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Trait coordination and trade-offs constrain
the diversity of water use strategies in
Mediterranean woody plants

Francisco J. Muñoz-Gálvez 1, José I. Querejeta 1 , CristinaMoreno-Gutiérrez1,
Wei Ren 2,3, Enrique G. de la Riva4 & Iván Prieto 4

The diversity of water-use strategies among dryland plants has been the focus
of extensive research, but important knowledge gaps remain. Comprehensive
surveys of water-use traits encompassing multiple species growing at con-
trasting sites are needed to further advance current understanding of plant
water use in drylands. Here we show that ecohydrological niche segregation
driven by differences in water uptake depth among coexisting species is
widespread acrossMediterranean plant communities, as evidenced by soil and
stem water isotopes measured in 62 native species growing at 10 sites with
contrasting climatic conditions. Foliar carbon and oxygen isotopes revealed
that leaf-level stomatal regulation stringency and water-use efficiency also
differ markedly among coexisting species, and are both coordinated with
water uptake depth. Larger and taller woody species use a greater proportion
of deeper soil water, display more conservative water use traits at leaf level
(“water-savers”) and show greater investment in foliage relative to shoots.
Conversely, smaller species rely mainly on shallow soil water, exhibit a more
profligate water use strategy (“water-spenders”) and prioritize investment in
shoots over foliage. Drought stress favours coordination between above and
belowground water-use traits, resulting in unavoidable trade-offs that con-
strain the diversity of whole-plant water use strategies in Mediterranean plant
communities.

Understanding the relationship between plant taxonomic and func-
tional diversity has been central to ecology for decades, yet few studies
have explored the potential coordination of key below- and above-
ground water use traits such as soil water uptake depth by roots and
leaf-level stomatal regulation stringency or water use efficiency. Plant
species size and position along the Plant Economic Spectrum (acqui-
sitive-conservative continuum) are key indicators of species nutrient
and carbon use strategies1–4. However, the diversity of water use stra-
tegies among coexisting species in dryland plant communities, or the

potential coordination and tradeoffs between water uptake depth and
leaf-level water use traits in drought-prone ecosystems, have received
comparatively much less research attention5–10.

A generally good correlation between above and belowground
plant component sizes has been described across multiple ecosystem
types worldwide11. However, it is important to note that water uptake
depth depends not only on plant size but also on multiple other
environmental factors such as climate type or groundwater accessi-
bility to roots12,13. In this context, plant species from humid climates
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and ecosystems tend to relymoreheavily on shallowsoil water sources
than species from dry climates, as the latter generally develop deeper
root systems and are capable of using a greater proportion of deep
soil/bedrock water sources12,14,15. Woody plants in Mediterranean and
other dryland habitats typically use less than 30% of water from recent
precipitation stored in upper soil layers16, sowater uptake fromdeeper
soil and bedrock moisture sources has an important role in sustaining
vegetation transpiration during prolonged rainless periods. Vertical
segregation in plant water uptake patterns among coexisting species
can lead to ecohydrological niche partitioning, in which plant species
with contrasting water use traits gain preferential access to different
soil water pools present along the edaphic profile7. Ecohydrological
niche segregation6 and contrasting plant water use strategies among
coexisting species and life forms could favor resourcepartitioning that
enhances complementarity and efficiency in the use of the limited
water resources in drought-prone ecosystems17.

Woodyplants in seasonally dryuplandMediterranean ecosystems
dependon twodistinctwater pools available along the edaphic profile:
an easily accessible topsoil pool in upper layers with intermittent,
erratic and rapidly fluctuating water availability that is recharged
mainly by recent precipitation, but is exposed to rapid evaporative loss
and competitive depletion by neighbors; and a less accessible, deeper
soil/bedrock pool with more temporally stable water storage and
availability that is recharged by large winter and autumn precipitation
events and is less exposed to direct evaporative losses or competitive
depletion by neighbors7,18,19. Plant species access to, and utilization of,
each of these two moisture pools may be constrained by multiple
trade-offs between structural and physiological traits. Traits such as
small size or shallow rooting pattern may severely constrain access to
the more stable water pool stored in deep soil/bedrock layers11,12,20.
Whereasphysiological traits associated to leaf-levelwater usepatterns,
such as stomatal regulation stringency or water use efficiency21 could
modulate a faster or slower utilization of the available soil water by
each species according to their position along the profligate-
conservative water use continuum5,22,23. Previous studies investigat-
ing the diversity of plant water use strategies present inMediterranean
plant communities largely focused on local spatial scales with rela-
tively few coexisting species18,24,25. More ambitious and comprehensive
surveys encompassing larger numbers of plant species growing at
multiple sites with contrasting climatic and environmental conditions
are thus needed to further advanceour current understandingofwater
use patterns by woody vegetation across the Mediterranean biome.
Moreover, such an approach could help elucidate any potential coor-
dination and trade-offs between water uptake depth and leaf-level
water use strategies across coexisting plant species and life forms at
multiple sites.

Stable isotopes and their variations in plant tissues provide a
valuable tool to investigate interspecific differences in water use
strategies among coexisting species in natural plant communities. The
isotopic composition of xylem water (δ18Oxw, δ2Hxw, d-excessxw)
reflects the relative proportion of water taken up from different soil
depths by plants, as little or no isotopic fractionation occurs during
rootwater uptake fromsoil (but see refs. 26,27 for issueswithδ2H). The
relative contributions of shallow vs deep soil water sources to total
plant water uptake can be more easily estimated when intense eva-
porative isotopic enrichment of the shallow soil water pool occurs28,
which is typically found in Mediterranean ecosystems with frequent
hot and rainless periods during which topsoil water is exposed to
intense evaporative isotopic fractionation. The stable carbon isotope
composition of leaf drymatter (δ13CL) represents ametabolic set point
for the integration and coordination of leaf gas exchange fluxes29 that
is affected by both CO2 assimilation during photosynthesis and CO2

diffusion through stomata, so it provides a good proxy for time-
integrated intrinsic water use efficiency (WUEi) defined as the ratio
between net photosynthetic rate (A) and stomatal conductance

(gs)
5,21,23,30,31. The oxygen isotopic composition (δ18OL) of leafdrymatter

reflects the isotopic signal of the source water used by the plant
(δ18Oxw), and is also affected by leaf-level evaporative effects during
transpiration32,33. Thus, the oxygen isotopic composition of leaf dry
matter calculated as enrichment above source water (Δ18OL = δ18OL −
δ18Oxw) can provide a time-integrated indication of cumulative gs and
transpiration over the growing season5,21. However, the interpretation
of interspecific differences in δ13CL and Δ18OL among coexisting plant
species is complicated by multiple uncertainties, due to the myriad
complex factors that may affect the carbon and oxygen isotopic
composition of leaf organicmatter in natural plant communities30,34–39.
It is thus advisable to simultaneously conduct conventional leaf gas
exchange measurements (stomatal conductance, intrinsic water use
efficiency) in the field to validate the interpretation of δ13CL and Δ18OL

and to confirm that these isotopic water-use traits actually provide
reliable time-integrated proxies of leaf-level water use patterns across
coexisting woody species within each plant community.

