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1.

Understanding of plant hydraulic strategies (i.e. the degree of iso-/anisohydric-
ity) is crucial to predict the response of plants to changing environmental condi-
tions such as climate-change induced extreme drought. Several abiotic factors,
including evaporative demand, have been shown to seasonally modify the iso-
hydricity of plants. However, the impact of biotic factors such as plant-plant

interactions on hydraulic strategies has seldom been explored.

. Here, we investigated adaptations and changes in hydraulic strategies of two

woody species in response to seasonal abiotic conditions, experimental drought
and plant invasion in a Mediterranean cork oak (Quercus suber) ecosystem with a

combined shrub invasion (Cistus ladanifer) and rain exclusion experiment.

. From the dry to wet season, Q. suber shifted from a partial isohydric to an an-

isohydric behaviour while C. ladanifer shifted from strict anisohydric to partial
isohydric. During drought, water competition by plant invasion significantly
modified the hydraulic strategy of invaded Q. suber, which was accompanied by
lower pre-dawn leaf water potentials, sap flow density, leaf area index and trunk

increment rates.

. This altered isohydricity of invaded Q. suber trees was most likely caused by

interspecific competition for water resources by water spending C. ladanifer
shrubs. Both species do have the highest proportion of fine roots in the topsoil
and thus, an additional water consumer, such as C. ladanifer can lead to more
stressful conditions for Q. suber during times of water scarcity. Further underly-
ing mechanisms of the altered isohydricity of Q. suber, such as potential allelo-
pathic effects of C. ladanifer exudates on root growth of Q. suber, have to be

investigated in the future.

. In conclusion, we demonstrate that the degree of isohydricity of two woody

Mediterranean plant species is dynamically determined by the interplay of
species-specific hydraulic traits and their abiotic and biotic environment.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | INTRODUCTION

Plant water regulation has long been a central focus of research
(Landsberg & Waring, 2016). However, there are still many open
questions regarding plasticity in hydraulic strategies in response
to environmental stressors, such as extreme drought (Sperry &
Love, 2015). Plants have developed a broad range of water regu-
lation strategies to maximise their carbon assimilation at minimum
water cost (Anderegg et al., 2018; Cowan, 1982) while simultane-
ously avoiding hydraulic conductivity loss (Sperry et al., 2002) and
runaway cavitation (Cochard et al., 1996; Tyree & Sperry, 1988).
Yet, there is a large spectrum of responses to soil drying. Some
species show conservative water use strategies with early stoma-
tal closure at the expense of reduced carbon gain during the onset
of drought. Other species have less conservative strategies, main-
taining high stomatal conductance, implying an increased risk of
increased hydraulic damage or failure under drought conditions
(Jones & Sutherland, 1991; McDowell et al., 2008). Tardieu and
Simonneau (1998) reintroduced the concept of isohydricity, initially
defined by Berger-Landefeldt (1936), for these hydraulic strategies
with isohydric plants exerting a strong stomatal control and main-
taining comparatively constant leaf water potentials (¥|) over the
day. Contrarily, anisohydric plants exhibit less stomatal control and,
thus, tolerate larger variations in ¥ (Tardieu & Simonneau, 1998).
Many studies have followed to assess the species-specific
drought adaptation strategies of plants (cf. Feng et al., 2019;
Hochberg et al., 2018). The simplified, response-based metric of
Martinez-Vilalta et al. (2014) explores the seasonal response of the
minimum ¥, measured at midday (¥,,), to declining soil water po-
tentials (%), reflected by pre-dawn ¥ (¥pp). This approach has the
advantage that the required parameters are easy to measure, yet
other influential factors such as evaporative demand or leaf area,
are set constant. However, this implies that the degree of isohydric-
ity can change and be modified by abiotic and biotic factors other
than soil water resources (Guo et al., 2020; Hochberg et al., 2018;
Martinez-Vilalta & Garcia-Forner, 2017; Novick et al., 2019; Wu
et al., 2021). Relevant abiotic factors include deep water access
(Feng et al., 2019; Matheny et al., 2017), soil hydraulic properties
(Javaux & Carminati, 2021), vapour pressure deficit (VPD; Guo &
Ogle, 2019; Novick et al., 2019), air temperature (Guo et al., 2020)
or light intensity (Guyot et al., 2012; Meinzer et al., 2016). For ex-
ample, Guo et al. (2020) demonstrated that the desert shrub Larrea
tridentata shifted from partial isohydric under drought to an extreme
anisohydric behaviour under wet conditions. Quercus douglasii grow-
ing at a dry site behaved more anisohydric than at a wet site during
the summer periods (Feng et al., 2019). These examples illustrate
that plant responses are dynamic and can result from the interaction
of plant physiological strategies with their local, abiotic environment

(Feng et al., 2019; Hochberg et al., 2018; Kannenberg et al., 2022;
Mirfenderesgi et al., 2018). Knowledge of the impact of abiotic
drivers is important to predict the response of plants to recurrent
extreme drought events (Sperry & Love, 2015), which are already
frequently occurring in parts of the Mediterranean basin, such as
the Iberian Peninsula (Moemken & Pinto, 2022) and are projected to
increase in frequency and duration with ongoing climate change in
future decades (Moemken et al., 2022; Spinoni et al., 2020).

