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Stem photosynthesis can significantly contribute to the carbon budget of woody plants, providing an extra carbon
gain that might be crucial under drought stress causing leaf photosynthesis impairment and/or a reduced phloem

Stems of Fraxinus ornus L. saplings were covered with aluminum foil to test the impact of inhibition of stem

Embolism
Xylem vulnerability

photosynthesis on plant vulnerability to drought. Plants were water-stressed to target xylem water potential of
—3.5 MPa and were then re-irrigated to field capacity to quantify their recovery capacity. Vulnerability to xylem
embolism was assessed in light-exposed and stem-shaded saplings with both the hydraulic method and in vivo
with X-ray phase contrast micro-computed tomography. We also measured non-structural carbohydrate (NSC)

concentration and osmotic potential in bark and wood, separately.

Stem shading increased xylem vulnerability to embolism formation under drought but did not influence the
recovery phase. This difference was coupled with modification of the NSC pool and impaired osmoregulation, in
particular in the wood of stem-shaded saplings compared to control ones.

Our results indicate stem photosynthesis as an important source of local NSCs, directly or indirectly involved
in osmoregulation processes, which could be crucial to enhance the hydraulic resistance to embolism formation

and to endure drought.

1. Introduction

Ongoing climate change is producing an increase in the frequency/
severity of anomalous drought events (IPCC, 2022), leading to higher
rates of tree dieback and mortality (Allen et al., 2010; Hember et al.,
2017; Neumann et al., 2017). Drought-induced tree decline is mainly
related to hydraulic failure and/or carbon starvation (McDowell et al.,
2022). Since xylem and phloem functioning are strongly inter-related
(Holtta et al., 2009; Hubeau and Steppe, 2015), plant hydraulic and
carbon dynamics are intimately linked (Adams et al., 2009; McDowell,
2011; Adams et al., 2017), so that these two critical events are likely to
co-occur to some extent under drought (McDowell et al., 2011; McDo-
well et al., 2015; Lloret et al., 2018). Hence, when considering the ef-
fects of drought stress on plant survival, it is fundamental to consider
both processes (Nardini et al., 2011; Sevanto et al., 2014; Adams et al.,
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2017). A recent review highlighted the relationships between plant
hydraulics and non-structural carbohydrate (NSC) dynamics (Tomasella
et al., 2019b), as mediated by water and solutes exchanges between
xylem conduits and parenchyma cells where NSCs are stored.

Leaves are the primary photosynthetic organs for most woody spe-
cies, and are generally assumed to be the major source of carbon
assimilation. Nonetheless, a wide range of woody plants can carry out
photosynthesis even at stem level (Pfanz and Aschan, 2001), which can
be considered as an extra source of carbon assimilation that can help
plants to face drought events. Generally, the spatial distribution of
chloroplasts within stems strongly depends on the interspecific charac-
teristics in axial and radial light transmission through stem tissues (Sun
et al., 2003, 2005; Schmitz et al., 2012), which generally depends on
bark features (Aschan et al., 2001; Cernusak and Cheesman, 2015). The
functional advantage of stem photosynthesis lies in the fact that it can be
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Fig. 1. Schematic representation of the experimental design. Fraxinus ornus plants with stems light-exposed (Li) and shaded (LS, SS) are shown with brown and grey
stems respectively. Blu and red arrows indicate irrigation and drought treatments. The drought-recovery experiment aimed to compare control (Lic, LSc, SSc),

drought (Lip, LSp, SSp), and recovery (Lir, LSg, SSg) plants.

sustained either from the external COy uptake (at bark level) and/or
from the re-fixation of CO; released by respiration (Pfanz et al., 2002;
Teskey et al., 2008; Avila et al., 2014). Indeed, stem photosynthesis has
been reported to substantially contribute to wood production, thus
playing a key role in stem growth (Saveyn et al., 2010; Cernusak and
Hutley, 2011; Bloemen et al., 2013; Steppe et al., 2015), and bud
development (Saveyn et al., 2010). As an example, stem photosynthesis
was reported to contribute to stem growth by 25-56 % in three ever-
green woody species (Saveyn et al., 2010), by about 10 % in mature
Eucalyptus species (Cernusak and Hutley, 2011), and by 30 % in Populus
tremuloides (Bloemen et al., 2016).

