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Forest die-off can primarily affect the least drought-tolerant species and mortality be modulated by physiological
legacies left by drought. To characterize the functional response and physiological memory to water stress of two
phylogenetically and functionally close conifers with current contrasting field mortality and regeneration dy-
namics, we conducted a drought experiment in which seedlings were driven to death. Both species exhibited
isohydric behavior with small hydroscapes. Yet, hydraulic performance, osmotic adjustment and gas exchange
dynamics under rising water stress consistently showed that Pinus pinea was more resistant to drought than Pinus
pinaster. Under water stress, P. pinaster exhibited greater water use efficiency, but higher photochemical damage
and more constrained photosynthetic and stomatal conductance dynamics than P. pinea. Xylem conductivity loss
under water stress and the wilting point were lower in P. pinea. Osmotic potential at full turgor decreased in
P. pinea but it increased in P. pinaster with increasing water stress below a water potential threshold. Conse-
quently, lethal water stress levels were higher for P. pinea than for P. pinaster. Synergistically, cumulative water
stress induced physiological legacies curtailing carbon uptake and hydraulic performance in both species.
Negative physiological legacies left by memory to water stress in plants, might explain delayed tree mortality
years after drought. The functional responses to drought characterized agree with current field demographic
dynamics under climate change in mixed evergreen forests where more drought-tolerant taxa like P. pinea are
replacing formerly dominated P. pinaster stands.

1. Introduction assessed concomitantly at different ontogenic stages because critical

stress levels can differ along the life span of trees (Martinez-Vilalta and

Drought in combination with heatwaves and increases in vapor
pressure deficit under climate change are intimately linked to observed
forest die-off (Brodribb et al., 2020; Breshears et al., 2021; Hammond
etal., 2022). Increased mortality rates can lead to ecological substitution
of plant communities (Cobb et al., 2017; Jacobsen and Pratt, 2018;
Johnson et al., 2018; McDowell et al., 2020). Ecosystems dynamics
greatly depend on the species capacity of acclimation to disturbances
such as drought (Hudson et al., 2018; Jacobsen and Pratt, 2018; Ham-
mond et al., 2019; Rosas et al., 2019), interlinked to other abiotic and
biotic stressors along spatio-temporal gradients (Anderegg et al., 2015;
Breshears et al., 2021; Trugman et al., 2021; Zandalinas and Mittler,
2022). However, we still do not entirely understand how physiological
mechanisms govern forest dynamics and which functional response
thresholds explain species decline. Species decline in forest dynamics
under increased stress is simultaneously expressed by adult mortality
and lack of regeneration. Demographic responses to stress need to be
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Lloret, 2016; Gea-Izquierdo et al., 2019; McDowell et al., 2020; Shriver
et al., 2022). In this context, it is essential to better characterize the
physiological mechanisms behind drought-induced increase in forest
mortality rates observed globally (Trugman et al., 2021; Hartmann
et al., 2022; McDowell et al., 2022).

The mechanisms explaining drought-induced mortality include
complex interdependent constraints in the plant carbon and water dy-
namics (Adams et al., 2017; Choat et al., 2018; McDowell et al., 2020,
2022). Functional acclimation at different time scales leave legacies in
physiological performance reflecting a memory of past and accumulated
water stress, which complicates assessment of implication of single
drought events on tree mortality (Niinemets and Keenan, 2014; Kan-
nenberg, 2019a, 2019b; Gessler et al., 2020). To assess forest dynamics
and predict die-off episodes, it is necessary to identify trait-specific
response thresholds to drought (Choat et al., 2018; Hammond et al.,
2019; Arend et al., 2021; Mantova et al., 2022). Forest die-off under

Received 19 May 2023; Received in revised form 7 August 2023; Accepted 22 August 2023

Available online 24 August 2023

0098-8472/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:gea.guillermo@inia.csic.es
www.sciencedirect.com/science/journal/00988472
https://www.elsevier.com/locate/envexpbot
https://doi.org/10.1016/j.envexpbot.2023.105484
https://doi.org/10.1016/j.envexpbot.2023.105484
https://doi.org/10.1016/j.envexpbot.2023.105484
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envexpbot.2023.105484&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Gea-Izquierdo et al.

increasing recurrence of hot-droughts may primarily occur on the least
drought-tolerant species (Niinemets and Valladares, 2006; Cobb et al.,
2017; Jacobsen and Pratt, 2018; Brodribb et al., 2020). Changes in forest
dynamics have been observed in mixed stands at species xeric rear-edges
of their distribution, where more drought-tolerant species preferentially
dominate under increasingly more xeric conditions (Woodruff et al.,
2015; Martinez-Vilalta et al., 2016; Jacobsen and Pratt, 2018; Johnson
et al., 2018; Gea-lzquierdo et al., 2021). Intra- and interspecific
co-variation of traits shaping species drought-tolerance can be inti-
mately related to the physiological mechanisms explaining
drought-induced mortality (Mencuccini et al., 2015; Pivovaroff et al.,
2016; Li et al., 2019; McDowell et al., 2022).