Yet, the effect of biotic factors, such as plant-plant interactions,
plantinvasion and water competition (Lu et al., 2020), has rarely been
considered (Craine & Dybzinski, 2013; Kannenberg & Phillips, 2017).
However, there is strong evidence that competition for water is able
to modify the hydraulic strategy of plants (e.g. Caldeira et al., 2015;
Magh et al., 2020; Rascher et al., 2011). For instance, Fagus sylvat-
ica trees were not able to recover to maximum transpiration after
a drying-wetting cycle when co-occurring with Abies alba (Magh
et al., 2020). Grossiord et al. (2015) reported negative impacts of
plant-plant interactions on water fluxes for Pinus sylvestris, but pos-
itive effects for Quercus faginea and Pinus nigra. Thus, plant-plant
interactions can buffer or amplify drought stress for co-existing
plants (Grossiord, 2020; Haberstroh & Werner, 2022). Therefore, it
is likely that plant competition or facilitation trigger modifications of
the plants' hydraulic strategy in comparable ways to abiotic factors.

Thus, the main objectives of this study are to (a) investigate
seasonal shifts in isohydricity caused by varying abiotic conditions,
such as VPD and soil water resources and (b) explore modifica-
tions in plant hydraulic strategies (e.g. isohydric vs. anisohydric) in
response to plant invasion and experimental drought. To this end,
we established a shrub invasion and rain exclusion experiment in a
savanna-type Mediterranean ecosystem including two co-occurring
species with different drought adaptation strategies. The first in-
vestigated species, Quercus suber L. (cork oak), is characterised as a
mostly isohydric, water-saving tree, which maintains relatively high
¥, (David et al., 2007). The dimorphic rooting system consists of a
dense shallow network in 0.10-0.40m depth and taproots, which
can reach deep water reserves (David et al., 2013). Despite com-
mon groundwater access (Dubbert et al., 2019), a tight coupling be-
tween soil water content and stomatal conductance was reported
(David et al., 2007). Cistus ladanifer L. (gum rockrose) is a shallow-
rooted, native Mediterranean shrub (Rivest et al., 2011) with inva-
sive characteristics (Acacio et al., 2009; Haberstroh et al., 2021),
which can endure low ¥, and has a high water consumption (Caldeira
et al., 2015; Correia et al., 1987; Correia & Ascensao, 2016). Low
¥, and high stomatal conductance under moderate drought (Quero
et al., 2011) indicate a mostly anisohydric behaviour of this species.

We hypothesise (1) that seasonal abiotic conditions dynamically
determine the degree of isohydricity in these species and (2) that
biotic and abiotic effects, such as shrub invasion and experimental
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drought can strongly modify the hydraulic strategy of the dominant

species in the cork oak system.

2 | MATERIALS AND METHODS
2.1 | Experimental site

The study was conducted in a savanna-type cork oak ecosystem in
south-eastern Portugal (38°47'N, 7°22'W) between October 2017
and March 2020. Field work in the Tapada Real de Vila Vicosa was
carried out with permission of the Fundacdo da Casa de Braganca.
The Mediterranean climate (Cs; Kottek et al., 2006) is dominated by
frequent winter rainfalls and a typical summer drought with low pre-
cipitation. The long-term average air temperature is 16.8°C with a
long-term average precipitation of 515mm (1981-2010; Haberstroh
etal,, 2021).

On site, we investigated different combinations of shrub
invasion and rain exclusion treatments including two woody
Mediterranean species: the tree Q. suber and the shrub Cistus
ladanifer. Experimental plots (180 m? each) were classified into
four treatments: (a) Q. suber trees receiving ambient precipitation
(Control), (b) Q. suber trees with a rain exclusion (RE), (c) Q. suber
trees with C. ladanifer in the understorey receiving ambient pre-
cipitation (Invasion) and (d) Q. suber trees with C. ladanifer in the
understorey with a rain exclusion (Invasion+RE; see Figure S1).
In each experimental plot, three trees and three shrubs (when
present), were randomly selected for measurements. The four
experimental treatments were replicated in three spatially sep-
arated blocks (=12 experimental plots), which resulted in a total
number of 36 trees (nine per treatment) and 18 shrubs (nine per
treatment).

Rainfall was excluded with PVC tubes (0.125m in diameter)
mounted 0.1-0.4 m above-ground to secure water run-off, cov-
ering 30% of the plot ground area starting in November 2017
(Figure S1). In April 2019, this area was extended to 45% to sim-
ulate more severe drought conditions. Care was taken that the
ground area covered by tree crowns and beyond was sheltered
by the rain exclusion to avoid tree water uptake from outside of
the rainout shelter. Non-invaded plots were cleared of shrubs in
2011 and populated by a sparse grass layer (Caldeira et al., 2015).
Trees were adult (50-60years) with a diameter at breast height of
28.0+4.3 cm and a crown area of 29.6+1.5 m? in October 2017.
Tree density was similar between treatments with 259 + 19 trees/
ha in the Control, 222+ 56 trees/ha in the Rain Exclusion treat-
ment, 259 + 19 trees/ha in the Invasion treatment and 296 +81
trees/ha in the Invasion + Rain Exclusion treatment. Shrub density
in all experimental plots was set to 11,000 shrubs/ha in March
2018. The poorly developed, acidic soils were on average 0.40m
deep, classified as haplic Leptosols and contained a high gravel
content of the bedrock material schist (Haberstroh et al., 2018).
Information about other soil parameters and rooting depths can
be found in Appendix S1, Table S1 and Figure S2.

