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Abstract

Alternative water uptake pathways through leaves and bark complement water
supply with interception, fog or dew. Bark water-uptake contributes to embolism-
repair, as demonstrated in cut branches. We tested whether bark water-uptake
could also contribute to supplement xylem-water for transpiration. We applied
bandages injected with ?H-enriched water on intact upper-canopy branches of Pinus
sylvestris and Fagus sylvatica in a boreal and in a temperate forest, in summer and
winter, and monitored transpiration and online isotopic composition (5°H and 6*20)
of water vapour, before sampling for analyses of &?H and 620 in tissue waters.
Xylem, bark and leaf waters from segments downstream from the bandages were
?H-enriched whereas 80 was similar to controls. Transpiration was positively
correlated with ?H-enrichment. Isotopic compositions of transpiration and xylem
water allowed us to calculate isotopic exchange through the bark via vapour
exchange, which was negligible in comparison to estimated bark water-uptake,
suggesting that water-uptake occurred via liquid phase. Results were consistent
across species, forests and seasons, indicating that bark water-uptake may be more
ubiquitous than previously considered. We suggest that water taken up through the
bark could be incorporated into the transpiration stream, which could imply that

sap-flow measurements underestimate transpiration when bark is wet.
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(Schlesinger & Jasechko, 2014; Ukkola et al., 2016). Estimates of

transpiration under current and future climate scenarios inherently

Vegetation transpiration constitutes the largest flux of water between
the atmosphere and the terrestrial biosphere (Jasechko et al., 2013).
Transpiration regulates the climate both locally and globally (Ellison
et al.,, 2017; Seneviratne et al., 2010) and is the process that ultimately

determines the amount of water available for human consumption

assume that plants take up water from the soil through their roots.
This water is then transported via the xylem to the leaves where it
evaporates into the atmosphere, mainly through stomata (Sellers
et al., 1997). Along this soil-plant-atmosphere continuum, roots would
be responsible for the bulk of water absorption, but there exist
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alternative water uptake pathways through leaves and stems. Water
uptake through stems or leaves allows plants to bypass soil water
uptake and benefit from diverse water inputs, including dew, fog or
small precipitation events that wet the canopy, but not the soil
(Breshears et al., 2008; Hill et al., 2021). In ecosystems where the
vegetation accesses this so-called ‘occult precipitation', neglecting
leaf or stem water uptake can hinder closure of the water balance
in hydrological studies (Binks et al., 2019). In such ecosystems,
incorporating water uptake via alternative pathways could help
reconcile estimates of transpiration from sap-flux and eddy
covariance measurements (Nelson et al, 2020) or avoid over-
estimations of rooting depth and root water uptake derived from
satellite products and modelling approaches (Cabon et al., 2018;
Yang et al., 2016).

Water uptake by leaves has been demonstrated for various
species across a wide range of biomes (see: Berry et al., 2019; for a
review). For example, in water-limited ecosystems, foliar water
uptake allows the vegetation to take advantage of dew or canopy
interception (Breshears et al., 2008; Hill et al., 2021) and maintain
photosynthesis (Coopman et al., 2021; Munne-Bosch et al., 1999).
Foliar water uptake has also been measured in tropical biomes
including mangroves, montane and lowland forests (Binks et al., 2019;
Coopman et al., 2021; Eller et al., 2013; Goldsmith et al., 2013). In
contrast, branch water uptake has only been reported in a handful of
species and mainly on cut branches or under artificial conditions.
Branch water uptake was reported for the first time by Katz et al.
(1989) on cut branches of Norway spruce (Picea abies). Katz et al.
(1989) hypothesized that branch water uptake could complement
plant water and nutrient supply. Their results showed that bark water
uptake improved branch hydrological status, but they did not find
clear evidence to support mineral nutrient uptake through the bark
(Katz et al., 1989). More recent studies have confirmed that water
uptake through bark increases both branch and leaf water potential,
but more importantly, these studies found that bark water uptake can
contribute to embolism repair in some conifers (Sequoia sempervivens,
Earles et al., 2016; and Picea abies, Mayr et al., 2014). Lastly, Liu et al.
(2019) found that bark water uptake sustained corticular photo-
synthesis in an angiosperm (Salix matsudana). So far, studies on bark
water uptake have focused on the physiological significance of this
process for two very specific processes (embolism repair or corticular
photosynthesis), but none has considered the potential contribution
of bark water uptake to the transpiration flux.