The peculiar capacity of stems to rely on endogenous CO, (Pfanz
et al., 2002; Aschan and Pfanz, 2003; Wittmann and Pfanz, 2008) might
represent an important advantage when leaf photosynthesis is impaired
by stomatal closure and phloem transport is limited (Vandegehuchte
et al., 2015). The photosynthetic activity of stems might also minimize
the impact of absence of leaves due to seasonality (e.g. deciduous spe-
cies), and might become particularly important under stress conditions
(e.g. drought stress) (Teskey et al., 2008; Eyles et al., 2009). Indeed, the
first observations of photosynthetic stems were for desert plants
(Gibson, 1983; Nilsen, 1995) and recent studies have suggested a co-
ordination between stem photosynthesis and hydraulics in these species
(Avila-Lovera et al., 2017).

The first clear evidence of an involvement of stem photosynthesis in
hydraulic functioning was provided by Schmitz et al. (2012), who
highlighted a reduction in stem hydraulic conductivity in detached
branches of different mangrove species after branches were covered to
block light penetration. This led to the hypothesis that the inhibition of
stem photosynthesis induced a depletion of carbohydrate reserves with
consequent failure of embolism repair processes (Nardini et al., 2018).
Moreover, inhibition of stem photosynthesis can induce stems to shrink
more drastically in response to severe drought stress (Bloemen et al.,
2016). Hence, sugars produced at stem level might potentially be
involved in maintaining the turgor of wood parenchyma cells, which are
supposed to assist xylem hydraulic functioning (Secchi et al., 2021;
Tomasella et al., 2021; Kawai et al., 2022). Similarly, light-excluded
branches of Populus nigra displayed a steeper increase in embolism for-
mation for any given water potential, compared to control stems (De
Baerdemaeker et al., 2017). A recent study pointed out that stem
shading had a different impact on an evergreen woody species (Laurus
nobilis) compared to a deciduous one (Populus alba) (Trifilo et al., 2021).

Specifically, the inhibition of stem photosynthesis affected the growth of
Laurus nobilis but not of Populus alba. Conversely, stem shading affected
the ability to recover from xylem embolism in P. alba, but not in
L. nobilis.

All the above studies suggest that stem photosynthesis might have an
impact on hydraulic functioning under drought, or on recovery capacity
after drought release. An important unresolved issue concerns the
contribution of stem photosynthesis to the NSC pool in the wood, and
how this interacts with hydraulic responses during and after drought. In
this study, we report a set of experiments aiming to test the impact of
long- and short-term stem shading on hydraulic responses to drought of
Fraxinus ornus L. This species was selected because it is known to have
functional chloroplasts in bark and wood (Natale et al., 2023), and
because it is a drought-tolerant tree facing prolonged summer periods
with partial or full stomatal closure (Nardini et al., 2003; Tomasella
et al., 2019a).

2. Material and methods
2.1. Experimental design and plant material

Three-year-old potted saplings of F. ornus (n = 83) were provided by
a public nursery (Vivai Pascul, Regional Forestry Service, Tarcento,
Italy). Plants were transplanted on February 2020 in 3.5 L pots filled
with a light mineral substrate designed for green roof installations (Savi
et al., 2013), and randomly allocated in a greenhouse of the botanical
garden of the University of Trieste (Italy). The plant’s height (h) and the
diameter at the stem base (¢) were measured both at the beginning and
end of the experiment with a meter and a caliper, respectively.

Plants were regularly irrigated to field capacity until the start of
experimental drought treatments, and their position in the greenhouse
was randomly shifted weekly, to assure exposure to uniform light con-
ditions. A slow-release fertilizer (Flortis, universal fertilizer, Orvital,
Milano, Italy) was added to each pot in April (4 g) and May (3 g) to
prevent nutritional deficiency. Saplings were divided in three groups
(ca. 30 plants each) (Fig. 1): i) plants maintained under greenhouse light
conditions for the whole experiment (Li, Light plants); ii) plants with
stems covered with aluminum foil for 30 days before starting the
drought experiment (LS, Long-shading plants); iii) plants with stems
covered with aluminum foil at the beginning of the drought experiment
(SS, Short-shading plants). The shaded stems were loosely wrapped in