2.2 | Meteorological conditions

Meteorological conditions were monitored with three permanent
meteorological stations (one per block) located two meters above-
ground including air temperature, relative humidity sensors (RHT2,
AT2, Delta-T Devices Ltd.; S-THB-M002, Onset) and rain gauges
(ARG100, Campbell Scientific; RG1, Delta-T Devices Ltd.). Data
were stored on independent data loggers (HOBO USB Micro Station
Data Logger, Onset; ECH20 Em50, METER Group, Inc. USA). Vapour
pressure deficit (VPD) and daily maximum values for VPD (VPD__ )

were calculated with half-hourly values of air temperature and rela-
tive humidity.

2.3 | Volumetric soil water content

Volumetric soil water content (9) was measured with ECH20 5TM
probes (METER Group, Inc.) in three depths (0.05, 0.20 and 0.40m).
Per plot, we installed two profiles of 8 sensors within the range of
tree crowns. The raw data were stored half hourly and converted to
6 in m3/m?® with sensor-specific calibrations. Calibrations were con-
ducted in the laboratory before field installation and supplemented
by frequent field soil coring. Data gaps caused by logger or sensor
failure were gap filled with linear regressions, using close-by sensors
at the same depth.

2.4 | Leaf area measurements

Leaf area index (LAI) was measured with the LAI-2000 plant canopy
analyser (LICOR Inc.) for trees and shrubs after the growing period
in early summer and after the natural drought period in autumn to
capture maximum and minimum values. Measurements were taken
at dusk and dawn with the 45° view cap to minimise the impact of
the operator on the measuring sensor (LI-COR., 1992). For trees, we
measured one point in an open site, followed by 10 measurements
under the canopy. Shrub LAl was measured in three transects per

experimental plot (n = 15 per transect, n = 45 per plot).

2.5 | Sap flow measurements

Tree sap flow was measured with thermal dissipation probes
(Granier, 1985) with the sensor SFS2 (Type M-M12, UP GmbH)
and calculated according to Granier (1985). For the determina-
tion of the maximum nocturnal temperature difference of the two
measurement needles, we applied a 3-day average moving window
(Haberstroh et al., 2020). For shrub sap flow, we used custom-made
sap flow gauges similar to the SGA13 (Dynamax Inc.). Sap flow
analysis followed the stem heat balance method (Sakuratani, 1984).
Data were stored half-hourly on independent data loggers (CR300/
CR800/CR1000, Campbell Scientific). Data gaps were filled with lin-
ear regressions using data from shrubs and trees growing in close
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proximity according to the best fit (R> = 0.60-0.97). Daily sap flow
density (J) sums were computed in mol cm™2 sapwood day™. Sap
flow density was separated into five seasonal phases for the analysis
of the abiotic controls on sap flow. Wet phases (hereafter ‘wet’) were
characterised by increasing sap flow rates, while dry-down phases
(hereafter ‘dry’) were defined by decreasing sap flow (Haberstroh
et al., 2021). The exact start and end dates for each phase can be
found in Table 1.

2.6 | Abiotic controls on sap flow

To elucidate the influence of the abiotic factors VPD . and 6 on
sap flow density, we conducted nonlinear mixed effect models
(Sanchez-Costa et al., 2015) with the r package saemix (version 2.3;
Comets et al., 2017) in R (R Core Team, 2021). In doing so, tree/
shrub number was defined as random effect, with abiotic predic-
tor (9, VPD,,,

Each abiotic predictor and phase was analysed separately. To com-

) as fixed effect to explain the variations in sap flow.

pare species and treatments, we defined respective covariates in the
model and repeated the analysis. For all analysed periods, we ex-
cluded days where precipitation occurred. For VPD__ as predictor,
we defined a logarithmic relationship:

Jy=beIn(VPD,,,) +a, (1)

)yand b is
the sensitivity of J, to VPD__ . For this analysis, we only considered

where J_is the sap flow density, a equals J, at 1 kPa (VPD, .
days with @ > 0.15m*/m?® to avoid co-limitation by @ (Sanchez-Costa
etal., 2015). 0.15m%/m? is a reasonable value for dry soils, as pF curves
for soil samples from the field site indicated that the permanent wilting
point is reached between 0.09 and 0.14m%/m® in 0-0.40m depth.

The relationship of J_ and 6 was fitted with a sigmoidal curve:

J
_ s,max , (2)
1+exp[(0s9 —0) /Oy ]

J;

In this equation, J is the horizontal asymptote of J_and 6, rep-

s,max

resents @ where J_ equals 50% of J 0., is a measure of the steep-

s,max" s

ness of the curve and describes the differences of 6 and 6, where
about 75% of J

s max is reached. & measurements in 0.05, 0.20 and

TABLE 1 Definition of wet and dry phases between October
2017 and March 2020

Phase Start date End date
Wet-2018 1 October 2017 14 May 2018
Dry-2018 15 May 2018 13 October
2018
Wet-2019 14 October 2018 8 April 2019
Dry-2019 9 April 2019 20 September
2019
Wet-2020 21 September 2019 22 March 2020

0.40m were averaged for this model to capture the variations in 6 over
the whole soil profile. Both equations were adopted from Sanchez-
Costa et al. (2015), and data were separated into five phases according

to the sap flow patterns (Table 1).