Water uptake from sources alternative to the soil has been
pointed out as a relevant process that can help maintain transpira-
tion and avoid hydraulic failure in trees. For example, in redwood
(Sequoia sempervirens), foliar uptake of fog water decreases
dehydration and risk of hydraulic failure (Burgess & Dawson, 2004).
Foliar water uptake has also been suggested to help resume
physiological activity by allowing trees to benefit from small
precipitation pulses during drought spells (Dietrich & Kahmen,
2019). Tree branches also intercept fog, dew and precipitation.
However, in contrast to leaves, the bark covering these branches is

not protected by a hydrophobic cuticle and can therefore store

significant amounts of water (indeed mean bark relative water
content is approximately 40%, according to Rosell et al., 2014;
considering bark as all tissues outside the vascular cambium). Thus,
bark water uptake could also help maintain transpiration under high
evaporative demand and low soil water availability. For example,
bark water uptake could be relevant under very negative xylem
water tensions in upper-canopy branches of tall trees or in winter,
when low temperatures increase cavitation risk and water viscosity
(Ambrose et al., 2009; Olson et al., 2018). Yet, bark water uptake
has not been assessed in such scenarios under natural conditions,
beyond its contribution to embolism repair.

Here, we aimed to detect and quantify water uptake through the
bark in intact upper-canopy branches of two tree species: Scots pine
(Pinus sylvestris) and European beech (Fagus sylvatica). We used
measurements of water isotopic composition from different tissues
(xylem, bark and leaves) to track the uptake and transport of
isotopically enriched water through the bark. We combined analyses
of bulk tissue water with online measurements of water vapour
isotopic composition to assess the contribution of bark water uptake
to transpiration. Our measurement setup allowed the calculation of
liquid water uptake through the bark, distinguishing this process from
isotopic exchange through the bark in the absence of mass flow
(Goldsmith et al., 2017). We expected to find evidence of bark water
uptake particularly during periods with high evaporative demand or
cold temperatures. We took advantage of measurements of
transpiration and bark water uptake during an unusually hot summer
in Northern Sweden (July 2018) and again in a later replicated
campaign characterized by cooler and moist conditions (September
2018). To test for the impacts of cold temperatures on bark water
uptake, we conducted the same experiment in a temperate forest in
Northern Spain the following winter, on the same study species
(P. sylvestris). Finally, species vary greatly both in hydraulic wood
traits and bark functional traits (Johnson et al, 2012; Rosell
et al.,, 2014), particularly between angiosperms and gymnosperms
(Yang et al., 2022), yet previous studies on bark water uptake have
focused exclusively on gymnosperms (with the exception of Liu
et al., 2019; performed under artificial laboratory conditions). Here,
we tested for bark water uptake in an evergreen conifer (P. sylvestris)
and in a broadleaved deciduous angiosperm (Fagus sylvatica), growing
in the same temperate forest in Spain. The aims of these experiments
were: (i) to detect the uptake of water through the bark on intact
upper-canopy branches, (ii) to quantify the rate of bark water uptake
under contrasting climatic conditions, and (jii) to estimate the impact
of seasonal climatic variability and plant species identity on bark

water uptake.