aluminum foil to prevent stem photosynthesis while allowing gas ex-
change with the atmosphere, as also reported in De Baerdemaeker et al.
(2017). By covering the whole stem to inhibit stem photosynthesis, we
aimed at favoring the depletion of local non-structural carbohydrate
(NSC) reserves. For each group, plants were further divided into three
treatments: i) well-watered (C, control), ii) drought-stress (D), and iii)
recovery (R). The drought stress was induced by suspending irrigation
for 5-10 days, until the xylem water potential (Wxy1) dropped to about
—3.5 MPa, i.e. a value known to induce 50 % loss of xylem hydraulic
conductance due to embolism in this species (Petit et al., 2016). Plants
for the recovery experiment were re-irrigated to field capacity and
harvested 24 h later to assess eventual occurrence of hydraulic recovery.
C plants (Lic, LS¢, SS¢) were harvested and measured within the same
period as D and R plants. For each group, five to ten plants were har-
vested for pigments quantification as well as hydraulic and NSC mea-
surements between 12:00 and 14:30 h, to avoid diurnal fluctuation
effects on carbohydrate content (Tixier et al., 2018).

2.2. Leaf water relations and stem osmotic potential

To assess eventual effects of water and/or light treatments on plant
water status, we measured midday stem xylem water potential (Wxy),
leaf conductance to water vapor (g), and stem osmotic potential. In
particular, g; (mmol m? s1) was measured with a steady-state poro-
meter (SC-1, Decagon Devices Inc., Pullman, USA) between 11:00 h and
14:00 h on 2 mature and healthy leaves per sapling. Measurements were
coupled to quantification of photosynthetic photon flux density (PPFD,
pmol m2 s!) with a Quantum photo-radiometer (HD 9021, Delta OHM
S.r.l, Padova, Italy) at the selected leaf surface.

To assess Wyxy1, 1-2 mature leaves per sapling were bagged in cling
film and covered with aluminum foil in the early morning. Leaves were
then collected between 11:00 h and 14:00 h and water potential was
measured using a pressure chamber (mod. 1505D, PMS Instrument co.,
Albany, OR, USA).

Additionally, stem osmotic potential at full turgor was estimated on
5-10 saplings for each group/treatment. Bark and wood were manually
separated incising the bark with a razor blade and peeling it from the
wood, re-hydrated for 20 min by immersion in bi-distilled water,
wrapped in parafilm and stored at —20 °C until measurements. Samples
were thawed for c. 10 min, chopped quickly and wrapped in cling film,
and placed in liquid nitrogen for 60 s. Half of the sample was put
immediately in a dewpoint hygrometer to measure the osmotic water
potential (WP4, Decagon Devices Inc., Pullman, USA), and the other half
was stored in 1 mL Eppendorf vials filled with bi-distilled water, and
shaken for 30 s before measuring the electrical conductivity (C, pS cm™)
of the solution with a conductivity meter (LAQUAtwin-EC-11, Horiba
Ltd., Kyoto, Japan). Data collected during the greenhouse experiment
were combined with those obtained during the micro-CT experiment
(see below).

2.3. Pigment analysis

To investigate the possible effects of stem shading and water treat-
ments on pigment concentration, we quantified chlorophyll a, chloro-
phyll b and carotenoids content in both bark and wood upon extraction
of fresh material in 80 % acetone solution. Bark and wood samples (5-10
saplings for each group/treatment) were cut into small pieces to facili-
tate the extraction. About 50 mg of bark samples were placed in a 2 mL
Eppendorf filled up with 1.5 mL of acetone solution. About 300 mg of
wood were placed in 1.5 mL of acetone solution. Absorption spectra
were recorded using an UV-Vis spectrophotometer (model 7315; Jen-
way, Worcestershire, UK) between 250 and 750 nm. The final pigment
concentration was assessed using Wellburn equations (Wellburn, 1994).

