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• Performance of pine saplings determines
future afforestation success.

• Short-term irrigation increased survival of
the more mesic-adapted pines.

• Leaf isotopic composition and nutrient
concentrations did not change after irriga-
tion.

• The more mesic-adapted pines suffered
from carbon and nutrient starvation.

• Water-stressed pine species lacked of
physiological plasticity to tolerate water
shortage.
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 Predicted hotter and drier climatic conditions in theMediterranean Basin will probably hamper current afforestations
and reforestations by negatively influencing tree performance. Understanding how saplings can adjust their physiol-
ogy to shortages in water availability is essential to predict early-stage success of forest ecological restoration. Pines
are common target species used in afforestations and reforestations; however, the capacity of their saplings for phys-
iological plasticity to promote drought tolerance remains largely unexplored. In this study, we evaluated the demo-
graphical and resource-use consequences of short-term irrigation among four pine species (Pinus halepensis, Pinus
pinea, Pinus nigra and Pinus sylvestris) growing under water-limiting conditions in a common garden experiment. Sum-
mer irrigation increased the survival rate of those pines that were suffering from hydric stress under the xeric condi-
tions of the common garden (i.e. P. pinea, P. nigra and P. sylvestris). Moreover, short-term water supplementation
slightly enhanced aboveground biomass production across species. However, leaf isotopic composition and nutrient
concentrations did not change after summer irrigation. Independently of water supplementation, P. halepensis was
the best adapted species to water scarcity and showed the best physiological and growth performance. By contrast,
P. pinea, P. nigra and P. sylvestris saplings exhibited drought-induced reductions in stomatal conductance and low
water-use efficiency, nutrient deficiency, and severe N:P and N:K stoichiometric imbalances, leading to impaired
growth. We conclude that the lack of physiological plasticity of water-stressed pine saplings to withstand the impacts
of climate aridification will likely cause severe impairment of their nutrient status, growth and survival, with dire im-
plications for the successful establishment of Mediterranean afforestation and reforestation programs.
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1. Introduction

Increasingly frequent and more severe drought episodes have been pre-
dicted for the Mediterranean Basin under future climate change scenarios
(Guiot and Cramer, 2016; Samaniego et al., 2018; Tramblay et al., 2020).
Many afforested and reforested pine stands in the Mediterranean region
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are already suffering the negative impacts of climate change and some of
their key ecosystem functions (e.g. carbon storage capacity and nutrient cy-
cling) are expected to be seriously compromised in the near future
(Valladares et al., 2014; Peñuelas and Sardans, 2021). Plant carbon assim-
ilation strategies may be severely affected by low water availability, and
species with an isohydric behavior (i.e. closing their stomata earlier at rel-
atively high plant water potentials during drought stress) aremore prone to
carbon starvation than species with an anisohydric behavior (i.e. with a
looser stomatal control of leaf gas exchange at low water potentials;
McDowell et al., 2008; McDowell, 2011).Moreover, drought-induced foliar
nutrient deficits and imbalances resulting from poorer nutrient uptake dur-
ing prolonged dry periods may intensify the detrimental effects of low
water availability by further impairing intrinsic water-use efficiency
(Gessler et al., 2017; Salazar-Tortosa et al., 2018a). In this context of chang-
ing abiotic conditions, early success of afforestation and reforestation plans
is heavily dependent on the functional attributes, stress tolerance and phys-
iological performance of the target species under water shortage (Andivia
et al., 2021).

Plant-water use strategies in water-limited environments can be
assessed bymeasuring the stable carbon and oxygen isotope ratios of leaves
(δ13C and δ18O, respectively; Dawson et al., 2002). Leaf δ13C depends on
the ratio of intercellular to atmospheric CO2 concentrations (ci/ca) during
the period in which C is fixed and leaf material is produced. Leaf ci is con-
trolled by the net photosynthetic rate (i.e. the rate of CO2 fixation by
RuBisCO, A) and stomatal conductance (gs) (Farquhar et al., 1989).
Hence, foliar δ13C is a suitable proxy for time-integrated intrinsic water-
use efficiency (where WUEi is the ratio between A and gs) (Seibt et al.,
2008). However, it is difficult to disentangle towhat extent the interspecific
differences in foliar δ13C are determined by differences in A, gs or both fac-
tors (Scheidegger et al., 2000; Werner and Máguas, 2010). Leaf δ18O is in-
versely linked to the ratio of intercellular and ambient water vapor pressure
(ei/ea) (Barbour and Farquhar, 2000), and is determined by the isotopic
composition of the source water, the evaporative isotopic enrichment of
the water in transpiring leaves and the isotopic exchange between oxygen
atoms in organic molecules and source water (Barbour, 2007). Foliar
δ18O is strongly influenced by gs, thereby being a good proxy measure of
time-integrated stomatal conductance and cumulative transpiration over
the growing season (Wang and Yakir, 2000; Barbour, 2007). Using both iso-
topes in combination (i.e. the dual isotopic approach) gives us time-
integrated information about plant responses to changes in abiotic factors
because foliar δ18O is influenced by gs but is independent of variations in
A. Consequently, this allows us to separate the distinct effects of A and gs
on foliar δ13C and WUEi (Scheidegger et al., 2000; Grams et al., 2007).

The species-specific resistance of vascular plants to projected climate
change conditions in the Mediterranean region has been shown to depend
on their stomatal regulation andwater-use efficiency, but also on their intri-
cate links with plant water potentials, photochemical efficiency and foliar
macro- and micro-nutrient concentrations (Moreno-Gutiérrez et al., 2012;
Prieto et al., 2018; León-Sánchez et al., 2018, 2020). Moreover, saplings
rather than adult trees are expected to suffer most from stressful abiotic
conditions in drought-prone environments due to shallower root systems
(Herrero et al., 2013b). Field studies in natural plant communities and com-
mon garden experiments assessing inter-specific differences in performance
under the same abiotic limiting factors can improve our understanding of
species resource-use strategies and local adaptation (Moreno-Gutiérrez
et al., 2012; Prieto et al., 2018). They can also help in selecting the most
suitable species for the ecological restoration of forests, especially when ex-
plicitly considering the earliest stages of the plant life cycle (Gibson et al.,
2016; Ramírez-Valiente et al., 2021). This gains relevance under the on-
going, unprecedented efforts to increase forest cover at global scale,making
particularly necessary to know the response of juveniles to current and fu-
ture climatic conditions (Andivia et al., 2021; Albrecht et al., 2022;
Castro et al., 2021).

It has been documented that drought-induced mortality particularly af-
fects boreal and mesic pine species which have their southernmost rear-
edge populations growing under xeric conditions (Martínez-Vilalta and
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Piñol, 2002; Lesser and Jackson, 2012; Herrero et al., 2013a; Clark et al.,
2016; Férriz et al., 2021). However, some on-going afforestation and refor-
estation programs still consider some of thesemesic pines as suitable for dry
environments (Vadell et al., 2016; Fargione et al., 2021). Investigating the
comparative ecophysiology of pine species and the ability of their juveniles
to thrive in water-limited contexts can provide important information
about their degree of physiological plasticity for tolerating abiotic stress
and, hence, about possible future shifts in species distributions and suitabil-
ity for reforestation projects under climate change (Lévesque et al., 2014;
Conlisk et al., 2018; Matías et al., 2017; Andivia et al., 2020). For example,
for saplings of four different pines growing under the samewater stress con-
ditions, the multiple interplays between carbon starvation and hydraulic
failure led to severe growth impairment and mortality through foliar nutri-
ent deficits in mesic species with strict isohydric behavior and tight stoma-
tal regulation even at relatively high plantwater potentials (Salazar-Tortosa
et al., 2018a). In this sense, field studies involving experimental manipula-
tion of soil water availability through supplemental irrigation may provide
further insights into the actual impacts of drier climatic conditions on the
feedback loops between drought stress, stomatal behavior, plant nutrient
status, water-use efficiency, growth and survival. These studies can also
help unravel how these feedbacks and interactions may ultimately influ-
ence the demography and establishment of different pine species under a
warmer and drier climate.

We conducted a 2-year summer drought alleviation experiment to eval-
uate the impacts of water supplementation on the demography, resource-
use strategies and ecophysiology of pines growing in a common garden
under xeric conditions. As targets, we selected four species that are native
to the Mediterranean region. We considered two pine species with strict
isohydric behavior and tight stomatal regulation (Pinus nigra Arnold and
Pinus sylvestris L.) and another two pine specieswith less strict stomatal con-
trol of transpiration flux even at lower plant water potentials and more
anisohydric behavior (Pinus halepensis Mill. and Pinus pinea L.) (Villar-
Salvador et al., 2013; Salazar-Tortosa et al., 2018b). We aimed at obtaining
a comprehensive assessment of their responses to changes in soil water
availability in terms of survival, growth, leaf nutrient status and time-
integrated leaf gas exchange as inferred from their isotopic composition.
We hypothesized that irrigation would (H1) promote sapling survival and
growth across pine species. Moreover, the beneficial effect of water supple-
mentation would (H2) be greater for species with tighter stomatal control
(isohydric) when compared with those with looser stomatal control
(anisohydric), thereby reducing the water stress that the former species
face under xeric conditions and ameliorating their time-integrated stomatal
conductance, transpiration and water-use efficiency. In turn, summer
drought alleviation would (H3) lead to smaller macro- and micronutrient
deficiencies and stoichiometric imbalances among pine species growing
under Mediterranean xeric conditions. With this study, we seek to explore
the species-specific capacity of pines to acclimate to water-limiting condi-
tions (i.e. physiological plasticity) andwhether this capacity is linked to im-
proved sapling performance under drought stress. Ultimately, this could
help forest managers in selecting the most suitable pine species for affores-
tation and reforestation programs, thereby maximizing restoration success
in the face of climate change.