In this study, we assess the diversity of plant water use strategies
among coexisting woody species at ten study sites with contrasting
climatic and environmental conditions in the Iberian Peninsula. Our
study sites span from warm arid and semiarid areas near the Medi-
terranean coast where dwarf palms (Chamaerops humilis) and Iberian-
African endemic shrubs (Periploca angustifolia, Maytenus senegalensis)
are common, to much cooler and wetter areas located at higher alti-
tudes at the Mediterranean-Temperate transitional border in central
Spain, where temperate tree species such as Fagus sylvatica orQuercus
petraea are present. Our 10 study sites were carefully chosen to
represent the wide spectrum of precipitation and temperature con-
ditions encountered across the Mediterranean biome (from warmer
arid and semiarid climates to cooler dry-subhumid climates, Table S1).
Our pool of 62 woody plant species (771 individuals) encompasses
contrasting plant life forms: small shrubs (<1m height), large shrubs
(1–3m height) and trees (3–20m in height)11, and is representative of
the large functional and taxonomic diversity of the Mediterranean
biogeographical region, which includes evergreen, drought-decid-
uous/semideciduous andwinter-deciduous species (Tables S2 and S6).

We investigate the potential occurrence of vertical niche parti-
tioning of soil water and ecohydrological niche segregation among
coexisting woody species at all the 10 study sites. Matching soil water
isotopic composition variations along the soil profile with the xylem
water isotopic composition of plants (δ18Oxw, δ

2Hxw, d-excessxw), we
estimate the proportion of water taken up from shallow vs deeper
moisture pools by the different species and life forms present in these
plant communities during the peak of the growing season in the
Mediterranean biome (Spring). In parallel, we also assess the diversity
of leaf-level water use strategies using foliar δ13CL and Δ18OL as proxies
for time-integrated water use efficiency (WUEi) and stomatal con-
ductance (gs), respectively. In addition, we measure the leaf area to
sapwood area ratio of terminal shoots as a key aboveground trait
related to plant hydraulic architecture (i.e. the ratio between the total
transpiring leaf area to the cross-sectional sapwood area supplying
water to leaves) at two sites with contrasting climatic conditions and
high plant species diversity (Yeste and Montejo, see Material and
methods section). In a subset of six study sites, the isotopic water use
traits of all the coexisting woody species (δ13CL, Δ

18OL δ18Oxw, δ
2Hxw,

d-excessxw) aremeasured twice on two separate years (2019 and 2022)
with sharply contrasting rainfall amounts and patterns, in order to
assess whether interspecific differences in water use traits among
coexisting species are well preserved through time across years with
contrasting climatic conditions (dry vs wet years). During the second
sampling year (2022) we also conduct instantaneous leaf gas exchange
measurements in the field to confirm that leaf carbon and oxygen
isotopes indeed provide reliable proxies of interspecific differences in
leaf-level water use patterns among coexisting woody species at each
study site. Finally, we investigate the potential coordination and
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Fig. 1 | Proportion of shallow vs deep soil water taken up by plants. Average
proportions (% ± standard deviation) of shallow (S;0–20 cmdepth; faded colors in
upper part of each column) and deep soil water sources (D; >20 cm depth; solid
colors in lower part of each column) taken up by coexistingwoody plant species at
each study site, estimated using Bayesian mixing models (see Material and

Methods section for specific details on calculations).N = 6 individuals per specie in
Ayna, Majarazan, Montejo, Pliego, Pulpí and Yeste; n = 3 individuals per specie in
Calblanque; and n = 10 individuals per specie in Cuadros Natural, Cuadros Repo-
blacion and Venta Olivo. See Table S2 for species name abbreviations. Source data
are provided as a Source Data file.
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tradeoffs between aboveground water use traits (δ13CL, Δ
18OL, leaf area

to sapwood area ratio) and belowground water uptake depth (δ18Oxw,
δ2Hxw, d-excessxw) across coexisting woody plant species and life
forms. Our main objective is to address the current knowledge gaps
and uncertainty regarding the potential links, interconnectivity and
degree of coordination between above- and belowground water use
traits across plant species and life forms inMediterranean ecosystems.
More specifically, we aim to identify potential tradeoffs among those
traits that might constrain the diversity of whole-plant water use
strategies and trait constellations that are ecologically and physiolo-
gically feasible and viable for native woody species growing under
Mediterranean-type climates. Characterizing the diversity of above
and belowgroundwater use traits and their potential coordination and
tradeoffs among coexisting plant species at multiple sites with con-
trasting environmental conditions could provide valuable insights into
how native vegetation copes with drought stress in the Mediterranean
biome and help improve our current understanding of soil water uti-
lization and partitioning among coexisting individuals in species-rich
plant communities40,41.

Based on the earlier preliminary findings of local-scale studies
conducted in Mediterranean-type ecosystems5,18,23,25 we hypothesize
that: (i) Coexisting woody species and plant life forms exhibit distinct
ecohydrological niche segregationdriven by size-relateddifferences in
soil water uptake depth (δ18Oxw, δ

2Hxw, d-excessxw) between shallow-
and deep-rooted species (H1); (ii) Coexisting species and plant life
forms also exhibit large differences in leaf-level stomatal regulation
stringency and water use efficiency (δ13CL, Δ

18OL) ranging from pro-
fligate water-spender to conservative water-saving strategies at leaf
level (H2); (iii) Aboveground hydraulic traits are coordinated across
species and plant functional types, so that a more profligate water-use
strategy at leaf level (lowerδ13CL,Δ

18OL)will be compensatedby a lower

leaf area to sapwood area ratio42 (H3); (iv) Aboveground water use
traits (δ13CL, Δ

18OL, leaf area to sapwood area ratio) are also coordi-
nated with belowground water uptake depth (δ18Oxw, δ

2Hxw, d-excess)
across coexisting woody species and life forms, with water-spenders
exhibiting a shallower rooting depth and water uptake pattern than
water-saver species (H4); (v) The diversity of whole-plant water use
strategies present in upland Mediterranean ecosystems is limited and
constrained by the tight coordination and tradeoffs between above-
(δ13CL, Δ18OL, leaf area to sapwood area ratio) and belowground
(δ18Oxw, δ

2Hxw, d-excess) water use traits (H5); (vi) Interspecific dif-
ferences in above- and belowgroundwater use traits among coexisting
woody species (water uptake depth, leaf δ13CL, Δ

18OL) remain largely
stable through time, so that within-site isotopic trait-based species
rankings are well preserved between dry and wet years (H6).

Here, we show thatwater source partitioning and ecohydrological
niche segregation driven by differences in water uptake depth among
coexisting species are widespread across Mediterranean plant com-
munities with contrasting climatic conditions. Foliar carbon and oxy-
gen isotopes indicate that leaf-level stomatal regulation stringency and
water-use efficiency also differ greatly among coexisting species and
are both tightly coordinatedwithwater uptake depth. Larger and taller
trees generally use a greater proportion of deeper soil water, display
more conservative water use traits at leaf level (“water-savers”) and
show greater investment in foliage relative to shoots. Conversely,
smaller shrubs rely mainly on shallow soil water, exhibit a more pro-
fligate water use strategy at leaf level (“water-spenders”) and invest
more heavily in shoots relative to foliage. Drought and heat stress
appear to favor coordination between above and belowground water-
use traits, resulting in possibly unavoidable tradeoffs that constrain
the diversity of whole-plant water use strategies in Mediterranean
plant communities.
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R2m = 0.07 / R2c = 0.67
p < 2.2e-16 ***