2.4. Hydraulic measurements

In order to quantify eventual impacts of stem shading on xylem
vulnerability to embolism or on post-drought hydraulic recovery, we
measured the percentage loss of hydraulic conductivity (PLC) in one-
year-old stem segments in Li, LS, and SS saplings (5-10 saplings per
group/treatment). PLC was measured in well-watered saplings, as well
as in plants exposed to D and R treatments.

To minimize any possible excision artifact in PLC quantification, we
followed the protocol by Torres-Ruiz et al. (2015). We optimized the
method by making the first cut underwater. Whole pots wrapped in a
plastic bag were immersed in a bucket filled with tap water, and the stem
was cut at the base under water. Then, the stem was transferred in clean
tap water and a second cut was made at a minimum distance of 0.2 times
the maximum vessel length (MVL). The residual xylem tension was
released by immersing the cut end in water for 20 min. MVL was esti-
mated with the “air injection method” described by Wang et al. (2014),
and averaged 23 + 9 cm in our saplings. Then, the xylem segment to be
used for hydraulic measurements was excised under water at the mini-
mum distance of 1.5 MVL from the initial cut, to remove any artificial
embolism generated during previous cuts. Hydraulic conductance was
measured with a hydraulic apparatus (Tomasella et al., 2019a), using
filtered (0.45 pm) and degassed mineral water added with 10 mM KCl as
perfusion solution (Nardini et al., 2007). Stem hydraulic conductance
was measured gravimetrically under a water head of 4 kPa before (initial
hydraulic conductance, K;) and after (maximum hydraulic conductance,
Kmax) flushing the sample at high pressure (0.15 MPa) for 3 min to
remove embolism. Maximum stem specific hydraulic conductivity (kg
m! s MPa™l) was calculated as:

Ky = Kpnax X VA,

where 1 is sample length and Ay is the xylem transverse area, as calcu-
lated on the basis of the radius of the stem cross section area occupied by
xylem, measured using a caliper.

Finally, PLC was calculated as:

PLC=100x[1-(Ki/Kmax)]

2.5. Micro-CT imaging

In order to validate results obtained with destructive hydraulic
techniques, we performed phase contrast micro-CT scans on intact
saplings (n = 26) at the SYRMEP beamline of the Elettra Synchrotron
light source (Trieste, Italy), on 17-21 July 2020. One month before
Synchrotron access, the whole stems of 12 plants were shaded with
aluminum foil (LS, long-shaded plants), whereas other 12 plants were
kept under ambient light conditions (Li, light plants). Eight plants per
group were subjected to drought stress by withholding irrigation until
Wyy1 reached the critical threshold (see above). Stems were quickly fixed
to the sample holder and the plant was wrapped in cling film to avoid
water loss. For image acquisition, the average X-ray energy was 22 keV
and pixel size was set at 2 um to clearly visualize xylem conduits. The
exposure time was 200 ms (ms) per image, except for some taller sap-
lings where this value was set at 100 ms to reduce plant movement
during rotation. Scans were performed over 180°, with 1800 projections
per sample. The slice reconstructions were carried out using SYRMEP
Tomo Project (STP) software (Brun et al., 2015). A phase retrieval
pre-processing algorithm (Paganin et al., 2002) was applied prior to the
conventional filtered back-projection algorithm to increase the image
contrast. Reconstructed images were processed using ImageJ. Due to the
larger diameter of the stems compared to the field of view (ca.
4 mm x 4 mm), analyses were conducted on about one-quarter of the
stem section, excluding the immature xylem next to the vascular cam-
bium. The embolized sapwood area (Aempol) Was calculated by dividing
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Fig. 2. Median values, 25th and 75th percentiles of leaf conductance to water
vapour (g;) measured in light (Li), long-shaded (LS) and short-shaded (SS)
control (Lic, LSc, SSc), drought (Lip, LSp, SSp) and recovery (Lig, LSr, SSr)
Fraxinus ornus saplings at midday. Explanatory variables (light treatment, L,
and water treatment, W) and associated p-values are reported. *= p < 0.05; **
=p < 0.01; ***= p < 0.001.

the total embolized pixel area by the analyzed mature sapwood area,
and expressed as percentage (Secchi et al., 2021).

