar way for all the species
hypothesis set. The explanation o o o i )
refers to a situation when a 3 Composition affects resilience indices in a different manner for each species
given model is selected as the I 4 Composition (mixed-pure) does not affect BAI
best adjusted one 5 Composition affects BAI in a similar way for all the species

6 Composition affects BAI in a different manner for each species
I 7 Competition does not affect resilience indices
8 Competition without considering species identity affects resilience indices
9 Competition and identity of competitor affect resilience indices
v 10 Competition not considering species identity affects BAI
11 Competition and identity of the competitor affect BAI
v 11 Competition and identity of the competitor affect BAI
12 The effect on inter—and intraspecific competition varies depending on the year

@ Springer



762

European Journal of Forest Research (2025) 144:755-774

Hypothesis Il The annual basal area increment of individual
trees is affected by the composition of the stand and species
identity.

To test this hypothesis the following set of models were
fitted and compared, using data from the studied years
(1996-2021):

BAI;j, =p,Species;; + f,DBH; + fi; (species,.j X DBHU,)

+ b+ b+ b, + €

)

BAI;, =p,Species; + p,Type; + f3DBH, + B, (Speciesij X DBHij,)
+b;+b;+ b, +ey

(%)

BAl; =p,Species; + p,Type; + p5 (Species,-j X Type;) + p,DBHy,

+ fs (Speciesij X DBHI-J-,) +b,+bj+b +ey

(6)
All the other symbols as above.

Hypothesis Il The effect of competition on a tree response
to drought depends on the identity of the competitors (inter
vs intraspecific competition).

To test this hypothesis, we compared a model with only
DBH fixed effect (Eq. 7), assuming no effect of competition
on response to drought, with two alternative models, one
assuming no specific identity on competition (Cly, Eq. 8)
and other assuming competition splitted into interspecific
(CI.interijt) and intraspecific (CI.intraijt) competition rate
(Eq. 9). The hypothesis was contrasted separately for each
species and each resilience index, only within the identified
drought years.

Rly = p+ piDBHy, +b; + b; + b, + € @

Rl = p+ pDBH;, + p,CI,

ijt

+b;+b;+b +¢y 8)

Rl = p+ pDBH;, + p,Cl.intery, + p5Cl.intray, + b; + b; + b, + €,

®

it

Hypothesis IV The competition affects the annual basal area
increment of individual trees differently, depending on the
identity of the competitors.

To contrast this hypothesis, we fitted two different models
for annual basal area increment, one assuming no specific
identity on competition and other assuming competition
separated into inter—specific (CLinter;,) and intra—specific
(ClLintra;,). In these models tree size expressed by basal
area (BA; cm?) and climatic water balance (CWB; mm)
during hydrologic season (October . ;, to September,)) were

@ Springer

also included as explanatory variables. They were standard-
ized around their mean (Bolker 2022). The analysis was per-
formed for all the years of the analysed period (1996-2021),
separately for each species. Other symbols as above.

BAL;, = p+ B, BA;, + B,CWB, + p;Cl,

ijt

+b,+b,+b, +¢
(10)

BAI; =p + pBA,
+ p,Cl.inter

+ f,CWB, + pCL.intra,

T (b

it it

HypothesisV The influence of intra- and interspecific com-
petition on the annual basal area increment of trees varies
over different years.

In order to check this hypothesis, we fitted models with
random annual slopes affecting both components of com-
petition: CLintra and Cl.inter, separately for each species.
Then we compared it to a model adjusted previously by
Eq. 11. The varying sign and magnitude of random slopes
coefficients in Eq. 12 is interpreted as varying competition
conditions along years:

BAI; =p + pBA;, + BCWB, + (B5 + b3, )Cl.intray,

+ (By + by,)Cl.intery,

+b;+bj+b +¢ (12)
where b;, and b, represents the random year slope of inter /
intra—specific competition. All the rest of symbols as above.

After the model fitting and selection process, the most
accurate model for every hypothesis was checked in terms
of correct residual distribution and temporal autocorrelation
(package DHARMa, (Hartig 2022)), as was multicollinearity
between predictors (package performance, (Liidecke et al.
2021)).