2 | MATERIALS AND METHODS
2.1 | Study sites and experimental design

We conducted our measurements in two study sites. The first site
was a boreal forest located in Northern Sweden (Rosinedalsheden,
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64.33 N, 19.75E, 153 m a.s.l.). This site consists of an approximately
100 year-old, naturally regenerated stand of P. sylvestris L. (Scots
pine, Stangl et al., 2019). The climate is boreal, with a mean (+SE)
annual precipitation of 585 + 26 mm and a mean annual temperature
of 2.84 +0.15°C. Winters are cold and long (the area is covered by
snow from late October until early May and mean temperature of the
coldest month, January, is: -7.7£0.4°C) and summers are cool
and wet (mean temperature of the warmest month, July, is:
15.7 £0.31°C). The conditions during the summer campaign in this
study (July 2018) were unusually hot and dry; indeed, in 2018, the
number of summer days and hours of sunshine was the highest on
record according to the closest meteorological stations (1989-2019,
Vindeln-Sunnansjoénas, 64.14 N, 19.76E, 237 m a.s.| for temperature
and 2002-2019, Umea airport, 63.79 N, 20.29E, 14m a.s.l for
precipitation and others, Swedish Meteorological and Hydrological
Institute). The soil is a sandy Podsol with a thin (2-5cm) layer of
organic matter (Hasselquist et al., 2012). We performed two sampling
campaigns on this site: one in summer (19-25 July 2018) and the
second one in early autumn (3-17 September 2018). In each
campaign, we selected 1-3 upper-canopy (16 m) branches (mean
diameter: 0.64 + 0.08 cm) per tree in 3-5 P. sylvestris accessible from
the top of a scaffolding tower.

The second site was a temperate forest located in the Natural
Monument of Monte Santiago in the province of Burgos (Spain). This
area falls within the transition between a temperate oceanic and a
Mediterranean continental climate. Mean (+SE) annual precipitation is
1028 + 68.2 mm and mean annual temperature is 9.33+0.23°C.
Winters are cold and wet (mean precipitation and temperature of the
coldest month, February, are 106+184mm and 3.1+0.5°C,
respectively) summers are moderately dry and warm (mean precipita-
tion and temperature of the driest month, July, are 36.8 £ 4.5 mm and
15.5+0.4°C, respectively); these are all according to records from the
nearest meteorological station (2001-2013, Puerto de Ordufa,
42.956N. 3.022W, 900m a.s.l., Euskalmet). The vegetation is
dominated by a mature forest of European beech (Fagus sylvatica L.),
surrounded by open pastures and scattered plantations of
P. sylvestris. Persistence of F. sylvatica in the study area is presumed
to be favoured by recurrent fog episodes of oceanic origin, which
would alleviate vapour pressure deficit in the summer afternoons
(Barbeta et al., 2019). The soils are shallow, poorly developed, rocky
and originated from calcareous rocks (see Fernandez-Marin et al.,, 2015
for further details on the description of the study site). In this area, we
selected two sampling locations, one within a P. sylvestris plantation
and one in the middle of the F. sylvatica forest. In each location, we
selected five adult individuals accessible with a hydraulic aerial lifting
platform mounted on a truck. Mean (tse, n=5) DBH of the selected
P. sylvestris and F. sylvatica trees was 31+ 3 and 61+ 6 cm and mean
height was 11+1 and 17+2m, respectively. On this site, we
performed two sampling campaigns in two-three consecutive sunny
and cloudless days in winter (13-14 February 2019, five individuals of
P. sylvestris) and in summer (3-5 July 2019, five individuals of

P. sylvestris and five individuals of F. sylvatica).
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2.2 | Labelling experiment

At the boreal forest in Sweden, on each selected branch (1-3 upper-
canopy branches per tree in 3-5 trees), we applied one bandage
soaked in 8?H-enriched water. The bandage consisted of a
10 x 10 cm cotton pad, wrapped around the branch and covered
in Parafilm®. On average, the bandages covered a bark surface area
of 23 cm? (calculated for a 10 cm long bandage covering a branch
with an average diameter of 0.7 cm). The two ends of the bandage
were tightened around the branch and held in place with tape and
cable ties (Figure 1). All bandages were injected with 25mL of
isotopically enriched water. Isotopically enriched water consisted of
a 8:1000 mix (v:v) of deuterated (?H,0, 99.9%) and tap water (with
a 82H of -90%o), resulting in a 8°H of 102 000%o, that is, nearly
eight orders of magnitude greater than expected natural abundance.
In the summer campaign (19-25 July 2018), bandages were applied
on three different dates and branches were collected 1, 4 and
5 days after; in the autumn campaign (3-17 September 2018),
branches were collected 14 days after the bandage application and
bandages were re-injected with isotopically enriched water 10 days
after initial application. In addition to all branches with bandages,
we collected one control branch (no bandage) per tree, in the
autumn campaign.

