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The wild olive (Olea europaea L.) is one of the most iconic Mediterranean forest tree species and the ancestor of
many cultivated olive varieties. In this study, twelve wild olive genotypes from three distinct subspecies (subsp.
europaea, subsp. guanchica, and subsp. maroccana) were grown under ambient ([CO2]amp) and enriched CO4
atmospheres ([COz]ens), subject to two watering regimes (WW — Well-watered/WS — Water-stressed). We
measured water use at leaf and whole-plant levels, along with growth traits, leaf gas exchange, and leaf isotopic
carbon (5'%C) and nitrogen composition (§'°N), to differentiate functional strategies among genotypes in

ci response to CO2 and soil water availability. Growth under [CO3]en, lessened water stress effects by increasing
Drought water use efficiency (WUE). The improved WUE came from reduced water consumption at both leaf and plant
813C levels under [CO2]enr, although sensitivities to soil water content varied among genotypes. Growth-related traits
3N responded more to water stress than to CO,. Patterns of N'° isotopic composition (3'°N) and total leaf nitrogen

content on a mass and area basis (Npass and Narea) varied among genotypes in response to atmospheric CO5 and
water stress. A negative relationship between 513G and §'°N indicates a complex interaction between carbon and
nitrogen metabolisms under the influence of water availability and COy supply. Our study shows that (1) the
response of wild olive to atmospheric CO, enrichment is strongly influenced by resource availability, especially
water, and (2) it is necessary to consider genotype- and subspecies-specific responses when predicting vegetation
response in a CO-enriched world.

1. Introduction rising temperatures and declining precipitation. Nonetheless, the exact

outcomes of this interaction remain uncertain (Ainsworth and Long,

Most Mediterranean plant species have evolved adaptations to cope
with the seasonal water shortage typical of this ecosystem. However, the
increasing intensity and frequency of dry periods are becoming one of
the most serious environmental threats to Mediterranean flora
(Jacobsen and Pratt, 2018; Forner et al., 2018; Hartmann et al., 2022;
Aranda et al., 2024; Mas et al., 2024). Moreover, the intensification of
drought impacts occurs concurrently with the progressive enrichment of
CO;, in the atmosphere and other processes affecting the nitrogen cycle
(Penuelas et al., 2020). Conversely, enhanced CO; levels in the atmo-
sphere might buffer, to some extent, the adverse effects on plants of
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2021).

Rising CO, levels might induce higher net primary productivity
under non-stressful conditions (Beerling et al., 1996; Wullschleger et al.,
2002; Wang et al., 2022; Cui et al., 2024; Norby et al., 2024). The in-
crease in total leaf area can contribute to higher C uptake despite a
down-regulation of photosynthetic capacity (Wang et al., 2022). In turn,
the increase in carbon partitioning to leaf biomass can ultimately lead to
higher plant water losses through transpiration. The trade-off between
increased leaf biomass and partial stomatal closure due to CO2 enrich-
ment of the environment is central to the discussion on the potential role
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of CO, in regulating plant water balance (Becklin et al., 2017). However,
this issue remains unclear to date, and the debate continues over the
universal physiological responses of plants to rising atmospheric CO5
(Duan et al., 2015; Birami et al., 2020; Lauriks et al., 2022; Norby et al.,
2024).

Different specific patterns of physiological response arise from the
interaction of atmospheric CO5 and other climate drivers (Becklin et al.,
2017; Duan et al. 2018; Aranda et al., 2020; Jiang et al., 2021; Lauriks
et al., 2022), and are species-specific in most cases (Birami et al., 2020).
In the case of water availability, this specificity in the response to the
co-occurrence of enriched CO5 atmospheres and reduced water avail-
ability reaches intraspecific variation, with different responses accord-
ing to genotype (Sanchez-Gomez et al., 2017; Lauriks et al., 2022).

During drought, there is a reduction in leaf stomatal conductance,
potentially lowering C; and CO; availability at the sites of carboxylation
in the chloroplasts (Chaves et al., 2009; Brodribb and McAdam, 2017).
Additionally, partial stomatal closure occurs under COj-enriched con-
ditions, though it is not universally recognized (Ainsworth and Rogers,
2007; reviewed recently in Ainsworth and Long, 2021; Jiang et al.,
2021). However, this may be offset in COs-enriched atmospheres due to
increased CO5 around the leaves (i.e. C,;), which can enhance CO-,
assimilation. Yet, the response might, as a result, come across as
antagonistic to the observed downregulation of the net carbon uptake
capacity of plants under high CO2 due to nitrogen limitations (Adam
et al., 2004; Ellsworth et al., 2004; Ofori-Amanfo et al., 2023). None-
theless, carbon uptake may still be enhanced by the greater CO, avail-
ability in leaf intercellular spaces, due to the buildup of carbon source,
even after accounting for diffusional limitation by stomata and
biochemical down-regulation of carbon assimilation (Kelly et al., 2016).
Ultimately, the close coupling of Ape; and gy through different atmo-
spheric [CO3] levels can alter the relatively constant Ci/C, (Norman,
1982), and often result in increased intrinsic leaf water use efficiency
(WUE;), despite opposing physiological processes. Nevertheless, this
apparent homeostatic performance is not universal (Voelker et al.,
2016).

Increased WUE is a common response in water-deficient plants, re-
flected by an enrichment in cl3 (i.e., increase of 5130). Regardless of the
varying effects of different physiological processes on WUE;, it is
necessary to assess the potential buffering of drought under CO»
enrichment, considering the whole plant (Jiang et al., 2021). The issue
becomes more complex in forest tree species, whose physiological re-
sponses are expressed over long time scales. Therefore, §'3C and WUE;
can be modulated in response to the CO3 x drought interaction over time
in different ways depending on the ontogenic state, acclimation process
in the long term and the weight of each environmental factor as main
driver of the response. For instance, Birami et al. (2020) recently showed
a moderate impact of CO; as drought intensified, whereas in other cases
the specific response relied on processes of acclimation and was
species-specific (Kelly et al., 2016).

Nitrogen is a key nutrient for plant growth (Tegeder and
Masclaux-Daubresse, 2018), and its foliar concentration decreases under
atmospheric CO5 enrichment is often reported (Coleman et al., 1993;
Crous et al., 2019). Furthermore, carbon uptake capacity can be altered
by changes in leaf N stoichiometry and the C: N ratio, which are affected
by growing under CO3 enrichment (Poorter et al., 2022). Changes in N
uptake or dilution of N due to biomass accumulation result in lower
available N for investment in Rubisco, the main sink of nitrogen in plants
(Evans, 1989). The 51°N of leaves relates to nitrogen uptake. Variations
in leaf 5!°N result from complex discrimination processes during nitro-
gen uptake, arising from biological processes (Craine et al., 2015),
abiotic factors such as temperature (Wang, 2024), and different enzy-
matic isotopic discrimination during nitrogen metabolism in the plant
(Tcherkez, 2011). Nevertheless, the importance of 5'°N in response to
drought is little studied, and its response to CO5 enrichment is virtually
absent from the literature (Craine et al., 2015). Notably, this lack of
information persists even in cases of high connectivity between
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physiological processes, as illustrated by the interplay between WUE;
and the photosynthetic nitrogen use efficiency (PNUE), or the direct N
relationship with the leaf biochemistry involved in carbon uptake and
PNUE. It is relevant to point out that changes are observed not only in
the water and carbon economies of plants, but also in their nitrogen use.
Recent research highlights nitrogen’s critical role in the response to
atmospheric CO; enrichment, as a modulator of plant growth.