Carbon assimilation is intimately linked with plant hydraulics and
plant-water relations (Nobel, 2009; Flexas et al., 2014; Deans et al.,
2020; Joshi et al., 2022). Leaf-level physiological adjustments under
water stress result in reductions in leaf area and hydraulic conductance,
more stringent stomatal control of water losses, increase of
non-photochemical dissipation mechanisms and damages in leaf
photochemistry (Maxwell and Johnson, 2000; Niinemets and Valla-
dares, 2006; Flexas et al., 2014; Arend et al., 2022). Consequently,
carbon assimilation is constrained under water stress which in turn
impacts post-drought hydraulic plant recovery (Sperry et al., 2015;
Skelton et al., 2017; Kannenberg et al., 2020; Rehschuh et al., 2020).
Hydraulic performance under water stress is regulated by the interplay
of different mechanisms that maintain the water continuum within the
plant. These mechanisms include osmoregulation, the xylem resistance
to cavitation and other physiological traits defining the plant degree of
isohidry (Klein, 2014; Martinez-Vilalta and Garcia-Forner, 2017; Fu and
Meinzer, 2018; Hochberg et al., 2018; Lens et al., 2022). Hydraulic
failure is proposed as a central mechanism involved in drought-induced
tree mortality, therefore in forest die-off (Adams et al., 2017; Choat
et al., 2018; Mantova et al., 2022; McDowell et al., 2022). However, tree
hydraulic dysfunction can be buffered by other plant adjustments
including plant hydraulic segmentation, organ-level variability in xylem
vulnerability to water stress, and the capacity of osmotic adjustment of
leaf wilting point (Meinzer et al., 2014; Sperry and Love, 2015; Bartlett
et al., 2016; Martinez-Vilalta and Garcia-Forner, 2017; Aranda et al.,
2021). Therefore, it is necessary to characterize complete functional
responses along the hydraulic pathway in response to water stress to
identify thresholds portending individual tree mortality (e.g. lethal
water potentials, Wethq. Li et al., 2015; Hammond et al., 2019; Liang
et al,, 2021) and to inform mortality models under climate change
(Sperry et al., 2015, 2019; Trugman et al., 2021; de Kauwe et al., 2022;
Mantova et al., 2022).

Species substitution at the ecosystem level under climate change in
mixed forests often involve species that are functionally different.
However, more subtle changes between closely related species may be
earlier symptoms of ecosystem changes. For example, in Mediterranean
evergreen mixed forests, Pinus pinaster Ait. exhibits higher adult mor-
tality and lower or total lack of regeneration rates than co-occurring
species like Pinus pinea L., which is phylogenetically and functionally
very close (Gea-Izquierdo et al., 2019; Vergarechea et al., 2019; Férriz
et al., 2021). P. pinea can be considered more tolerant to drought than
P. pinaster as shown by its higher resistance to xylem cavitation under
water stress (Martinez-Vilalta and Pinol, 2002; Oliveras et al., 2003;
Delzon et al., 2010; Battipaglia et al., 2016). Contrasting species dy-
namics under climate change may be explained by differences in their
functional strategy under water stress. We characterized physiological
performance under rising and up to lethal drought levels, and explored
the existence of physiological legacies to water stress in the hydraulic
and carbon functions. Seedlings of two pine species (P. pinea and
P. pinaster) were experimentally set to rising water stress until plants
died. Specifically, we explored differences in species performance and
response thresholds during increasing water stress leading to lethal
drought. We also analyzed whether past water stress impose negative
memory effects in key physiological traits. In particular, we tested the
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following hypotheses as likely explanations for currently observed
greater success of P. pinea than P. pinaster during early life stages: (1)
P. pinea holds higher hydraulic resistance to cavitation and higher
osmoregulation capacity under water stress; (2) P. pinea exhibits less
stringent stomatal regulation, higher photosynthetic rates, and lower
photochemical damage under rising water stress; (3) cumulative
drought leaves physiological legacies in the two species, i.e. longer and
more intense water stress levels imprint lagged negative effects on plants
curtailing hydraulic and photosynthesis performance.

2. Material and methods
2.1. Experimental setting

We conducted an experiment in which seedlings of P. pinaster and
P. pinea were exposed to increasing drought levels until death was
induced. Seeds of the two species were sown in plastic boxes with sand
in March 2020. Once they have germinated, the seedlings were trans-
planted to 0.5-L pots containing a 3:1 (v/v) mixture of peat moss
(Floratorf, 0-7 mm, Floragard Vertriebs GmbH, Oldenburg, Germany)
and washed river sand, enriched with 2 kg m Osmocote Plus fertilizer
(16-9-12 NPK +2 micronutrients, Scotts, Heerlen, Netherlands). Seed-
lings were grown and maintained well-watered during one growing
season in a greenhouse with temperature 15-25°C and relative humidity
40-60%. In March 2021, one-year old seedlings were transplanted to 2-L
pots with the same substrate mixture and slow release fertilizer. Plants
were initially well-watered for two months to minimize transplant
stress. They were then assigned to three different watering regimes
(hereafter, pre-WS or water stress memory pre-conditioning) main-
tained for three months (June through late August), as follows: control
plants (WW), watered twice a week; moderate water stressed plants
(WS1), watered once a week; and severe-stressed plants (WS2), watered
once every two weeks. In all cases, plants were watered to the full water
holding capacity of the substrate. On September 3rd, all plants in the
experiment were rehydrated to full water holding capacity. After that,
irrigation was fully withdrawn from all plants. During the next three
months (cycle of water deprivation to death), different functional traits
were recorded at 9 evenly distributed sampling times for gas exchange
and chlorophyll fluorescence parameters, and 3 evenly distributed
sampling times for the pressure-volume (P-V) curves and hydraulic pa-
rameters. Measurements were stopped after three consecutive gas ex-
change measurements (A, and g;) rendered zero. This consistent zero-
gas exchange point was associated to plant mortality as expressed by
visual estimation of total needle dry-out and full turgor loss.