2.6. Stem non-structural carbohydrate content

In order to investigate the effects of the experimental treatments on
carbohydrate dynamics, NSC analysis was performed on 4 cm long stem
segments, sampled next to those used for hydraulic measurements
immediately after cutting (5-10 saplings for each treatment). Bark and
wood were separated, microwaved for 3 min at 700 W in order to stop
enzymatic activity, oven-dried at 70 °C for 24 h, then grinded with a
mixer mill (MM400; Retsch GmbH, Haan, Germany), and stored at
—20 °C until NSC extraction. Aliquots of 15 + 2 mg of powder were
processed following Tomasella et al. (2019a), with the following mod-
ifications: after extraction with 80 % ethanol, soluble carbohydrates
were recovered in the alcoholic supernatant. Soluble NSCs were
measured as mg g} DW of glucose by the Anthrone assay method (Yemm
and Willis, 1954), comparing sugars content of samples with known
amount of glucose. The pellet was incubated in 0.5 mL 2mM
HEPES-Tris pH 6.7 at 25 °C overnight to extract maltodextrins and other
oligosaccharide fractions. The evaluation followed the same protocol of
above. The pellet was processed according to Landhausser et al. (2018)
to measure starch. Hydrolysis was performed according to Landhausser
et al. (2018). The glucose resulting from the starch enzymatic digestion
was quantified as NADPH using a spectrophotometer (Perkin Elmer,
Boston, MA, USA), following Bergmeyer and Bernt (1974). Starch
amount was expressed as mg of glucose equivalent per g of DW, by
comparison with standard solutions of amylose that followed the same
processing of samples.

2.7. Statistical analyses

Statistical analyses were carried out with R (R Core Team, 2022).
Boxplot graph were prepared with the ‘ggplot2’ package. We used
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Fig. 3. Median values, 25th and 75th percentiles of A) xylem water potential
(Wxy1), B) percentage loss of hydraulic conductance (PLC) and C) maximum
stem specific hydraulic conductivity (K;) measured in light (Li), long-shaded
(LS) and short-shaded (SS) control (Lic, LSc, SS¢), drought (Lip, LSp, SSp) and
recovery (Lig, LSr, SSg) Fraxinus ornus saplings. Different letters indicate sta-
tistically significant differences among treatments (p < 0.05). n.s. = not sta-
tistically significant. Explanatory variables (light treatment, L, and water
treatment, W) and associated p-values are reported. *= p < 0.05; **
=p < 0.01; ***= p < 0.001.

generalized least squares (GLS) analyses (‘nmle’ R package), setting each
parameter measured (e.g. g1, Wxyl, 7o, etc) as the response variable and
the light treatment (L) and the water treatment (W) as the first and
second explanatory variables, respectively. When homogeneity of vari-
ance assumption was violated we used the “varPower()” variance
structure (Pinheiro et al., 2016). When the interaction was statistically
significant (p < 0.05), differences between groups were tested and
p-values were adjusted using the Holm correction through the emmeans
function in ‘emmeans’ R package.

3. Results

Plant height (h) and diameter at the stem base (¢) measured both at
the start and end of the experiment are reported in Table S1. Plant size
was similar in all experimental groups, and did not change significantly
along the duration of the experiment.
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3.1. Stem shading’s effects on pigments concentration

Asreported in Fig. S1, we did not observe any significant effect of the
interaction of light and water treatments on chlorophyll and carotenoid
concentration in the bark. A significant effect of light treatment in Chla
and Chlb concentration of wood samples was observed. In particular,
compared to LS¢ plants, SS¢ ones showed a slightly higher amount of
total chlorophyll concentration (Chl a+b) (Fig. S2, Appendix 1). None-
theless, it is worth noting that Chla, Chlb and Car concentration tended
to be lower in bark samples of both shaded treatments, with a marked
decrease for LS ones (Fig. S1).

The investigated interaction (Light x Water, Fig. S2) was significant
for Chl a/b in wood and for carotenoids/total chlorophyll (a+b) ratio
(Car/Chl tot) in bark. LSp plants had overall highest Chl a/b in wood,
and SSc plants had lowest Car/Chl tot.