2. Materials and methods

2.1. Study site, selected species and experimental design

A common garden experiment was established at the “Huerta de La
Paloma” farm (37° 10′ 03.43″ N, 3° 36′ 58.80″ W; Granada, Southern
Spain), a flat (slope ca. 2%) and agricultural terrain located at 649 m a.s.l.
The climate in the area is Mediterranean, characterised by hot, dry sum-
mers and with most of the rainfall occurring in autumn and spring. The
mean annual rainfall is 389 mm and the mean annual temperature is
15.3 °C, with July being the warmest month (mean temperature of
25.9 °C) and January the coldest (mean temperature of 6.2 °C; period
2006–2020, climatic data collected from the meteorological station of
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IFAPA Research Field Station, located 1.5 km away). Soil type is calcaric
Fluvisol and the soil is deep with a loamy texture (44.48% sand, 41.8%
silt and 13.3% clay). Soil water content was 13% at wilting point and
33% at field capacity (−1.5 and −0.033 MPa, respectively; means for
the profile down to 1 m deep and without marked horizons in soil profile)
(Salazar-Tortosa et al., 2018a).

Edaphic and climatic characteristics at the common garden experiment
(i.e. calcareous soil with hot and dry summer conditions) are optimal for
P. halepensis (Mauri et al., 2016). By contrast, P. pinea prefers narrower an-
nual temperature variation and nutrient-poor sandy soils with low-water
holding capacity (Villar-Salvador et al., 2013; Abad-Viñas et al., 2016),
but can also be found in reforestations nearby the common garden site.
P. nigra can tolerate wide seasonal temperature fluctuations (Enescu et al.,
2016), whereas P. sylvestris is found in colder and wetter areas (Houston-
Durrant et al., 2016). In addition, previous studies found that P. halepensis
and P. pinea exhibit lower water stem potentials under the xeric Mediterra-
nean conditions of the experimental site (−2.37±0.04MPa and−2.06±
0.06 MPa, respectively) than P. nigra and P. sylvestris (−1.88 ± 0.05 MPa
and −1.84 ± 0.04 MPa, respectively) (Klein et al., 2013; Villar-Salvador
et al., 2013; Salazar-Tortosa et al., 2018b).

Seeds of the four selected pine specieswere collected from four different
certified provenance regions of the Iberian Peninsula: Alcarria (40° 24′ 52″
N, 2° 24′ 33″ W) for P. halepensis; La Mancha (39° 11′ 25″ N, 1° 56′ 25″
W) for P. pinea; Sistema Ibérico (40° 15′ 16″ N, 1° 58′ 22″ W) for P. nigra;
and Montes Universales (40° 28′ 09″ N, 1° 38′ 42″ W) for P. sylvestris.
They were stored at 4 °C until seeding time, and seeding was performed
using 300-ml trays filled with fertilized peat (White 420 F6 Kekkilä,
Finland; pH 4.7) containing 0.8–1 kg/m3 of a slow-release fertilizer NPK
16-10-20 in a greenhouse at El Serranillo Field Station (Spanish National
Centre of Forest Genetic Resources; Guadalajara, Spain; 40° 39′ 56.14″ N,
3° 10′ 15.20″ W). Afterwards, seedlings were moved outdoors and grown
under optimal forest nursery conditions. On 27 April 2018, all seedlings
were collected from the nursery. We chose 2-year-old individuals of
P. nigra and P. sylvestris, and 1-year-old individuals of P. halepensis and
P. pinea to minimize the differences in size across species (see Table S1
for initial values of leader shoot length and stem-root collar diameter at
the moment of transplanting). From now on, the term “seedlings” is used
only for the young individuals grown under optimal forest nursery condi-
tions until the moment of transplanting in the field, whereas the term “sap-
lings” is used for referring to transplanted individuals that were harvested
at the end of the experiment, when they were 3 (P. halepensis and
P. pinea) or 4 (P. nigra and P. sylvestris) years old (see below).

On 29 April 2018, seedlings were transplanted to the common garden
experimental site following a randomized-block design. Specifically, three
blocks of 450 m2 were established side by side and separated by a 2.5-m
buffer zone. A total of 48 seedlings of each species were planted in each
of the three blocks (48 individuals × 3 blocks × 4 species = 576 individ-
uals in total). Pineswere planted evenly at 1.25m distance from each other,
and were distributed randomly within each block. A total of 288 individ-
uals were randomly selected for the present experiment (50% of those
planted; the rest were used for other purposes). Of those, half of them
were subjected to irrigation during the growing season (I+), whereas the
other half were not irrigated (I−). Starting on 20 June 2018, half of the
pines were watered weekly until 29 August 2018 (i.e. 11 experimental irri-
gation applications in total in 2018). Analogously, the same amount of
water was applied weekly from 13 May 2019 until 14 July 2019 (i.e. 9 ex-
perimental irrigations in total in 2019). For each irrigation application, 4 l
of water were added in a surface of 30 × 30 cm (i.e. equivalent to
44.44 mm rainfall) at each experimental irrigation. However, it should be
noted that the real amount of irrigation water available for the plants
should be lower due to irrigation bulb expansion and movement (i.e. hori-
zontal diffusion and vertical percolation). The amounts of rainfall during
the irrigation periods in 2018 and 2019 were 1.8 mm and 0.2 mm, re-
spectively. Fig. S1 shows the irrigation dates, and the values of average
daily temperature and daily rainfall throughout the whole field exper-
imental period. Weeds surrounding the saplings were periodically
3

removed, both manually and with a cultivator, to prevent herbaceous
competition.

2.2. Soil water content

Soil water content was measured at 10, 20, 30 and 40-cm depth during
three consecutive weekly periods in summer 2019 by installing PR-2 Soil
Moisture Profile Probes (Delta T, Cambridge, UK). Specifically, 4 PR-2
Probes were installed at each block, with two of them located beside irri-
gated individuals and the other two beside non-irrigated individuals (n =
12). Measurements were taken at each of the three periods at 6 h, 1 day,
2 days, 3 days and 7 days after watering. Measurement periods were
10th–17th June 2019, 17th–24th June 2019 and 24th–31st June 2019.

2.3. Sapling survival and growth

Wemonitored survival 4 times from 29 April 2018 to 30 August 2019 in
the common garden experiment. The initial leader shoot length and stem-
root collar diameter were measured for all transplanted plants as a baseline
to calculate growth increment for all the surviving saplings at the end of the
experiment (October 2019). Stem volume was calculated assuming a coni-
cal shape for the stem, and the stem volume increment was determined tak-
ing into account the initial and final measurements of leader shoot length
and stem-root collar diameter (Table S2; see Salazar-Tortosa et al., 2018a
for a similar procedure).

2.4. Destructive harvesting, nutrient analysis and leaf isotopic composition

In October 2019, all surviving pine saplings were harvested. For each
harvested individual, a subsample of leaves produced during the year
2019 was taken (i.e. the collected foliar material had been produced in
the field during the last growing season in all cases, and thus was 4–5
months old across species). Leaves were oven-dried at 60 °C to constant
weight and ground to a fine powder for nutrient and leaf isotopic composi-
tion analyses. The remaining plant material was similarly oven-dried and
weighed in order to obtain aboveground biomass measurements.

Across all species, aboveground biomass production at final harvest was
tightly correlated with the final measurements of leader shoot length (ρ:
0.8555; p-value <0.0012) and stem-root collar diameter (ρ: 0.9255; p-
value <0.001), as well as with stem volume increment (ρ: 0.9630; p-value
<0.001). Hence, aboveground biomass at final harvest was used as the
most representative growth variable for subsequent analyses.

The foliar concentrations of eleven nutrients considered as essential for
plant growth in vascular plants (Marschner, 1995) were analysed. Specifi-
cally, six macronutrients (N, P, K, Ca, Mg and S) and five micronutrients
(Fe, Cu, Zn, Mn and B) were measured on finely ground leaf samples.
Leaf P, K, Ca, Mg, S, Fe, Cu, Zn, Mn and B concentrations were measured
by inductively coupled plasma emission spectrometry (ICP- OES; Thermo
Elemental Iris Intrepid II XDL, Franklin, MA,USA) at the CEBAS-CSIC (Mur-
cia, Spain), and leaf N concentrations were measured using an automatic
CN analyser as described below.