Results

Responses to drought across stand compositions
and species identity

All resilience indices were better explained by a model
that included both Type and Species X Type terms (Eq. 3,
Table S8). The only exception was relative resilience
(RRs), which was not influenced by the type of the stand.
The stone pine showed 5% higher resistance (Rt) in mixed
stands compared to pure stands (p-value =0.002) (Table 3).
As well, the recovery (Rc) from drought for the stone
pine in mixed stands was lower by 17% (p-value =0.067).
Resilience (Rs) to drought of the stone pine did not sig-
nificantly differ between pure and mixed stands. In con-
trast, maritime pine displayed lower resistance (— 12%,
p-value <0.001) and resilience (— 9%, p-value =0.006)
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Table 3 Pairwise comparisons (contrasts) between estimated mar-
ginal means (EMMs) of the responses to drought, measured by com-
plementary resilience indices (Hypothesis I) and between estimated
marginal means of annual growth (Hypothesis II). The comparisons
were conducted contrasting EMMs predicted for each species in

mixed and pure stand. The DBH was held at mean value for each spe-
cies, without differentiating between stand type. The values of con-
trasts and standard error are given in the response scale. Standard
errors in (). Significant contrasts (p-value <0.1) in bold

Response variables Hypothesis Pairs (A—B) Mean Pairwise comparison
A B Estimate p value
Resistance I JtMIXED—Jt:PURE 0.742 (0.047) 0.720 (0.047) 0.023 (0.034) 0.507
Pp:MIXED—Pp:PURE  0.548 (0.032) 0.492 (0.031) 0.056 (0.018) 0.002
Pt:MIXED—Pt:PURE 0.545 (0.035) 0.668 (0.042) —0.124 (0.027) <0.001
Qi:MIXED—Qi:PURE 0.521 (0.040) 0.474 (0.035) 0.048 (0.037) 0.202
Recovery I Jt:MIXED—IJt:PURE 1.510(0.157) 1.474 (0.158) 0.037 (0.086) 0.670
Pp:MIXED—Pp:PURE 1.809 (0.182) 1.974 (0.207) —0.166 (0.091) 0.067
Pt:MIXED—Pt:PURE 1.850 (0.195) 1.551(0.163) 0.300 (0.101) 0.003
Qi:MIXED—Qi:PURE 2.448 (0.286) 3.052(0.347) —0.604 (0.247) 0.015
Resilience I JtMIXED—IJt:PURE 1.068 (0.098) 0.958 (0.089) 0.111 (0.037) 0.003
Pp:MIXED—Pp:PURE  0.940 (0.085) 0.942 (0.086) —0.002 (0.065) 0.924
Pt:MIXED—Pt:PURE 0.904 (0.084) 0.992 (0.091) —0.088 (0.032) 0.006
Qi:MIXED—QIi:PURE 1.120(0.110) 1.118 (0.109) 0.002 (0.065) 0.970
Annual basal area increment  1I JeMIXED—IJt:PURE 2.648 (0.332) 1.434 (0.214) 1.214 (0.318) <0.001
Pp:MIXED—Pp:PURE 10.348 (1.154)  8.408 (1.172) 1.940 (1.162) 0.095
Pt:MIXED—Pt:PURE 6.333(0.897) 15.631(2.174)  —9.298 (2.001) <0.001
Qi:MIXED—Qi:PURE 1.053 (0.177) 0.708 (0.121) 0.345 (0.186) 0.063

but higher recovery (+30%, p-value =0.03) compared
to pure stands (Table 3). The holm oak exhibited much
lower recovery (—60%, p-value =0.015) from drought in
mixed stands. The Spanish juniper showed significantly
higher resilience (+ 11%, p-value =0.003) in mixed stands.
It should be noted that full resilience (> 1) was achieved
only by the Spanish juniper and the holm oak in mixed
stands and solely by the holm oak in pure stands.

Influence of stand composition on the annual
growth of trees

Annual basal area increment was better explained by
model including Type and Type X Species terms, indicat-
ing a variation between species based on the type of stand
(Eq. 6, Table S8). Yearly BAI for all analysed species
was significantly higher in mixed stands, except for the
maritime pine, where it was importantly lower (—9.30
cm? year™!, p-value <0.001). Spanish juniper’s growth
was almost twice higher in mixed than in pure stands
(+1.21 cm? year™!, p-value < 0.001). The stone pine’s
and holm oak’s growth were also faster in mixed stands,
by 1.94 cm? year™! (p-value =0.095) and 0.71 cm? year™!
(p-value =0.063), respectively. Among all species, the
stone pine and the maritime pine showed the highest yearly
growth, both in mixed and pure stands (Table 3).