Polyploidization, i.e., whole-genome duplication, is another factor
that can influence responses to increased CO, and reduced water
availability. Although numerous studies have shown increased tolerance
to abiotic stresses associated with polyploidization in both agronomic
(Sattler et al., 2016) and wild plants (e.g., Ramsey, 2011), the conse-
quences of polyploidization on the combined effects of elevated CO, and
drought remain largely unknown. The Olea europaea L. complex (Ole-
aceae) provides an ideal model to address this issue, as it has diversified
through polyploidization and is adapted to prolonged drought events.
This complex of small evergreen trees includes both wild and cultivated
Mediterranean olives (O. europaea subsp. europaea), as well as six
non-Mediterranean subspecies (Julca et al., 2023). The functional
response to drought of different O. europaea genotypes from different
subspecies has been previously studied under ambient CO, conditions
(Hernandez-Santana et al., 2019). However, there is a risk of intensified
dry spells occurring in the future, coinciding with an increase in the CO,
levels in the atmosphere. Therefore, the impact of drought and CO has
been profusely studied in forest tree species (Scarascia-Mugnozza et al.,
1996), and even in the cultivated olive (Tognetti et al., 2001).

The Mediterranean wild olive (Olea europaea subsp. europaea var.
sylvestris) forms forests, generally mixed with other Mediterranean tree
species, and is the origin of the cultivated olive (var. europaea) after a
long-term process of domestication (Besnard et al., 2013). This wild
olive has a complex evolutionary history with three main long-term
lineages from before Quaternary (Besnard et al., 2013, 2018), and
frequent introgression processes between wild and cultivated olive va-
rieties (Julca et al., 2023), or between different wild varieties
(Diaz-Rueda et al., 2020). The var. sylvestris harbors high genetic vari-
ation (Belaj et al., 2011), and is the infraspecific taxon with the widest
range of distribution (Besnard et al., 2013; 2013). O. europaea subsp.
guanchica is mainly present in the Canary Islands, in the Gomera Island
(Diaz-Rueda et al., 2020). The Moroccan olive, O. europaea subsp.
maroccana is only present in the south-eastern part of Morocco
(Medeiros and Ward, 2013). Phylogenomic analyses indicate that
subspp. europaea and guanchica are closely related diploid lineages,
whereas subsp. maroccana represents an allohexaploid taxon whose
genome comprises contributions from the guanchica lineage and another
divergent ancestor (Julca et al., 2023). This work aimed to evaluate the
response of different genotypes from these three subspecies to drought
under CO2 enrichment of the atmosphere. We established as working
hypotheses: i) the application of moderate water stress to wild olives is
mitigated to a certain extent by the growth under COs-enriched atmo-
sphere; ii) water economy and nitrogen leaf content are both affected by
the interaction between water stress and CO5 of the atmosphere; iii)
Subspecies and genotype-based variability, including differences in
ploidy level, result in differential response to drought under elevated
CO4 due to contrasting functional and morphological traits.

2. Material and methods

The experiments were conducted using plants obtained through in
vitro propagation of 12 Olea europaea genotypes selected from the SIL-
VOLIVE collection (Diaz-Rueda et al., 2020). These genotypes were
propagated vegetatively, rooted and acclimatised to ex vitro conditions
following the protocols described by Diaz-Rueda et al. (2020, 2021).
Five genotypes belonged to the diploid subsp. europea (ACZ), four to the
diploid subsp. guanchica (HER) and three to the allohexaploid subsp.
maroccana (MAR). Each genotype was codified with the acronyms of the
subspecies followed by a number. Further details on the biogeography
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and phylogenetic relationships among the three subspecies are provided
in Diaz-Rueda et al. (2020) and in Supplementary Material S1.

Twelve biological replicates of the 12 genotypes were obtained from
rooted cuttings and potted into 7.5 L pots. The substrate used for potting
was a mix of peat and sand (2:1) with 2.5 g L1 of slow-release fertiliser
(Osmocote Plus fertiliser (16-9-12 NPK + micronutrients, Scotts, Heer-
len, Netherlands)). The set of plants was divided in two groups, and each
one was distributed in two walk-in climatic chambers (Supplementary
Photo 1, 26-27 November 2020). Each chamber maintained the same
environmental conditions of temperature, vapour pressure deficit, and
photoperiod but differed in the [CO3] of the air surrounding the plants:
400 ppm and 800 ppm. The photoperiod was set at 14 h light/10 h dark.
Climate parameters within the walk-in chambers were set to achieve 2
KPa of vapour pressure deficit during daylight (28 °C =+, with 50 %
relative humidity), and a PPFD of 700 + 127 pmol m~2 s~ ! at the plant
tips. During the dark phase, conditions were 20.0 + 0.4 °C and 60.0 +
1.1 % relative humidity. The 12 clonal replicates per genotype were
divided into four groups based on the treatment combination (Watering
x COy), with three replicates for each combination, 12 plants per ge-
notype across watering and CO, treatments. Plants were arranged in
three blocks within each chamber (one plant per genotype and watering
treatment in each block). Their positions were periodically randomised
throughout the experiment. Half of the plants were maintained under
well-watered (WW) conditions throughout, while the other half under-
went a drought cycle in two steps. After transplanting, all plants were
well-watered three times weekly for three months. Subsequently, half of
the plants (Water Stress, WS) were subjected to water deficit by with-
holding watering until soil moisture reached 40 % of the soil moisture
holding capacity. These WS plants experienced this stress for a month,
after which watering was further withdrawn until the soil moisture
dropped to 5-10 %. Plants were kept under this reduced soil moisture for
an additional month. We did not directly measure leaf water potential;
instead, we relied on soil VWC and leaf water content (WCs) as inte-
grative indicators of plant water status over the duration of the drought
treatment. Weighing of the pots and periodic soil moisture measure-
ments with Time Domain Reflectometry (TDR), using TDR probes
(CS650-L, Campbell Scientific Inc.) connected to a datalogger (CR1000,
Campbell Scientific), allowed for precise control of water stress during
both drought phases. Control plants remained well-watered two to three
times throughout the experiment to ensure adequate soil moisture.
Plants were moved between the walk-in chambers twice during the
experiment, maintaining the specific conditions of each CO, treatment
by reprogramming the chambers to the new CO2 and maintaining the
rest of the environmental conditions, just after reallocation of the plants.
This was done the same day, just after the physical change of plants from
one of the chambers to the other one. Furthermore, the position of the
plants within each block was changed randomly once every two weeks.