2.2. Leaf gas exchange and chlorophyll fluorescence

For every plant included in the experiment we measured leaf gas
exchange and leaf chlorophyll fluorescence on light-adapted needles at a
photosynthetic photon flux density (PPFD) of 1500 ymol m? s™! using a
Li-Cor 6400 portable photosynthesis system (Li-Cor, Inc. Lincoln, NE,
USA) with a 6400-40 fluorescence chamber and the built-in Li-Cor
6400-01 CO, mixer. CO, concentration was set at 400 pmol mol’, leaf
temperature at 22.5 + 1.5 ° C (mean + standard deviation), relative
humidity at 51.9 + 4.0% and vapor pressure deficit (VPD) at 1.4 + 0.1
kPa. Several fully developed needles of the most apical shoot were
selected, aligned and enclosed in the cuvette gasket. Records were taken
after stabilization of stomatal conductance to water vapor (gs) to ensure
stable readings. Measurements were carried out each sampling date on 6
randomly selected plants per species and pre-WS combination. The leaf
area enclosed in the infrared gas analyzer (IRGA) gasket was measured
on leaf scanned images (Scanner Epson Expression 12000XL, Nagano,
Japan) analyzed with Fiji (Schindelin et al., 2012). Right after the gas
exchange measurements, we used one FMS-2 pulse chlorophyll fluo-
rometer (Hansatech InstrumentsLtd, King’s Lynn, UK) for additional
chlorophyll fluorescence measurements on ambient light-adapted
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needles (PPFD of 1420 + 122 pmol m? s1). Several fully developed
needles adjacent to those used previously for gas exchange measure-
ments were aligned and enclosed to cover the whole measuring area of
the fluorometer leaf-clip. A final 5-second far-red pulse combined with a
transient shading of the sample was applied during these chlorophyll
fluorescence measurements to determine Fy’ (i.e. the minimum fluo-
rescence of a light-adapted leaf darkened for a few seconds). Leaf
chlorophyll fluorescence was also assessed on the same needles after 30
min of dark-adaption.

Net photosynthesis (A;) and gs were obtained from gas-exchange
measurements. Different photochemical and non-photochemical
quenching parameters (Maxwell and Johnson, 2000; Lambers et al.,
2008; Niinemets and Keenan, 2014) were obtained from chlorophyll
fluorescence measurements, including the Electron transport rate (ETR),
non-photochemical quenching (NPQ), photochemical quenching (qp)
and the maximal efficiency of Photosystem II or quantum yield (Fy/Fp,),

’

calculated as: (1) ETR = (F "'/‘F»‘> flaeqs; (2) NPQ = %, (3) gP = In=F,

Frl ~ Fn—Fo”
(4) F,/Fp = E "‘F;F °, Where F,,’” is maximum fluorescence during a satu-
rating light pulse of a light-adapted leaf; F; is steady state fluorescence of
a light-adapted leaf; Fy is minimum leaf fluorescence of a dark-adapted
leaf; Fp, is maximum fluorescence under a saturating light pulse of a
dark-adapted leaf; f is the fraction of absorbed quanta used by PSII
(assumed to be 0.5 for C3 plants); I is the incident photosynthetic active
radiation; and oe4¢ is leaf absorptance.

2.3. P-V curves and leaf osmotic regulation

After each gas exchange measurement, terminal twigs with several
needles were harvested in the early morning to build pressure-volume
(P-V) curves. For this, 5 plants were sampled every time from each
combination of species and pre-WS, resulting a total of 76 curves finally
used in our analyses. Predawn (¥,q) and midday water potentials (¥rq)
were recorded on the same plants with a Scholander chamber (PMS
Instrument Company, Model 1505D-EXP, Albany, OR, USA). Twigs were
rehydrated before the curves were built. Pairs of balanced pressure-
weight measurements were considered sequentially for each curve
until completing 12-14 records (Robichaux, 1984; Aranda et al., 2021).
From these measurements, we derived several water parameters: os-
motic potential at full (Wngy)) and zero turgor (Wnrrp), maximum bulk
modulus of elasticity (emax), relative water content at zero turgor
(RWCy), apoplastic water fraction (relative water content in the apo-
plast, RWCypo), and leaf ratio of saturated weight to dry weight
(SW/DW). enax Was estimated considering the full range of relative
water content before turgor loss. The leaf capacitance before (Cpef) and
after (Caf) the wilting point were calculated as the slope of the rela-
tionship between ¥ and water losses normalized by twig dry weight.
Leaf osmoregulation was analyzed along the evolution of Wrg under
increasing water stress inferred from seedling ¥pq.