2.7 | Leaf water potential

Leaf water potential was measured at pre-dawn (¥,,) between 2 and
6 am and midday (¥,,;) between 12pm and 3 pm with a Scholander-
type pressure chamber (PMS 1000, PMS Instruments). For each
plant measurement, we randomly selected two leaves (Q. suber) or
terminal shoots (C. ladanifer). In case of strong discrepancies, we con-
ducted another measurement. Leaves/shoots were cut and meas-
ured immediately. ¥\, was measured on sunny days with a clear sky
to avoid a bias in the data due to varying environmental conditions.
Leaves were taken from the south-facing side of the sunlit crown
(trees) or from high sunlit shoots (shrubs). For ¥, measurements,
we varied the crown position to avoid an overcutting of the south
side, as plants equilibrate soil water over night (Richter, 1997). ¥,
measurements were conducted 17 times, ¥, , measurements 14
times in the study period. The differences in the number of ¥, and
Yo Was due to cloudy skies for ¥,,, measurements, which would
have impaired the comparability between measurement dates. For
defining the species-specific hydraulic strategy along the iso-/an-
isohydric spectrum, we adopted the definition of Martinez-Vilalta
et al. (2014), where the relationship of the minimum leaf water po-
tential (¥
¥ .in and ¥g, we used ¥, and ¥, respectively:

) and soil water potential (¥) is analysed. As proxies for

min:

Yup =0 Ppp + A, (3)

where ¢ is the slope and A is the intercept of the regression, which il-
lustrates the value of ¥, at ¥, = 0. A value of o close to O indicates a
strict isohydric strategy; a value close to 1 strict anisohydricity. Values
of 0<o<1 are defined as partial isohydric. Values above 1 can be in-
terpreted as extreme anisohydric (Martinez-Vilalta et al., 2014). It must
be emphasised that this definition mainly describes the reaction of ¥
to changes in soil water resources and sets other parameters, such as
VPD, photosynthetically activa photon flux density (PPFD) or leaf area
as constant (Martinez-Vilalta et al., 2014). Therefore, changes in these
parameters will be reflected in alterations of s and A of Equation 3.

2.8 | Data analysis

For the evaluation of significant effects of invasion and rain exclu-
sion on @ and sap flow density, we applied linear mixed effect (Ime)
models (r package NLME, R Core Team, 2021). In these models, inva-
sion (IN) and rain exclusion (RE) were set as fixed factors and allowed
to interact, which enabled statements about the effect of invasion,
independent of the rain exclusion and vice versa, but also about
significant differences between the four experimental treatments.
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Thus, if we refer to significant differences between the four treat-
ments, we use the notations Control (IN: no/RE: no), Rain Exclusion
(IN: no/RE: yes), Invasion (IN: yes/RE: no) and Invasion+Rain
Exclusion (IN: yes/RE: yes). If we refer to a significant influence of
the invasion, independent of the rain exclusion, or the influence of
the rain exclusion, independent of the invasion, we use the simple
terms ‘invasion’ and ‘rain exclusion’.

To capture significant differences in LAl, ¥, and ¥}, between
treatments, we additionally added the measurement date or season
as fixed effect. To retrieve the parameters (¢ and A) of the relation-
ship of ¥\, and ¥y, (Equation 3), we conducted Ime models for each
species and season with ¥, as dependent variable and ¥, inva-
sion, rain exclusion and their interaction as fixed factors. Tree/shrub
identity nested in block number were set as random effects in all
of these Ime models. Significant differences between treatments,
measurement periods, species, as well as the intercepts (A) of the re-
lationship of ¥\, and ¥y, (Equation 3) were assessed with post hoc
tests with a Tukey adjustment (function ‘emmeans’, r package em-
MEANS). The slopes (o) of the relationship of ¥, and ¥y, (Equation 3)
were tested for statistical differences between the treatments with
the function ‘emtrends’ (estimated marginal means of linear trends)
with a Tukey adjustment (R package EMMEANS).

In the case of autocorrelation, we introduced a continuous co-
variate (corAR1). Model assumptions were validated visually and
by the Shapiro-Wilk's test (normal distribution of residuals) and

Levene's test (homogeneity of variance). If assumptions were not
met, we applied a square root or log-transformation to the data. To
reduce the model's complexity and capture species differences, we
repeated all models with species as additional fixed and treatment
(invasion, rain exclusion) as random effects.

3 | RESULTS

3.1 | Environmental conditions
Meteorological conditions between hydrological years (October-
September) 2018 and 2019 were similar with regard to air tempera-
ture (2018: 15.9°C; 2019: 16.4°C) and vapour pressure deficit (VPD;
Figure 1a). However, precipitation conditions varied widely between
hydrological years (Figure 1b): in 2018, precipitation was above the
long-term average (515mm, 1981-2010) for ambient (713 mm) but
reduced to 520 mm for the rain exclusion treatments. Contrastingly,
2019 was a dry year with 387 mm precipitation under ambient con-
ditions and an extremely dry year under rain exclusion conditions
with 257 mm of precipitation.

The effect of the rain exclusion (Figure 1e,f) was clearly visible in
the volumetric soil water content (0), which was particularly reduced
in the wet periods compared to the Control (p <0.001) in all depths

(Figure 1c-f). Invasion effects were mostly prominentin 0.20 m depth
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(Figure 1d,f), where soil water resources were stronger depleted in
the dry summer periods (e.g. from July 2019 onwards) than in the
non-invaded treatments (Figure 1c,e). For example, Invasion+ Rain
Exclusion (0.11+0.04m®/m®) led to an overall reduction of 18% in ¢
in the dry summer periods compared to the Control (0.13+0.06 m%/
m%) in 0.20m depth.