At the temperate forest in Spain, on each campaign, we applied
two-four bandages (similar to those described above) per tree, in the
morning (9-11 AM, local time), in the upper third of the canopy
(mean height of branches with bandages: 7.5+0.4 and 9.1+ 0.7 m,
for P. sylvestris and F. sylvatica, respectively), facing SE-SW. Bandages
were injected with a 8:1000 mix (v:v) of deuterated (?H,0, 99.9%)
and mineral water (§°H of -43%o), the resulting 8%H of the mix was
102411%o., similar to that applied at the boreal forest in Sweden.
Branches with bandages were collected 24 h after application,
together with one branch per tree without bandage (control). Mean
diameter of labelled branches in the winter campaign (P. sylvestris)
was 0.87+0.04cm and in the summer campaign branch diameter
was: 1.03+0.04 and 0.89 £ 0.05 cm, for P. sylvestris and F. sylvatica,
respectively.

Branches with bandages were cut together with one branch
without bandage of similar characteristics (size and position within
the crown) per tree (control). For each branch with bandage
collected, we sampled the upstream and downstream segments, cut
3-5cm away from the edge of the bandage. We defined upstream
segments as those in between the main trunk and the bandage and
downstream segments as those in between the bandage and the
terminal foliage (Figure 1). Upon collection, we measured the length and
diameter of the segment beneath the bandage (i.e., directly exposed to
the injected enriched water). For control branches, one central segment
was collected. For all sampled segments, we carefully peeled off the
bark and phloem and collected the xylem into screw-cap glass vials
sealed with Parafilm®. In addition, for one branch with bandage per tree,
for both the upstream and downstream segments, and for the control

branches, we also sampled bark (as peeled off, therefore including
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FIGURE 1 Application of two bandages soaked in §?H-enriched
water on two upper-canopy branches of Pinus sylvestris at the
temperate forest in Spain. The cyan and red squares depict the sampled
branch segments upstream and downstream from the bandages,
respectively.

cambium and phloem) and leaves. All samples were stored in a cool-box
until they were transported to the laboratory, where they were stored

at —20°C until further analyses.

2.3 | Cryogenic water extraction and analyses
of liquid water isotopic composition

Water extraction from the xylem, bark and leaves was performed by
cryogenic vacuum distillation using a design and methodology
proposed by Orlowski et al. (2013), following the methodology
detailed in Jones et al. (2017). Briefly, the cryogenic extraction line
consisted of six independent lines each with four vacuum extraction
sub-lines connected on one end to the glass vials containing the
samples and on the other end to U-shaped tubes. At the onset of the
extraction, samples in the glass vials were quickly frozen by
immersing them into liquid N. The extraction line was then evacuated
down to an atmospheric (static) pressure < 1 Pa, and then the U-
shape tubes were immersed in liquid nitrogen to create a cold trap. At
the same time, samples were immersed in a water bath at ambient
temperature. First, the water bath was kept at ambient temperature
for 1 h. Next the water bath was gradually heated up to 80°C (within
1 h). Finally, samples remained in the heated bath at 80°C for 1h.
Pressure in the extraction line was continuously monitored with

sub-atmospheric pressure sensors (APG100 Active Pirani Vacuum
Gauges, Edwards, Burgess Hill, UK) to check that the lines remained
leak-tight throughout the entire extraction and that the water
extraction was complete. Samples were weighed before and after
the extraction and before and after being oven-dried for 24 h at
105°C to assess the water extraction efficiency and to calculate
sample water content.