2.1. Leaf gas exchange

Leaf gas exchange was measured at different times throughout the
experiment at the early, middle and end of the water deficit period (mid-
April to the last week of May). The leaf gas exchange and chlorophyll
fluorescence were measured 1 h from the start of the light period in one
well-differentiated leaf per plant from the third top of the plants with a
portable photosynthesis system (LiCor 6400 XP, Li-COR Inc., Lincoln,
NE, USA) coupled to an integrated fluorescence chamber (chamber Li-
6400-40, Li-COR Inc.). The photosynthetic photon flux density (PPFD)
into the exchange chamber during measurements was set to 1200 pmol
m~2s7!, temperature to 25 °C and vapour pressure deficit (VPD) ~ 1.2
KPa, as this setting was tested to be effective for saturating photosyn-
thesis and optimum for leaf stomatal conductance. The CO2 during
measurements was the same as that of growing conditions. Gas exchange
was recalculated based on the leaf area enclosed within the gas exchange
chamber and corrected for potential leakages (Flexas et al., 2007) and
for the cuticular conductance to water vapour (gmin) following Warren
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et al. (2011). Cuticular, sometimes called minimal, residual or
epidermal, conductance to water vapour was determined according to
the free bench dehydration technique, as in Araus et al. (1991), which
essentially measures fresh leaf weight lost through the epidermis at
regular steps in darkness and under controlled air conditions (wind
speed, relative humidity and temperature). Boundary layer conductance
was measured by replicating the shape and size of each leaf on saturated
wet paper under the same conditions and subtracted to the total leaf
transpiration rate, although the effect of the boundary layer on gpi, was
minimal.

2.2. Plant growth and biomass

Six times throughout the experiment, and in monthly intervals, the
main height (H) and root collar diameter (D) of plants were measured on
all the plants. The D was measured with a digital caliper (+0.01 mm),
and H with a ruler (+0.25 cm). The basal area of the plants (BA) was
estimated from the diameter measured periodically as BA == (D/2)% At
the end of the experiment, plants were harvested, and above and below-
ground tissues were split according to organ. Leaves and main stems
were considered separately. The number of secondary shoots born from
the main stem was counted on each plant (NS). Total biomass (TB) was
estimated as the sum of total root biomass (TRB), stem biomass (TSB)
and leaf biomass (TLB) after drying the different fractions in an oven for
48 h at 65 °C. A sub-sample of leaves was scanned to measure leaf area
(LA) before determining its dry weight (DW), and used to calculate the
specific leaf area (SLA) as the ratio between LA/DW. The SLA of the sub-
sample of leaves was calculated and used to estimate the total leaf area
(TLA) of the plant by multiplying SLA by TLB. Investment of biomass in
different organs was considered from the leaf weight ratio (LWR), stem
weight ratio (SWR) and root weight ratio (RWR) estimated from the
investment of biomass in the different fractions, relative to total plant
biomass. The leaf area ratio (LAR) was estimated from TLA and TB as
TLA/TB. We considered most of the stem base as hydraulically func-
tional, and the Huber value (H,) was calculated from the ratio of the
basal area at the base of the stem and the TLA. Table S1 summarizes
briefly the different functional traits and their units.

2.3. Isotopic composition and intrinsic water use efficiency

Three-four oven-dry leaves per plant were ground with a ball mill,
and ~3.5 mg of each leaf sample were encapsulated in tin capsules.
Samples were combusted in an elemental analyser (ThermoFlash EA
1112 Series, Bremen, Germany), and CO5 and N3 were directly injected
into a continuous-flow isotope ratio mass spectrometer (Thermo-Fin-
nigan Delta XP, Bremen, Germany) to estimate total C and N mass, and
5'3C and 8'°N content of each leaf sample. Peach leaf standards (NIST
1547) were run every six samples. The standard deviation of the analysis
was below 0.1 %o. As is commonly reported, 5'°N was expressed relative
to atmospheric Ny isotopic composition (%), whereas the §!3C of sam-
ples was reported relative to a synthetic analogue of the Vienna Pee Dee
Belemnite standard (VPDB). 5'3C was used as an integrative estimator of
WUE,; in the whole leaf.

2.4. Whole-plant water consumption

Volumetric water content of pot soils (VWC) was monitored for each
plant regularly throughout the full experiment by soil moisture sensors
of 40 cm length (CS650-L, Campbell Scientific Inc., Logan, UT, USA)
connected to data loggers (CR1000, Campbell Scientific). Whole-plant
level specific water consumption (WC;) was determined for all the
studied plants at three measuring times within the period between 3
March and June 1, 2021 (see below), together with measurements of
volumetric water content of pots (VWC). The first WC; measurement was
taken before the application of water deficit, while the last two mea-
surements were taken after the application of the medium and intense
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water deficit. Water deficit started on 7th April. WCs was calculated for
each measuring time as:

_ (PWer1 — pW,)

WC;
(ty — t)mr?

Where WCs is whole-plant level specific water consumption (ml cm ™2

day™)), pW, and pW, indicate pot weight at time t and time t,1,
respectively, corresponding to a 1-day interval between pot weights for
all measuring times. Losses due to evaporation were negligible over 24
h. Finally, nr® denotes the cross-sectional area of the stem at the root
collar. Thus, WC; was standardised by the stem transversal section at the
base of the plants, making the WCs comparable for plants of different
sizes and belonging to different genotypes.

Henceforth, all the different morpho-physiological, biochemical and
growth-related traits are noted with abbreviations (see the list in Sup-
plementary Table S1).

2.5. Statistical approach

Mixed models were used to evaluate whether gas exchange traits
changed across genotypes, watering and CO, growing atmosphere
(considered as fixed factors). The individual was considered a random
factor. We employed a General Linear Model (GLM) framework to assess
the effects of experimental factors and covariates on specific water
consumption rates. The model incorporated three fixed factors: Water-
ing regime (well watered, WW vs. water stressed, WS levels), growth
CO; concentration (ambient, 400 ppm vs. elevated 800 ppm), and ge-
notype (12 different genotypic variants), along with their potential in-
teractions. Covariates included Leaf Area Ratio (LAR), stomatal
conductance at peak water deficit (gwv), and cuticular conductance
(8min)-

The assumptions of normality and homoscedasticity were evaluated
through graphical diagnostics of the residuals from the best-fitting
model. To meet these assumptions, the dependent variable (specific
water consumption) was Box-Cox transformed. Model selection was
based on Akaike (AIC) and Bayesian (BIC) information criteria. Type III
ANOVA was used to evaluate the significance of the different factors and
covariates included in the models.

The assumptions of normality and homoscedasticity were evaluated
through graphical diagnostics of the residuals from the best-fitting
model. To meet these assumptions, the dependent variable (specific
water consumption) was Box-Cox transformed. Model selection was
based on Akaike (AIC) and Bayesian (BIC) information criteria. Type III
ANOVA was used to evaluate the significance of the different factors and
covariates included in the models. A gamma probability distribution
function was assumed for WCs as it gave the best fit among other dis-
tributions (normal, log-normal, Weibull, etc). The shape of the rela-
tionship between WCs and VWC for each genotype x CO, level
combination was analysed by testing different response curves that were
parameterized through maximum likelihood using a simulated anneal-
ing algorithm. R (R_Core_Team, 2021) was used for the analyses
including the R package “likelihood” (Murphy, 2015).