3.2 | Leaf water potential

Significant species-specific differences were observed in pre-
dawn (¥pp) and midday (¥,,) leaf water potential (p<0.001;
Figure 2a-d), indicating different hydraulic behaviours. Leaf water
potential (¥)) strongly decreased in C. ladanifer (Figure 2b,d) with
minimum values of -3.5+0.1 MPa (¥,p) and -5.5+0.1 MPa (¥,)
compared to Q. suber (¥, =-1.7+0.1 MPa/¥,, = -2.3+ 0.1 MPa;
Figure 2a,c). The seasonal patterns revealed that ¥, and ¥, de-
clined strongly in dry phases and recovered quickly in wet phases.
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The magnitude of these seasonal changes was significantly larger
for C. ladanifer compared to Q. suber (note different scales in
Figure 2a-d).

For Q. suber, significant invasion effects were found for ¥,
(p<0.01) and ¥\, (p<0.05), while rain exclusion effects were neg-
ligible (p>0.05) over the whole study period. Invasion effects were
especially evident in the dry-down periods with lower ¥, and higher
Yo for invaded trees (Figure 2a,c, grey asterisk). The effect of the
rain exclusion (black asterisks) for trees and shrubs was more preva-
lent and limited to phases with sufficient water supply (Figure 2a-d),
which matched the patterns observed for 6 (Figure 1c-f).

3.3 | Sap flow and leaf area index
Cistus ladanifer mostly had higher sap flow rates (p <0.001) than Q.

suber over the study period (Figure 3a,b). For both species, water
fluxes decreased in the dry year 2019, although to a higher extent
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FIGURE 2 Pre-dawn leaf water potential (¥,,) for Q. suber (a) and C. ladanifer (b), and midday leaf water potential (¥\,p) for Q. suber (c)
and C. ladanifer (d) for all experimental treatments (n = 9 per treatment). Asterisks (*) indicate p-values (linear mixed effect model): <0.05%,
<0.01**, <0.001***, where black asterisks indicate rain exclusion effects and grey asterisks indicate invasion effects. Note the different
scales in (c-f) for the different species. RE, rain exclusion. See also Haberstroh et al. (2021).
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FIGURE 3 Sap flow density (J)) for Q. suber (a) and C. ladanifer (b) and leaf area index (LAI) for Q. suber (c) and C. ladanifer (d) for all
experimental treatments (n = 9 for all treatments). Asterisks (*) indicate p-values (linear mixed effect model): <0.05* <0.01**, <0.001***,
where black asterisks indicate rain exclusion effects and grey asterisks indicate invasion effects. The vertical dashed lines indicate the limits
of the seasonal classification phases (Table 1). Sap flow density (a, b) was smoothed (negative exponential). Note the different scales for the
species in (a) and (b). RE, Rain exclusion. The seasonal patterns of sap flow density are discussed in detail in Haberstroh et al. (2021).

for C. ladanifer. Seasonally, the highest sap flow rates were reached
each year at the end of the wet season/beginning of the dry phase
respectively. Notably, C. ladanifer approached these rates earlier
and suffered faster declines in water fluxes compared to Q. suber
(Figure 3).

Negative treatment effects in sap flow (Figure 3a) were mostly
visible for Q. suber trees under invasion (p = 0.08), such as in the dry
phase of 2019, where trees subjected to Invasion+Rain Exclusion
reduced their sap flow earlier in the dry period. In the following wet
phase 2020, trees under Invasion and ambient precipitation reached
lower rates than the other treatments (Figure 3a). This negative inva-
sion effect was also clear in the leaf area index (LAI) of invaded trees,
independently of the rain exclusion treatment (p<0.01; Figure 3c).
On the other hand, Q. suber was able to maintain sap flow (p = 0.20)
under Rain Exclusion alone (Figure 3a). For C. ladanifer strong Rain
Exclusion effects were present in sap flow (p<0.001) and LAI
(p<0.05; Figure 3b,d).

3.4 | Environmental controls on sap flow

To further identify the impact of invasion and rain exclusion on the
seasonal water fluxes of Q. suber and C. ladanifer, we applied nonlin-
ear mixed effect models with the dominant sap flow drivers, which
were identified as ¢ in dry and VPD__, in wet phases (Figure 4; see
Table S2 for detailed analysis). In dry periods, VPD, , was replaced
as dominant sap flow driver by 0, as soon as soil water resources
declined. The relationship of 8 and sap flow was well described with

a sigmoidal curve in dry phases (Figure 4a,c), where J repre-

s,max
sents the maximum sap flow density in a given period and 6, the 6
where plants reach 50% of modelled Js max: Overall, modelled I max
was higher in 2018 than in 2019 for both species (Figure 4a,c, Table
52). J; nax

years (p<0.001), supporting the notion of a faster sap flow decline

and 6, were significantly higher for C. ladanifer in both

for shrubs in response to soil drying. In both dry phases, but espe-

cially in 2019, invaded trees (p<0.05) had a lower modelled J

s,max
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FIGURE 4 Nonlinear relationship of sap flow density (J)) with volumetric soil water content (¢) for dry phases of 2018 (a) and 2019 (c)

and nonlinear relationship of sap flow density with maximum vapour pressure deficit (VPD

) for wet phases 2019 (b) and 2020 (d) for all

max

experimental treatments (n = 9 per treatment) of Q. suber and C. ladanifer. Different fitting models were chosen for the dry and wet phases
due to the inherently different response of sap flow density to rising VPD__ and decreasing 6. Note the different scale in the dry phases
2018 (a) compared to the other seasons. The exact dates for the seasonal classification in wet and dry can be retrieved from Table 1. Average
daily values are shown for each species and treatment. RE, rain exclusion.