Tree response to drought under the influence
of the competitors’ identity

The inclusion of separate Clintra and Cl.inter terms (Eq. 9)
led to improved explanations of resistance for the stone pine
and the maritime pine, as well as resilience of the Span-
ish juniper and the stone pine. Also, relative resilience of
the Spanish juniper and recovery of the maritime pine were
better explained by separated competition effects. On the
other hand, including an overall competition term without
differentiating between inter-specific and intra-specific
(Eq. 8) provided better explanations for recovery and rela-
tive resilience of the stone pine, resilience of the maritime
pine and relative resilience of the holm oak (Fig. S4). Com-
petition had no significant effect on resistance and recovery
of the Spanish juniper, neither on relative resilience of the
maritime pine, or on resistance, recovery and resilience of
the holm oak, as indicated by the best-fitted models (Eq. 7,
Tables S5 & S8).

For the resilience and relative resilience indices of Span-
ish juniper, and the resistance and resilience indices of the
stone pine, the intra-specific competition (CLintra) showed a
negative effect, whereas inter-specific competition (CLinter)
showed a neutral one (as they were not different from zero) On
the other hand, a less depressing effect of intra-specific compe-
tition (comparing to inter-specific competition) was observed
only for the resistance of the maritime pine (Table 4, Figs. 1
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and 2). On the contrary, competition from heterogenous tree
species (CLinter) strengthened the resistance to drought of the
stone pine and the recovery of the maritime pine. CLinter had
also a positive effect on recovery for the latter species, stronger
than CLinter (Fig. 1). Overall competition had a negative influ-
ence on resilience of the maritime pine and relative resilience
of the holm oak. Positive effect of overall competition could
be confirmed for stone pine’s recovery, whereas for its rela-
tive resilience the described effect could not be confirmed as
significant (Table 4).

The size of trees shaped the responses to drought remark-
ably for both pines and the holm oak. The unique responses
to drought affected were resistance or recovery. Varying size
of Spanish juniper trees had no effect on any of drought
responses. Solely the stone pines were becoming more
resistant to drought with their size increasing, whereas big-
ger maritime pines and holm oaks showed less resistance to
drought. Increasing tree size caused worse recovery after
drought in the case of stone pines, while for holm oaks, the
contrary: the bigger were the trees, the faster were recover-
ing after drought stress (Table 4).

Influence of the competitor’s identity on tree annual
growth

The models predicting annual basal area increment (BAI)
for the stone pine and the Spanish juniper showed improved
adjustment when including terms for intra- and interspe-
cific competition (Eq. 11). However, for maritime pine’s and
holm oak’s BAI, the model with an overall competition term
(Eq. 10) was the most parsimonious (Tables S6 & S8).

As expected, a positive dependency was found between
tree size and annual growth, and all species showed
enhanced growth with an increase in water supply through-
out the year (Table S10, Fig. 3).

Stronger competition rates, independently of their origin,
led to reduced annual growth across all species (Table S10,
Fig. S5). Inter-specific competition had marginally greater
negative impact on the Spanish juniper’s BAI than intra-
specific (decreases by 8% and 7%, respectively). The stone
pine’s BAI was supressed slightly stronger by competition
coming from conspecifics than from other species (reduction
of growth by 22.2% and 22.3% accordingly). The overall
competition rate significantly reduced the annual growth rate
of both species, by 18% for the maritime pine and 8% for the
holm oak (Table S10, Fig. S5).

Temporal variations of the effect of intra-
and inter-specific competition on annual growth
across species

For all analysed species, incorporating year random slopes
on intra- and inter-specific competition varying across the
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study period significantly improved model fit compared to
models that did not account for temporal variation in com-
petition (Eq. 12, Table S9).

Both intra-specific competition (Cl.intra) and inter-
specific competition (CL.inter) had a negative influence on
yearly basal area increment (BAI) for all species. On aver-
age (main effect), both competition sources similarly sup-
pressed BAI, except for the maritime pine, where CLinter
had a stronger effect than Cl.intra (Cl.inter=—0.36 vs.
Cl.intra=—0.17). For the stone pine (Cl.inter =—0.26,
Cl.intra=—0.27), the Spanish juniper (Cl.inter=—0.07,
Cl.intra=—0.07), and the holm oak (Cl.inter=-0.10,
Cl.intra=—0.10), the decreasing influence on BAI was
similar, regardless of its source (Table S11).