We also performed a principal components analysis (PCA) including
the whole of the gas exchange and growth variables as explicative var-
iables. The first three components were used to identify separation
among genotypes, watering regime and [CO;] treatments.

Because of differences in the C'3 depletion of the atmosphere be-
tween the CO,-enriched and ambient treatments, plant individual values
of leaf 5'3C were standardised by the great overall average 5 >Cieqr 0n
each CO, treatment for statistical purposes [613Cstandarised]. The re-
lationships between 8'3Cytandarised and WUE; and C;/C, were explored
with linear models. Absolute §'3C values for each treatment are shown
in Fig. 4A and Fig. S8, whereas 8'3C standardised is used to compare
relative drought responses across CO-, treatments by removing the 5'3C
baseline offset of the air between [CO5]amp and [COs]enr-
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3. Results
3.1. Leaf gas exchange

Water stress and CO, had a notable impact on several traits, as 11
and 12 traits were significantly affected by water stress and CO,
respectively (Supplementary Table S2). However, the genotype
accounted for most of the variation in the set of morpho-physiological
and growth-related traits that were examined. A smaller number of
significant two- and three-way interactions between the main factors
were also observed (Supplementary Table S2).

The Apet increased under [COslen, compared to [COzlamp, and
decreased in WS compared to WW plants, significantly in the majority of
genotypes (Fig. 1A), but Aper of WS plants under [CO3]enr was higher
than WS plants under [CO2]amp. The three genotypes from MAR showed
the highest At across watering and CO» treatments. Genotypes from the
other subspecies were more variable, except ACZ9, which showed a
performance similar to that of genotypes from MAR. Ap ranged from
50.84 + 3.29 pmol m2stin genotype M2 under [COz]enr and WW,
and 0.69 + 3.21 pmol m~2 s™! in genotype ACZ8 under [CO2]amp and
WS across the different watering x CO; treatments. The ETR and Rgq
followed similar patterns to Ape; with significant changes among geno-
types. However, the response to water stress and COz across genotypes
was significant and more variable, with a lower or absent effect of wa-
tering and CO5 (Fig. 1B and C). The three genotypes from MAR and
ACZ9 were again the genotypes with the highest ETR and Rd. The gy
was very responsive to watering as it decreased for the majority of ge-
notypes in response to water stress, as much under [CO2]amp or [CO2]enr-
Although water stress was the main abiotic factor impinging g, CO2
affected also the gy in some genotypes. Thus, higher g, was recorded
in some of the genotypes (ACZ3, HERS5 and all MAR genotypes) for WW
and [COz]lamp plants when compared with WW and [COgz]enr Ones
(Fig. 1D).

3.2. Relationship of Ane: with g, and ETR impact on leaf WUEi and 5'3C

There was a positive relationship between Ape; and gyy across ge-
notypes in the four combinations of COy and watering treatments
(Fig. 2A). The highest change of Ape¢ with gyy was under [COz]enr and
WS, and the lowest [CO2]amp and WW (i.e. higher and lower slopes
respectively in the relationship Apet Vs gwy). Thus, the reactivity of Apet
and the WUE; (i.e. slope of the Apet — gwy relationship in Fig. 2A) to the
CO4 across genotypes was highest when growing under [CO3]enr, and
especially when submitted to water stress. The WUEi for all genotypes
varied accordingly (Supplementary Fig. S1). The changes in WUEi fol-
lowed in the majority of the genotypes the same ranking across com-
bination of treatments: [CO2]eny WS > [CO2]amb_WS > [CO2]enr WW >
[CO2lamb_WW (Supplementary Fig. S1). Improvement in the WUE; with
water stress and [CO2]enr Was not only related to diffusional factors, but
also to photochemical ones. Therefore, Apes was positively related to
ETR across genotypes in the four treatments. The sensitivity of Ape to an
incremental change in the ETR (i.e. slope of the Ap+-ETR relationship)
across the pool of genotypes was systematically lower under WS,
regardless of the [CO;] level. However, it was higher under [CO3leny
when comparing within the same watering regime (Fig. 2B).

3.3. Leaf morphology and biochemistry

The genotype was the factor that had a higher impact on SLA, beyond
water stress or COy (Supplementary Table S2, Fig. 3A), ranging from
92.7 + 4.6 cm? g~! in HER8 (WW_ [CO3]amp) to 48.8 + 0.4 cm? g1 in
ACZ1 (WS _ [COzlenr) across the different watering x [CO3] treatments.
Watering was the second most important factor in explaining variations
across genotypes (Supplementary Table S2). SLA was highest for leaves
on most WW plants in both CO,-growing environments. CO; signifi-
cantly affected the SLA, but only after considering all the genotypes
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Fig. 1. Variability of leaf gas exchange and chlorophyll fluorescence derived variables according to genotype, water and CO, treatments: (A) Net photosynthesis/
Aner; (B) — dark respiration/Ry; (C) — stomatal conductance to water vapour/gy.; (D) - electron transport rate/ETR. Physiological traits were measured in 12 ge-
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figure legend, the reader is referred to the Web version of this article.)

together. Leaf length (LL) and width (WL) (Supplementary Fig. S2), and
the ratio LL/WL (data not shown) were influenced only by the genotype,
without any impact of drought or CO on the leaf morphology.

Among the genotypes, those from MAR showed the highest Npass
(Fig. 3B). Water stress promoted a significant increase in N for many of
the genotypes. However, the most substantial effect came from the CO,
(Supplementary Table S2), which reduced leaf N in most of the geno-
types, except in those from MAR. The Ny,,5s content ranged from 0.7 +
0.1 % in ACZ8 (WS_[COg2lenr) to 2.4 + 0.4 % in ACZ9 (WS_[CO2]amb)
across the different watering x CO4 treatments. The Ny, displayed a
similar trend to that of Ny, (Fig. 3C), without any significant impact
from SLA as a modifier of leaf area nitrogen expression on an area basis
(Narea)- Leaf Cpass content showed a similarly broad range as Npass
across genotypes and treatments. It varied from 46 + 0.8 % in ACZ8
(WW_[CO2]enr) to 60.5 £+ 1.4 in MAR2 (WS_[CO3lenr) across the
different watering x CO5 treatments. It also increased in response to
water stress for most genotypes, but only under [COzlenr
(Supplementary Fig. S3), particularly in MAR genotypes.

The 8'°N varied much across genotypes, which was the main source
of variation (Supplementary Table 2). Even though genotype was the
most relevant source of variation (Fig. 4A), watering, COy and their
interactions, had also a significant effect on 5'°N denoting the complex
effect of the interplay of all these factors on '°N. In particular, the 5'°N
exhibited high reactivity to water stress and CO; for most genotypes,
ranging from —2 + 0.1 %o in HER5 (WW _ [CO2]en,) to 3 + 0.2 in MAR3
(WS _ [CO2]enr) across the different watering x CO treatments. Despite
the high variability observed for both leaf §'°N and leaf Nreq in response
to all the studied factors (genotype, water availability and growth CO5),
a significant positive relationship between these two traits was found
(Supplementary Fig. S4).