We measured the isotopic composition (52H and 6*80) of the
extracted water samples with an off-axis integrated cavity optical
spectrometer (TIWA-45EP, Los Gatos Research) coupled to a liquid
auto-sampler and vaporiser (LC-xt, PAL systems). All measured values
were calibrated using two internal standards and expressed on the
VSMOW-SLAP scale (Jones et al.,, 2017). When analysing water
samples extracted from plant tissues with laser-based instruments,
the presence of organic compounds (ethanol and methanol mainly)
can lead to large isotopic biases (Martin-Gémez et al., 2015).
Therefore, we developed a post-correction algorithm to correct for
the presence of organic compounds based on the narrowband (for
methanol) and broadband (for ethanol) metrics of the absorption
spectra (Leen et al., 2012; Schultz et al., 2011). We computed linear
(broadband) and exponential (narrowband) relationships between
these metrics and the isotopic deviation in water samples of known
isotopic composition spiked with incremental quantities of ethanol
and ethanol. For each of these contaminated samples, we corrected
the isotopic deviation in 60 and &2H corresponding to its
broadband and narrowband metrics to build our own post-
correction algorithm specific for our instrument. The reliability of
these corrections was confirmed in a recent study conducted with
the same instrument, by means of analyses of a subset of water
samples analysed with this instrument and with an isotopic ratio mass

spectrometer (Barbeta et al., 2022).

2.4 | Online measurements of gas exchange
and water vapour isotopic composition

At the boreal forest in Northern Sweden, during both campaigns
(summer and autumn 2018), we measured gas-exchange (CO, and
H,O, although the former was not used here) and online
water vapour isotopic composition (5°H and 8'%0), continuously,
on upper-canopy shoots of two (summer 2018) and four (autumn
2018) P. sylvestris trees. We used the scaffolding tower (16 m tall) to
reach the shoots and secure the equipment. Our measurement
system was similar to that described in Stangl et al. (2019) and
consisted of a custom-made gas-exchange system (GUS, Wallin
et al., 2001) coupled to a cavity ring-down spectrophotometer
(CRDS, L2130-I, Picarro Inc.). Briefly, the GUS system consisted of a
set of four temperature-controlled, custom-built shoot cuvettes
(330 mL each) made of acrylic transparent plastic (Plexiglas). Cuvettes
were connected to a multichannel gas-exchange system equipped
with infra-red gas analysers (IRGA, CIRAS-1, PP systems Hitchin
Herts) to measure CO, and H,O partial pressure in the air drawn
from the shoot cuvettes and the reference channels. The
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polyethylene tubing connecting the cuvettes and the gas analyser
was insulated and heated to avoid condensation. The GUS cycled
through the four (two) cuvettes and two reference lines, each channel
was measured for 7min and the average of the last 5min was
recorded. A zero calibration and a cross-calibration protocol, to
match values in the sample and reference channels, were run every
hour. In addition, the IRGAs were calibrated using a dew-point
generator (LI-610, Li-Cor) and gas bottles of known [CO,] twice a
year. The CRDS was connected to the GUS central line, in parallel to
the sample IRGA. The CRDS measured the concentration and isotopic
composition (8°H and §*20) of the water vapour in the air drawn
from each branch chamber or reference line. The CRDS was self-
calibrated every five hours with the Picarro Standard Delivery
Module using two internal standards of known isotopic composition
(6%H: -94.28%0 and 225%. and &'0: -12.87%c and 12.7%o)
analysed on an lIsotopic Ratio Mass Spectrometer (IRMS, Thermo-
Finnigan LLC). Each standard was measured for 20min at two flow
rates (80 and 50 mLs™ ). All values of §2H and 680 of water vapour

were expressed on the VSMOW-SLAP scale using the &-notation:

5 = ( Rsample _
Rstandard
2.5 | Calculation of deuterium-excess and bark
water uptake

1)1000. (1)

Online measurements of water vapour isotopic composition were
used to calculate deuterium-excess (d-excess) of the air coming in

and out of the cuvettes, according to (Dansgaard, 1964):

d-excess= &2H -8 &80. (2)