R2m = 0.16 / R2c = 0.55
p < 2.2e-16 ***

R2m = 0.04 / R2c = 0.50  
p = 3.241e-11 ***

Fig. 2 | Isotopic differences among plant life forms. Violin plots depicting xylem
water isotopic composition (xylem δ18Oxw) (A) and leaf isotopic C and O compo-
sition (leaf δ13CL andΔ18OL;B,C, respectively) by plant life form (small shrubs, large
shrubs and trees) across study sites. One-way ANOVA and Tukey’s tests were used
for multiple comparisons analysis. Black points indicate mean values of each iso-
tope per life form. Different letters denote significant (p <0.05) differences

between life forms.Marginal (R2m) and conditional R2 (R2c) indicate the proportion
of variance explained by fixed factors or by fixed and random factors in themodel,
respectively; P values indicate the significance of each linearmixedmodel based on
F-tests with Satterthwaite approximation of degrees of freedom. Source data are
provided as a Source Data file.
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Results
Vertical soil water source segregation and partitioning among
coexisting woody species is widespread in Mediterranean plant
communities
At the peak of the Spring growing season, soil water content increased
steeply with soil depth at all the study sites except for the wettest
location (Montejo; Fig. S1A). We encountered marked soil water iso-
topic gradients with depth along the soil profile at all the study sites;
topsoil water δ18O and δ2H values were always isotopically enriched
relative to rainwater, and soil water isotopic values became progres-
sively more depleted (i.e. more negative) with increasing depth along
the edaphic profile (Fig. S1B, C). As a result, soil water d-excess values
were always more negative near the surface (indicating intense eva-
porative isotopic fractionation) and became less negative with
increasing soil depth at all the study sites (Fig. S1D). Soil water isotopic
δ18O and δ2H depletion curves generally saturated at 20 cmdepth at all
the sites (except at the wettest site Montejo, where they saturated at
15 cm), below which soil water isotopic composition remained rather
stable throughout the soil profile (Fig. S1). Water stored in deeper soil
layers generally showed an isotopic composition thatwas very close to
the Local Meteoric Water Line (LWML) for the Iberian Peninsula at all
the sites (Fig. S2A), revealing small or negligible evaporative isotopic
enrichment of water stored below 20 cm depth during Spring.

We found evidence of distinct ecohydrological niche segregation
and vertical water source partitioning among coexisting woody spe-
cies at every study site, thereby supporting hypothesis 1 (H1). All the
target plant species used varying mixtures of both isotopically enri-
ched topsoil water and deeper, more depleted water sources closer to
the Iberian Water Meteoric Line (Fig. S2B). Moreover, a clear water
uptake depth continuum ranging from species using predominantly
shallow soil water sources to species using mostly deep-water pools
was encountered at all the study sites, evidencing a wide variety of
coexisting water use strategies leading to distinct ecohydrological
niche segregationwithinMediterraneanplant communities (Fig. 1).We
encountered a wide range of soil water uptake patterns among woody
plant species, ranging from the small, drought semideciduous shrub
Teucrium capitatum (Teu cap) that used 85.7 % of shallow topsoil water
(<20 cm) at the Pliego site, to the winter-deciduous tree Sorbus aria
using only 6.4 % of shallow topsoil water at the Montejo site (Fig. 1).
Within each study site, plant size (height) strongly influences the
proportion of shallow soil water used by eachwoody species (Fig. S3A,
B). Smaller shrubs exhibit much heavier reliance on the topsoil water
pool (i.e. higher δ18Oxw values) than neighboring larger shrubs or trees
within the same plant community (Fig. 2A) at all the sites. Conversely,
small shrub species consistently use a smaller proportion of deep-
water sources than larger shrub species at all sites, with taller tree
species using the largest proportion of water stored in deep soil/
bedrock layers (50.3 ± 0.05%, 64.2 ± 0.05% and 75.5 ± 0.06%, respec-
tively, Fig. S4). Moreover, evergreen species used a greater proportion
of water stored in deep soil/bedrock layers (lower δ18Oxw values) than
coexisting drought-deciduous or semideciduous species across sites
(Fig. S5A). We encountered a tight coordination between species
maximum rooting depth (obtained from the scientific literature) and
water extraction depth (δ18Oxw), with deeper-rooted species con-
sistently using a greater proportion of deep water sources (more
negative δ18Oxw) (Fig. S6).

Coordination between belowground water uptake depth and
aboveground leaf-level water use traits: the role of phylogeny
We encountered a remarkably wide range of variation in mean δ13CL

values among coexisting woody species at every study site, with
interspecific variation (|δ13CL max - δ13CL min|) within sites ranging
between 2.1 and 7.3‰ (Fig. 3). Our findings demonstrate that large
interspecific differences in leaf-level intrinsic water use efficiency
among coexisting woody species are widespread in Mediterranean

ecosystems, regardless of the contrasting climates among study sites,
thereby supporting H2. Within-site variation in mean leaf Δ18OL values
among coexisting woody species (|Δ18OL max - Δ18OL min|) was even
larger, ranging between 3.1 and 14.7‰ (Fig. S7). Moreover, we found a
strong positive relationship between leaf Δ18OL and δ13CL values across
coexisting woody species (Fig. 4A, B) for both the 2019 and 2022
datasets, which we interpret as evidence that species with tighter
stomatal regulation of plant water flux (higherΔ18OL) generally achieve
higher intrinsic water use efficiency within each site (higher δ13CL).
Both Δ18OL and δ13CL showed a strong phylogenetic signal (Pagel’s
λ =0.56, p <0.001 and Pagel’s λ = 0.55, p <0.01, respectively). How-
ever, the positive relationship betweenΔ18OL and δ13CL held robust and
remained significant when phylogeny was explicitly considered in the
model for both study years (z = 2.145, p <0.05 in 2019; z = 3.274,
p <0.01 in 2022).

Principal component analysis (PCA) based on plant height and
isotopic water use traits of all 62 woody species across sites revealed a
tight coordination among multiple above- and belowground traits,
lending support for H4 and H5. For most of these traits, species
explained a larger proportion of variance than site, excepting δ18Oxw

for which site absorbed a higher proportion of variance. (due to geo-
graphically driven variation in rainwater δ18O; Fig. S8). The first two
PCA axes explained 63.6% of the total trait variability across species
and sites. The first axis explained 32.8% of the plant trait variation, with
height, δ18Oxw and δ13CL contributing substantially to this axis
(Table S3). Plant life forms absorbed most of the variance along axis 1
(Table S4), as tree species showed larger size, higher δ13CL indicating
higher water use efficiency and lower δ18Oxw indicating a deeper water
extraction pattern, while small shrub species exhibited opposite traits
(Fig. 5A). The second axis of the PCA explained 30.8% of total trait
variation. largely reflecting differences in environmental conditions
among study sites, as site absorbed the largest proportion of variance
along this axis (Table S4). Cooler andwetter sites likeMontejo or Yeste
plot on the positive side of the second PCA axis, whereas warmer and
drier sites like Pulpi or Los Cuadros plot on the negative side of this
axis (Fig. 5B). However, one of the warmest and driest sites, Cal-
blanque, showed positive scores in the second PCA axis, likely due to
its constant exposure to humid marine winds, given that this coastal
site is located very near the Mediterranean shore (200–300m dis-
tance only).