Water stress brought about a decrease in 8'3C for most of the geno-
types. The [COslenr promoted an increase in 8!3C over that under
[CO2]lamp for many of the genotypes (Fig. 4B). The interplay between
813C and 5'°N across genotypes and treatments resulted in a negative
relationship between both physiological traits (Fig. 4C). However, there
were differences in the intercept according to watering and CO;. The
intercepts were higher for WS plants within each CO, treatment, and the
difference between the intercepts between WW and WS was higher
under [CO2]enr, showing a higher reactivity of 513Ces to a change in the
815N (Fig. 4C).

Differences in 8§!3C should be interpreted cautiously, as the isotopic
composition of the CO, of the atmosphere surrounding plants in each
CO, growing environment was probably differentially depleted in G'3,
To overcome this shortcoming, an approach of standardised axes for

513C was applied to establish the relationship between 5'3C with WUE;
and C;/C, across genotypes (Fig. S5A and B). This allowed comparing the
relationship between variables upon standardising 5'>C values for each
genotype according to the grand mean for each CO5 environment. There
was a positive relationship across genotypes between WUE; and 53C,
but with a higher slope under [COz]ep, (Fig. 5A). The Pattern was similar
between C;/C, and 8'3C, but in this case, the relationship was negative,
although the slope under [CO2].n, was also higher (Fig. 5B).

PNUE and WUE; differed among genotypes. The WUE; increased in
most of the genotypes in response to water stress and to [COz]enr
(Supplementary Fig. S5). However, PNUE followed the opposite pattern,
decreasing with water stress, but increasing also in response to [COz]eny-
As result, we found a negative relationship between PNUE and WUE;
across genotypes. Although this relationship showed a higher intercept
under [CO2]enr, which translated into higher PNUE for a specific WUE;
across watering regimes (Supplementary Fig. S4). This happened despite
the trend to decrease leaf nitrogen content under [COz]leny, €Xcept in
those genotypes from MAR.

3.4. Total plant Water use

The water plant consumption standardised by the plant basal area
(WC,) was very sensitive to the VWC (Fig. 6). The CO5 was relevant in
decreasing WC; across genotypes. The effect of VWC, genotype and CO4
were highly significant on WCs (LR;((ZU =1176.07, p < 0.001; LR;((ZH) =
149.87, p < 0.001; LR;(?D = 24.09, p < 0.001, respectively). WC;
increased with VWC and decreased with CO, (Fig. 7).

The interactions VWC x genotype, VWC x CO2, and genotype x CO,
were also significant (LRy3,, = 50.88, p < 0.001; LRy}, = 16.53, p <
0.001; LR;(EH) =28.01, p = 0.003, respectively), denoting that the effect

of VWC on WCs varied across genotypes and CO5, levels. The third-order
interaction VWC x genotype x CO2 was not significant on WC; (LR;((ZH) =
8.46, p = 0.67). Although LAR was significantly different across the
three factors: genotype, water availability and CO2 (Supplementary
Table S2 and Fig. S6), the effects of LAR, gwy and gmin on specific con-
sumption rates (WC;) were not significant. The most parsimonious
model was the one that included only main effects of the factors,
excluding covariates (Supplementary Table S3).

Both water stress and elevated growth CO; significantly reduced
specific water consumption rates (P < 0.001). Notably, we also observed
significant inter-clonal variability in specific water consumption, even
between genotypes of the same subspecies (Fig. 7). However, the
absence of significant interaction effects (Supplementary Table S2)
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Fig. 3. (A) specific leaf area (SLA - cm? g~ 1); (B) Nitrogen content on a mass basis Ny — %/g X 1072 g71), and (C) area basis (Narea - mg cm2) in leaves of 12
genotypes from 3 subspecies of O. europaea submitted to drought (D) or well-watered (WW), and growing under CO, ambient ([CO2],mb/400 ppm) or CO, enriched
([CO2]enr/800 ppm) atmospheres. Genotypes: ACZ1, ACZ10, ACZ3, ACZ8, ACZ9 subsp. europaea; HER1, HER2, HER5, HERS8 subsp. guanchica; MAR1, MAR2, MAR3
subsp. maroccana. Clear-blue: WW — [CO3]amp; dark-blue: WW-[COxz]amb; Clear-green WW — [COx2]enr; Dark —green, D — [CO2] ey Significance of the different factors
from linear models was indicated as: P < 0.001 - ***, P < 0.01 - **, P < 0.05 - *, P > 0.05 non-significant — n.s. Bars indicate average values + S.E. (n = 3). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

suggests that the impacts of water availability and CO, were similar
across genotypes.

A more detailed analysis revealed the genotype-specific response to
the progressive reduction in water consumption with the depletion of
soil moisture availability in the pots (Fig. 7, and Supplementary
Table S3). The genotype-specific response of WCs as a function of VWC
took two different forms (i.e. linear and piecewise linear models). Other
response functions (e.g. Michaelis-Menten, quadratic, hyperbola, etc)
were tested but gave poorer fits (data not shown).

WCs of genotypes corresponding to subspecies ACZ and HER fol-
lowed in general a piecewise linear response along the VWC range with a

first steeper slope, a second more horizontal slope under higher VWC of
pots and a breakpoint in between, while genotypes of subspecie MAR
followed a linear response along the whole VWC range (Fig. 7). As a
general pattern, first and second slopes were consistently lower under
[CO2]enr than under [CO2]amp, which means a lower water consumption
for the same VWC in the former. Yet, the breakpoint was higher under
[CO2]enr than under [CO2]amp (Supplementary Table S3). The genotypes
of subspecies MAR and HER had higher first and second slopes than
those of ACZ at both [COs2lamp and [COslenr. Breakpoint differences
between ACZ and HER were not found, and varied between 0.157 and
0.068 m®m™ among genotypes (Supplementary Table S3). Despite MAR



L. Aranda et al.

Plant Physiology and Biochemistry 231 (2026) 110958

" O YO YO T
-10 l I
O
2
w0 -20
1
-25
[[lww_ico,1,,, EWws_ico,,,, [lww_ico,., [llws_[co,,,
A
-30 : : ; . : . : . ; . .
4 ]
2 1
£
z 01
w0 ]
"o
-2 1
4
B
N Q ) ® L N 9 ) ® N Vv i)
4V NV D R R R s
e W EEEEEFTSEE
-12 s WW-[CO,] §°C =-21.61-0775"°N r’=0.52 P<0.00
14 sees WS-[CO,] 5"°C=-17.07-0.1.08 5N  r=0.36 P<0.05
..16 B U.......
? . n’c..t......
§_1B 7 .-..".
O
o -20
(o] i
22 |
-24 WWACO,] §"°C =-22.77-0.30 5N  ?=0.3 P<0.05 o
o6 seee WS-[CO,] 5"°C =-20.30-1.055"°N  r’=0.16 P=0.11n.s. C

-2

0 §'SN (%o)

2 4
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drought (D) or well-watered (WW), and growing under CO, ambient ([CO2]amb/400 ppm) or CO, enriched ([CO2]en/800 ppm) atmospheres. Genotypes: ACZ1,
ACZ10, ACZ3, ACZ8, ACZ9 subsp. europaea; HER1, HER2, HER5, HERS8 subsp. guanchica; MAR1, MAR2, MAR3 subsp. maroccana. Clear-blue: WW — [CO3]amb; dark-
blue: WS-[CO2]amb; Clear-green WW — [CO3]lepy; Dark — green D — [CO3lens; (C) Relationships between 5!3C and 5'°N across genotypes and watering and CO,
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values + S.E. (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

genotypes having the highest WCs values at the upper part of the VWC
range, they ranked lower than the rest of the genotypes at the middle
and/or lower part of the VWC range. This resulted from the inter-clonal
variation observed in the response functions of the relationship between
WCs and VWC and differences in the slopes of those responses (Fig. 7).