2.4. Xylem hydraulic conductivity, native embolism and hydroscape
calculations

The same sampling dates for the P-V curves and after leaf gas ex-
change, chlorophyll fluorescence, ¥pq and Wyin had been measured, a
total of 125 plants were harvested for hydraulic measurements. To
measure the stringency of stomatal control under soil drying (as indi-
rectly estimated by W,q), we defined species-specific hydroscapes as
from Meinzer et al. (2016). To delimit the hydroscape triangle, the
trajectory of Wnin as a function of ¥pq under soil drying is divided in
three phases where data from Phase 2 (i.e. data associated to stomata
regulation, see Fu and Meinzer, 2018) need to be distinguished. We used
a novel systematic data selection procedure based on the relationship
between g5 and Wi, (Klein, 2014; Knipfer et al., 2020) to establish the
boundaries defining the hydroscape triangle (Appendix 1): (i) to set the
point at which Wpq= ¥min, we discarded data below the ¥ threshold at
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which the sigmoid relationship between g5 and Wp,;, reaches zero, i.e.
plant water potential for full stomata closure (§ in Appendix 1); (ii) to
eliminate from hydroscape calculations those data where variations in
Wmin are likely associated to variations in irradiance and VPD (Fu and
Meinzer, 2018), we discarded data points where Wy,;, was higher than
that at 0.99 of the asymptote between g5 and ¥p,i, assuming that this
relationship follows a sigmoidal curve (Appendix 1 and 2). HAs calcu-
lated were compared with the slopes of Win=a-+b-¥pq as metrics related
to the water use strategy of species (Martinez-Vilalta et al., 2014;
Meinzer et al., 2016).

To measure hydraulic conductance, we cut the harvested plants
under water, immediately wrapped them in wet paper and enclosed
them in airtight black plastic bags to stop transpiration (Cochard et al.,
2013). Once in the laboratory, stem basal segments of ~30 mm in length
were cut under water and carefully debarked. Because resin may
complicate hydraulic measurements in conifers (Corcuera et al., 2011;
Melcher et al., 2012), three segments per plant were measured to in-
crease robustness of the hydraulic conductance estimates (we report
mean plant values). We measured the length and diameters at both ends
of stem segments. Measurements of xylem embolism and hydraulic
conductance were performed using XYL’EM-Plus (Xylem Embolism
Meter, Bronkhorst High Tech, France) with deionized, degassed water
(Liqui-Cel Mini-Module degassing membrane). We first measured initial
xylem conductance (K) with a low-pressure head of 4.5 kPa. Then, we
removed embolism by perfusing the segment with a high pressure of
1.75 MPa for over 10 min and then returned to the initial low pressure
mode to measure maximum conductance (Kpnax) (Cochard et al., 2013;
Melcher et al., 2012). This was repeated until Kyax did not further in-
crease. Xylem conductivity was estimated from xylem conductance by
considering the length of the stem segment. Percent loss of hydraulic
conductivity (PLC) caused by cavitation in the xylem was calculated as
PLC= 100 * (1-K/Kpax)- For each sample, we calculated the specific
hydraulic conductivity (K;) as K/As (As =sapwood area), and the
leaf-specific conductivity (Kj) as K/Aj (Aj= total plant leaf area) (Tyree
and Ewers, 1991).

The relationship between PLC and Wi, was described by a sigmoidal
equation commonly used to fit vulnerability curves (Pammenter and
Vander Willigen, 1998): PLC = 100-(1 + exp(a:(Wmin — P50)) ) ' where
a and P50 are constant parameters, the latter representing the pressure
at which there is a 50% loss of conductivity. Additionally, we calculated
the leaf-specific apparent hydraulic conductance in the soil-
plant-atmosphere continuum (Ky) applying Darcy’s law (Aranda et al.,
2005; Nobel, 2009; Hudson et al., 2018): K;, = ﬁ, where ¥ and

Wnin are the soil and leaf water potentials respectively and E the tran-
spiration rate in a leaf area basis measured with the IRGA. We used ¥pq
as a proxy to bulk soil water potential (Fu and Meinzer, 2018; Hochberg
et al.,, 2018; Charrier, 2020). We calculated leaf turgor as Wp
= Yhin-¥Prrp (Nobel, 2009; Meinzer et al., 2014). Additionally, to
further characterize the species water use strategy we calculated two
different hydraulic safety margins (HSM. Meinzer et al., 2009; Li et al.,
2019; Knipfer et al., 2020; Lopez et al., 2021): (1) an osmotic HSM:
HSMo= (Wrrip-Pso), (2) a stomatal HSM: HSMg= (¥gs0-Pso); where
Y.rip are estimated values per individual and species and Wgs is the
species water potential at full stomatal closure (see below).