The rate of bark water uptake was calculated from gas-exchange
and 82H and 880 of water vapour. First, we calculated transpiration
rate per unit of leaf area (Ejesr in mmol m™2 s™%) according to:

fowo B fiWi

Eieaf = 22t
leaf Sleaf ’ (3)

where Si..¢ is the leaf surface area enclosed in the cuvette (in m>,
quantified at the end of each measurement period); f; and f, are air
flows (in mol s™%), w; and w,, are water mole fractions (in mmol mol™%).
Next, we calculated the §2H and 6*20 of transpired water (8¢ in %o)
according to:

8o 5
5, = 1000 201000 ~ %1000 )
foWo - fiWi

In Equation (3), & and & are isotope compositions (of either 2H or
180, in %o), coming into and out of the chamber, respectively. In
steady-state, 6¢ should match that of the xylem (5,). In branches
where a bandage was applied, if water was being taken up through
the wet bark and incorporated into the transpiration stream, &g

should carry the tracer signal, assuming that water taken up

B9-wiLey— 22

through the bark was incorporated to the xylem and not lost via
evaporation or stored outside the xylem within the woody matrix
(Barbeta et al., 2022). Hence, in steady-state (i.e., assuming that
the deuterium mole concentrations of transpired water, 2Cg, and
that of xylem water, 2C,..p, do not differ: 2Cg=2C,.,p), We can
estimate the rate of water uptake through the wet bark (Upan)

according to:

2CE - 2foup

2 2
Ctracer - C><—up

Upark = Ebranch, (5)

where ?Cg, 2C,.,p and 2Ciracer are deuterium (?H) mole concentrations
of: transpired water (2Cg), upstream xylem water (°C,.,p) and tracer
injected to the bandages (?Ciracer). Deuterium mole concentrations
were calculated as:

R

2
C=
R

sample

+1’ ©)

sample

2Rsamp|e was calculated from Equation (1) and taking ?Rstandard s
that of VMSOW (155.76 107¢ mol mol™). In Equation (5), Epranch iS
whole-branch transpiration (in mmol s™%) calculated from Ejeys (in

mmol m™2 s7%) and total branch leaf surface area (Siear-branch, i M2):

Epranch = Eleaf Steaf-branch. (7)

We estimated Sicaf-branch from the branch cross-sectional area
and using an allometric equation specific for branches of P. sylvestris
(Cermak et al., 1998). We calculated Uy, only under steady state
and when 8%Hg 2 62ny|em. To determine whether our measurements
were in steady-state, we compared the oxygen isotopic compositions
of transpiration (6'80g) and of xylem water (680,): we assumed
steady-state when: [6'80; - 880, | < |201g0x| (0180« being the
standard deviation of all §'80, measurements within a campaign,
Figures S1 and S2).

Goldsmith et al. (2017) demonstrated that isotopic exchange
between plant water pools and water vapour of the surrounding air
can occur in the absence of mass flow. To get an estimate of the
magnitude of this flux, we calculated vapour-phase diffusion flow

through the bark (Upark-gas) as:

_ 2
Ubark—gas - Ctracergbarkv‘/satsbark. (8)

In our setup, the air space underneath the bandage should have
been saturated with water vapour that has an isotopic composition
equal to that of the tracer injected (?Cyacer, €ight orders of magnitude
greater than natural abundance). The remaining terms in Equation (8)
describe the: conductance to water diffusion through the bark (gpark,
1mmolm™2 s7%), calculated from measured gpai for CO, in Pinus
monticola (Cernusak et al., 2001); saturation vapour pressure for a
given air temperature (W, in mol mol™2) and bark surface area under

the bandage (Spark, in M?).
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2.6 | Statistical analyses