The negative influence of competition on growth showed
temporal shifts, conditioned by the competition source and
hydrological conditions. Despite the temporal shifts, the
final effect of competition always remained negative on
BALI During periods of below-average precipitation, ClL.inter
pressure decreased, while Cl.intra pressure increased for the
stone pine and the Spanish juniper. Conversely, maritime
pine experienced a stronger negative effect from Cl.inter
during more intense drought conditions. Cl.intra showed
minor shifts during the analysed period. For the holm oak,
the negative influence of ClL.intra on growth remained con-
stant, while CL.inter varied inconsistently (Fig. 4).

Discussion

Our findings showed that tree responses to drought (except
RRs) and annual basal area increment vary between mixed
and pure stands, thus confirming Hypotheses I and II. How-
ever, the specific response to stand composition differed
depending on the species (Pardos et al. 2021a). Stand type's
influence on species' drought reactions and growth is com-
plex, modulated by different competition types (Pretzsch
2022; Condés et al. 2023), nevertheless inconsistently across
species. Thus, Hypotheses III and IV are supported partially.
The effects of different competition sources varied annually,
being influenced by the hydrological conditions. In this con-
text, Hypothesis V is validated.

Mixture enhances growth and resistance
of the stone pine

The stone pine trees in mixed stands showed greater
drought resistance than in pure stands, influenced posi-
tively by inter-specific competition (Tables 4). Vergare-
chea et al. (2021) concurred with this finding when analys-
ing stone pine—maritime pine mixtures. This observation
aligns with Pardos et al. (2021a) or Haberstroh and Werner
(2022) who found that mixed forests were more resistant to
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Fig. 1 Predictions of resistance and recovery (solid line) conditioned
on intra—specific competition rate (CLintra) and inter—specific
competition rate (CLinter), across the species for which at least one
of those predictors resulted to be significant (Hypothesis III, Table 4).

both mild and severe droughts. However, while stone pine
displayed enhanced drought resistance in mixed stands,
its recovery rate was slower (Table 3), a common trade-off
observed in different species (Schwarz et al. 2020).

Over the entire study period (1996-2021), the stone
pine exhibited a higher growth rate in mixed stands
(Table 3). This is in agreement with Calama et al. (2021),
who observed enhanced growth of stone pine in mixed
forests, especially when combined with the Spanish
juniper. Our model (Eq. 11) supports this, revealing that
conspecific competitors exert a slightly more negative
impact on the stone pine’s BAI than inter-specific trees
(Table S10). These results confirm our hypotheses (H II
& H IV), underscoring stone pine’s better performance in
mixed stands. Competition in Mediterranean mixed stands
primarily is symmetric (de-Dios-Garcia et al. 2015, 2018)
therefore revolves around below-ground resources (del
Rio et al. 2016). Hence, we believe that the presence of
holm oak, which has a different water use strategy than
stone pine (Mayoral et al. 2015) and uses the water pool
from deeper soil layers (Vicente et al. 2018), may result
in hydraulic lift and water release (Mufioz-Gélvez et al.
2021). Thus, stone pine’s favourable response to drought

@ Springer

Pt
1.00

0.75

Resistance

0.50

0.25

15 20 25 30 35 40 45 50
Competition rate

Competition type
jm! Clinter
buumy

jmm! Clintra

| ]

The remnant covariate (Clintra/CLlinter and DBH) held at their
observed mean values. Confidence intervals (95%) are represented by
the dashed lines. Predictions made only accounting for fixed effects

in mixed stands might be influenced by complementary
spatial interactions with coexisting species.