(Figure 4a,c). For shrubs, the Rain Exclusion led to significantly lower
modelled J, . in 2019 (p<0.01).

In wet periods, sap flow was rather driven by VPD__ than ¢
for both species. This relationship was assessed with a logarithmic
=1kPaandbis the
max- IN both wet phases, C.
max (P <0.001) and higher sap

compared to Q. suber (Figure 4b).

curve, where a is the sap flow density at VPD,
absolute sensitivity of sap flow to VPD
ladanifer had a higher sensitivity to VPD
flow (p<0.001) at 1 kPa (VPD
Shrubs under the Rain Exclusion had a significantly lower sensitiv-
ity to VPD, . and lower sap flow at 1 kPa in both years (p<0.05;
Figure 4a-d; Table S2).

Differences between invaded (Invasion and Invasion+RE) and

max)

Control Q. suber trees in their sap flow response to environmental
drivers, such as in the dry periods (Figure 4a,c), persisted in both

wet phases (Figure 4b,d), with a lower sensitivity of invaded trees
to VPD,,
2020; Table S2). Quercus suber trees under Rain Exclusion expressed

. and lower sap flow density at 1 kPa (VPD,_ , p<0.05 in

a similar behaviour to invaded trees (Figure 4b,d). The relationship
of VPD and sap flow density for the dry phases can be found in
Appendix S2 and Figures S3-S5 for both species.

3.5 | Species-specific regulation of water relations
in dry and wet periods

The combination of sap flow density, environmental conditions and
¥, elucidated seasonal shifts in the plants' hydraulic strategies for Q.
suber and C. ladanifer (Figure S6). The relationship of these parameters
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revealed two different response patterns, which, after assessment of
the measurement dates, were defined as ‘wet’ (blue) and ‘dry’ (red)
responses. This classification was subsequently used to assess the
seasonal species- and treatment-specific hydraulic strategies defined
as the relationship of ¥, and ¥, (Figure 5; Table S3).

In Figure 5a,b it becomes evident that there was indeed a change
in the slope (o) and intercept (A) of the relation of ¥,,; and ¥,
indicating a shift in the hydraulic behaviour for both species be-
tween dry and wet seasons. During dry periods, the slope (5) in Q.
suber (Figure 5c) ranged between 0.32 and 0.57 MPa/MPa, which
is defined as partial isohydric, but shifted to a more anisohydric
behaviour in the wet period with a lesser control of soil moisture
on ¥, (Figure 5e; Table S3). In dry phases, ¢ of C. ladanifer was
close to 1 MPa/MPa under ambient precipitation and rain exclusion
(Figure 5d), which implies strict anisohydricity following the defini-
tion of Martinez-Vilalta et al. (2014). On the other hand, ¢ decreased
in wet phases, indicating a shift to partial isohydricity (Figure 5f;
Table S3).

Beside the species dissimilarities, there were some striking
treatment differences observed for Q. suber with clear invasion
effects on ¢ (p<0.01) and intercepts (A; p<0.001) in dry phases
(Figure 5c). All trees under Invasion and Invasion + Rain Exclusion,
decreased their ¥, significantly stronger in response to a change
of -1 MPa in ¥, (Figure 5c) and thus, deployed, according to
Martinez-Vilalta et al. (2014), a more anisohydric strategy in com-
parison to non-invaded trees. Additionally, A was significantly
higher for trees under Invasion and Invasion+Rain Exclusion
(Table S3). Rain Exclusion alone did not alter the relationship of
Yup and ¥, for trees (Figure 5c) or shrubs (Figure 5d.f) signifi-
cantly (p>0.05). Nevertheless, trees under the Rain Exclusion
alone showed a non-significant tendency of a slightly higher ¢ and
thus, more anisohydric strategy compared to Control trees in dry

phases (Figure 5c).

4 | DISCUSSION

With this study, we demonstrate that Q. suber and C. ladanifer dy-
namically shift their degree of isohydricity between dry and wet
phases in response to seasonal abiotic conditions. Remarkably, plant
competition by C. ladanifer invasion significantly modified the hy-
draulic strategy of Q. suber, independently of the drought treatment,
providing evidence that biotic factors indeed influence the degree of
isohydricity in plants. The causes and implications of these modified
hydraulic strategies provoked by abiotic and biotic factors will be

discussed in the following.
4.1 | Degree of isohydricity in Q. suber and C.
ladanifer shifts dynamically between seasons

The opposed shifts in isohydricity of Q. suber and C. ladanifer from
dry to wet phases (Figure 6a) seem contradictory at first, but might

be explained by a three-phase model (Kannenberg et al., 2022;
Meinzer et al., 2016). In phase |, the decrease in Y¥\p is almost
independent from ¥, (Figure 6a). In this phase, the water supply
is high and ¥,
environmental factors than soil moisture, such as PPFD (Meinzer
et al., 2016) or VPD (Novick et al., 2019). Plants behave anisohy-

dric in this period with high ¢ and A and water fluxes not regulated

as well as water fluxes, are controlled by other

by soil moisture (Hochberg et al., 2018). In phase Il, water re-
sources decline and plants develop a higher degree of isohydricity
to limit water losses. This phase lasts until ¥y, = ¥, (phase Il1),
where plants lose control of stomatal closure (Figure 6a; Meinzer
et al., 2016). However, this point (phase IlI) was not reached in our
study.