3.2. Plant water relations

Midday values of gi and Wyy during the experimental period were
statistically similar in well irrigated light (Li) and shaded (LS, SS) sam-
ples (Figs. 2, 3A respectively). Drought induced a drop in Wy that
reached ca. —3.5 MPa in all light treatments, leading to marked stomatal
closure. Upon recovery, plant water status returned to the values
detected for controls, but g remained lower than values measured
before drought.

Values of PLC for well irrigated plants averaged 20-30 % in all light

treatments. Despite similar drops of Wy (Fig. 3A) under drought, hy-
draulic measurements showed that PLC was markedly higher in LSp
plants compared to Lip ones (50.0 £+ 10.1 and 78.6 + 7.8 %, respec-
tively). A non-significant tendency toward higher PLC values was
detected also in SSp plants compared to Lip. Upon re-irrigation, PLC
returned to control values within 24 h, and stem shading apparently did
not affect the ability to recover xylem hydraulic function (Fig. 3B, Ap-
pendix 1). No differences were detected in terms of maximum stem
hydraulic conductivity across different groups/treatments (Fig. 3C).
Micro-CT analysis of xylem in intact plants allowed to identify water-
filled (functional) and gas-filled (non-functional) vessels (Fig. 4C) in
saplings exposed to different light and water treatments. Changes in
AEV/AMX are shown in Fig. 4B. Changes in plant water status in C, D
and R plants were similar to those detected in the main experiment
(Fig. 4A). We observed that the number of embolized vessels increased
in drought-treated plants compared to controls, but these apparently
returned to the functional status upon re-irrigation. Consistently with
results obtained in hydraulic measurements, LSp plants had higher
embolism levels compared to Lip ones, although the low number of
samples masked the statistical significance in this set of plants.
Electrical conductivity was similar in all groups/treatments, both in
bark and wood (Fig. 5). Osmotic potential (Fig. 6) was also similar across
experimental groups at bark level. However, a different pattern of
osmoregulation was observed at wood level in light vs shaded plants. In
fact, under drought stress only plants with light exposed stems (Li)
adjusted the wood osmotic potential at full turgor (o) to more negative
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Fig. 5. Median values, 25th and 75th percentiles of A) bark and B) wood
conductivity, measured in light (Li), long-shaded (LS) and short-shaded (SS)
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(light treatment, L, and water treatment, W) and associated p-values are re-
ported. *= p < 0.05; ** = p < 0.01; ***= p < 0.001.

values than control plants (Fig. 6B). Interestingly, SS plants had the
highest (less negative) osmotic potential, although the high variability
of data masked any possible statistical significance.

3.3. Stem non-structural carbohydrates content

In general, Li plants showed different trends of NSC dynamics/con-
tent compared to LS and SS plants, especially under drought and in
particular at wood level (Figs. 7, 8). Starch contents were tendentially
lower in the wood of LS¢ and SS¢ plants compared to Lic ones (Fig. 7D).
Moreover, stem shading significantly affected the ability of LS and SS
sample to mobilize the pool of NSCs (starch + soluble sugars) in both
bark and wood under drought stress, when compared to Li samples
(Fig. 8). In fact, drought induced a decrease of total NSC content both in
the bark and wood only in Li plants, mainly due to the marked starch
depletion (Fig. 7B, D), while LS and SS plants showed NSC levels under
well-watered conditions that remained unchanged under drought, while
showing a decrease under recovery. The described diverse dynamics of
stem NSCs in plants exposed to shading and drought is confirmed by the
significant interaction (LxW) observed in the pool of NSCs (Fig. 8).

4. Discussion

Our data provide new insights on the roles played by stem photo-
synthesis in plant responses to drought stress. We found that plants
exposed to a long-term stem shading became more vulnerable to xylem
embolism during drought compared to control plants, but no effect of
stem shading was recorded during the recovery phase. Changes in xylem
hydraulic vulnerability were coupled with modifications of the NSC pool
and impaired osmoregulation processes, suggesting a possible role of
parenchymatic cell turgor in xylem hydraulic functioning.
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Fig. 6. Median values, 25th and 75th percentiles of A) bark and B) wood os-
motic potential at full turgor (o), measured in light (Li), long-shaded (LS) and
short-shaded (SS) control (Lic, LSc, SS¢), drought (Lip, LSp, SSp) and recovery
(Lig, LSg, SSR) Fraxinus ornus saplings. n.s. = not statistically significant.
Explanatory variables (light treatment, L, and water treatment, W) and asso-
ciated p-values are reported. *= p < 0.05; ** = p < 0.01; ***= p < 0.001.