Fourmg of finely ground and powdered leaf material wereweighed in tin
capsules for leaf δ13C measurements, and 0.7–0.8 mg of the same material
wereweighed in silver capsules for leaf δ18Omeasurements. All isotopic sam-
ples were analysed at the Center for Stable Isotope Biogeochemistry of the
University of California-Berkeley (USA). A CHNOS Elemental Analyser
interfaced to an IsoPrime100 mass spectrometer was used to determine leaf
δ13C and N concentrations by continuous flow dual isotope analysis. Leaf
δ13C isotope composition was expressed in delta notation (‰) relative to in-
ternational standard V-PDB, with a long-term external precision of±0.10‰.
An Elemental PYRO Cube interfaced to a Thermo Delta V mass spectrometer
was used to determined leaf δ18O. Leaf δ18O isotope composition was
expressed in delta notation (‰) relative to V-SMOW for δ18O, with a long
term-external precision for IAEA-V-9 (cotton cellulose) of ±0.20‰.

Aboveground biomass, leaf isotopic composition and nutrient concen-
trations before transplanting to the experimental field site in late April
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2018 were similarly analysed in 18 seedlings per species directly harvested
from the forest trays, reflecting therefore their physiological status under
optimal nursery conditions.

2.5. Statistical analyses

Repeated measures ANOVA was used to test whether the irrigation
treatment showed a significant effect on soil water content in the common
garden experiment.We tested for significant differences between time (6 h,
1 day, 2 days, 3 days and 7 days after watering; within-subject variable), ir-
rigation treatment (I+ and I−; between-subject variable) and soil depth
(10 cm, 20 cm, 30 cm and 40 cm; between-subject variable).

Cox regressions models were performed to test for differences in sapling
survival in the 1st and 2nd years and at the end of the experiment between
species and between irrigated and non-irrigated individuals. Linear mixed
models were used to test for differences in sapling traits among pine species
and between irrigated and non-irrigated individuals. The analysed response
variables were aboveground biomass, δ13C, δ18O, N, P, K, Ca, Mg, S, Fe, Cu,
Zn, Mn, B, N:P ratio and N:K ratio with “species”, “irrigation” and their in-
teraction as fixed factors and “block” as the random factor. Aboveground
biomass, N:P and N:K ratios were log-transformed prior to analyses. More-
over, stepwise multiple regression models were performed to test which
combinations of predictor variables better explained the variance in above-
ground biomass production.

Pearson correlation coefficients were performed to explore links between
traits related to growth (aboveground biomass), leaf isotopic composition
(δ13C and δ18O) and leaf nutrient status (N, P, K, Ca, Mg, S, Fe, Cu, Zn, Mn,
B, N:P and N:K ratios) at the end of the experiment. Moreover, general linear
models were used to test for differences in seedling traits among pine species
under optimal nursery conditions. The response variables were leader shoot
length, stem-root collar diameter, aboveground biomass, δ13C, δ18O, N, P,
K, N:P ratio andN:K ratio. Residuals of all modelswere assessed for normality
and homogeneity of variances. Model analyses were followed by Tukey's post
hoc tests to analyse significant differences for themeasured variables. Models
were performed using “survival” (Therneau, 2015), “lme4” (Bates et al.,
2015) and “lmerTest” (Kuznetsova et al., 2017) packages. All statistical anal-
yses were performed in R (R.3.6.2., R Core Team, 2018).

3. Results

3.1. Effect of summer irrigation on soil water content at the common garden site

Soil water content during the summer dry period was significantly
higher in irrigated than in non-irrigated soils and it decreased significantly
over time after watering (Table 1 and Fig. 1). However, differences were
significant at 10 cm and 20 cm depth, but not at 30 cm or 40 cm depth
(Table 1 and Fig. 1). Moreover, we did not find any significant differences
in soil water content between the three different measurement periods
(i.e. 10th–17th June 2019, 17th–24th June 2019 and 24th–31st June
2019).
Table 1
Summary of the results of the repeated measures ANOVA testing the effects on soil
water content of irrigation (I+ and I−), soil depth (10 cm, 20 cm, 30 cm and 40
cm), time afterwatering (6 h, 1 day, 2 days, 3 days and7 days) and their interactions
(p-value <0.05).

d.f. F value p-value

Between-subjects
Irrigation 1 26.80 <0.001
Depth 3 86.76 <0.001
Irrigation ∗ depth 3 9.31 <0.001

Within-subjects
Time 4 5.86 <0.001
Irrigation ∗ time 4 3.10 0.015
Depth ∗ time 12 6.77 <0.001
Irrigation ∗ depth ∗ time 12 5.22 <0.001
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3.2. Survival and aboveground biomass production after 2 years of summer
irrigation

A total of 184 saplings (65%) survived at the end of the experiment.
Final survival rate differed significantly both among species and be-
tween non-irrigated and irrigated saplings (Table S3; Fig. 2a). Accord-
ingly, P. halepensis exhibited the highest final survival percentage
(93%a), followed by P. pinea (80%b), whereas P. nigra (52%c) and
P. sylvestris (37%c) showed the lowest values (different superscript let-
ters indicate significant differences among species; p-value <0.005,
Tukey post-hoc test). P. pinea, P. nigra and P. sylvestris exhibited signifi-
cantly higher final survival percentages for irrigated than for non-
irrigated plants, whereas P. halepensis did not show differences between
irrigation treatments (Fig. 2a).

When considering the survival rates separately by growing season, the
pattern was the same for the first year of the study (Fig. 2b): P. halepensis
had the highest survival rate regardless of irrigation treatment, and there
were higher survival values for irrigated saplings of P. pinea, P. nigra and
P. sylvestris. However, this pattern changed for the second year (Fig. 2c):
P. halepensis and P. pinea showed the highest survival values and without
differences between irrigation treatments, whereas for P. nigra differences
still persisted between irrigated and non-irrigated saplings. In the case of
P. sylvestris, survival values were the lowest, and differences between irriga-
tion treatments were not significant despite a trend towards a higher sur-
vival for irrigated plants. It should be noted that sample size at the end of
the experiment was very low for this species (Fig. 2c), which might have
masked differences between treatments. Moreover, drought-relatedmortal-
ity occurred largely during the summer dry season, with only 8 individuals
(evenly distributed across species and irrigation treatments) dying during
the winter (winter mortality sampled in March 2019; data not shown).

At the end of the experiment, aboveground biomass differed signifi-
cantly among species and between irrigation treatments (Table 2).
P. halepensis exhibited the highest aboveground biomass value, followed
by P. pinea, and P. nigra, whereas P. sylvestris showed the lowest values
(Table 2). Across species, the irrigated plants exhibited 18% greater mean
aboveground biomass than the non-irrigated ones (Table 2).

3.3. Leaf isotopic composition, nutrient concentrations and stoichiometric ratios
after 2 years of summer irrigation

Leaf isotopic composition differed significantly among species, but not
between irrigated and non-irrigated saplings (Table 2). Moreover, the inter-
action between species and irrigation treatment was not significant
(Table 2). Specifically, P. halepensis showed the highest foliar δ13C values
(indicative of highest WUEi), followed by P. sylvestris, P. nigra and P. pinea
(Table 2). By contrast, P. nigra and P. sylvestris showed significantly higher
foliar δ18O values (indicating lower time-integrated stomatal conductance)
than P. halepensis and P. pinea (Table 2).

All concentrations of foliar nutrients, except Cu, were significantly dif-
ferent among pine species, indicating idiosyncratic and distinct biogeo-
chemical niches in the different species. Leaf P (Table 2), Zn (Table S4)
and S (Table S4) concentrations were highest for P. halepensis, with this spe-
cies showing on average 1.60-fold (P), 1.57-fold (Zn) and 1.37-fold
(S) higher mean values than P. pinea, P. nigra and P. sylvestris. Moreover,
leaf Mg (Table S4) and Mn (Table S4) concentrations were highest for
P. pinea, and this species exhibited 1.34-fold (Mg) and 1.33-fold (Mn)
higher mean values than the other three pines (Table S4). Leaf Fe
(Table S4), Ca (Table S4) and B (Table S4) concentrations were highest
for P. sylvestris, with this species showing 2.50-fold (Fe), 1.72-fold (B) and
1.68-fold (Ca) higher mean values than the others. Foliar N (Table 2) and
K (Table 2) concentrations were less variable among species.

In addition, irrigated and non-irrigated saplings only showed significant
differences for foliar Ca and Mn concentrations in P. nigra and P. sylvestris
(Table S4). Average Ca concentrations were 1.32-fold higher and 1.36-fold
higher for non-irrigated than for irrigated individuals in P. nigra and in
P. sylvestris, respectively (Table S4). Similarly, average Mn concentrations
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were 1.37-fold and 1.54-fold higher for non-irrigated than for irrigated indi-
viduals in P. nigra and in P. sylvestris, respectively (Table S4).

Regarding stoichiometric relations between essential macronutrients,
the foliar N:P ratio was significantly lower for P. halepensis than for
P. pinea, P. nigra and P. sylvestris (Table 2), whereas the foliar N:K ratio
was significantly higher for P. sylvestris than for the other three pine species
(Table 2).