The large within-site variation in δ13CL and Δ18OL among coex-
istingwoody species is stronglymodulated by plant size (Fig. S3 C, D)
and life form, as smaller shrubs generally show lower δ13CL and Δ18OL

values (lower time-integrated WUEi driven by looser stomatal reg-
ulation of plant waterflux) than coexisting larger shrubs or trees at all
the sites (Fig. 2B, C). The strong within-site negative relationships
observed between δ13CL andδ18Oxw across coexisting species for both
the 2019 and 2022 datasets revealed lower leaf-level intrinsic water
use efficiency in smaller-sized species with shallower soil water
uptake depth (Fig. 4C, D). This interpretation was further supported
by the strong positive relationships found between leaf Δ18OL and
d-excessxw, which indicates looser stomatal regulation of plant water
flux in smaller-sized species with a shallower water uptake pattern
(Fig. 4 E,F). Deuterium-excessxw did not show phylogenetic signal
(Pagel’s λ = 6.64 10−5, p = 1.0) although δ18Oxw did (Pagel’s λ = 0.49,
p < 0.05). The strong relationship between foliar Δ18OL and
d-excessxw across coexisting woody species was very robust and was
not modified when phylogenetic effects were considered (z = 6.819,
p < 0.001 in 2019; z = 8.931, p < 0.001 in 2022). In contrast, the
negative relationship between leaf δ13CL and δ18Oxw appears to be
driven mainly by phylogenetic effects in both study years as these
relationships become non-significant when phylogenetic effects are
included (z = 0.242, p = 0.808 in 2019; z = 0.002, p = 0.99 in 2022).
Leaf habit also had a strong influence on δ13CL and Δ18OL variation
among coexisting woody species, as drought-deciduous or
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semideciduous species showed significantly lower δ13CL and Δ18OL

values than their coexisting evergreen species (Fig. S5B, C).
Mixed models revealed a positive relationship between species

height and the leaf: sapwood area ratio, indicating a larger transpiring
foliage area per unit cross-sectional sapwood area supplying water to
leaves (i.e. lower Huber values) in larger and taller species (Fig. 6A).

Small shrub species exhibited lower leaf: sapwood area ratios (i.e.
higherHuber values) than their coexisting large shrub and tree species,
while the latter did not differ from each other (Fig. S9). Mixed models
also revealed a strong negative correlation between leaf: sapwood area
ratio andδ18Oxw across coexisting species (Fig. 6B) thatwasmaintained
when accounting for phylogenetic effects (z = 4.824; p <0.001), which
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indicates a smaller foliage area per cross-sectional sapwood area in
species with a shallower water uptake pattern. Finally, we also found
positive relationships between leaf: sapwood area ratio and both leaf
δ13CL andΔ18OL across coexistingwoody species (Fig. 6C, D), indicating
that a sparser foliage with smaller transpiring leaf area per sapwood
area is linked to looser stomatal regulation and lower time-integrated
water use efficiency (thus supporting H3). These relationships were
significantly influenced by evolutionary history (z = −1.050, p =0.30;
z = −1.770, p =0.07, respectively, when considering phylogenetic
effects).

Isotopic water-use traits provide reliable proxies for species
water use strategies in Mediterranean plant communities
In a subset of six study sites, isotopicwater-use traits weremeasured in
two years with sharply contrasting rainfall patterns: In 2019 (2021 in
Montejo), rainfall amounts during the winter and spring months pre-
ceding sampling were below or near the historical average across all
sites, whereas in 2022, the winter-spring months were exceptionally
wet, with record-breaking rainfall amounts received during March
across all the study sites (200-300% or more above the historical
average; Fig. S10). As a result, here was a marked offset in leaf isotopic

values between study years, with consistently lower δ13CL values in the
wet year (2022) relative to the dry year (2019) across species and sites,
as shown by a slopes lower than 1 in the mixed models (slope = 0.78,
Fig. 7; see also Table S5. This pattern confirmed that most plants were
operating at lower water use efficiencies (lower δ13C L) in the wetter
year (2022) in response to greater soil water availability and more
humid ambient conditions, as expected from physiological theory.
This interpretationwas further supported by themuch lower leafδ18OL

values encountered in the exceptionally rainy year of 2022 at all the 5
strictly Mediterranean sites, which indicates greater stomatal aperture
with higher stomatal conductance and transpiration rates across spe-
cies (relative to the previous drier year of 2019; slope = 0.86, Fig. 7;
Table S5). Interestingly, the isotope trait-based species rankings within
Mediterranean plant communities were remarkably well preserved
through time and remained rather concordant between separate years
with sharply contrasting climatic conditions at multiple sites (sup-
porting H6). Within-site species rankings in mean δ13CL were particu-
larly well preserved between separate years with sharply contrasting
rainfall patterns at all the six study sites (Fig. 7A), thereby supporting
the view that the mean leaf carbon isotopic composition of each
coexisting woody species reflects a species-specific metabolic set-

Fig. 3 | Differences in leafδ13C among coexistingplant species.Variation ofmean
leaf carbon isotopic composition (δ13CL) among coexisting woody plant species
growing at 10 contrasting study sites. Boxplots represent median (line) species
values for δ13CL from linear models within each site. Lower and upper hinges cor-
respond to the 25th and 75th percentiles andwhiskers depicts 1.5*IRQ (interquartile
ranges); outlier values are also shown. P values depict significant differences
between species based on F-test analysis. Different colors depict different plant life

forms. Interspecific variation in average δ13CL values among coexisting species was
remarkably large within sites (e.g. −25.6 to −32.9‰, in Calblanque), often encom-
passing much of the full range of δ13CL values observed at global scale in C3 plants
(−20 to −33‰)108. N = 6 individuals per specie in Ayna, Majarazan, Montejo, Pliego,
Pulpí and Yeste; n = 3 individuals per specie in Calblanque; and n = 10 individuals
per specie in Cuadros Natural, Cuadros Repoblacion and Venta Olivo. See Table S2
for species name abbreviations. Source data are provided as a Source Data file.
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Fig. 4 | Relationships between leaf isotopes and xylem water isotopes. Within-
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isotopic composition (δ18Oxw; C, D); and between leaf Δ18OL and deuterium-excess
in xylem water (d-excessxw, E, F) across individuals of coexisting woody plant
species in two different years (2019 and 2022) atmultiple sites. Regression lines per
site from linear mixed regression models are shown. Colored dots represent

individual plants for each site. Marginal (R2m) and conditional R2 (R2c) indicate the
proportion of variance explained by fixed factors or by fixed and random factors in
the model, respectively; P values indicate the significance of each linear mixed
model based on F-tests with Satterthwaite approximation of degrees of freedom.
Asterisks indicate the six sites thatwere sampled in both sampling campaigns (2019
and 2022). Source data are provided as a Source Data file.
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point informing about the trade-off between carbon gain and water
loss. Within-site species rankings regarding mean δ18Oxw (proxy of soil
water uptake depth) were also reasonably well preserved between two
separate years with sharply contrasting rainfall patterns, indicating
that vertical water source partitioning and ecohydrological niche
segregation among neighboring woody species during late spring are
relatively stable across years at all the study sites (Fig. 7C).

Instantaneous leaf gas exchange measurements in the field
revealed that, within each site, smaller shrub species exhibit higher
stomatal conductance and transpiration rates and thus operate at
lower water use efficiency than neighboring tree or large shrub species

(Fig. S11). Furthermore, we found a significant positive correlation
betweenmean speciesδ13CL andWUEi across coexistingwoody species
within sites (Fig. 8A), which is remarkable considering the very dif-
ferent timescales involved in both measurement types (time-inte-
grated over several months for carbon isotopes versus snapshot
instantaneous measurements for IRGA-based WUEi). This finding
confirmed that, within each plant community, a higher species mean
δ13CL value is indeed linked to higher intrinsic water use efficiency, as
expected from stable isotope theory. Analogous to the strong rela-
tionship encountered between δ13CL and Δ18OL across coexisting spe-
cies within sites, we found a strong within-site association between
IRGA-measured WUEi and gs that further indicates that species exhi-
biting lower stomatal conductance can achieve higher intrinsic water
use efficiency at leaf level (Fig. 7B). A significant negative correlation
was also found between Δ18OL and IRGA-measured gs, as expected
from stable isotope theory (Fig. S12).