Maritime pine’s performance is aggravated in mixed
stands

The maritime pine in mixed stands exhibited a notably lower
drought resistance (Table 3), a fact related to the more nega-
tive impact exerted by interspecific competition (Table 4).
Therefore, we can also confirm the statements of H I and
H III for the maritime pine, revealing its more negative
performance in mixed stands during dry conditions. Com-
petition was found to be the prevalent interaction between
conifers in mixed Mediterranean forests (Rodriguez de Prado
et al. 2022). Accordingly, among heterogenous species, the
stone pine was the main competitor of the maritime pine
(Table S5), supressing its BAI almost twofold stronger than
conspecific neighbours (Vergarechea et al. 2021) (Table S11,
Eq. 12), that effect being more pronounced in below-average
water supply years (Fig. 4). Therefore, maritime pine’s BAI
in mixed stands was reduced considerably (Table 3). Though
the maritime pine is able to cope with individual drought
events, it is highly vulnerable to repetitive drought stress
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Fig.2 Predictions of resilience and relative resilience (solid line)
conditioned on intra—specific competition rate (Cl.intra) and inter—
specific competition rate (CLinter), across the species for which at
least one of those predictors resulted to be significant (Hypothesis

(Madrigal-Gonzélez and Zavala 2014) because of its con-
servative water use strategy (Ripullone et al. 2007), which
might expose it to carbon starvation and eventual death
(Salazar-Tortosa et al. 2018a). That explains increased mari-
time pine mortality when coexisting with stone pine (Férriz
et al. 2021; Calama et al. 2023), and overall species decline
in Central Spain (Gea-Izquierdo et al. 2021).

Spanish juniper is more resilient
in mixtures, although its growth is inhibited
under the overstorey of pines

The Spanish juniper showed non-significant differences
between mixed and pure stands in terms of drought resist-
ance (Table 3), a finding reinforced by the non-significant
effect of competition on the resistance to drought (Table 4).
More relevant observation is the enhanced resilience to
drought observed in mixed stands compared to pure stands,
supported by the highly negative impact of intraspecific
competition over resilience (Table 4). Larger resilience
of the Spanish juniper in mixed stands might stem from
reduced resource competition following drought stress. This
distribution could be due to the Spanish juniper tapping into
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the superficial ground stratum, while other species access
deeper soil layers (de-Dios-Garcia et al. 2015; Mayoral et al.
2016), being a clear sign of niche complementarity (Gros-
siord 2020). In addition, resilience of the Spanish juniper
might be enhanced in the studied mature multi-layered
stands, due to facilitation. As the Spanish juniper trees tend
to occupy positions beneath stone pine’s crowns, the facilita-
tion would consist in increased soil moisture due to canopy
shading (Pardos et al. 2021b). What is more, increased sur-
vival rate of Juniperus spp. coexisting with Pinus spp. has
been stated (Férriz et al. 2021), which may be coupled with
the increased resilience to drought observed in our study
(DeSoto et al. 2020).

With respect to growth, we detected a contradictory
result: while in general BAI is almost twice larger in mixed
stands, inter-specific competition exerts a greater suppres-
sive effect, a phenomenon already described in Calama et al.
(2021). A possible explanation for this contradiction may
be due to the fact that pure Spanish juniper’ stands are only
detected on very harsh and limiting microenvironments (low
deep, rocky and less evolved soils), while when the soil and
climate conditions are enhanced, the species tends to appear
in mixture (Gauquelin et al. 1999). In mixed stands, the
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Fig.3 Predictions for BAI=annual basal area increment at single
tree level (solid line) conditioned on: a basal area (BA); b climatic
water balance (CWB) (Hypothesis IV, Egs. 10, 11). Both predictors
were standardized (means and standard deviations respective to each

Spanish juniper, especially in young pole stages, tends to
occupy clustered positions under stone pine’s crowns, where
growth may be constrained due to severe competition (Par-
dos et al. 2021b).

Quercus ilex is largely indifferent to composition

The holm oak exhibited a heightened resistance to water
stress when growing in mixed stands, yet the difference was
not high enough to be considered as significant (Table 3).
We could not observe a decreased impact of inter-specific
competition on the resistance neither (Table 4). One pos-
sibility is that holm oak trees, being prominent resprouters
(Roda et al. 1999), grow in clusters. Consequently, the influ-
ence from neighbouring species on an individual holm oak
tree might be muted, especially at smaller spatial scales.
Supporting this, we observed a higher tree density in pure
holm oak stands compared to mixed stands (Table 1). This
higher density could intensify resource competition.