3.4. Relationships between traits across pine species

All pairwise Pearson correlations between key traits related to above-
ground biomass, leaf isotopic composition and leaf nutrient status are
shown in Table S5. Across pine species, foliar δ18O was significantly posi-
tively correlated with leaf N, Ca, Fe and B concentrations and N:K and N:
P ratios, revealing increasing P and K deficit and nutrient imbalance with
lower time-integrated stomatal conductance. In addition, foliar δ13C was
significantly positively associated with leaf N, P, S and Zn concentrations
and N:K ratio, indicating increasingWUEi with higher leaf nutrient concen-
trations across species. In contrast, foliar δ13C was negatively associated
with Mg, Mn, B and N:P ratio, reflecting a negative impact of P deficit
Fig. 1.Mean values± SE of soil water content for non-irrigated and irrigated soils along
measurements were collected after watering: (a) 6 h, (b) 1 day, (c) 2 days, (d) 3 days and
periods were: 10th–17th June 2019, 17th–24th June 2019 and 24th–31st June 2019. Sig
are highlighted with an asterisk (p-value <0.05).
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and nutrient imbalance onWUEi. Across species, aboveground biomass pro-
duction showed significant positive correlations with leaf δ13C, P, S and Zn,
and significant negative correlations with foliar δ18O, N:P ratio, Ca, Mg, Fe
and B. Overall, these correlation patterns indicated increasing biomass pro-
ductivity with increasing stomatal conductance, phosphorus uptake and
water-use efficiency across pine species. Stepwise multiple regression
models showed that the combination of foliar N:P ratio (−), δ18O (−)
and S concentration (+) as predictor variables explained over one-third
(R2 = 0.34) of the total variance in aboveground biomass production
across all species and individuals.

3.5. Optimal nursery conditions versus xeric common garden conditions

After transplanting to the common garden site under Mediterranean
xeric conditions, average values of aboveground biomass of P. halepensis
and P. pinea were substantially higher than those of P. nigra and
P. sylvestris (Table 2), despite the fact that the former showed smaller
sizes than the latter under optimal nursery conditions (Fig. 3a; Table S1;
note in any case that P. nigra and P. sylvestris individuals were one year
older than P. halepensis and P. pinea). In addition, sharp increases under
the soil profile (10 cm, 20 cm, 30 cm and 40 cm) along the different times at which
(e) 7 days. n = 12 probes were installed along the field experiment. Measurement
nificant differences between irrigation and non-irrigation treatments for each depth



Fig. 2. Survival (%) of non-irrigated and irrigated saplings of each investigated species (a) at the end of the experiment, (b) in October 2018 (first year of the experiment) and
(c) October 2019 (second year of the experiment). Significant differences between irrigated and non-irrigated individuals for each species are highlightedwith an asterisk (p-
value <0.05).
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xeric common garden conditions were observed for foliar δ18O (Fig. 3b)
and δ13C values (Fig. 3c), N concentrations (Fig. 3d), N:P ratios (Fig. 3g)
and N:K ratios (Fig. 3h) in all four pine species. In contrast, leaf P concentra-
tions decreased significantly in P. pinea and P. sylvestris (Fig. 3e), whereas
leaf K concentrations decreased in all the pine species (Fig. 3f).

4. Discussion

4.1. Moderate positive effect of summer irrigation on pine performance under
xeric Mediterranean conditions

In partial support with our first hypothesis, the drought-survival rate of
pine saplings increased with summer irrigation, especially for those species
whose native distribution areas are more mesic than the experimental site
(i.e. P. pinea, P. nigra and P. sylvestris). This effect was particularly evident
6

during the first summer season of the field experiment because abiotic
stresses are known to exacerbate mortality at the earliest plant life stage
under xeric conditions (Roldán et al., 1996; Castro et al., 2004; McDowell
et al., 2008; Tíscar and Linares, 2014; Tíscar et al., 2017), but still persisted
during the second year for the most drought-sensitive species. By contrast,
P. halepensis showed the highest survival rate and was not significantly af-
fected by summer drought stress alleviation through irrigation, further con-
firming that this pine species is the best adapted to water scarcity in terms
of survivorship (Matías et al., 2017).Moreover, the initial age difference be-
tween species (1-year-old for P. halepensis and P. pinea vs. 2-year-old for
P. nigra and P. sylvestris at the time of field transplanting) was not a con-
founding factor under common garden conditions because saplings of
P. halepensis and P. pinea at the end of the field experiment were actually
taller and had greater above-ground biomass than those of P. nigra and
P. sylvestris. In this respect, we can infer that it was clearly the inherent
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species-specific tolerance to the xeric conditions of thefield site, rather than
the initial age, that was driving pine performance in this 2-year experiment.
However, the average aboveground biomass of the irrigated saplings was
only 18% higher than that of non-irrigated ones at time of final harvest, in-
dicating that water supplementation during two consecutive summers was
not very effective to enhance aboveground growth despite its positive im-
pact on survival. Hence, coping with water-limiting conditions in the Med-
iterranean region remains challenging for drought-stressed pines and does
not only depend on the survival success during the first years of sapling de-
velopment (Vilà-Cabrera et al., 2018).

In a context of low water availability, leaf-level intrinsic water-use effi-
ciency tends to increase when stomatal conductance and carbon uptake are
reduced to minimize water loss (Farquhar et al., 1989; Martin-StPaul et al.,
2017). This typical response to drought stress iswell illustrated by the sharp
increases of both leaf δ18O and δ13C values in all the pine species after trans-
planting from the mesic nursery conditions (with ample irrigation) to the
xeric field site (Fig. 3), which indicate much tighter stomatal regulation
of plant water flux under field conditions (Scheidegger et al., 2000). How-
ever, our 2-year summer drought alleviation treatment did not induce any
changes in foliar carbon and oxygen isotopic composition in October
2019. More specifically, contrary to what we expected with our second hy-
pothesis, we did not observe a greater reduction of leaf δ18O and increase in
δ13C values after irrigation in species with tight stomatal control (i.e.
P. nigra and P. sylvestris) in comparison with those with looser stomatal reg-
ulation (i.e. P. halepensis and P. pinea). It is important to remark that any po-
tential transient changes in WUEi, stomatal conductance, and cumulative
transpiration cannot be discarded in our study because we did not measure
the isotopic composition of soluble carbohydrates just after irrigation and
at different intervals, and only collected foliar material for isotopic compo-
sition analysis a single time at the end of the experiment. In this sense, leaf
δ18O and δ13C may largely reflect plant physiological activity during the
main growing season (spring) when new leaves are produced in pines.
Hence, the isotopic signal of the foliar material collected in October 2019
might be diluted in the bulk saplings biomass. Apart from this, we cannot
discard that carbon assimilation from the end of the summer to the time
of plant harvest (early October) could also have reduced across-treatments
differences in the isotopic signal. Therefore, it would be necessary to
study intra- and inter-annual changes of leaf isotopic composition of irri-
gated and non-irrigated saplings to unravel the exact timing of the positive
effects of short-term water supply under Mediterranean xeric conditions.

In contrast to our findings, an immediate response of early- and late-
wood δ13C to water supply was found in another short-term irrigation ex-
periment with P. sylvestris conducted under wetter and cooler climatic
conditions (Eilmann et al., 2010). These contrasting results may be due to
the fact that pine juveniles have difficulty in adjusting their hydraulic sys-
tems and leaf gas exchange activity in response to relatively small water
pulses causing short-term changes in soil water availability, particularly
under the stressful heat and drought conditions prevailing during Mediter-
ranean summers (Oliveras et al., 2003; Ripullone et al., 2007). Moreover,
non-structural carbohydrates produced during the dry summer may in-
clude mobile soluble sugars and sugar alcohols that are primarily used for
plant stress resistance against drought, but they may not be allocated to
aboveground growth (Chapin et al., 1990; Herms and Mattson, 1992;
Hartmann, 2015). Thus, it is possible that carbon allocation under xeric
summer conditions was prioritized towards drought-defence mechanisms
rather than to aboveground growth increases, which might explain the
modest aboveground biomass increases and the absence of changes in fo-
liar isotopic compositionwith irrigation at the end of the experiment. Addi-
tionally, this supports the need for longer-term water supplementation of
pine saplings to achieve significant ameliorations in growth and storage
processes (von Arx et al., 2017; Feichtinger et al., 2017; Schönbeck et al.,
2018).

In addition, an increase in soil nutrient availability to roots was ex-
pected after water supplementation to dry topsoil during the summer,
thereby improving plant nutrient uptake and foliar nutrient concentrations
(Lambers et al., 2008). However, our third hypothesis was not supported as
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Fig. 4. Significant Pearson correlation coefficients (p-value <0.05) of foliar δ18O with N:P ratio and N:K ratio across species. Low values of foliar δ18O indicate high time-
integrated stomatal conductance.
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we found similar values of leaf nutrient concentrations and stoichiometric
ratios between irrigated and non-irrigated saplings across pine species. In
any case, it should be noted that moderate biomass growth stimulation by
irrigation necessarily must have been accompanied by moderately en-
hanced nutrient uptake to maintain similar foliar nutrient concentrations
in irrigated plants. On the other side, water supplementation only had an
effect in the upper 20 cm of the soil profile, but saplings could probably
be taking up nutrients from deeper parts of the soil, reducing therefore
the possible interaction between irrigation and nutrient acquisition. More-
over, the potential benefit of short-term irrigation on plant nutrient uptake
may have been masked by the high soil nutrient availability existing at the
common garden site, which is located on former agricultural land (see Ap-
pendix S1, Table S2 in Salazar-Tortosa et al., 2018a for more information
about soil characteristics of the common garden site). In agreement with
our results, other studies conducted in nutrient-rich soils following 5
(Dobbertin et al., 2010) and 10 years (Schönbeck et al., 2018) of experi-
mental irrigation did not document changes in leaf nutrient concentrations
before and after drought stress release.