Discussion
Our study demonstrates that distinct vertical ecohydrological niche
segregation driven by differences in soil water uptake depth among
coexisting woody species is widespread and ubiquitous during the
peak of the growing season across Mediterranean plant communities
with contrasting climates (Fig. 1, H1). Smaller shrub species are heavily
dependent on shallow water sources present in the topsoil layer
(0–20 cm) at all sites, while larger woody species (large shrubs and
trees) use a greater proportion of deeper (>20 cm) soil water sources
that are more reliable and stable through time (Fig. S4). The shallow
and deep soil water pools differ markedly in their exposure to direct
evaporative loss, their stability and reliability through time, their
accessibility to plant roots, and in the contrasting intensity of inter-
plant competition for each resource pool43–45. Distinct vertical water
niche segregation among coexisting woody species should enhance
the drought resistance, resilience and overall productivity of diverse
plant communities through complementarity effects, a more exhaus-
tive utilization of themost limiting resource along the full soil/bedrock
profile, and the attenuation of interspecific competition for soil
water46,47. Several local-scale studies have reported that moisture
stored deep in the soil/bedrock profile is mainly recharged by winter
precipitation and represents an important water source for many
evergreen and winter-deciduous tree species during the subsequent
growing season in Mediterranean-type ecosystems and elsewhere48–51.
It is noteworthy that we found marked ecohydrological niche segre-
gation among coexisting woody species during the Spring growing
season when soil water availability and climatic conditions are rela-
tively favorable, and vegetation is most physiologically active at all the
study sites (Fig. 1). Vertical niche segregation in soilwater uptakedepth
among coexisting species would be expected to become even more
pronounced during the summer hot drought period, as deep-rooted
species progressively shift to deeper water uptake due to topsoil
desiccation25,52,53.

As noted by several recent studies, the considerable hydraulic
pathway length for internal water transport in large trees can lead to
substantial time delays between soil water uptake by roots and the
isotopic signature of this xylem sap reaching the canopy branches
sampled for isotope measurement54–57. This so-called “height effect”
may complicate the interpretation of the xylem water isotopic com-
position encountered in upper canopy branches, thereby compro-
mising the correct identification of the soil water sources that tall trees
are using at any given time58–62. However, the occurrence of long time
lags between soil water uptake by roots and internalwater transport to
the sites of stem sampling in trees seems very unlikely in our study, for
the following reasons. First, the average height of the trees sampled in
our study was only 8.5m (ranging from 3 to 20m height), which sig-
nificantly limits the length of the hydraulic pathway and travel time for
water transport from roots to the sites of sampling (sun-exposed mid
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canopy branches). Second, the high xylem sap velocity typically
encountered in native trees during the spring growing season under
Mediterranean conditions (characterized by high ambient tempera-
ture and VPD) favors rapid internal water transport and travel times in
trees, thereby leading to relatively short or negligible time lags
between root water uptake and transport to the mid canopy branches
sampled in our study. For example, Cohen et al.63 reported that xylem
sap velocity, measuredwith the heat-pulsemethod, reached 22–68 cm
per hour in Aleppo pine (Pinus halepensis) and 33–108 cm per hour in
holm oak trees (Quercus ilex ssp. rotundifolia) growing under semiarid
or dry-sub-humid Mediterranean climates in Israel. Such high xylem
sap velocities would translate intowater travel times from roots tomid
canopy branches of 1–2 days or even less in our Aleppo pine and holm
oak trees, which were by far the most abundant and widespread tree
species across study sites. Seeger andWeiler64 recently concluded that
the potential impacts of hydraulic path length and the so-called
“height effect” on tree source water identification can be safely
neglected when xylem water transport velocities and canopy tran-
spiration rates are high combined with short transport distances
between roots and the sites of sampling, as was always the case in our
own study. Moreover, distinct ecohydrological niche segregation
between trees and co-occurring small shrubs was strongly supported
in our study by the highly significant correlation encountered between
the maximum rooting depth of the different species and their xylem
water isotopic composition across all plant life forms (Fig. S8).

Overall, our findings support our assumption that leaf carbon and
oxygen isotopes provide valuable time-integrative proxies for inter-
specific variations in intrinsic water use efficiency and stomatal con-
ductance among coexisting woody species, and thus can be
considered as useful integrative physiological traits, at least for water-
limited Mediterranean plant communities5,18,23. We found that the
belowgroundwater uptake depth patternof each species has amarked
influenceon its aboveground isotopic traits involved in leaf-level water
use and flux regulation65,66. Within each study site, leaf-level stomatal
regulation stringency and intrinsic water use efficiency vary widely
(H2) and are both coordinated with soil water uptake depth across

coexisting woody plant species (Fig. 4; H4). Larger and taller woody
species, mostly of evergreen leaf habit (and some winter deciduous)
that use a greater proportion of deeperwater sources generally display
more conservative water use traits at leaf level (higher Δ18OL and δ13CL

in these “water-saver” species). In contrast, smaller shrub species,
which aremostly drought-deciduous or semideciduous, relymainly on
shallow soil water sources and exhibit a much more profligate and
acquisitive water use strategy at leaf level (lower Δ18OL and δ13CL in
these “water-spender” species) within each study site. Water use by
small shrub species with a shallow water uptake pattern is thus more
tightly coupled to the rapidlyfluctuating dynamics of the topsoil water
pool than that of neighboring trees or large shrubs with access to
deeper and more temporally stable water pools. In this context, the
profligate, water-spender strategy (high gs and lowWUEi) displayed by
smaller shrub species with shallow water uptake pattern likely allows
them to optimize water capture and use during the narrowwindows of
opportunity provided by the irregular rainfall events that recharge the
topsoil layer in Mediterranean ecosystems. However, this profligate
water-spender strategy could lead to rapid soil moisture depletion
within their shallow rooting zone and therefore to a faster onset of soil
water deficit, drought stress and enhanced risk of drought-induced
cavitation and hydraulic failure during subsequent rainless periods67.
Interestingly, we found that smaller shrubs compensate their high
stomatal conductance rates per unit leaf area during wet periods (high
gs, low Δ18OL and δ13CL) by reducing their whole-canopy hydraulic
demand through lower leaf area to sapwood area ratios (i.e. a smaller
transpirative leaf area relative to the cross-sectional sapwood area
supplying water to foliage; H3). Small leaves and sparsely foliated
shoots and canopy in small shrubs may favor high sapwood water
supply rates to foliage, which are needed to sustain high stomatal
conductance rates per unit leaf area during favorable periods (Fig. 6).
Moreover, small shrub species with predominantly shallow soil water
uptake pattern often exhibit a drought-deciduous or semideciduous
leaf habit in Mediterranean ecosystems that further reduces total
foliage transpirative area during the summer hot drought period
(drought-avoider strategy). Our findings are in good agreement with

6.5

7.0

7.5

8.0

8.5

9.0

-1 0 1 2 3

-33

-31

-29

-27

7 8 9

Site
Montejo
Yeste

-7.5

-5.0

-2.5

6.5 7.0 7.5 8.0 8.5 9.0

35

40

45

7 8 9

Fig. 6 | Relationships of leaf area: sapwood area ratio with other key plant
traits.Within-site relationships between leaf area to cross-sectional sapwood area
(cm2 m-2) of terminal shoots and plant height (A), xylem water δ18Oxw (B), leaf δ13CL

(C) and Δ18OL (D) for individual plants from the Montejo and Yeste sites (N = 151
individuals of 29 species). Models are linear mixed regression models with site as
random effect. Colored dots represent individual plants at each site except for (A)

wheremean valuesper specieswere shown.Marginal (R2m) and conditional R2 (R2c)
indicate the proportion of variance explained by fixed factors or by fixed and
random factors in themodel, respectively; P values indicate the significanceof each
linear mixed model based on F-tests with Satterthwaite approximation of degrees
of freedom. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-59348-3

Nature Communications |         (2025) 16:4103 9

www.nature.com/naturecommunications


those of another recent study conducted under semiarid Mediterra-
nean conditions42, but differ in part from those of global scale studies
that have linked lower leaf area to sapwood area ratio to higher water
use efficiency (δ13CL)

68 and more conservative traits in stems (lower
xylem hydraulic conductance)69. This disparity could be due to the
rather unique constraints that the Mediterranean climate imposes on
plants during the prolonged hot and rainless summer drought period,
which is the most distinct feature of the Mediterranean biome relative
to other dryland ecosystems worldwide.