2.5. Analyses of the response in functional traits to water stress

Bivariate relationships between functional traits, and between
functional traits and water stress (¥) were assessed (Zhou et al., 2013;
Knipfer et al., 2020). To address different physiological relationships,
we statistically selected the best model that fitted the bivariate re-
lationships comparing only those functions with an ‘a priori’ physio-
logical theoretical basis. Different linear and non-linear relationships
were compared (see Appendix 2 for more details on the functions and
physiological interpretation of parameters), including: (1) piece-wise
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regressions to test for the existence of tipping points or response
thresholds in linear processes, e.g. for photochemistry and osmotic pa-
rameters as a function of ¥pq; (2) sigmoid functions to address non-linear
relationships with physiologically meaningful horizontal maximum as-
ymptotes (e.8. Apmax, 8smax), absolute minima (e.g. full stomatal
closure, W50 = water potential at which g5 =0, used in HSMj,), and in-
flection points (e.g. used to mimic Ay, vs. Ynin); (3) exponential functions
to address exponential relationships (e.g. K vs. Wnin); (4) asymptotic
exponential relationships with horizontal asymptote and xyo =yo = 0 (e.g.
A, vs. g5). To test for differences between species and watering treat-
ments we calculated 95% confidence intervals for the estimated linear or
non-linear means of the different relationships fit. All analyses were
carried out in R (R Core Team, 2020).

3. Results
3.1. Gas exchange and photochemistry under increasing water stress

P. pinaster used water more efficiently than P. pinea as shown by gas
exchange profiles: both A, vs. gs (i.e. iIWUE =A,/gs; Fig. 1A) and A, vs.
Er (i.e. WUE =A,/E; Beer et al., 2009; Medlyn et al., 2017. Appendix
3A). Therefore P. pinea was less isohydric with higher maximum sto-
matal conductance and transpiration rates but similar maximum A,, than
P. pinaster. These differences in species-specific WUE were explained by
higher sensitivity of leaf gas exchange (A, and g;) to water stress (i.e.
faster decrease with decreasing water potentials) in P. pinaster than in
P. pinea (Fig. 2). Complementarily, the photochemistry of P. pinea was
more resistant to water stress than that of P. pinaster. The latter exhibited
greater levels of non-photochemical energy dissipation and less efficient
photochemistry under water stress. P. pinea expressed greater A, vs. ETR
than P. pinaster (Fig. 1), lower NPQ (Fig. 3A), less steep decrease in qP
with decreasing ¥pq (Fig. 3B), and higher Fv’/Fm’ (Appendix 4). In
addition, P. pinea reached a tipping point marking a decrease in Fv/Fm
with increasing water stress at lower Wyq (Fig. 3C).

Water stress from pre-WS treatments left negative physiological
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legacies in seedlings. Both iWUE (Fig. 1B) and WUE (Appendix 3B) were
lower in WS1 and WS2 than in WW seedlings. Maximum gas exchange
(both A, and g;) was lower (i.e. greater fatigue) in WS2 plants, which
reached full stomata closure earlier at higher water potentials than WW
and WS1 plants (Fig. 2). WW reached higher A, with lower ETR than
WS2 plants. WS2 approached zero A, faster (Fig. 1) than WW plants,
because the latter kept ETR at higher levels under increasing water stress
(Appendix 4c). In contrast, water stress memory did not leave legacies in
the other fluorescence parameters: NPQ, qP, Fv/Fm and Fv’/Fm’ were
similar across pre-WS treatments (Fig. 3, Appendix 4d).

3.2. Plant-water relations under increasing water stress

P. pinea was more resistant to xylem cavitation than P. pinaster, as
shown by lower P50 calculated using the native embolism estimates
(P. pinea, P50 = —3.74+0.34 MPa; P. pinaster, P50 = —2.7+0.13 Mpa),
and by consistently greater leaf-specific conductance with decreasing
Wmin (Fig. 4) in P. pinea. There was a negative memory to water stress in
hydraulic traits as shown by higher PLC and lower Kj in WS2 than in
WW plants at high W, levels greater than ~ — 2 MPa (Fig. 4c, d). This
shows that WS2 plants had a higher initial baseline level of native xylem
embolism induced by water stress during the pre-WS treatment that was
not repaired by complete rewatering previous to total water deprivation
in the experiment. The hydraulic safety margins were larger in P. pinea
(HSM,=1.6 + 0.7 MPa; HSM=1.5 MPa) than in P. pinaster (HSM,=0.9

+ 0.4 MPa; HSMy=0.8 Mpa). We observed no interaction between

species and pre-WS treatments for PLC (Appendix 5).

Leaf turgor was lost (i.e. negative Wp) faster, and a tipping point in ¥p
was reached earlier at higher Wy in P. pinaster than in P. pinea. After the
tipping point, Wp progressively declined in both species with decreasing
plant water potential (Fig. 5a). Osmoregulation capacity was higher
under water stress in P. pinea than in P. pinaster (Fig. 5). Capacitance
after the turgor loss point (TLP) was higher in P. pinaster. Remarkably,
both the ¥Yrrp and Y199 were similar for the two species down to
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Fig. 2. Photosynthesis and stomatal conductance as a function of midday water potential (¥pn). (a)-(b) by species; (c)-(d) by water treatment. Polygons represent

95% confidence intervals for the estimated means.
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Wpa = — 1MPa, but thereafter diverged between species: both parame-
ters increased with increasing water stress in P. pinaster (i.e. plants
weakened their osmotic adjustment capacity), while they decreased in
P. pinea (Fig. 5c, d). There was no difference among the three pre-WS
treatments (i.e. no memory to water stress) for any of the different
osmoregulation parameters (Appendix 6).

Finally, as an integration of functional adjustments to define the
hydraulic strategy, both species had very small and similar hydroscapes
(Fig. 6). Both species being very isohydric, the slightly larger hydroscape
in P. pinea suggested a comparatively less isohydric behavior than
P. pinaster.