4.2. Poor acclimation to xeric conditions in mesic-adapted pine species

Under optimal nursery conditions, leaf N, P and K concentrations and N:
P andN:K ratios fell within the typical ranges found for these pine species in
the Mediterranean region (see Table S2 in Sardans et al., 2011). However,
after transplanting to the common garden site under Mediterranean xeric
conditions, we found dramatic increases in leaf N:P and N:K ratios, espe-
cially in the more mesic-adapted species (i.e. P. pinea, P. nigra and
P. sylvestris). Hence, this ultimately led to severe drought-induced nutrient
(P, K) deficiencies and stoichiometric imbalances that further impair photo-
synthesis and growth (Güsewell, 2004; He and Dijkstra, 2014; Yuan and
Chen, 2015; Peng et al., 2019; Mariotte et al., 2020).

Under common garden conditions and regardless of water supplemen-
tation, the higher time-integrated stomatal conductance and cumulative
transpiration of P. halepensis (inferred from lower leaf δ18O values) en-
hanced soil nutrient uptake and allowed for a better and more balanced
NPK status, as reflected by the significant correlations of foliar δ18O with
N:P andN:K ratios (Fig. 4).Moreover, δ18O, N:P and S explained the highest
percentage of variance in aboveground biomass, highlighting the key roles
of adequate stomatal conductance, sufficient P and S uptake and balanced
N:P ratios in enhancing pine growth under xeric conditions. In turn, a
more balanced leaf NPK status along with higher foliar concentrations of
Fig. 3.Mean values± SE of (a) aboveground biomass, (b) foliar δ18O, (c) foliar δ13C, (d
seedlings before transplanting to the experimentalfield) and xeric common garden condi
significant differences between species under optimal nursery conditions and different up
garden conditions (p-value <0.05).
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other essential nutrients such as S and Zn in P. halepensis, allowed for a bet-
ter water-use efficiency, as shown by the significant links of δ13C with N, P,
N:P and N:K ratios across species (Fig. 5). The much larger aboveground
biomass production of P. halepensis when compared with the other species
was therefore related to higher values of foliar δ13C and P concentrations
combined with lower values of δ18O and N:P ratios under drought stress
(Fig. 6). Hence, higher time-integrated stomatal conductance, transpiration
and cumulative nutrient uptake were combinedwith higher photosynthetic
rates and water-use efficiency in P. halepensis, relative to the other species
(Farquhar et al., 1989; Scheidegger et al., 2000). This is in concordance
with previous findings and indicates that P. halepensis can withstand xeric
conditions without suffering from any significant nutrient starvation or im-
balance, thanks to a looser stomatal regulation of transpiration that en-
hances nutrient uptake under water shortage, while at the same time
achieving high photosynthesis and WUEi thanks to adequate leaf nutrient
status (Voltas et al., 2008; Salazar-Tortosa et al., 2018a).

The inherent xeric conditions of the common garden site were the main
factor determining the poor performance of the other three pine species.
Specifically, P. pinea, P. nigra and P. sylvestris exhibited lower δ13C values com-
bined with poorer and more imbalanced leaf nutrient status than P. halepensis
(Fig. 5). Lower carbon assimilation, WUEi and growth in these species may be
linked to low transpiration-driven mass flow of nutrient to roots due to their
tighter stomatal regulation of plant water flux under drought (Villar-
Salvador et al., 2013; Salazar-Tortosa et al., 2018a, 2018b). Furthermore,
the high Mg and Mn concentrations found in P. pinea leaves were not related
to higher biomass production nor better water-use efficiency, whichmay indi-
cate that these nutrients were taken up wastefully, thereby suggesting luxury
consumption and possibly reflecting drought-induced inhibition of growth di-
lution effects for these particular nutrients (Knecht andGöransson, 2004; De la
Riva et al., 2018). Moreover, non-irrigated saplings of P. nigra and P. sylvestris
exhibited higher values of Ca andMn than irrigated ones, reflecting that these
nutrients were not limiting aboveground biomass production at the experi-
mental site. Similarly, the high concentrations of B, Ca and Fe found in
P. sylvestris needles may be attributable to strong inhibition of the normal
growth dilution effects due to drought-induced growth impairment. Addition-
ally, the high average values of foliar δ18O in P. nigra and P. sylvestris indicate
low stomatal conductance and transpiration combined with poor biomass
growth (Fig. 6), which confirmed the inherent inability for adequate carbon
assimilation under xeric conditions in these pine species. Their strict isohydric
behavior likely led to rapid stomatal closure and carbon assimilation inhibi-
tion even under relatively mild drought stress (Flexas and Medrano, 2002;
) N, (e) P, (f) K, (g) N:P ratio and (h) N:K ratio under optimal nursery conditions (i.e.
tions (i.e. saplings two years after transplanting). Different lower-case letters indicate
per-case letters indicate significant differences between species under xeric common



Fig. 5. Significant Pearson correlation coefficients (p-value<0.05) of N:P ratio, N:K ratio, N and Pwith foliar δ13C with across species. High values of foliar δ13C indicate high
time-integrated water-use efficiency.

Fig. 6. Significant Pearson correlation coefficients (p-value <0.05) of foliar δ18O, foliar δ13C, N:P ratio and P with aboveground biomass across species. Low values of foliar
δ18O indicate high time-integrated stomatal conductance and high values of foliar δ13C indicate high time-integrated water-use efficiency.
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Manzanera et al., 2017; Salazar-Tortosa et al., 2018a). Therefore, the narrow
physiological plasticity of saplings of mesic-adapted pine species in response
to dry environmental conditions severely constrains the flexibility of their
resource-use strategies during drought, thereby leading to severe nutrient def-
icit and imbalances that further exacerbate the negative impacts of drought
stress on water relations, photosynthesis and growth (Güsewell, 2004; Yuan
and Chen, 2015; Salazar-Tortosa et al., 2018a).

5. Conclusions

Short-term irrigation increased drought survival and moderately en-
hanced growth but did not alter the leaf isotopic composition and nutrient
concentrations of water-stressed pine saplings. Overall, our findings are in
concordance with the home-field advantage hypothesis (Kawecki and
Ebert, 2004), because sapling performance was optimal when local envi-
ronmental conditions were similar to those of the species native range
(i.e. the drought-tolerant P. halepensis). In contrast, the strongly water-
limiting conditions of the common garden site led to reductions of stomatal
conductance and transpiration, severe nutrient deficits and imbalance and
inhibition of photosynthesis and water-use efficiency in the saplings of
pines growing beyond their ecological optimum (i.e. P. pinea, P. nigra and
P. sylvestris). Accordingly, on-going pine afforestations and reforestations in
the Mediterranean Basin with mesic pine species may lack the physiological
plasticity and adaptations necessary to tolerate increasingly xeric conditions
in a climate change scenario in drier areas. Thus, clarifying the underlying
mechanisms that link the vulnerability to drought-induced nutrient deficits
with plant-water use strategies at early life stages can help select the most
suitable and locally adapted pine species for future afforestation and refores-
tation programs in a context of climate aridification.

CRediT authorship contribution statement

Raquel Juan-Ovejero: Data curation, Formal analysis, Visualization,
Writing – original draft. Jorge Castro: Conceptualization, Methodology,
Funding acquisition, Writing – review & editing. José I. Querejeta: Con-
ceptualization, Methodology, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

We are grateful to the Centro Nacional de Recursos Genéticos Forestales
“El Serranillo” (MITECO) for cultivating the plants during the nursery stage.
Moreover, we want to thank two anonymous reviewers for improving the
manuscript with their comments. This study was supported by the projects
RESISTE (P18-RT-1927) of the Consejería de Transformación Económica,
Industria, Conocimiento y Universidades from the Junta de Andalucía, and
PID2019-107382RB-I00 ofMinisterio deCiencia e Innovación fromGobierno
de España. Funding for open access charge: Universidad de Granada / CBUA.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.154797.

References

Abad-Viñas, R., Caudullo, G., Oliveira, D., de Rigo, D., 2016. Pinus pinaster in Europe: distri-
bution, habitat, usage and threats. In: San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G.,
Houston-Durrant, T., Mauri, A. (Eds.), European Atlas of Forest Tree Species. Off. EU,
Luxembourg, pp. 128–129.
11
Albrecht, C., Contreras, Z., Wahl, K., Sternberg, M., Christoffersen, B., 2022. Winners and
losers in dryland reforestation: species survival, growth, and recruitment along a 33-
year planting chronosequence. Restor. Ecol. https://doi.org/10.1111/rec.13559 (in
press).

Andivia, E., Ruiz-Benito, P., Díaz-Martínez, P., Carro-Martínez, N., Zavala, M.A., Madrigal-
González, J., 2020. Inter-specific tolerance to recurrent droughts of pine species revealed
in saplings rather than adult trees. For. Ecol. Manag. 459, 117848. https://doi.org/10.
1016/j.foreco.2019.117848.