Although the range of ¥, was low for Q. suber in wet phases
(cf. Martinez-Vilalta et al., 2014), this three-phase model fits our
observations particularly well. In the wet periods, the loose rela-
tionship of ¥\, and ¥, under well-watered conditions (Figure 5e)
matched phase | (Figure 6a), as also observed for Pinus ponderosa
during times of sufficient water supply (Kannenberg et al., 2022).
In addition, sap flow of trees was strongly controlled by VPD
in wet phases. Under dry conditions, trees switched to a par-
tial isohydric strategy (phase Il, Figure 6a), as their sap flow was
strongly coupled to soil moisture. This is a well-known behaviour
of Q. suber with its dimorphic rooting system (David et al., 2013),
common groundwater access (Dubbert et al., 2019; Kurz-Besson
et al., 2006) and tight stomatal control (David et al., 2007; Kurz-
Besson et al., 2014). In addition, high VPD has been suggested as a
trigger of stomatal closure in Q. suber when soil water is still avail-
able (Lobo-do-Vale et al., 2019). It must be noted that the water
fluxes of Q. suber decreased with declining water resources in the
topsoil, even though trees had access to groundwater. This feature
has also been observed in other deep rooted tree species (Werner
et al.,, 2021).

Cistus ladanifer operated in a different ¥ (<-5MPa) range and
has been described as an anisohydric species (Quero et al., 2011),
which strongly reacts to changing environmental conditions
(Caldeira et al., 2015; Haberstroh et al., 2018). ¥y, of C. ladanifer
was rarely higher than -0.5 MPa, even under well-watered condi-
tions. However, this has been described as approximate value for
the shift from phase | to phase Il (Figure 6a), where plants start to
regulate differently (Hochberg et al., 2018; Meinzer et al., 2016). It
is likely that C. ladanifer shrubs are in phase Il most of the year, due
to their shallow rooting system (Rivest et al., 2011). The increase in
anisohydricity in dry periods might implicate that shrubs are slowly
progressing towards the point where stomatal control becomes
less effective in controlling ¥, (Meinzer et al., 2016), potentially
also caused by higher VPD in the summer periods (Kannenberg
et al., 2022). Indeed, sap flow for shrubs under extremely dry condi-
tions did not decrease as strongly as for Q. suber trees in response to
VPD (Figures S3-S5), which supports the notion of a lesser stoma-
tal control. Such behaviour can be accompanied by leaf senescence
(Wu et al., 2021), which is commonly observed for C. ladanifer under
stressful conditions (NUfez-Olivera et al., 1996; Simdes et al., 2008).
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FIGURE 5 Relationship of pre-dawn leaf water potential (¥,5) and midday leaf water potential (¥,,5) including a 1:1 line (dashed) adopted
from Martinez-Vilalta et al. (2014) for Q. suber (a) separated into dry (c) and wet (e) and C. ladanifer (b) separated into dry (d) and wet phases
(f). Asterisks (*) indicate p-values for the regression lines: <0.05% <0.01**, <0.001***, Letters indicate differences between the slope (o) of
the experimental treatments (n = 9 per treatment) for each season (n = 5, wet; n = 9, dry) and species separately at a level of p<0.05. Note
the different x- and y-scales in all panels. In panel (e), the regression lines and slopes are not shown, due to a weak statistical relationship of
¥Ypp and ¥, (Table S3). RE, rain exclusion.
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(a) Seasonal effects
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(b) Plant invasion effects
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FIGURE 6 Conceptualillustration of seasonal (a) and plant
invasion effects (b) on the slope (o, isohydricity) and intercept (A)
of the relationship between pre-dawn (¥,,) and midday leaf water
potential (¥,,p). Colours in (a) depict the wet (blue) and dry phases
(red, dark red). Adapted and modified after Wu et al. (2021).

Thus, our first hypothesis that seasonal changing abiotic conditions
play an important role in determining the degree of isohydricity of Q.

suber and C. ladanifer can be confirmed.

4.2 | Hydraulic strategy of Q. suber is modified by
plant invasion, but not rain exclusion

Invaded trees, independent of the additional drought treatment, ex-
pressed similar responses in ¥, sap flow density, LAl and shifts in
isohydricity over the study period. Thus, we will discuss the invasion
effects on Q. suber trees independently from the additional drought
treatment. C. ladanifer is a strong competitor for Q. suber trees, es-
pecially for shallow soil water resources during summer drought
(Caldeira et al., 2015), as evident from soil water content profiles
(Figure 1). Here, it could be argued that Q. suber and C. ladanifer are

not competing for water resources in the same depth during summer
drought due to differences in their rooting systems. However, both
species do have the highest proportion of fine roots in the upper soil
and results from stable water isotope analysis indicate that Q. suber
takes up water from shallow soil layers in variable quantities in all
seasons throughout the year (Dubbert et al., 2019). This would also
explain why Q. suber sap flow and stomatal conductance is tightly
coupled to declining soil water resources during summer drought
(David et al., 2007; Kurz-Besson et al., 2014), despite groundwater
access. Thus, it is likely that Q. suber and C. ladanifer do compete for
the same water resources all year round, especially when water is
scarce.