While annual basal area increment (BAI) of the holm oak
was suppressed by competition in general, the identity of the
neighbouring species did not seem to influence it (Table S10).
This is evident from the near-identical impacts of inter and
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species on text). 95% confidence intervals enclosed between dashed
lines. All other predictors held at their mean values. Competition
indices (Cl.intra/inter or HGCI) were left at their original (observed)
scale. Predictions do not take into account random effects

intra-species competition throughout our study (Table S11).
Nevertheless, much higher holm oak’s BAI was observed in
mixed than in pure stands (Table 3). The explanation seems to
be quite simple: higher overall density in pure stands versus
mixed stands aggravate the competition; which species is the
competitor, has no meaning, as holm oak tends to form clus-
ters, as mentioned before. Apart from the density reason, at
some extent the holm oak may have more resources available
while coexisting with other species. Two patterns, in line with
the spatio-temporal niche complementarity theory (Ammer
2019; Grossiord 2020), might explain this phenomenon: first,
stone pine, during water stress, limits its transpiration, reduc-
ing its water consumption. Second, while the Spanish juniper
retains open stomata similar to holm oak, it predominantly
relies on superficial water resources, which does not overlap
with holm oak’s utilization of deeper soil moisture. Yet, our
results cannot confirm the latter considerations.
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Species comparison in performance facing drought:
physiological implications

Of the four species we analysed, stone pine demonstrated
significantly greater resistance to drought stress in mixed
stands.

Maritime pine’s decreased resistance is understandable
given stone pine’s suppressive effect on it (as previously
discussed), making it the sole species with lower basal area
increment in mixed stands. Vergarechea et al. (2021) found
that in mixed stands, stone pine was less drought-resistant
than maritime pine, but exhibited stronger post-drought
recovery. Our findings echo this pattern, but only when the
species are grown separately. When growing together, the
two species display opposing drought responses: the stone
pine showcases enhanced resistance (Perdiguero et al. 2015),
but decreased recovery compared to the maritime pine. This

dashed line), the competition becomes harsher (influences more nega-
tively the BAI) and vice versa. Drought years on x—axis marked by
orange colour; positive years marked as blue colour

divergence may be attributed to the stomatal behaviours of
the two species. Stone pine may tend to close its stomata
at more severe water stress levels than the maritime pine.
The latter, having more strict stomatal control, potentially
falls in an "isohydric trap"(Salazar-Tortosa et al. 2018b)
leading to a prolonged period of photosynthetic inactivity,
especially given the increasingly longer drought spells (Noto
et al. 2023). That would explain the higher resistance rates
in mixed stands, where the stone pine may be outperforming
the maritime pine in terms of already scarce resource uptake
(Salazar-Tortosa et al. 2018a). Both pines show similar root-
ing strategy (Andivia et al. 2019), therefore we can point out
to differing transpiration strategies as the main differential
factor between those species. The growth and eventual mor-
tality of maritime pine were related to hydrological condi-
tions of spring and winter (Prieto-Recio et al. 2015; Calama
et al. 2023) while stone pine growth is mostly affected by
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total annual precipitation (Calama et al. 2021). Hence, we
can conclude that stone pine is able to use autumn rainfalls
more efficiently than maritime pine, which gives it another
advantage during successively more dry climate conditions
on the Iberian Peninsula.

Among the species analysed, Spanish juniper stands out
with the highest drought resistance, irrespective of its grow-
ing environment. Its ability to maintain consistent photo-
synthesis rates, even under water stress (Pardos and Calama
2022) and its sensitiveness to any precipitation along the
year (Férriz et al. 2021) lends it an advantage. Moreover,
Spanish juniper sustain transpiration and subsequent photo-
synthesis and carbon allocation amidst severe water stress
(Kukowski et al. 2013; Mayoral et al. 2016). This ability
facilitates the consistent development of fine roots (Choat
et al. 2018), albeit at slower rates compared to other species
(Pardos and Calama 2022). Conversely, holm oak exhibited
the lowest resistance but the highest recovery among the
studied species. This is intriguing, given that holm oak was
demonstrated to be even more drought tolerant than Juni-
perus spp., as it is capable of maintaining photosynthesis at
much higher temperatures, also reaches deeper soil layers,
thus preserving better water status (Mayoral et al. 2015).
Then, we would expect from the holm oak resistance to
drought similar or even higher than of the Spanish juniper.