Andivia, E., Villar-Salvador, P., Oliet, J.A., Puértolas, J., Dumroese, R.K., Ivetić, V., Molina-
Venegas, R., Arellano, E.C., Li, G., Ovalle, J.F., 2021. Climate and species stress resistance
modulate the higher survival of large seedlings in forest restorations worldwide. Ecol.
Appl. 31 (6), e02394.

Barbour, M.M., Farquhar, G.D., 2000. Relative humidity- and ABA-induced variation in car-
bon and oxygen isotope ratios of cotton leaves. Plant Cell Environ. 23, 473–485.

Barbour, M.M., 2007. Stable oxygen isotope composition of plant tissue: a review. Funct. Plant
Biol. 34 (2), 83–94. https://doi.org/10.1071/FP06228.

Bates, D., Mächler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects models
using lme4. J. Stat. Softw. 67. https://doi.org/10.18637/jss.v067.i01.

Castro, J., Zamora, R., Hódar, J.A., Gómez, J.M., 2004. Seedling establishment of a boreal tree
species (Pinus sylvestris) at its southernmost distribution limit: consequences of being in a
marginal Mediterranean habitat. J. Ecol. 92, 266–277.

Castro, J., Morales-Rueda, F., Navarro, F.B., Löf, Mg, Vacchiano, G., Alcaraz-Segura, D., 2021.
Precision restoration: a necessary approach to foster forest recovery in the 21st century.
Restor. Ecol. 29 (7), e13421.

Chapin, F.S., Schulze, E., Mooney, H.A., 1990. The ecology and economics of storage in plants.
Annu. Rev. Ecol. Syst. 21, 423–447.

Clark, J.S., Iverson, L., Woodall, C.W., Allen, C.D., Bell, D.M., Bragg, D.C., D’Amato, A.W.,
Davis, F.W., Hersh, M.H., Ibanez, I., Jackson, S.T., Matthews, S., Pederson, N., Peters,
M., Schwartz, M.W., Waring, K.M., Zimmermann, N.E., 2016. The impacts of increasing
drought on forest dynamics, structure, and biodiversity in the United States. Glob.
Chang. Biol. 22 (7), 2329–2352. https://doi.org/10.1111/gcb.13160.

Conlisk, E., Castanha, C., Germino, M.J., Veblen, T.T., Smith, J.M., Moyes, A.B., Kueppers,
L.M., 2018. Seed origin and warming constrain lodgepole pine recruitment, slowing the
pace of population range shifts. Glob. Chang. Biol. 24 (1), 197–211. https://doi.org/10.
1111/gcb.13840.

Dawson, T.E., Mambelli, S., Plamboeck, A.H., Templer, P.H., Tu, K.P., 2002. Stable isotopes in
plant ecology. Annu. Rev. Ecol. Syst. 33, 507–559. https://doi.org/10.1146/annurev.
ecolsys.33.020602.095451.

De la Riva, E.G., Villar, R., Pérez-Ramos, I.M., Quero, J.L., Matías, L., Poorter, L., Marañón, T.,
2018. Relationships between leaf mass per area and nutrient concentrations in 98 Medi-
terranean woody species are determined by phylogeny, habitat and leaf habit. Trees
Struct. Funct. 32 (2), 497–510. https://doi.org/10.1007/s00468-017-1646-z.

Dobbertin, M., Eilmann, B., Bleuler, P., Giuggiola, A., Graf Pannatier, E., Landolt, W.,
Schleppi, P., Rigling, A., 2010. Effect of irrigation on needle morphology, shoot and
stem growth in a drought-exposed Pinus sylvestris forest. Tree Physiol. 30 (3),
346–360. https://doi.org/10.1093/treephys/tpp123.

Eilmann, B., Buchmann, N., Siegwolf, R., Saurer, M., Rigling, P.C., 2010. Fast response of scots
pine to improved water availability reflected in tree-ring width and δ 13C. Plant Cell En-
viron. 33 (8), 1351–1360. https://doi.org/10.1111/j.1365-3040.2010.02153.x.

Enescu, C.M., de Rigo, D., Caudullo, G., Mauri, A., Houston-Durrant, T., 2016. Pinus nigra in
Europe: distribution, habitat, usage and threats. In: San-Miguel-Ayanz, J., de Rigo, D.,
Caudullo, G., Houston-Durrant, T., Mauri, A. (Eds.), European Atlas of Forest Tree Spe-
cies. Off. EU, Luxembourg, pp. 126–127.

Fargione, J., Haase, D.L., Burney, O.T., Kildisheva, O.A., Edge, G., Cook-Patton, S.C.,
Chapman, T., Rempel, A., Hurteau, M.D., Davis, K.T., Dobrowski, S., Enebak, S., de La
Torre, R., Bhuta, A.A.R., Cubbage, F., Kittler, B., Zhang, D., Guldin, R.W., 2021. Chal-
lenges to the reforestation pipeline in the United States. Front. For. Glob. Chang. 4,
629198. https://doi.org/10.3389/ffgc.2021.629198.

Farquhar, G.D., Ehleringer, L.R., Hubick, K.T., 1989. Carbon isotope discrimination and pho-
tosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 40, 503–537.

Feichtinger, L.M., Siegwolf, R.T.W., Gessler, A., Buchmann, N., Lévesque, M., Rigling, A.,
2017. Plasticity in gas-exchange physiology of mature scots pine and European larch
drive short- and long-term adjustments to changes in water availability. Plant Cell Envi-
ron. 40 (9), 1972–1983. https://doi.org/10.1111/pce.13008.

Férriz, M., Martin-Benito, D., Cañellas, I., Gea-Izquierdo, G., 2021. Sensitivity to water stress
drives differential decline and mortality dynamics of three co-occurring conifers with dif-
ferent drought tolerance. For. Ecol. Manag. 486, 118964. https://doi.org/10.1016/j.
foreco.2021.118964.

Flexas, J., Medrano, H., 2002. Drought-inhibition of photosynthesis in C3 plants: stomatal and
non-stomatal limitations revisited. Ann. Bot. 89 (2), 183–189.

Gessler, A., Schaub,M.,McDowell, N.G., 2017. The role of nutrients in drought-induced treemortality and re-
covery. New Phytol. 214 (2), 513–520. https://doi.org/10.1111/nph.14340.

Gibson, A.L., Espeland, E.K., Wagner, V., Nelson, C.R., 2016. Can local adaptation research in
plants inform selection of native plant materials? An analysis of experimental methodol-
ogies. Evol. Appl. 9, 1219–1228.

Grams, T.E.E., Kozovits, A.R., Häberle, K.H., Matyssek, R., Dawson, T.E., 2007. Combining
δ13C and δ18O analyses to unravel competition, CO2 and O3 effects on the physiological
performance of different-aged trees. Plant Cell Environ. 30 (8), 1023–1034. https://doi.
org/10.1111/j.1365-3040.2007.01696.x.

Guiot, J., Cramer, W., 2016. Climate change: the 2015 Paris agreement thresholds and Med-
iterranean basin ecosystems. Science 354 (6311), 465–468. https://doi.org/10.1126/sci-
ence.aah5015.

Güsewell, S., 2004. N: P ratios in terrestrial plants: variation and functional significance. New
Phytol. 164, 243–266.

Hartmann, H., 2015. Carbon starvation during drought-induced tree mortality – are we chas-
ing a myth? J. Plant Hydraul. 2, e005.

https://doi.org/10.1016/j.scitotenv.2022.154797
https://doi.org/10.1016/j.scitotenv.2022.154797
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232311485496
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232311485496
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232311485496
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232311485496
https://doi.org/10.1111/rec.13559
https://doi.org/10.1016/j.foreco.2019.117848
https://doi.org/10.1016/j.foreco.2019.117848
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325486682
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325486682
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325486682
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232326002383
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232326002383
https://doi.org/10.1071/FP06228
https://doi.org/10.18637/jss.v067.i01
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232326038507
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232326038507
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232326038507
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312113764
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312113764
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312129216
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312129216
https://doi.org/10.1111/gcb.13160
https://doi.org/10.1111/gcb.13840
https://doi.org/10.1111/gcb.13840
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
https://doi.org/10.1007/s00468-017-1646-z
https://doi.org/10.1093/treephys/tpp123
https://doi.org/10.1111/j.1365-3040.2010.02153.x
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312531622
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312531622
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312531622
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232312531622
https://doi.org/10.3389/ffgc.2021.629198
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325222148
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325222148
https://doi.org/10.1111/pce.13008
https://doi.org/10.1016/j.foreco.2021.118964
https://doi.org/10.1016/j.foreco.2021.118964
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232326416709
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232326416709
https://doi.org/10.1111/nph.14340
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327043702
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327043702
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327043702
https://doi.org/10.1111/j.1365-3040.2007.01696.x
https://doi.org/10.1111/j.1365-3040.2007.01696.x
https://doi.org/10.1126/science.aah5015
https://doi.org/10.1126/science.aah5015
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327162360
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327162360
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232313410743
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232313410743


R. Juan-Ovejero et al. Science of the Total Environment 831 (2022) 154797
He, M., Dijkstra, F.A., 2014. Drought effect on plant nitrogen and phosphorus: a meta-
analysis. New Phytol. 204, 924–931.