3.5. Growth and biomass partitioning

Most growth-related traits changed according to genotype, watering
and CO, except for CO, which was significant only for some growth
traits (Supplementary Table S4). Height (He) of the different genotypes
ranged between 122 + 11.7 cm in ACZ10 under WW_ [CO3]epy and 38.2
+ 1.2 cm in MAR1 under WW_ [CO2]amp. In general, genotypes from
ACZ grew taller than those from MAR, and HER showed intermediate
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Fig. 6. Scatterplot of the water consumption standardised by the basal area of the plant at the collar root (WC; - ml cm~2 day ') against the volumetric water content
of the pots (VWC - m® m~2) across twelve genotypes of O. europaea from three subspecies. Data considers the performance during the cycle of drought imposition.
Growth under [COs]en, (black points) resulted in a lower daily consumption than in plants growing under [CO3],mp (White points).

He. The three genotypes from MAR showed lower basal stem diameter
(SD) and height at the end of the experiment. SD variation was mainly
explained by clon and COj. It was highest for clon ACZ10 (17.4 + 0.9
mm in WS_ [COs]enr) and lowest for MAR1 (S6S5.2 & 0.1 mm in WW_
[CO2lamb)- [CO2]enr tended to increase SD across genotypes as compared
with [CO2]lamp. However, water availability did not have a significant
effect on SD. Branching of plants (Br), expressed as the number of
branches attached to the main stem, differed significantly among ge-
notypes and CO5. Many two- and three-way interactions were also sig-
nificant. In particular, some genotypes, such as ACZ9, showed a much
lower branching than HERS5, considering a similar height. This translates
into a more compact aspect of the latter regardless of watering or CO,.
Total biomass (TB) changed a lot according to genotype (Fig. S7D),
ranging from 204.5 + 23 g in ACZ10 (WS _ [CO2]enr) to 8.2 + 0.7 g in

MAR1 (WW_ [CO2]amp). CO; of the growth atmosphere also impacted
growth, with most of the genotypes accumulating more TB under
[CO2]enr- Water stress negatively affected the TB, but not in all the ge-
notypes. The three maroccana ssp genotypes (MAR1, MAR2, MAR3)
showed not only the smallest size, but also the lowest TB, regardless of
the watering or COy (Supplementary Table 4, Fig. S7). The TB was
positively correlated with the 8§!3C across genotypes under WS and CO,,
though the relationship was stronger under WW (Supplementary
Fig. S8).

Genotype was the main source of variation for the different biomass
partitioning parameters (Supplementary Fig. S9). LWR also changed
depending on the watering and CO», with a significant interaction be-
tween genotype and CO». In the case of SWR, watering was not signif-
icant, although the genotype and CO, were. The RWR was different
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Fig. 7. Scatterplot of WCs against VWC split by subspecies of genotypes (ACZ1, ACZ10, ACZ3, ACZ8, ACZ9 subsp. europaea; HER1, HER2, HER5, HERS8 subsp.
guanchica; MAR1, MAR2, MAR3 subsp. maroccana) and CO, growing media; A) plants grown at 400 ppm, [CO2].mp; B) plants grown at 800 ppm, [CO2]en,. The lines
denote the corresponding best-fit response functions for each genotype x CO, combination (see Table S4 for more details of models).

between genotypes, and watering explained more variation than for the
LWR and SWR. The CO; was not significant for RWR, though the in-
teractions genotype x watering, along with genotype x COj, were
(Supplementary Table S2).

Huber value (Hy) changed in response to drought and genotype, with
a lower influence of the CO5. Hy was highest for individuals submitted to
drought, and the three maroccana genotypes showed the highest H,
across treatments (Supplementary Table S4). CO, modified Hy only for
well-watered plants in the two genotypes ACZ8, ACZ9.

3.6. Overadll clonal differentiation and grouping in three subspecies

There were clear differences among genotypes when considering the
pool of traits. Although the number of genotypes was low, differentia-
tion based on subspecies was also observed in a PCA (Fig. 8). In fact,
there was a distinct separation among subspecies in the first two com-
ponents of the PCA under both CO2 atmospheres (Fig. 8).

The first component explained 40.68 % of the variance and showed a
clear distinction between genotypes of the subspp. europaea and mar-
occana, with guanchica positioned intermediately and partly overlapping
with europaea. The second and third components accounted for 15.90 %
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and 9.76 % of the variance, respectively, allowing differentiation be-
tween WW and WS plants and, to a lesser extent, between [CO3]amp and
[CO2lenr growth environments. Variables such as TB, LA, LW, SD, Br,
and LL had the highest positive loadings on the first principal compo-
nent. Conversely, 5'°N, ETR, Anet, Hy, RWR, and N exhibited the lowest
negative loadings on the same component. These variables exerted the
greatest influence on the positive and negative directions of the
component, respectively.

4. Discussion

The wild olive is characterized by high genetic variability,
comprising different subspecies from a complex evolutionary history
(Besnard et al., 2013; Kassa et al., 2019; Garcia-Verdugo et al., 2009;
Diaz-Rueda et al., 2020). Unlike the numerous cultivated olive varieties,
for which a substantial body of knowledge on their physiological
response to various environmental stressors exists, information on the
physiological performance of wild olive subspecies is considerably
scarcer (Hernandez-Santana et al., 2019). Beyond general patterns
across genotypes in modulating their drought response under atmo-
spheric CO, enrichment, this study provides a comprehensive overview
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of the wide spectrum of strategies and physiological responses to
drought exhibited by genotypes representative of three wild olive sub-
species. Genotypes showed contrasting phenotypic variability and
functional behaviours in response to water-stress conditions. The COy
enrichment of the atmosphere led to changes in the drought response at
various levels of biological integration, from leaf-level interplay be-
tween carbon fixation and stomatal regulation of leaf water loss to
overall plant behaviour (i.e. biomass accumulation and total plant water
use). As expected, the evergreen wild olive demonstrated an enhance-
ment in photosynthetic carbon uptake and growth for most genotypes
under [CO2]enr (Niinemets et al., 2011; De Souza et al., 2024). [CO2]enr
buffered the penalties on carbon fixing imposed by drought, alongside
reductions in water loss at both leaf and plant levels. The findings of this
study underscore the substantial variability observed in wild olive and
its high phenotypic plasticity in response to drought. Nonetheless,
certain general patterns were identified in the modulation of intrinsic
water use efficiency and photosynthetic nitrogen use efficiency, both of
which increased under [CO2]enr across the pool of genotypes, as shown
by leaf gas exchange measurements and leaf isotopic composition (5'3C,
5!°N). The interaction between drought and [CO3] affected the plants’
carbon and water economies, as well as nitrogen absorption and accu-
mulation in the leaves. Our results are particularly relevant in light of
the expected responsiveness of wild olive to two principal drivers of
climate change in the Mediterranean region: drought and atmospheric
CO5 enrichment.
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4.1. Sensitivity to water stress in wild olive genotypes, modulation from
the leaf to the overall plant by the growing CO, of the atmosphere