We found that larger shrub and tree species (mostly evergreenbut
also including some winter-deciduous trees) in Mediterranean plant
communities use a sizeable proportion of deep soil/bedrock water
sources even at the peak of the Spring growing season. Deep soil water
sources are less easily accessible to roots than topsoil water but are
subject to less intense direct evaporative losses and competitive
depletion by neighbors, and thus remain more stable over time70.
Lower gs and transpiration rates per unit leaf area and higher time-
integratedWUEi with more conservative water use pattern at leaf level
(higherΔ18OL andδ13CL) probably allow tall overstory specieswithdeep
rooting patterns to sustain a denser and more abundant foliage per
sapwood area (higher leaf area: sapwood area ratio, Fig. 6). Further-
more, the emergent canopies of tall overstory woody species are often
exposed to harsher and more extreme microclimatic conditions
characterized by higher irradiance, temperature, VPD and wind

exposure (compared to the more mesic microclimatic conditions for
understory species of smaller size), which may force trees, especially
evergreens (Fig. S4) to adopt more conservative leaf-level water use
strategies to withstand these adverse microclimatic conditions20,71.
Having a tighter stomatal regulation with lower time-integrated sto-
matal conductance and higher water use efficiency may enable taller
tree species to mitigate the drop in xylem water potential in the upper
canopy during dry periods associated to their longer hydraulic path-
lengths, along with other adaptations in hydraulic architecture and
trunk capacitance20,72. Interestingly, large evergreen and winter-
deciduous species with a predominantly deep water uptake pattern
in Mediterranean plant communities are often capable of maintaining
growth andphysiological activity over longer periods that even extend
into the dry summer season (drought-tolerant strategy), and can thus
afford a later phenology compared to their neighboring smallerwoody
species with shallower rooting pattern and drought-deciduous leaf
habit73.

Interestingly, in our extensive survey of 62 woody plant species
across 10 study sites, not every possible combination of above and
belowgroundwater use traits was encountered inMediterranean plant
communities. Severe water limitation in upland Mediterranean eco-
systems may favor a tight coordination between above and below-
ground traits74, resulting in strong trade-offs amongmultiplewater use
traits (Figs. 4 and 6) that may limit the feasibility of certain trait
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combinations (H5). Interestingly, the combination of a shallow water
uptake patternbelowgroundwith a conservative, water-saver leaf-level
strategy abovegroundwas not encountered in any of the target woody
species, which suggests that such a combination of water-use traits
may not be adaptative or even feasible in Mediterranean dryland
environments. In support of this interpretation, a recent study75

pointed out that acquisitive resource use strategies are preferentially
selected over more conservative ones in dryland plant species with
short life spans as a way to maximize resource capture and utilization.
On the other hand, the combination of a deep-water uptake pattern
with a water-spender strategy based on loose stomatal regulation of
plant water fluxwas not encountered in our survey either, as this could
also be a maladaptive strategy for large woody plants growing in
upland Mediterranean ecosystems. Evergreen or winter deciduous
trees deploying a water-spender strategy at leaf level would increase
the risk of drought-induced hydraulic failure of long-lived and carbon-
costly woody tissues during seasonal summer hot droughts or multi-
year droughts when little or no recharge of deep moisture reservoirs
takes place76. Therefore, the two most widespread and ubiquitous
whole-plant water use trait syndromes found inMediterranean upland
ecosystems appear to be either the combination of shallow rooting

pattern with a profligate, water-spender leaf-level strategy (mostly in
small drought-deciduous or semideciduous shrubs), or the opposite
combination of a deep water uptake pattern with a conservative,
water-saver leaf-level strategy (in large evergreen shrubs and ever-
green and winter deciduous trees; Fig. 98,9).

Finally, we point out that the tight coordination and strong trade-
offs among multiple above- and belowground water use traits
encountered in this studymay (ormay not) be unique and exclusive of
the native Mediterranean flora, due to the severe abiotic filters and
strong evolutionary pressures imposed by the prolonged hot drought
conditions during the summer combinedwith awinter rainfall pattern.
Alternatively, tight coordination and trade-offs among above- and
belowground water use traits could be widespread and prevalent
across the floras of other water-limited biomes around the world (e.g.
drylands with warm-season monsoonal precipitation), even though
evolutionary pressures may differ significantly from those operating
under aMediterranean-type climatewith a hotdry season77,78. This is an
intriguing, open question that remains to be elucidated by futurework
in other drought-prone ecosystems beyond theMediterranean biome.

Methods
Study sites and sampling design
We selected 10 different Mediterranean shrubland, open woodland
and closed-canopy forest communities with contrasting climate for
the present study (Table S1). These 10 sites were distributed along a
600 km transect from the south-eastern (warmer and drier) to the
central part (cooler and wetter) of the Iberian Peninsula. Mean annual
precipitation ranged from 272mm near the Mediterranean coast to
726mm at the Central Ranges of the Castilian Plateau. Mean annual
temperature ranged from 18.5 °C at the coastal sites to 8.6 °C at the
Central Ranges site79. Mean altitude above sea level of the study sites
ranged from 10m for sites near the Mediterranean coast to 1450m at
the Central Ranges site. Vegetation structure differs dramatically
among study sites, from open pine woodlands and shrublands domi-
nated by Pinus halepensis and large shrubs (Rhamnus lycioides, Peri-
ploca angustifolia) at the southern and drier coastal sites, to closed-
canopy forests dominated by Pinus pinaster and Quercus rotundifolia
in more mesic sites located further inland (e.g. Ayna and Yeste), to
multi-layer, closed-canopy forests dominated by Fagus sylvatica and
Quercus petraea in the northernmost and more humid location. Soils
are predominantly sedimentary calcareous with a mixture of marls,
sandstones and clays depending on the site. Schist formations inter-
spersed with calcareous lithologies can also be found at Calblanque
and Montejo80.