Herms, D.A., Mattson, W.J., 1992. The dilemma of plants: to grow or defend. Q. Rev. Biol. 67,
283–335.

Herrero, A., Rigling, A., Zamora, R., 2013a. Varying climate sensitivity at the dry distribution
edge of Pinus sylvestris and P. Nigra. For. Ecol. Manag. 308, 50–61. https://doi.org/10.
1016/j.foreco.2013.07.034.

Herrero, A., Castro, J., Zamora, R., Delgado-Huertas, A., Querejeta, J.I., 2013b. Growth and
stable isotope signals associated with drought-related mortality in saplings of two
coexisting pine species. Oecologia 173 (4), 1613–1624. https://doi.org/10.1007/
s00442-013-2707-7.

Houston-Durrant, T., de Rigo, D., Caudullo, G., 2016. Pinus sylvestris in Europe: distribution,
habitat, usage and threats. In: San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G., Houston-
Durrant, T., Mauri, A. (Eds.), European Atlas of Forest Tree Species. Off. EU,
Luxembourg, pp. 132–133.

Kawecki, T.J., Ebert, D., 2004. Conceptual issues in local adaptation. Ecol. Lett. 7, 1225–1241.
Klein, T., Shpringer, I., Fikler, B., Elbaz, G., Cohen, S., Yakir, D., 2013. Relationships between

stomatal regulation, water-use, and water-use efficiency of two coexisting key Mediterra-
nean tree species. For. Ecol. Manag. 302, 34–42. https://doi.org/10.1016/j.foreco.2013.
03.044.

Knecht, M.F., Göransson, A., 2004. Terrestrial plants require nutrients in similar porportions.
Tree Physiol. 24, 447–460.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. lmerTest package: tests in linear
mixed effects models. J. Stat. Softw. 82 (13), 1–26. https://doi.org/10.18637/jss.v082.
i13.

Lambers, H., Chapin, F.S., Pons, T.L., 2008. Plant Physiological Ecology. Second edition.
Springer, New York.

Lévesque, M., Siegwolf, R., Saurer, M., Eilmann, B., Rigling, A., 2014. Increased water-use ef-
ficiency does not lead to enhanced tree growth under xeric and Mesic conditions. New
Phytol. 203 (1), 94–109. https://doi.org/10.1111/nph.12772.

León-Sánchez, L., Nicolás, E., Goberna, M., Prieto, I., Maestre, F.T., Querejeta, J.I., 2018. Poor
plant performance under simulated climate change is linked tomycorrhizal responses in a
semi-arid shrubland. J. Ecol. 106 (3), 960–976. https://doi.org/10.1111/1365-2745.
12888.

León-Sánchez, L., Nicolás, E., Prieto, I., Nortes, P., Maestre, F.T., Querejeta, J.I., 2020. Altered
leaf elemental composition with climate change is linked to reductions in photosynthesis,
growth and survival in a semi-arid shrubland. J. Ecol. 108 (1), 47–60. https://doi.org/10.
1111/1365-2745.13259.

Lesser, M.R., Jackson, S.T., 2012. Making a stand: five centuries of population growth in col-
onizing populations of Pinus ponderosa. Ecology 93 (5), 1071–1081.

Manzanera, J.A., Gómez-Garay, A., Pintos, B., Rodríguez-Rastrero, M., Moreda, E., Zazo, J.,
Martínez-Falero, E., García-Abril, A., 2017. Sap flow, leaf-level gas exchange and spectral
responses to drought in Pinus sylvestris, Pinus pinea and Pinus halepensis. IForest 10 (1),
204–214. https://doi.org/10.3832/ifor1748-009.

Marschner, P., 1995. Marschner’s Mineral Nutrition of Higher Plants. Third edition. Elsevier
Ltd.

Mariotte, P., Cresswell, T., Johansen, M.P., Harrison, J.J., Keitel, C., Dijkstra, F.A., 2020. Plant
uptake of nitrogen and phosphorus among grassland species affected by drought along a
soil available phosphorus gradient. Plant Soil 448 (1–2), 121–132. https://doi.org/10.
1007/s11104-019-04407-0.

Martin-StPaul, N., Delzon, S., Cochard, H., 2017. Plant resistance to drought depends on
timely stomatal closure. Ecol. Lett. 20 (11), 1437–1447. https://doi.org/10.1111/ele.
12851.

Martínez-Vilalta, J., Piñol, J.P., 2002. Drought-induced mortality and hydraulic architecture
in pine populations of the NE Iberian Peninsula. For. Ecol. Manag. 161, 247–256.

Matías, L., Castro, J., Villar-Salvador, P., Quero, J.L., Jump, A.S., 2017. Differential impact of
hotter drought on seedling performance of five ecologically distinct pine species. Plant
Ecol. 218 (2), 201–212. https://doi.org/10.1007/s11258-016-0677-7.

Mauri, A., Di Leo, D., de Rigo, D., Caudullo, G., 2016. Pinus halepensis in Europe: distribution,
habitat, usage and threats. In: San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G., Houston-
Durrant, T., Mauri, A. (Eds.), European Atlas of Forest Tree Species. Off. EU,
Luxembourg, pp. 122–123.

McDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D., Cobb, N., Kolb, T., Plaut, J.,
Sperry, J., West, A., Williams, D.G., Yepez, E.A., 2008. Mechanisms of plant survival
and mortality during drought: why do some plants survive while others succumb to
drought? New Phytol. 178 (4), 719–739. https://doi.org/10.1111/j.1469-8137.2008.
02436.x.

McDowell, N.G., 2011. Mechanisms linking drought, hydraulics, carbonmetabolism, and vegeta-
tionmortality. Plant Physiol. 155 (3), 1051–1059. https://doi.org/10.1104/pp.110.170704.

Moreno-Gutiérrez, C., Dawson, T.E., Nicolás, E., Querejeta, J.I., 2012. Isotopes reveal contrast-
ing water use strategies among coexisting plant species in a Mediterranean ecosystem.
New Phytol. 196 (2), 489–496. https://doi.org/10.1111/j.1469-8137.2012.04276.x.

Oliveras, I., Martínez-Vilalta, J., Jimenez-Ortiz, T., Lledó, M.J., Escarré, A., Piñol, J., 2003. Hy-
draulic properties of Pinus halepensis, Pinus pinea and Tetraclinis articulata in a dune
ecosystem of eastern Spain. Plant Ecol. 169, 131–141.

Peng, Y., Peng, Z., Zeng, X., Houx, J.H., 2019. Effects of nitrogen-phosphorus imbalance on
plant biomass production: a global perspective. Plant Soil 436 (1–2), 245–252. https://
doi.org/10.1007/s11104-018-03927-5.

Peñuelas, J., Sardans, J., 2021. Global change and forest disturbances in the Mediterranean
Basin: breakthroughs, knowledge gaps, and recommendations. Forests 12, 603. https://
doi.org/10.3390/f12050603.
12
Prieto, I., Querejeta, J.I., Segrestin, J., Volaire, F., Roumet, C., 2018. Leaf carbon and oxygen
isotopes are coordinated with the leaf economics spectrum in Mediterranean rangeland
species. Funct. Ecol. 32 (3), 612–625. https://doi.org/10.1111/1365-2435.13025.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria.

Ramírez-Valiente, J.A., Solé-Medina, A., Pyhäjärvi, T., Savolainen, O., Heer, K., Opgenoorth,
L., Danusevicius, D., Robledo-Arnuncio, J.J., 2021. Adaptive responses to temperatura
and precipitation variation at the early-life stages of Pinus sylvestris. New Phytol. 232,
1632–1647.

Ripullone, F., Guerrieri, M.R., Nole, A., Magnani, F., Borghetti, M., 2007. Stomatal conduc-
tance and leaf water potential responses to hydraulic conductance variation in Pinus
pinaster seedlings. Trees 21, 371–378.

Roldán, A., Querejeta, J.I., Albaladejo, J., Castillo, V., 1996. Survival and growth of Pinus
halepensis miller seedlings in a semiarid environment after forest soil transfer, terracing
and organic amendments. Ann. For. Sci. 53, 1099–1112.

Salazar-Tortosa, D., Castro, J., Villar-Salvador, P., Viñegla, B., Matías, L., Michelsen, A., Rubio
de Casas, R., Querejeta, J.I., 2018a. The “isohydric trap”: a proposed feedback between
water shortage, stomatal regulation, and nutrient acquisition drives differential growth
and survival of european pines under climatic dryness. Glob. Chang. Biol. 24 (9),
4069–4083. https://doi.org/10.1111/gcb.14311.

Salazar-Tortosa, D., Castro, J., Rubio de Casas, R., Viñegla, B., Sánchez- Cañete, E., Villar-
Salvador, P., 2018b. Gas exchange at whole plant level shows that a less conservative
water use is linked to a higher performance in three ecologically distinct pine species. En-
viron. Res. Lett. 13, 045004. https://doi.org/10.1088/1748-9326/aab18f.