Stem shading had no impact on gas exchanges rates in well-irrigated
plants, and under drought the magnitude of xylem water potential drop
and g;, reduction was similar in all light treatments. Upon re-irrigation,
plant water status returned promptly to control values but g, remained
low, at least 24 h after water re-supply. This might suggest some residual
hydraulic limitation to gas exchange, or the presence of a chemical
signal super-imposed on the hydraulic one, limiting g; recovery. We can
probably rule out the first hypothesis, as hydraulic measurements
revealed that stem hydraulic functioning promptly returned to pre-
drought levels upon re-watering (see below). Hence, any residual hy-
draulic limitation could have been located at the root or stem level. It is
also possible that chemical signals, e.g. ABA or malate, which can be
found in Fraxinus xylem sap and have been suggested to regulate sto-
mata closure (Patonnier et al., 1999), accumulated in leaves under
drought and were not promptly removed or de-activated upon
re-irrigation. Similar observations have been previously reported for
different woody species (Loewenstein and Pallardy, 2002; Martorell
Lliteras et al., 2014; Tombesi et al., 2015; Hasan et al., 2021), suggesting
the presence of a mechanism delaying stomatal aperture in some species,
even after apparent recovery of hydraulic functioning and plant water
status. This mechanism might be important to prevent any water po-
tential drop before embolism repair processes have been completed,
considering that hydraulic recovery is energetically favored only when
xylem water potential rises to near-zero values (Nardini et al., 2018).

Despite similar trajectories in terms of gas exchange and water sta-
tus, saplings subjected to different light treatments showed different
patterns of embolism accumulation and loss of hydraulic conductivity
when exposed to drought conditions. In particular, PLC was about 30 %
in all groups when under full irrigation, and slightly increased to about
50 % in Lip plants. On the contrary, PLC markedly increased in LSp
plants (up to 80 %) and SSp ones (about 60 %). These findings suggest
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that stem shading increased the vulnerability to xylem embolism,
making plants more prone to the risk of hydraulic failure under drought.
Our data are consistent with previous findings (Schmitz et al., 2012;
Bloemen et al., 2016; Chen et al., 2021) and confirm that stem photo-
synthesis is an important modulator of plant hydraulic performance.
Changes in xylem anatomy induced by different light conditions can
influence plant hydraulics (Plavcova et al., 2011). Although we did not
measure anatomical traits in our study plants, measurements of plant
size at the start and the end of the experiment did not show any active
growth during this period. Hence, it is unlikely that differences between
groups/treatments derived from the production of new xylem conduits
with different features. This is also confirmed by the fact that maximum
stem hydraulic conductivity was similar in all experimental groups and
treatments (Fig. 3C). However, we cannot rule out the possibility that
shading induced modifications in the ultrastructure of pit membranes, as

reported in some species (Plavcova et al., 2011) but not in others
(Tomasella et al., 2021), with potentially important impacts on con-
duits’ vulnerability to air-seeding (Thonglim et al., 2021). However,
changes in pit membrane’s structure should also translate in changes of
xylem hydraulic efficiency, which was not the case in our study plants.