As aresult, invaded trees adjusted, according to the definition of
Martinez-Vilalta et al. (2014), to a more anisohydric hydraulic strat-
egy in comparison to non-invaded trees. This shift (Figure 6b) most
likely occurred as a result of the more stressful conditions under
shrub invasion. This is supported by lower ¥, yet higher ¥,
during drought and lower sap flux densities in response to soil mois-
ture and increasing evaporative demand (Figure 4). Thus, our second
hypothesis that biotic plant-plant interactions, as caused by plant
invasion, can modify the hydraulic strategy of Q. suber is supported
by our data (Figure 6b).

However, it should be denoted that although the definition ()
of Martinez-Vilalta et al. (2014) points towards a more anisohydric
strategy, other parameters indicate a more conservative behaviour
of invaded trees. These include lower sap flow densities, higher ¥
at fully water-saturated soil conditions (A, Figure 6b) and overall
lower stomatal conductance (data not shown). Indeed, other authors
have deemed different definitions of isohydricity problematic and
not straightforward (e.g. Martinez-Vilalta & Garcia-Forner, 2017,
Meinzer et al., 2016). Thus, we conclude that several metrics have to
be taken into account and care has to be taken, when discussing the
isohydricity of plants. Nevertheless, invasion modified the hydraulic
strategy of Q. suber and the potential reasons and consequences,
besides the direct below-ground competition by C. ladanifer, are dis-
cussed in the following.

A possible explanation for the modified isohydricity of Q. suber
might involve the fine root biomass present in the topsoil. Profiles
of fine root weight and length per soil volume taken in May 2019
(Figure S2) did not reveal significant differences between invaded
and non-invaded plots, contrary to the expectation that additional
invasion might increase the below-ground biomass of ecosystems.
Potentially, exudates of C. ladanifer, which are known to inhibit seed
germination (Herranz et al., 2006), might be able to obstruct or re-
duce fine root growth of Q. suber. A lower fine root biomass in the
topsoil can also translate into increased water stress and a more
water conservative behaviour. However, such processes are specu-
lative and have to be confirmed by future research.

Modified below-ground water uptake and competition has
also important implications for nutrient uptake patterns (Dubbert
et al., 2014; Dubbert & Werner, 2019). Mediterranean oak eco-
systems are often found on nutrient deficient soils (e.g. Marafién
et al., 2009) and soils on site are in fact nutrient poor (Table S1).
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Given the high competitiveness of C. ladanifer, invaded Q. suber
trees might suffer from enhanced nutrient deficiencies. Indeed, the
negative effect of C. ladanifer invasion on the nutrient status of the
closely related tree Q. ilex has been shown (Rolo et al., 2012). In addi-
tion, it has been demonstrated that trees, which behave too conser-
vative under drought might suffer from the so-called ‘isohydric trap’.
In isohydric species, the transpirational flow, which is required for
nutrient transport, is reduced under prolonged drought conditions.
As a consequence, these species can experience severe nutrient
deficits (Salazar-Tortosa et al., 2018).

Independently of the root biomass and potential nutrient defi-
ciencies, the modified strategy of invaded Q. suber trees could po-
tentially transfer into sustained negative impacts during dry and wet
phases: Decreased whole tree water fluxes and reduced stomatal
conductance point towards diminished carbon assimilation rates,
which is supported by lower leaf areas (Figure 3e) and trunk incre-
ment rates (Haberstroh et al., 2021) for invaded Q. suber. These fea-
tures in combination with lower ¥, during drought point towards
chronic stress for invaded trees, which may result in a potential
out-competition by C. ladanifer shrubs and detrimental effects for Q.
suber trees and ecosystems. Hence, these results support the notion
that shrub invasion could contribute to increased mortality rates of
Q. suber (Costa et al., 2010) in severe drought years, by the means of
carbon depletion (McDowell et al., 2008).

Contrastingly, our Rain Exclusion experiment alone did not
modify the hydraulic strategies of Q. suber nor C. ladanifer signifi-
cantly, potentially because the rain exclusion of 30-45% was still
in the range where both species were able to adjust their water
relations in the short term. C. ladanifer shrubs drought response
was mainly regulated by a reduced leaf area in dry phases (Nufez-
Olivera et al., 1996; Simdes et al., 2008). For Q. suber trees under
Rain Exclusion, higher ¢ suggests potential modifications of the
hydraulic strategy under long-term extreme drought, which have
to be explored in detail in the future. Such modifications of the hy-
draulic behaviour under recurrent drought are of high importance,
as the Mediterranean basin, but especially the Iberian Peninsula, is
expected to face longer and more frequent drought events with on-

going climate change (Moemken et al., 2022; Spinoni et al., 2020).

5 | CONCLUSIONS

With this study, we demonstrate that biotic and abiotic factors can
influence the degree of isohydricity in two woody Mediterranean
plant species. Plant invasion plays a critical role when two species
with different hydraulic strategies compete for the same resources.
This modification of the hydraulic strategy of Q. suber can potentially
increase the risk for carbon depletion and thus, might contribute to
an increase in tree mortality in cork oak, which in turn could favour
the conversion of Q. suber woodlands into persistent shrubland
(Acécio et al., 2009). In the future, plant-plant interactions will likely
be intensified by ongoing plant invasion and climate-change driven
alterations, such as increase in severe droughts. Thus, this calls for

a better understanding of the potentially detrimental effects of in-
vasion and plant competition on hydraulic strategies in ecosystems

endangered by droughts.
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