We used linear mixed models (LMMs) to test for differences in the
isotopic composition (5°H and &*20) of xylem, bark and leaf water
among control, upstream and downstream segments, within species and
study sites. In our LMM, we used &%H and 880 of the extracted plant
water as our response variables, campaign (only for P. sylvestris), segment
type (control, upstream and downstream) and their interaction as fixed
factors and tree as a random factor, since multiple bandages were
applied to each tree and the same trees were sampled in consecutive
campaigns at each site. We ran separate LMMs for each species and
study site because we were not interested in the processes underlying
differences in water isotopic composition between sites or species, e.g.,
climate, varying isotopic composition of precipitation with latitude or
contrasting vertical root distribution (Dawson & Simonin, 2011). We also
used LMMs to test for the relationships of d-excess (calculated from
measurements of online water vapour isotopic composition) with
transpiration rate, taking into account the random tree-to-tree variability.
Finally, we assessed whether isotopically enriched water (injected into
the bandage) had been taken up through the bark with t-tests. To do so,
we calculated the difference in isotopic composition (for both §?H and
5'80) between pairs of upstream and downstream segments from the
same branch and then used t-tests to assess differences within
campaigns and species. All analyses were performed in R v. 3.6.3
(R Development Core Team R, 2019) using packages ‘multcomp’
(Hothorn et al., 2008) and ‘nlme' (Pinheiro et al., 2009).

3 | RESULTS

3.1 | Xylem water isotopic composition from
different branch segments, campaigns and species

Results of the LMMs showed that there were no significant differences
in 880 of xylem water among branch segment types (Table 1,
Figure 2a,b). The 80 of xylem water from control branch segments (no
bandage), did not differ from that of segments upstream or downstream
from the bandages, neither in P. sylvestris (Figure 2a) nor F. sylvatica
(Figure 2b). For 82H of xylem water, we found that there were no
significant differences between control segments and those upstream
from the bandage (Table 1, Figure 2¢,d). The 8?H of xylem water from
segments downstream from the bandage was always enriched with
respect to that of upstream or control segments, for both P. sylvestris
(Figure 2c) and F. sylvatica (Figure 2d), in both study sites and in all
campaigns (Table S1). The results of the LMMs were consistent with
those of the t-tests: xylem 880 of paired upstream and downstream
segments was not significantly different (Table 2), whereas this
difference was always significant for 6°H, in both study species, sites
and in all campaigns (Table 2).

Besides the differences among branch segments for 82H, we
found that there were significant differences in the 880 and &°H of
xylem water between campaigns within sites, for P. sylvestris (Table S1).
At the boreal forest, 620 (all segments) and 6?H (control and upstream

segments) of xylem water were more enriched in autumn than in
summer and at the temperate forest, xylem water was more enriched in
summer than in winter (Figure 2). These latter differences were likely
caused by contrasting isotopic compositions of soil and precipitation
water across seasons. The campaign x segment type interaction was
significant for 62H of xylem water in P. sylvestris at the temperate forest
in Northern Spain (Table S1): the &2H-enrichment in downstream
segments, with respect to control and upstream segments, was larger in

summer than in winter (Figure 2c).

3.2 | Bark and leaf water isotopic composition
from different branch segments, campaigns
and species

There were no significant differences among branch segments
(control, upstream and downstream) in 580 of water extracted from
either leaves or bark (Tables 1 and S1), with the exception of 6§80 from
leaf water measured at the boreal forest in Sweden in the autumn
campaign (leaf water from upstream and downstream segments was
more enriched in 810 than that of control segments, likely due to slight
differences in the sampling time, Table 1). There were some differences
in leaf and bark (including cambium and phloem) water 8'80 between
campaigns and within sites (for P. sylvestris), in agreement with the
results for xylem water (Tables 1 and S1). For P. sylvestris, there were no
differences in bark water 8?H between control and upstream segments
at the temperate forest in Northern Spain (unfortunately no bark
samples from control segments collected at the boreal forest in Sweden
were suitable for analyses of water isotopic composition). In contrast,
bark water extracted from downstream segments was always enriched
in 82H with respect to water from upstream segments, in both sites
and all campaigns. For F. sylvatica, we did not find significant
differences in bark water 62H among segments, although the large
variability of measurements from downstream segments (mean *
se: 52.6 + 37.9%o), may have obscured differences with respect to
control (-44%o, n=1) and upstream (-42.4 + 0.6) segments. Leaf
water from downstream segments was more enriched in &2H in
P. sylvestris at the boreal forest in Sweden in the autumn campaign
and at the temperate forest in Spain in the winter campaign
(Tables 1 and S1). For the rest of our measurements, we did not
find significant differences in leaf water 8°H among segments,
although, the small final number of measurements and the large
variability, particularly for measurements from downstream seg-
ments, could have masked some trends, since mean leaf water §2H
from downstream segments was consistently more enriched than

that of upstream and control segments (Tables 1 and S1).
3.3 | Water isotopic composition of transpiration
and estimated branch water uptake rate