4. Discussion

High mortality rates in many forests worldwide makes research on
the hydraulic and carbon mechanisms explaining drought-induced and
heat-induced mortality one of the most urgent matters in global change
ecology (Brodribb et al., 2020; Trugman et al., 2021; Hammond et al.,
2022; Hartmann et al., 2022; McDowell et al., 2022). Despite expressing
isohydric behavior with small hydroscapes (Martinez-Vilalta and
Garcia-Forner, 2017; Meinzer et al., 2016; Fu and Meinzer, 2018; Li
et al., 2019), the two closely related conifers studied exhibited different
physiological performance under increasing water stress driving plants
to mortality. Adding to species-specific differences in drought-tolerance
and performance under water stress, seedlings carried negative physi-
ological legacies in the hydraulic and carbon functions left by cumula-
tive water stress previous to full watering withdrawal (Anderegg et al.,
2013; Wu et al., 2018; Kannenberg et al., 2019a, 2020; Zweifel et al.,
2020). Observed differences in the sensitivity to drought of seedlings
agree with much scarcer regeneration of P. pinaster than P. pinea in
mixed stands (Gea-Izquierdo et al., 2019; Vergarechea et al., 2019;

Férriz et al., 2021, 2023). Our results suggest that physiological fatigue
under cumulative water stress might be a key physiological mechanism
predisposing drought-induced mortality in trees (Cailleret et al., 2017;
Choat et al., 2018; Gessler et al., 2020; Mantova et al., 2022).

4.1. Drought-tolerance and physiological performance under increasing
water stress

The plethora of functional processes regulating the carbon and water
balances in plants are linked to the mechanisms governing drought-
induced mortality (Adams et al., 2017; Deans et al., 2020; de Kauwe
etal., 2022; Joshi et al., 2022; McDowell et al., 2022). Similarly, species
drought-tolerance is determined by coordination of different functional
traits at different organizational scales (Niinemets and Valladares, 2006;
Mencuccini et al., 2015; Bartlett et al., 2016; Lopez et al., 2021). P. pinea
seedlings were more tolerant to drought than those of P. pinaster
consistently in both hydraulic and gas exchange traits. P. pinea had
better hydraulic performance under water stress than P. pinaster as
expressed among other functional traits by wider hydraulic safety
margins and lower P50 (Martinez-Vilalta and Pinol, 2002; Oliveras
et al., 2003; Delzon et al., 2010; Battipaglia et al., 2016). P. pinaster
shows little intraspecific variability in embolism resistance among
populations (Corcuera et al., 2011; Lamy et al., 2014), suggesting that
homeostasis in plant water status is probably achieved through indi-
vidual phenotypic plasticity of other coordinated traits (Corcuera et al.,
2012; Pivovaroff et al., 2016; Rosas et al., 2019; Fernandez-de-Simon
et al., 2020). Our P50 estimated using native embolism measurements
were higher than those reported for P. pinaster by Delzon et al. (2010),
Lamy et al. (2014) and Corcuera et al. (2011), but very similar to those
reported for the two species by Martinez-Vilalta and Pinol (2002), Oli-
veras et al. (2003) and Battipaglia et al. (2016). Lower P50 in P. pinea
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Fig. 5. (a) Leaf hydrostatic pressure (turgor, ¥p) as a function of midday water potential (Wp,in); (b) Capacitance after the turgor loss point (TLP), (c) osmotic
potential at the turgor loss point (Wrrrp), and (d) osmotic potential at full turgor as a function of predawn leaf water potential (¥,q) by species. Negative ¥p values in
(a) correspond to Wpi, < Prrrp. Polygons represent 95% confidence intervals for the estimated means.

than P. pinaster seems to be a species general pattern, given that P50 can
show some intraspecific plasticity (Feng et al., 2023 but see Alon et al.,
2023). P. pinea also shows higher xylem phenotypic plasticity under
water stress than P. pinaster (Férriz et al., 2023). Consequently P. pinea
was able to keep comparatively higher leaf-specific conductivities
(Martinez-Vilalta and Pinol, 2002; Corcuera et al., 2011; Poyatos et al.,
2013). Both species reached similar maximum A,,, but P. pinea achieved
greater maximum g; rates, and exhibited more efficient photoprotection
mechanisms, hence suffered less photochemical damage under high
water stress (Flexas et al., 2014; Niinemets and Keenan, 2014). Although
P. pinaster is more efficient using water (Martinez-Vilalta and Pinol,
2002; Corcuera et al., 2012; Medlyn et al., 2017; Férriz et al., 2023),
plant carbon and water dynamics were more resistant to water stress in
P. pinea seedlings.