A notable trend across our species is the trade-off between
resistance and post-drought recovery. Generally, trees exhib-
iting reduced growth during disturbances (i.e., droughts)
tend to recover faster from post-disturbance (Pretzsch et al.
2013). This inverse relationship between drought resist-
ance and recovery is not only consistent across Northern
Hemisphere forests (Gazol et al. 2017), but is also supported
by meta-analyses focusing on these indices (Schwarz et al.
2020; Castagneri et al. 2022). Indeed, we observe higher
recovery of the maritime pine growing in mixed stands along
with the stone pine (Vergarechea et al. 2021). A comple-
mentary explanation would be the “return to competition”
of maritime pine (Mufioz-Galvez et al. 2021), resulting in
fiercer contest for resources between maritime pine and
stone pine after drought stress. That is, at some extent, mir-
rored in much stronger inter-specific competition impact on
stone pine during improved water conditions (Fig. 4, Pp, i.e.,
positive years 2007-2008). Nevertheless, this pattern is not
showed consequently by our results. Further investigation
on the dependency between how competition rate is shaped
by water conditions is needed. Notably, according to Gessler
et al. (2020) slow recovery rate after suffering intense water
stress may indicate trees are performing structural acclima-
tion to future droughts.

In terms of resilience to drought events, the Spanish
juniper and the holm oak were the standouts, achieving full
resilience within the first two years after drought. In con-
trast, the stone pine and the maritime pine lagged, failing to
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match pre-drought growth rates in the given reference period
(Table 3). This results are consistent with those reported by
Piraino (2020) in stone pine stands for a 3-year reference
period. Several factors may contribute to this difference in
resilience between the studied species, although it must be
subjected to further investigation. For instance, Vilalta et al.
(2004) suggest that the wood of Pinus spp. is more prone to
embolism, compared to the denser wood of drought-toler-
ant species like holm oak and Spanish juniper (Choat et al.
2005; Pacheco et al. 2016). Moreover, fine roots fraction
of holm oak and Spanish juniper may be less impacted by
prolonged drought (Choat et al. 2018), as these species do
not cease carbon assimilation during water stress (Mayoral
et al. 2016), unlike the pines. This difference could poten-
tially affect the species post-drought competition for below-
ground resources (Kukowski et al. 2013) and contribute to
their varying levels of resilience.

Conclusions and final remarks

Our study conclusively indicates that in continental Mediter-
ranean climate, mixture reinforces the resistance to drought
of stone pine (de-Dios-Garcia et al. 2015; Vergarechea et al.
2021). Extending previous studies on mature mixed stands
in the region, we included holm oak and Spanish juniper in
our analysis. These species demonstrated the highest levels
of resilience to drought, with the Spanish juniper resilience
further enhanced in mixed stands. Concurrently, our research
supports predictions that more drought tolerant species, such
as holm oak and Spanish juniper, may take advantage over
species with stricter stomatal control, like stone pine (Par-
dos et al. 2021b). By incorporating competition source role
in our study, we uncovered potential spatio- temporal com-
plementarity processes that underpin the improved drought
performance of the analysed species. These observations
hold arising importance given the noted increasing drought
durations and occurrences.

Clear silvicultural implications emerge from our research:
advocating for and nurturing mixed stands, especially those
accommodating understory species like holm oak and Span-
ish juniper, could bolster the stability and resilience of these
stands. The decreased growth and resistance of maritime
pine in mixed stands, as highlighted by Gea-Izquierdo et al.
(2021) or Calama et al. (2023) and corroborated by our field
observations, underscores the species’ gradual retreat from
mixed stands shared with stone pine. It also confirms its
vulnerability to intensifying climate conditions of Central
Spain. Addressing potential shortcomings, our study would
have benefited from a more detailed inter- specific competi-
tion index, divided into species-specific indexes. This divi-
sion could provide a clearer understanding of the dynamic
interplay between facilitation and competition among Medi-
terranean species. Integrating additional drought-resilience
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indices, such as those proposed by Thurm et al. (2016)
and Schwarz et al. (2020), which expand on the widely
adopted indices introduced by Lloret et al. (2011), might
offer more comprehensive insights. Lastly, there is a pal-
pable need for research that delves into the physiological
processes of mature trees grown in mixed stands under water
stress. Though challenging, such studies could illuminate
the nuanced effects of facilitation between distinct species
associations.
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