We collected samples from at least 6 individuals of the most
dominant woody species in each plant community, i.e. those overall
encompassing 90% of the total cover in the community. In total, we
sampled 771 individuals of 62 woody species belonging to 21 plant
families, resulting in 121 species-site combinations (Table S6). The
specieswere categorized into threemajor plant life forms according to
their aboveground vegetative height using an adaptation from Raun-
kaier’s life form classification11,81: small shrubs (SS, <1m height), large
shrubs (LS, 1–3m) and trees (T, 3–20m). Details about the leaf habit
(deciduous, evergreen or semideciduous), plant lifespan (long-lived, >
30 years or short-lived, <30 years) and maximum rooting depth were
obtained from the scientific literature and our own expert field
knowledge for all species11,82–85 (Table S2). Field sampling campaigns
were conducted during the phenological and physiological peak at
each location during Spring, starting in early April at the drier and
warmer sites (Pulpí, Calblanque, Los Cuadros), continuing in May at
sites with typical meso-mediterranean climate (Venta Olivo, Pliego,
Ayna, Majarazán, Yeste) and ending in early July at the wettest and
coolest site with the latest onset of the growing season (Montejo). The
sampling date was carefully chosen at each study site to ensure at least
a 2-week period with no rainfall prior to the sampling date. The
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Fig. 8 | Relationships between leaf δ13C, water use efficiency and stomatal
conductance.Within-site relationships between leaf carbon isotopic composition
(δ13CL) and instantaneous intrinsic water use efficiency (WUEi)measured in the field
in the same individuals on the same day in late spring 2022 at each study site (A).
Also shown is the relationship between stomatal conductance (gsw) and WUEi (B).
Regression lines per site obtained from linear mixed regression models are shown.
Marginal (R2m) and conditional R2 (R2c) indicate the proportion of variance
explained by fixed factors or by fixed and random factors in the model, respec-
tively;P values indicate the significanceof each linearmixedmodel based on F-tests
with Satterthwaite approximation of degrees of freedom. Source data are provided
as a Source Data file.
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Fig. 9 | Conceptual model of water-use trait coordination in Mediterranean
woody plants. A Conceptual model summarizing the acquisitive-conservative
water-use trait continuum encompassed by coexisting woody plant species in
Mediterranean plant communities. At one end of the spectrum, we encounter
small-sized species with shallow soil water uptake patterns exhibiting a profligate,
water-spender strategy at leaf level (high stomatal conductance and low water use
efficiency) and smaller leaf area to sapwood area ratios. At the opposite end of the
functional spectrum, we encounter larger-sized species with deeper soil water
uptake patterns displaying a more conservative water-saver strategy at leaf level
(low stomatal conductance and high water use efficiency) and higher leaf area to
sapwood area ratios. Images adapted from Flora Iberica109. B Correlation network
between traits measured in woody species across study sites resulting from per-
forming bivariate linear mixed models with site and life form as crossed random
factors. Solid arrows indicate positive relationships between traits, and marginal

and conditional r-squared values alongwith the p values for eachmodel basedon t-
test analysis are shown next to arrows. Water uptake depth is based on δ18Oxw data
in all models where it is involved, except for its relationship with Δ18OL; in this
particular case, for which xylem water deuterium excess has been used instead of
δ18Oxw as proxy of water uptake depth, since Δ18OL and δ18Oxw are mathematically
correlated. Black arrows indicate results from linear mixed models including
10 sites (62 species, n = 775 individuals) and brown arrows indicate results from
linear mixed models including only 2 sites (Montejo and Yeste, 33 species, n = 151
individuals). Marginal (R2m) and conditional R2 (R2c) indicate the proportion of
variance explained by fixed factors or by fixed and random factors in the model,
respectively; P values indicate the significance of each linearmixedmodel based on
F-tests with Satterthwaite approximation of degrees of freedom. Arrowswidths are
represented according to conditional R2squared values. Source data are provided
as a Source Data file.
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rationale for this was to ensure the development of a steep soil water
isotopic gradient with depth along the edaphic profile, which is typi-
cally formed in response to topsoil water evaporation and isotopic
fractionation during prolonged rainless periods28. Six of the study sites
were sampled in two separate years with contrasting climatic condi-
tions and rainfall patterns, as much higher precipitation was recorded
in 2022 compared to 2019 (or 2021 in Montejo) across all sites
(Fig. S10).

Xylem and soil water isotopic analyses
For each plant individual, we sampled one basal 5 cm segment of fully
lignified stem from a terminal branch, to avoid issues related to
potential xylem water isotopic enrichment due to backflow from
transpiring leaves or green photosynthetic stems86. For tree species,
we sampled stem samples from fully sun-exposed mid-canopy bran-
ches (at least 3–6maboveground level) using a pole-pruner. The stems
were debarked to isolate the xylem, stored in 5ml glass vials, sealed
with parafilm to prevent water loss, and stored at −20 °C until water
extraction. At each site, we sampled a minimum of 2 and up to 6 soil
water profiles, using a cylindrical hand auger with 4 cm diameter (Eij-
kelkamp, The Netherlands). Soil samples were taken, every 5 cm in the
topsoil layer (down to 20 cm) and every 10 cmbelow20cmdeep, until
we reached impenetrable hard bedrock layers (which were located
between 30 and 120 cmdeep, depending on soil characteristics at each
study site). All freshly collected soil samples were immediately placed
in double sealed plastic bags in the field, maintained in a cooler and
transported to the laboratory, where a soil subsample was transferred
to 5-ml glass vials, sealed with parafilm, and kept at −20°C until water
extraction.

We used a cryogenic vacuum distillation line maintained at 100 °C
and 10 militorr vacuum pressure for at least 2 hours to extract all the
water contained in plant stems (xylem water) and soil samples87.
Extracted water samples were shipped to the Center for Stable Isotope
Biogeochemistry of the University of California (CSIB-UCB, Berkeley,
USA) for isotopic analyses. Water δ2H composition was determined in a
dual inlet using a hot chromium reactor unit (H/Device™; Thermo Sci-
entific, Waltham, MA, USA) interfaced with a Thermo Delta V Plus mass
spectrometer (Thermo Fisher Scientific). Continuous flow using a
Thermo Gas Bench II interfaced to a Thermo Delta V Plus mass spec-
trometer was used for analyzing water δ18O composition. Hydrogen
(δ2H) and oxygen (δ18O) isotopic composition are expressed in ‰

notation relative to the standardV- SMOW(Vienna standardMeanOcean
Water). Long-term external precision values for water δ2H and δ18O
determinations were ± 0.60‰ and ± 0.12‰, respectively. Deuterium
excess was calculated as the deviation from the Local Water Meteoric
Line (LMLW) for the Iberian Peninsula (d-excess = δ2H – 8.49 × δ18O88).

Leaf isotopic and gas exchange measurements
We sampled sun-exposed, fully expanded and healthy-looking leaves
from the same branches collected for xylem water extractions in each
individual plant. These leaves were immediately placed in sealed bags
containing a piece of wet paper in the field, transported to the lab and
stored in the fridge at 4 °C for leaf material processing within 24–48 h.
Leaf samples were oven dried at 60 °C for 48 h and finely ground using
a ball mill (MM200, Retsh, Germany) before being weighted and
encapsuled into tin or silver capsules for leaf δ13C and leaf δ18O isotopic
analyses, respectively. Leaf δ13C was measured at CSIB-UCB by con-
tinuous flow (CF) dual isotope analysis using a CHNOS Elemental
Analyzer interfaced to an IsoPrime100 mass spectrometer, and leaf
δ18Owas determined in continuous flow (CF) using an Elementar PYRO
Cube interfaced to a ThermoDelta Vmass spectrometer. Both leafδ13C
and δ18O isotopic composition are expressed in delta notation (‰)
relative to the Vienna Pee Dee Belemnite standard (V-PDB) and the
Vienna Standard Mean Ocean Water (VSMOW), respectively. Long-
term external precision values for leaf δ13C and δ18O determinations

were ± 0.10‰ and ± 0.20‰, respectively. As a way to isolate the leaf-
level evaporative signal from the source water isotopic signal32, we
calculated the oxygen isotopic enrichment of leaf organic matter
above the isotopic compositionof plant sourcewater, as thedifference
between theδ18O valueofbulk leafmaterial and theδ18O valueof xylem
water in each individual plant: Δ18OL = δ18Oleaf − δ18Oxylemwater.