It is necessary to assess plant vulnerability along the whole stem-leaf
hydraulic pathway and the soil-plant-atmosphere continuum to gain a
complete understanding of forest dynamics under climate change
(Sperry et al., 2015, 2019; Mencuccini et al., 2019; Skelton et al., 2019).
P. pinea kept higher osmoregulation capacity under high water stress
than P. pinaster. Plants reached negative leaf turgor under high water
stress, which does not seem to be an exception in plants (Charrier, 2020;
Knipfer et al., 2020; Ali et al., 2023; Alon et al., 2023). Remarkably,
P. pinaster was not able to maintain osmoregulation at water potentials
below — 1.0 MPa. After this threshold, P. pinaster seemed to lose or at
least weaken its capacity of osmotic adjustment, whereas P. pinea
maintained it with increasing water stress though at a slower pace.
Osmoregulation plays also an important role to understand

non-structural carbohydrate (NSC) dynamics in trees under stress
(Martinez-Vilalta et al., 2017; Fernandez-de-Simon et al., 2020; Aranda
etal., 2021; Arend et al., 2021). Reductions in the carbon balance forced
by stress constrain not only primary and secondary growth, but also
different metabolic processes highly carbon demanding such as those
related to the synthesis of NSC and osmoregulation (Sapes et al., 2021;
Thompson et al., 2023). Although a moderate osmotic adjustment ca-
pacity linked with specific metabolic changes in response to drought has
been reported for both species (Fernandez et al, 1999;
Nguyen-Queyrens et al., 2002; Nguyen-Queyrens and Bouchet-Lannat,
2003; Deligoz and Gur, 2015; de Miguel et al., 2016; Fernandez de
Simon et al., 2020), this mechanism was more limited under extremely
dry conditions in P. pinaster than P. pinea. The turgor loss point is inti-
mately connected to the degree of isohidry and associated adjustment of
functional traits defining the plant water use strategy (Bartlett et al.,
2016; Li et al., 2019; Knipfer et al., 2020; Liang et al., 2021; Salvi et al.,
2022). The leaf turgor loss point (Pryrp) and associated total loss of leaf
conductivity have been associated with Wetha). Higher Wietha) in leaves
than stems can be expected from hydraulic segmentation theory, a
strategy that can be employed by plants to protect their hydraulic system
(Tyree and Ewers, 1991; Skelton et al., 2019; Charrier, 2020; Brodribb
et al., 2020; Lens et al., 2022). A poor capacity of osmoregulation in
response to increasing water stress would have strong implications for
species capacity to withstand a warmer and drier climate (Lambers
et al., 2008; Meinzer et al., 2014; Bartlett et al., 2016; McDowell et al.,
2022; Salvi et al., 2022). These results stress the importance of
addressing osmoregulation capacity across species as a key trait to buffer
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the negative effects of climate change.

4.2. Memory to cumulative water stress can leave negative physiological
legacies

Addressing lagged physiological effects left by cumulative past stress
across organizational scales and functional traits in plants is complex.
Drought and other abiotic stresses leave legacies in forests, conditioning
posterior tree performance under recurrent stress (Anderegg et al., 2013;
Wu et al., 2018; Brodribb et al., 2020; Kannenberg et al., 2019a, 2019b;
Gessler et al., 2020). Physiological legacies can affect both the water and
carbon balances (Anderegg et al., 2013; Skelton et al., 2019; Kannenberg
et al., 2020; Zweifel et al., 2020). In our study, physiological memory to
previous water stress in the carbon balance affected the gas exchange
and photosynthetic efficiency but not the leaf photochemical energy
dissipation processes (Niinemets and Keenan, 2014). Seedlings with-
standing higher water stress previous to full watering withdrawal (i.e.
pre-WS treatment) expressed lower leaf-level water use efficiency (both
iWUE and WUE), lower maxima A, and gs, with more sensitive stomatal
regulation and curtailed photosynthesis under increasing water stress (i.
e. lower ¥). We expected memory effects in the hydraulic function
because hydraulic recovery after drought, if existent, requests formation
of new conductive area (Skelton et al., 2019; Rehschuh et al., 2020). The
water stress levels achieved in the pre-WS treatments were not meant to
be extreme compared to those later reached by the plants in the full
water deprivation phase at the end of the experiment. Although we
observed no legacy effects in osmotic regulation, our plants could have
expressed certain degree of hydraulic fatigue as shown by initial PLC
above zero and steeper declines in Kh in WS2 plants as a result of the
pre-WS treatments. Hydraulic coordination between the stem and the
leaf level is complex. Therefore, xylem hydraulic loss in plants can
produce long-lasting legacies in the regulation of gas exchange (Skelton
et al., 2017; Hammond et al., 2019; Kannenberg et al., 2020; Arend
et al.,, 2021 but see Li et al., 2015). The physiological memory in the
carbon function might also be related to quantitative or qualitative re-
ductions in certain metabolites within NSC (Poyatos et al., 2013; Adams
et al., 2017; Arend et al., 2021, 2022).

Environmental and Experimental Botany 214 (2023) 105484

The coordination of functional traits explaining species differences in
drought-tolerance was linked to differences in physiological thresholds
before mortality. Altogether, our results show that P. pinea seedlings
died under higher water stress levels (i.e. Wjethal Was likely reached at
higher absolute levels) than P. pinaster seedlings. This agrees with our
hypothesis that current contrasting adult mortality and regeneration
dynamics of these species in mixed stands can be explained by differ-
ences in species tolerance to enhanced intensity and duration of drought
(Gea-Izquierdo et al., 2019; Férriz et al., 2021, 2023). Additionally,
physiological legacies to cumulative water stress might help to explain
lagged tree mortality years after drought events in natural populations
(Cailleret et al., 2017; Tai et al., 2017; Kannenberg et al., 2020;
Gea-Izquierdo et al., 2021; McDowell et al., 2022). The subtle differ-
ences observed in the tolerance to drought of the two species suggest
that under expected scenarios of increased aridity and further increases
in VPD (Lionello and Scarascia, 2018; Grossiord et al., 2020; IPCC et al.,
2022), not only the dynamics of P. pinaster but also those of P. pinea
might be jeopardized in the future (Martinez-Vilalta and Lloret, 2016;
Sperry et al., 2015, 2019; de Kauwe et al., 2022).