Samaniego, L., Thober, S., Kumar, R., Wanders, N., Rakovec, O., Pan, M., Zink, M., Sheffield,
J., Wood, E.F., Marx, A., 2018. Anthropogenic warming exacerbates european soil mois-
ture droughts. Nat. Clim. Chang. 8 (5), 421–426. https://doi.org/10.1038/s41558-018-
0138-5.

Sardans, J., Rivas-Ubach, A., Peñuelas, J., 2011. Factors affecting nutrient concentration and
stoichiometry of forest trees in Catalonia (NE Spain). For. Ecol. Manag. 262 (11),
2024–2034.

Scheidegger, Y., Saurer, M., Bahn, M., Siegwolf, R., 2000. Linking stable oxygen and carbon
isotopes with stomatal conductance and photosynthetic capacity: a conceptual model.
Oecologia 125 (3), 350–357. https://doi.org/10.1007/s004420000466.

Schönbeck, L., Gessler, A., Hoch, G., McDowell, N.G., Rigling, A., Schaub, M., Li, M.H., 2018.
Homeostatic levels of nonstructural carbohydrates after 13 yr of drought and irrigation in
Pinus sylvestris. New Phytol. 219 (4), 1314–1324. https://doi.org/10.1111/nph.15224.

Seibt, U., Rajabi, A., Griffiths, H., Berry, J.A., 2008. Carbon isotopes and water use efficiency:
sense and sensitivity. Oecologia 155 (3), 441–454. https://doi.org/10.1007/s00442-007-
0932-7.

Therneau, T.M., 2015. A Package for Survival Analysis in R.
Tíscar, P.A., Linares, J.C., 2014. Large-scale regeneration patterns of Pinus nigra Subsp.

salzmannii: poor evidence of increasing facilitation across a drought gradient. Forests 5,
1–20. https://doi.org/10.3390/f5010001.

Tíscar, P.A., Candel-Pérez, D., Estrany, J., Balandier, P., Gómez, R., Lucas-Borja, M.E., 2017.
Regeneration of three pine species in a Mediterranean forest: a study to test predictions
from species distribution models under changing climates. Sci. Total Environ. 584–585,
78–87.

Tramblay, Y., Koutroulis, A., Samaniego, L., Vicente-Serrano, S.M., Volaire, F., Boone, A., le
Page, M., Llasat, M.C., Albergel, C., Burak, S., Cailleret, M., Kalin, K.C., Davi, H.,
Dupuy, J.L., Greve, P., Grillakis, M., Hanich, L., Jarlan, L., Martin-StPaul, N., Polcher,
J., 2020. Challenges for drought assessment in the Mediterranean region under future cli-
mate scenarios. Earth Sci. Rev. 210. https://doi.org/10.1016/j.earscirev.2020.103348.

Vadell, E., de-Miguel, S., Pemán, J., 2016. Large-scale reforestation and afforestation policy in
Spain: a historical review of its underlying ecological, socioeconomic and political dy-
namics. Land Use Policy 55, 37–48. https://doi.org/10.1016/J.LANDUSEPOL.2016.03.
017.

Valladares, F., Benavides, R., García-Rabasa, S., Díaz, M., Pausas, J.G., Paula, S., Simonson,
W., 2014. Global change and Mediterranean forest: current impact and potential re-
sponses. In: Coomes, D.A., Burslem, D.F.R.P., Simonson, W. (Eds.), Forests and Global
Change. Cambridge University Press. British Ecological Society.

Vilà-Cabrera, A., Coll, L., Martínez-Vilalta, J., Retana, J., 2018. Forest management for adap-
tation to climate change in the Mediterranean basin: a synthesis of evidence. For. Ecol.
Manag. 407, 16–22.

Villar-Salvador, P., Peñuelas, J.L., Jacobs, D.F., 2013. Nitrogen nutrition and drought harden-
ing exert opposite effects on the stress tolerance of Pinus pinea L. Seedlings. Tree Physiol.
33 (2), 221–232. https://doi.org/10.1093/treephys/tps133.

Voltas, J., Chambel, M.R., Prada, M.A., Ferrio, J.P., 2008. Climate-related variability in carbon
and oxygen stable isotopes among populations of Aleppo pine grown in common-garden
tests. Trees Struct. Funct. 22 (6), 759–769. https://doi.org/10.1007/s00468-008-0236-5.

von Arx, G., Arzac, A., Fonti, P., Frank, D., Zweifel, R., Rigling, A., Galiano, L., Gessler, A.,
Olano, J.M., 2017. Responses of sapwood ray parenchyma and non-structural carbohy-
drates of Pinus sylvestris to drought and long-term irrigation. Funct. Ecol. 31 (7),
1371–1382. https://doi.org/10.1111/1365-2435.12860.

Wang, F., Yakir, D., 2000. Using stable isotopes of water in evapotranspiration studies.
Hydrol. Process. 14, 1407–1421.

Werner, C., Máguas, C., 2010. Carbon isotope discrimination as a tracer of functional traits in
a mediterranean macchia plant community. Funct. Plant Biol. 37 (5), 467–477. https://
doi.org/10.1071/FP09081.

Yuan, Z.Y., Chen, H.Y.H., 2015. Decoupling of nitrogen and phosphorus in terrestrial plants
associated with global changes. Nat. Clim. Chang. 5, 465–469.

http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327168683
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327168683
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327171964
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327171964
https://doi.org/10.1016/j.foreco.2013.07.034
https://doi.org/10.1016/j.foreco.2013.07.034
https://doi.org/10.1007/s00442-013-2707-7
https://doi.org/10.1007/s00442-013-2707-7
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232314240819
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232314240819
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232314240819
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232314240819
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327202659
https://doi.org/10.1016/j.foreco.2013.03.044
https://doi.org/10.1016/j.foreco.2013.03.044
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327225438
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327225438
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232314411356
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232314411356
https://doi.org/10.1111/nph.12772
https://doi.org/10.1111/1365-2745.12888
https://doi.org/10.1111/1365-2745.12888
https://doi.org/10.1111/1365-2745.13259
https://doi.org/10.1111/1365-2745.13259
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327248455
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327248455
https://doi.org/10.3832/ifor1748-009
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232315014007
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232315014007
https://doi.org/10.1007/s11104-019-04407-0
https://doi.org/10.1007/s11104-019-04407-0
https://doi.org/10.1111/ele.12851
https://doi.org/10.1111/ele.12851
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232315030500
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232315030500
https://doi.org/10.1007/s11258-016-0677-7
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232316113046
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232316113046
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232316113046
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232316113046
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1104/pp.110.170704
https://doi.org/10.1111/j.1469-8137.2012.04276.x
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232316142506
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232316142506
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232316142506
https://doi.org/10.1007/s11104-018-03927-5
https://doi.org/10.1007/s11104-018-03927-5
https://doi.org/10.3390/f12050603
https://doi.org/10.3390/f12050603
https://doi.org/10.1111/1365-2435.13025
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324008173
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324008173
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327394839
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327394839
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232327394839
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324063993
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324063993
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324063993
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324071806
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324071806
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324071806
https://doi.org/10.1111/gcb.14311
https://doi.org/10.1088/1748-9326/aab18f
https://doi.org/10.1038/s41558-018-0138-5
https://doi.org/10.1038/s41558-018-0138-5
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328140741
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328140741
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328140741
https://doi.org/10.1007/s004420000466
https://doi.org/10.1111/nph.15224
https://doi.org/10.1007/s00442-007-0932-7
https://doi.org/10.1007/s00442-007-0932-7
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324294398
https://doi.org/10.3390/f5010001
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324376905
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324376905
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232324376905
https://doi.org/10.1016/j.earscirev.2020.103348
https://doi.org/10.1016/J.LANDUSEPOL.2016.03.017
https://doi.org/10.1016/J.LANDUSEPOL.2016.03.017
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325014027
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325014027
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325014027
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328181849
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328181849
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328181849
https://doi.org/10.1093/treephys/tps133
https://doi.org/10.1007/s00468-008-0236-5
https://doi.org/10.1111/1365-2435.12860
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325028275
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232325028275
https://doi.org/10.1071/FP09081
https://doi.org/10.1071/FP09081
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328423243
http://refhub.elsevier.com/S0048-9697(22)01890-3/rf202203232328423243

	Low acclimation potential compromises the performance of water-�stressed pine saplings under Mediterranean xeric conditions
	1. Introduction
	2. Materials and methods
	2.1. Study site, selected species and experimental design
	2.2. Soil water content
	2.3. Sapling survival and growth
	2.4. Destructive harvesting, nutrient analysis and leaf isotopic composition
	2.5. Statistical analyses

	3. Results
	3.1. Effect of summer irrigation on soil water content at the common garden site
	3.2. Survival and aboveground biomass production after 2 years of summer irrigation
	3.3. Leaf isotopic composition, nutrient concentrations and stoichiometric ratios after 2 years of summer irrigation
	3.4. Relationships between traits across pine species
	3.5. Optimal nursery conditions versus xeric common garden conditions

	4. Discussion
	4.1. Moderate positive effect of summer irrigation on pine performance under xeric Mediterranean conditions
	4.2. Poor acclimation to xeric conditions in mesic-adapted pine species

	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