Genotypes within subspecies represented the most significant source
of phenotypic variation in response to water stress, underscoring the
existence of different water usage strategies among individuals of the
same species (De Miguel et al., 2012; Hernandez-Santana et al., 2019).
Notably, high phenotypic plasticity in morpho-functional traits has
previously been observed in wild olive genotypes in response to water
stress. (Hernandez-Santana et al., 2019; Garcia-Verdugo et al., 2023).
Furthermore, some general patterns emerged across genotypes con-
cerning the fine-tuning of water use efficiency from 5!°C and WUEi, both
modulated by the interaction between drought and [CO5] enrichment of
the atmosphere.

Responsiveness to CO; varied depending on genotype, but the dry-
down cycle exerted a greater impact on leaf physiological and growth-
related traits for most of them. Nonetheless, the CO x watering inter-
action still revealed a significant interplay between both factors for
many morpho-functional traits (Ainsworth and Rogers, 2007). Water
stress reduced Apet, gwv and ETR to a lesser extent, denoting that both
photochemical and stomatal limitations affected Apet
(Hernandez-Santana et al., 2019). Typically, gw, decreased due to
drought in most genotypes to a greater extent than Ape and ETR
(Medeiros and Ward, 2013). Despite this, ETR remained as an important
factor explaining variations in A across genotypes, regardless of water
availability and COq levels. The response varied among genotypes, and
was influenced by atmospheric CO, enrichment (see below), with
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different strategies in the stringency of stomatal control of leaf water loss
and carbon uptake. Most genotypes showed a decrease in gy, under
elevated CO, under well-watered conditions (Ainsworth and Long,
2021), though some did not (Avila et al., 2020). The down-regulation of
gwy under increased atmospheric CO; is absent in some forest species
(Avila et al., 2020; Duan et al., 2015), but common in others (Jiang
et al., 2021; Johnson et al., 2002).

The genotypes generally adopted a water-saving strategy response to
drought and atmospheric CO, enrichment, evident from leaf gy, and
overall plant water use, demonstrating coordination between leaf and
whole-plant water use. Although A, and to a lesser extent, overall
growth increased, water consumption at the plant level was reduced
under [CO2]enr- Changes in the leaf area ratio and gy did not offset each
other (i.e. not significant LAR in models explaining total water con-
sumption), with g,y having a larger influence on reducing total plant
water consumption under a COz-enriched atmosphere. A more conser-
vative water use across genotypes was evident at elevated CO,, with
lower water losses at leaf and plant levels across various soil moisture
conditions (Paudel et al., 2018). Moreover, the relationships between
total plant water use and soil volumetric water content (VWC) in most
genotypes were steeper under [COz]amp. Conversely, the relative in-
crease in Ae; with gy was greater under [CO2]enr than under [CO2]amp
in well-watered plants, and even more so in water-stressed plants (i.e.
the “low-Ci effect”, c.f. Kelly et al., 2016). Likewise, [CO2]enr enhanced
the ETR (Avila et al., 2020; Goodfellow et al., 1997), fostering a higher
carbon fixation across genotypes, likely due to an increase in the effi-
ciency of PSI and PSII under CO»-enriched atmospheres (commented by
Gamage et al., 2018), along with suppression of photorespiration (i.e.
reviewed recently in Foyer et al., 2025). This response was more pro-
nounced under WS conditions, indicated by a higher intercept and slope
in the Ape-ETR relationship, (see Fig. 2). Such better reactivity to
drought involving the interplay between different leaf diffusional and
photochemical leaf traits could enhance adaptability of the evergreen
wild olive to [COslen, in the future (Niinemets et al., 2011), and
strengthens its capacity to buffer stressful conditions against increased
intensity and recurrences of dry periods caused by climate change
(Medeiros and Ward, 2013).

Plant growth improvement by CO5 enrichment was moderate (22.4
% for the pool of genotypes in a range of 7.9 %-48.4, and considering
data from WW plants), as it is often observed for WUE; (Penuelas et al.,
2020; van der Sleen et al., 2015). Changes in WUE; seem more related to
improved C; at the sites of carboxylation, especially driven by the in-
crease of the CO; source in the atmosphere. Both 5'3C and WUE; from
punctual leaf gas exchange mainly reflected reductions in leaf and whole
plant water losses, as noted elsewhere. However, enhancement of COy
also improved both §'3C and WUE;. In other studies, higher transpiring
plant leaf area under [COz]len, balances the down-regulation of gy,
resulting in a non-clear effect on soil moisture (Jiang et al., 2021).
However, more conservative water use was observed at the whole plant
level in a wide range of VWC under a [CO2] enriched atmosphere.
Moreover, the involvement of higher ETR in carbon uptake, and an
enhancement of the CO5 source that improved carbon availability to the
sites of fixation, compensated in part for the negative impact of drought
on Apet until the point iWUE was highest for WS-[COz]en, plants. The
improvement of WUEi from changes in C; under COz-enriched atmo-
spheres has been widely discussed (Kelly et al., 2016), and continues to
be a subject of debate (Pastore et al.,, 2019; Voelker et al., 2016).
Moderate drought effects appear buffered by CO, enrichment (Paudel
et al., 2018), but under more severe water stress, this counterbalancing
positive effect may blur (Duan et al., 2013). In our study, the slope
relating Apet to gwy across genotypes in WS was higher for plants grown
under [COslenr as aforementioned (Sage, 1994), indicating that
drought’s negative effects varied by genotype but were generally lower
under CO; enrichment in the temporal window the experiment lasted.
Under well-watered conditions, changes in Ape; with gy, across geno-
types, and hence in the WUE;, had a similar slope, which can be
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interpreted as an analogous sensitivity of g,y to CO, under well-watered
conditions (Medeiros and Ward, 2013). Despite this general pattern, we
observed different strategies in regulating the leaf gas exchange under
concurrent water stress and CO enrichment. Most genotypes increased
WUE; with drought, but responses under [COslen, Were
genotype-specific.