5. Conclusions

The two pine species studied expressed negative physiological leg-
acies of drought and species-specific differences in hydraulic perfor-
mance, osmotic adjustment and gas exchange under rising water stress.
Being both species highly isohydric with very small hydroscapes,
P. pinea was consistently more tolerant to drought, and comparatively
expressed a more anisohydric behavior than P. pinaster. Although
P. pinaster has greater water use efficiency, P. pinea can maintain greater
performance under water stress expressed by lower xylem conductivity
loss, greater photosynthetic and stomatal conductance rates, lower
photochemical damage and higher capacity to maintain leaf osmotic
adjustment. This shows that P. pinea can withstand more severe water
stress levels, and therefore should have lower Wjeina than P. pinaster.
Additionally, higher water stress conditions previous to the lethal
drought treatment imprinted some physiological legacies in plants
including lower water use efficiency (WUE and iWUE) and curtailed
photosynthesis capacity with greater stomatal regulation. The lagged
physiological legacies in gas exchange of plants forced by a more intense
water stress pre-treatment was also expressed by certain degree of hy-
draulic fatigue with higher PLC and lower leaf specific conductance, but
not by changes in osmotic regulation. Extrapolated to field conditions,
our results may give insights on the physiological mechanisms and
thresholds behind species regeneration dynamics and mortality in mixed
stands under climate change.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Guillermo Gea-Izquierdo reports financial support was provided by
Ministry of Science Technology and Innovations.

Data Availability
Data will be made available on request.
Acknowledgements

This work is a contribution to projects PID2019-110273RB-100
funded by MCIN/AEI/10.13039/501100011033; TED2021-131947B-
100 funded by MCIN/AEI /10.13039/501100011033 and by the EU
NextGenerationEU/PRTR; and REMEDINAL TE-CM-S2018/EMT-4338
funded by the CAM. D. Martin-Benito made helpful comments on a
previous draft. M.C. Rey performed the chlorophyll fluorescence mea-
surements and helped with the experiment setting.



G. Gea-Izquierdo et al.

Environmental and Experimental Botany 214 (2023) 105484

Appendix 1. Illustration of the systematic rule used to select data to calculate the species-specific hydroscape (HA). (a) Sigmoidal
relationship calculated between plant water potential (Wy,in) and stomatal conductance (gs) used to calculate thresholds (o and f) of
data used to calculate boundaries of the hydroscape; (b) The hydroscape triangle is depicted in shaded gray color in (b). Red color
symbols in (b) are those observations used to calculate the hydroscape boundaries together with the 1:1 line and the y-axis. Data shown
are for Pinus pinaster and include the black (all observations), red (those defining the hydroscape) and green (those not included in the
hydroscape) symbols. ¥,q= predawn water potential. See Fig. 6 for further interpretation of (b)
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Appendix 2. Non-linear functions used to mimic the studied physiological processes, i.e. bivariate relationships among functional traits
and among functional traits and plant water potentials

Function name Function Functional trait Parameters of physiological interest
X y
Piecewise regression Yy =ai +bex, forx <TP Wpd Fy/Fm, ¥p, YarLp, TP=Break or tipping points in linear processes
Yy =az + by ex, forx > TP Y100
Asymptotic y=a(l ,e(fb*)) g, Er Ay a = horizontal asymptote, i.e. maximum photosynthesis rate
exponential b = function shape-breadth
Sigmoid y=a(l- eHm)‘ ETR, Ap, g a = horizontal asymptote, i.e. maximum photosynthesis rate or stomatal
¥ min conductance
b = function shape-breadth
¢ = approximate of x at y ~ 0 (e.g. Wgs0)
inflection point=log(c)/b
Exponential y = a-ebx ¥ min Ky a=y(0)

b = function shape-breadth
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Appendix 3. Photosynthesis as a function of: (a) Leaf transpiration to HoO (WUE) for the two species. (b) for the three drought legacy

treatments
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Appendix 5. Percentage loss of conductivity (PLC) as a function of midday water potential (Wpi,) for the different pre-WS treatments.
95% confidence intervals are shown by pre-treatment. Calculated P50 values for the six groups (3 pre-WS, 2 species) are shown. See main
text and Fig. 4 for further explanation
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Appendix 6. Same as Fig. 5 but by water treatment instead of by species. (a) Leaf hydrostatic pressure (turgor, ¥p); (b) Capacitance after
the turgor loss point (TLP); (c¢) TLP; and (d) osmotic potential at full turgor. (a) is a function of midday water potential (¥y,i,), whereas
(b) to (d) are functions of predawn water potentials (¥pq) by species. Negative Wp values in (a) correspond to Wpnin < Wrrpp, i.e.
conditions were plants theoretically withstood water stress below the turgor loss point
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