The observed increase in vulnerability to xylem embolism induced
by stem shading (Fig. 3) is intriguing, but in line with previous obser-
vations (De Baerdemaeker et al., 2017; Tomasella et al., 2021). Previous
studies have suggested that a reduction in NSC availability induced by
inhibition of stem photosynthesis would be at the basis of this phe-
nomenon, and our data indeed confirm that NSC pool was reduced in the
wood of shaded plants compared to controls. Furthermore, control
plants showed a significant depletion of carbohydrates under drought,
while the drop was relatively minor in the NSC-limited shaded stems
(Fig. 7). The mechanistic link between NSC availability and xylem
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hydraulics remains elusive, although different hypotheses have been
proposed. NSCs might be required to modulate the surface tension of
xylem sap, which can indeed affect xylem vulnerability (Losso et al.,
2017). Moreover, NSCs might represent energy sources for the synthesis
of lipids and proteins that have been suggested to act as surfactants and
stabilizers of gas nanobubbles in the xylem sap (Schenk et al., 2017). A
third hypothesis was advanced by Tomasella et al. (2021), suggesting
that NSCs might be crucial for maintaining cell turgor and continuity
between wood parenchyma cells and both phloem cells and xylem
conduits under drought (De Roo et al., 2020). Indeed, vessel-associated
cells (VACs) are known to exchange water and solutes with the xylem
conduits (Morris et al., 2018). Under drought, it is likely that the water
potential of VAC equilibrates with the negative pressure inside the
conduits, possibly leading to cell turgor loss and shrinkage (Oparka,
1994). In F. ornus the turgor loss point of leaf cells shifts on a seasonal

basis from —2.5 MPa in spring to —3.2 MPa by the end of summer
drought (Nardini et al., 2003). This last value would be close the Wyy
value of —3.5 MPa targeted in our drought experiment. Hence, it is
possible that wood parenchyma of LSp (and SSp) plants experienced the
risk of turgor loss and cell shrinkage due to lack of NSCs and limited
osmoregulation capacity, possibly increasing the risk of air seeding at
the interface between VAC and xylem conduits. In fact, we observed a
decrease in stem osmotic potential only in Lip plants (Fig. 6), but not in
LSp or SSp. Interestingly, changes in osmotic potential were not
accompanied by significant changes in electrical conductivity, suggest-
ing that osmoregulation was achieved at least partly via accumulation of
sugars or other non-charged compounds, that were less available (and
not mobilized under drought) in both LS and SS plants.

Previous studies have suggested that the inhibition of stem photo-
synthesis can lead to an impairment of post-drought hydraulic recovery
processes (Schmitz et al., 2012; Bloemen et al., 2016; Liu et al., 2019).
Embolism repair is an energy-dependent process still not fully eluci-
dated. On the basis of available observations, the process is likely based
on an osmotic mechanism that involves release of sugars into refilling
conduits (Savi et al., 2016; Tomasella et al., 2017; Secchi et al., 2021).
Hence, a reduction in NSC pools as induced by inhibition of stem
photosynthesis is expected to delay or prevent the recovery of hydraulic
functions after re-irrigation (Trifilo et al., 2017). However, in our set of
plants complete hydraulic recovery was observed in all light treatments.
Changes in PLC under drought, as estimated on the basis of destructive
hydraulic techniques, can arise because of artefacts caused by excision
of stem samples while the xylem conduits are under substantial tension
(Wheeler et al., 2013). On the other hand, relaxation procedures aimed
at preventing such artefacts can induce artificial refilling of xylem
conduits, more likely when xylem tension values are moderate (Trifilo
et al., 2014). We can rule out the possibility of such artefacts in our
dataset, because the same pattern of embolism build-up under drought
and recovery after re-irrigation was observed in intact plants, based on
micro-CT analysis. This let us speculate that hydraulic recovery was
possible also in LS and SS plants, either because the residual amount of
NSCs was still sufficient to sustain the process, or because xylem tension
transiently  increased to  near-atmospheric = values  under
low-transpiration conditions, favoring spontaneous dissolution of the
gas phase in xylem conduits (Konrad et al., 2018). A transient generation
of root pressure after re-irrigation might also explain the hydraulic re-
covery observed in this study (Knipfer et al., 2015; Schenk et al., 2021),
although F. ornus is not among the species known to produce substantial
root pressure (Schenk et al., 2021).

In conclusion, our results confirm that NSCs produced by stem
photosynthesis are modulators of plant hydraulic performance under
drought stress, favoring the long-term maintenance of xylem hydraulic
function. We suggest that these effects are mediated by the direct or
indirect role of NSCs in osmoregulatory processes, but the mechanistic
link between turgor loss of wood parenchyma and embolism build-up
still awaits to be elucidated. In any case, our data suggest that
enhanced photosynthetic capacity at stem level might be a trait to be
considered and tested for selection of woody crops and forest trees with
improved tolerance to extreme drought events.
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