4.2. Interplay between nitrogen, water and carbon leaf economy

There was a clear interplay between leaf nitrogen and water econ-
omy (Plett et al., 2020). The leaf Npa5s and Nyren decreased in response to
CO3 enrichment of the atmosphere for most genotypes (Poorter et al.,
2022), maybe as a consequence of reduction in leaf photorespiration
under [CO;] enriched atmospheres in some cases (Wujeska-Klause et al.,
2019). However, increased CO, availability compensated for this,
leading to higher Ane;. Moreover, the elemental leaf N content and N'°
isotopic fractionation were positively related (Aranda et al., 2017;
Yousfi et al., 2012). The 5!°N depends on different processes affecting
nitrogen absorption, including microbiome activity, the N source in the
soil, and various patterns of N'® discrimination during uptake and N
assimilation (Craine et al., 2015; Kalcsits et al., 2014; Yousfi et al.,
2012). Besides, the leaf 5'°N has been pointed out as a potential indi-
cator of tolerance to drought as nitrogen absorption is limited under
drought conditions (Aranda et al., 2017; Yousfi et al., 2012). However,
our finding that genotype was the most relevant factor explaining leaf
515N highlights relevance of the intraspecific §!°N variation in forest
trees (Aranda et al., 2017; Hu et al., 2025), despite being less docu-
mented than in crops (Yousfi et al., 2012, 2013). In this respect, the
three genotypes from MAR, together with ACZ3 and ACZ9 maintained a
positive 515N, coinciding with the highest leaf Nya5s and Narea, and the
general positive relationship between 8'°N and leaf nitrogen content
across genotypes and treatments (Supplementary Fig. S4). However, we
found that these clones, particularly those from MAR, did not exhibit the
highest biomass accumulation or iWUE, despite their high Ape and leaf
nitrogen content. Olive is known for its active secondary metabolism
(Mechri et al., 2020), as are many other Mediterranean plants. We hy-
pothesize that wild olive diverts a substantial fraction of carbon to
secondary metabolism, although this point warrants direct testing in
future studies.

Regardless of the mechanisms determining inter-clonal differences,
it is important to note the relationship between §!°C and 8'°N across
different growing conditions, with the highest 5'3C values correspond-
ing to the lowest 5!°N values (Spangenberg et al., 2020). This rela-
tionship reflects a complex link between carbon, water and nitrogen
physiology (Aranda et al., 2017; Serret et al., 2018; Tcherkez, 2011).
Besides, there was a trend to maintain higher §'3C for a similar 5'°N
under [COz]enr compared to [CO2lamp. For a similar WUE;, this also
translated into an increase in PNUE under [COs]enr relative to [CO2]amb.
This was despite the large decrease in leaf nitrogen resulting from
growing under [COs]enr (Supplementary Fig. S5).

4.3. Relevance of genotype-specific response and subspecies in
determining the whole plant response to drought and CO,

Changes in the physiology of genotypes were coordinated with
morphological and growth-related traits. Thus, the rising atmospheric
CO; during plant growth not only enhanced leaf carbon assimilation
under WW and WS conditions, but led to a moderately higher plant dry
biomass accumulation too (Ainsworth and Rogers, 2007; Duan et al.,
2013; Walker et al., 2021). The CO, enrichment partially balanced the
negative impact of drought on growth. Finally, the combined effects of
CO; and drought affected both biomass and biomass partitioning among
organs, with patterns varying among genotypes. Large genetic differ-
ences in biomass partitioning have been previously observed (Lahive
et al., 2021; Maier et al., 2022). This was consistent with the variable
architecture observed across genotypes and treatments, along with the
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idiosyncratic performance of each genotype. This differential impact of
CO2 and drought on total and allocation biomass, depending on the
genotype, is especially relevant from both ecological and agronomic
perspectives (Ainsworth and Long, 2021; Norby, 2025).

The multivariate approach showed a grouping of genotypes ac-
cording to subspecies origin, indicating three different strategies in
water and carbon use, with a tendency towards more conservative re-
sponses under CO enrichment depending on subspecies. The studied
genotypes come from three distinct geographic origins, matching three
well-described subspecies of O. europaea, and belong to the same
monophyletic group widely distributed in North Africa and the Medi-
terranean Basin (Diaz-Rueda et al., 2020). The subspp. europaea and
guanchica are diploid, while maroccana is a hexaploid and endemic to
Morocco (Besnard et al., 2018; Medeiros and Ward, 2013; Rubio de
Casas et al., 2006). Previous studies positioned guanchica as intermedi-
ate between europaea and maroccana for leaf morphological traits (leaf
length, width and their ratio), which aligns with the patterns observed in
our study. There was a high diversity in morphological, photochemical,
growth-related and gas exchange features in the pool of genotypes
studied. This was to be expected given the diversity previously observed
in the SILVOLIFE collection (Diaz-Rueda et al., 2020; Hernandez-San-
tana et al., 2019), origin of the 12 genotypes for our study. The three
genotypes from subspp. maroccana showed the highest photosynthetic
capacity and leaf nitrogen content under both growth CO, environ-
ments, but otherwise the lowest iWUE (from gas exchange and s130).
However, this highest carbon uptake capacity did not result in a higher
biomass increment as reported for other evergreen species (De Souza
et al., 2024), or even among conspecific individuals (Sanchez-Gomez
et al., 2017). This might be linked to the aforementioned higher carbon
diverting to different sinks from growth, allocation trade-offs (greater
investment in root or woody tissues, reflected by higher RWR or Hv),
fine-scale hydraulic constraints, or high maintenance and respiration
costs. Regardless of the more differential response of MAR, it’s impor-
tant to remark that in adaptive terms nature provides different solutions
for the same adaptive problem in the form of different plant trait as-
semblages. In this respect, the tested clones come from very different
genetic backgrounds, and the assemblages of different traits respond to
this pattern as the CO4 x drought interaction resulted in different func-
tional solutions.The trait combinations observed linking vigor,
water-use efficiency, nitrogen economy and drought responsiveness,
highlight the agronomic potential of wild olive genotypes. MAR geno-
types, with relatively higher root biomass allocation, and selected
ACZ/HER genotypes combining improved carbon gain and growth
under [COzlenr and WS emerge as promising candidates for future
rootstock and breeding programs, although their adaptive value in field
conditions remains to be tested.

5. Conclusions

The study’s findings underscore the substantial genetic variability
and phenotypic plasticity observed in wild olive responding to drought
and elevated CO, atmospheres. Both provide the basis for adaptation to
future climatic scenarios. The study is particularly relevant in light of the
wild olive’s resilience to the anticipated pressures of climate change in a
COq-enriched Mediterranean environment. It opens an opportunity to
improve the genetic basis of olive in the face of climate change
challenges.

In our experiment, CO, partially offset the negative influence of soil
moisture availability on the carbon capacity uptake of the plant, and in
the lowering of the leaf nitrogen content. Indeed, a more conservative
performance regarding plant water use under [CO2]enr Was accompa-
nied by the overall improved carbon uptake capacity (i.e. overall Apet
increase without significant changes in Rq4). Different physiological
processes changed accordingly, for example, higher stringency in leaf
stomatal control of water losses, total daily water use by the plant, and
improved water use efficiency at both short and long term scales (i.e.
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WUEi and §!3C). However, beyond the general trend, we observed
mostly genotype and, to a lesser extent, subspecies-specific patterns in
many of the functional traits studied. This last point is particularly
relevant, as large-scale models often rely on species-specific patterns or
functional groups to predict vegetation responses in a COy-enriched
world.
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