According to stable isotope theory, leaf δ13CL and Δ18OL can be
considered proxies for time-integrated intrinsic water use efficiency
and stomatal conductance, respectively5,23,30,32,89,90. To confirm and
ensure that this interpretation of leaf C and O isotopic composition as
proxies of time-integrated leaf gas exchange was plausible, we also
measured photosynthetic rates (A), stomatal conductance (gs) and
transpiration rate (E) at the peak of the growing season at 6 of the
10 study sites during the 2022 sampling campaign using a portable
infrared gas analyzer (IRGA, LI-6800, LI-COR Inc. Lincoln, NE, USA).We
sampled the 40woody species present in the 6 study areas,measuring
6 individuals of each species at each site (the same individuals used for
isotopic measurements). The LI-6800 equipment had a 2 cm2 leaf
cuvette and a CO2 injector. Leaf gas exchange was measured on fully
sun-exposed leaves between9:00 and 13:00 a.m. (GMT) and expressed
on a total leaf surface area basis. All leaf gas exchange measurements
were made at saturating light intensity of 1500 μmol mol−2 s−1 and at
ambient air temperature and air humidity, with the air flux set to 350
µmol s−1. The CO2 concentration in the cuvette was maintained at 420
µmolmol−1 CO2. Total leaf area was, for some species, smaller than the
leaf cuvette (2 cm2) so we rescaled the measures to the actual leaf area
inside the cuvette, which was destructively sampled after IRGA mea-
surements in the field, transported to the lab and measured with a
scanner and image software (Photoshop v22.5.0, Tokyo, Japan).
Intrinsic water use efficiency (WUEi) was calculated as the ratio
between photosynthetic rate and stomatal conductance (A/gs),
whereas instantaneous water use efficiency (WUEt) was calculated as
the ratio between photosynthetic rate and transpiration (A/E).

Plant hydraulic architecture measurements
Wemeasured the leaf area to sapwood area ratio91 of terminal shoots in
three randomly selected individuals of each woody species present at
the two most taxonomically diverse and species-rich study sites
(Montejo in 2021, 18 sp; Yeste in 2023, 16 sp). A higher leaf area: sap-
wood area ratio of terminal branches is indicative of higher total
transpiring leaf area per unit of cross-sectional sapwood area supply-
ing water to foliage. The total leaf area of terminal branches was
carefully measured in the laboratory within 48 h after sampling in the
field using a scanner andAdobePhotoshop92. Cross-sectional sapwood
area was obtained after debarking the distal stem to isolate the xylem
and by measuring its diameter with a digital caliper (Storm, Vitoria,
Spain). We also measured leaf C and O isotopes and xylem water iso-
topic composition in these individuals.

Statistical analysis
To estimate the proportion of shallow vs deep-water sources used by
each species at the peak of the Spring growing season, we first set the
border between both soil depth interval categories at the depth
where the soil water δ18O depletion curve saturated which was
between 15 and 30 cm depth depending on the site (Fig. S1). At the
Pulpi site, the hardness of the ground and shallow bedrock only
allowed us to reach 25 cm deep with the hand auger, and the soil
water δ18O depletion curve was not yet saturated at this depth. Soil
water isotopic composition data were unavailable for the Venta del
Olivo, Los Cuadros Natural and Los Cuadros Repoblacion sites, so we
used the average of the top 5% highest individual plant xylem water
δ18O values encountered at each site as a proxy for topsoil water δ18O
values28. At these same 3 sites and Pulpí, where no δ18O data for deep
water sources were available, we used the average winter rain iso-
topic composition as a proxy for the deep water pool, obtained using
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geospatial interpolation maps based on GNIP data93,94. The isotopic
composition of winter precipitation was used as a proxy for the deep
water pool since the isotopic composition of water stored in deep
soil layers was very similar to that of winter precipitation at the
remaining 6 sites (Fig. 1A).

We used Bayesian mixed modelling approach with the MixSIAR
package in R95 to estimate the proportion of deep and shallow soil
water used by each woody plant species. We included “site” as a ran-
dom factor and “species” nested within “site” to account for the var-
iance within a species related to the sites. Given the uncertainties
regarding isotopic discrimination against deuterium during water
uptake by plant roots26,27,96 we used only the δ18O of xylem water of
each individual for MixSIAR calculations. The mean δ18O ± SD of all
shallow or deep soil water samples at each site were included as water
source data input in themodel.We run themodel settingmanually the
number of iterations, burn-in and thinning to 500,000, 200,000 and
300, respectively. Model diagnosis was performed via the Gelman-
Rubin and Geweke tests97.

This study encompasses 62 woody species belonging to 21 dif-
ferent plant families across 10 sites, so for each trait we assessed the
percentage of variance explained by site and species using calcVarPart
function (package variancePartition98). Besides, we used Pagel’s
Lambda to assess the degree of influence of phylogeny on each trait
studied99. We ran phylogenetic linear mixed models (PGLMMs)100 to
account for phylogeny effect on correlations among traits, using
species phylogeny nested within site. A phylogenetic tree with our
target species based on GBOTB. extended phylogeny of vascular
plants101,102 was used as an input in the PGLMMs. We also ran general
linear mixed models (GLMMs) without considering the phylogeny,
including the site and life form as random crossed effects to account
for the differences in climate, continentality, altitude and plant com-
munity composition between sites along with differences between
plant functional types within each site. We analyzed the influence of
plant life form and leaf habit on the leaf and xylem water isotopic
composition using GLMM, and then explored the relationships
between water uptake depth, leaf water-use traits and maximum
rooting depth (Δ18OL – leaf δ13CL, leaf δ

13CL – xylem δ18Oxw and Δ18OL –

d-excessxw, xylem δ18Oxw – root depthmax) using general mixed
regression models. A principal component analysis (PCA) was per-
formed including δ13CL, δ

18Oxw, δ
18OL and plant height to obtain a

multidimensional overview of the coordination of these key plant
traits across sites and life forms. The proportion of the total trait var-
iance explained by plant life form versus site was further evaluated
using one-way ANOVAs on the PCA axis 1 and 2 scores of all plant
individuals. We also used GLMM to assess the relationships between
Leaf area: Sapwood area Ratio and isotopic water use traits (Δ18OL, leaf
δ13CL, δ

18Oxw) across species, excluding Cytisus purgans from the ana-
lysis because it has photosynthetic stems with tiny leaves and exhibits
an extremeoutlier Leaf area: Sapwood area Ratio.We also analyzed the
relationship between Leaf area: Sapwood area Ratio and species
height, but as we could not measure individual plant height at time of
terminal branch sampling, we ran the model using mean Leaf area:
Sapwood area Ratios per species and mean species height in Montejo
and Yeste, which had been measured in previous field campaigns. To
assess the validity of leaf carbon and oxygen isotopes as proxies for
intrinsic water use efficiency and stomatal conductance, respectively,
we ran general mixed regression models between leaf δ13CL – WUEi,
andWUEi – gs, while linear regressionwas run betweenΔ18OL and gs. All
the analyses were conducted with R103 working with packages nmle104,
phyr105, V.phyloMaker106 and MixSIAR107. Trait values mentioned
throughout the text are always the mean± standard error (SE).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Figshare reposi-
tory with https://doi.org/10.6084/m9.figshare.27939669 (https://doi.
org/10.6084/m9.figshare.27939669). Source data are provided with
this paper.
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