In the summer-2018 campaign, transpiration rate per unit of leaf
area (Eieaf) and online measurements of water vapour isotopic
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TABLE 1

B9-wiLey— 2

Mean (SE) isotopic composition (6%H and 820 in %) of water extracted from xylem, bark or leaves from branches without

bandages (control) and from branches upstream and downstream from the bandages for the two study sites (boreal forest in Sweden and
temperate forest in Spain), four sampling campaigns and for the temperate forest for Pinus sylvestris and Fagus sylvatica

Species Site Campaign Plant species
&%2H Boreal Summer-18 P. sylvestris
Autumn-18 P. sylvestris
Temperate Winter-19 P. sylvestris
Summer-19 P. sylvestris
F. sylvatica
580 Boreal Summer-18 P. sylvestris
Autumn-18 P. sylvestris
Temperate Winter-19 P. sylvestris
Summer-19 P. sylvestris
F. sylvatica

Branch segment

Tissue Control Upstream Downstream
Xylem -100.1 (1.1) 74.1 (50.5)
Bark -103.7 (1.1) 30.1 (112.4)
Leaf -56.2 43.0 (31.8)
Xylem -72.4(1.1) -73.3(1.7) 130.2 (59.1)
Bark -69.5 (2.5) 199 (74.3)
Leaf -70.5 (1) -16(3.9) 148 (55.9)
Xylem -49.3 (6.5) -49.1 (1.7) 51.2 (23.1)
Bark -48.2 (9.2) -30.5 (4.9) -1.4 (15.7)
Leaf -25 92.7
Xylem -39.0 (5.6) -39.2 (2.7) 154.3 (32.9)
Bark -28.5 -36.7 (3) 171.1 (35.2)
Leaf 17.4 10 (2.6) 72.4 (12.7)
Xylem -47.4 (1.3) -46.8 (1.7) 78.8 (32.7)
Bark -44.0 -42.4 (0.6) 52.6 (37.9)
Leaf 16.5 15.6 (0.7) 77.4 (38.1)
Xylem -12.1 (0.2) -11.6 (0.6)
Bark -11.7 (0.2) -11.0 (0.5)
Leaf 3 2.2 (0.1)
Xylem -9.2 -8.9 (0.2) -9.3(0.2)
Bark -10.0 (0.2) -9.8(0.5)
Leaf -6.5 (0.5) 5.3 (0.5) 5.0 (0.4)
Xylem -9.3(0.5) -9.1(0.3) -8.7 (0.2)
Bark -9.3(0.1) -8.9 (0.3) -8.7 (0.6)
Leaf 3.5 14
Xylem -5.5(0.5) -6.1(0.3) -6.3 (0.4)
Bark -5.9 -5.4(0.4) -5.5(0.1)
Leaf 1.7 4.2 (0.8) 2.4 (2.3)
Xylem -5.2(0.2) -5.0(0.2) -5.0(0.2)
Bark -3.8 -3.6 (0.4) -3.5(0.4)
Leaf 18.2 17.2 (0.1) 16.5 (1.1)

Note: Numbers in bold indicate significant differences among branch segments (control, upstream and downstream). No control branches were collected
in the summer-2018 campaign. Other missing values are due to insufficient water volume obtained following cryogenic water extraction.

composition were monitored for two hours (13-15H on 24 July
2018) in two cuvettes (Figure S1). Four days before the onset of
these measurements, bandages soaked in 8%H-enriched water had
been applied to the corresponding branches. During the summer-
2018 campaign, we measured similar mean E.,s for the two
branches: 1.44+0.07 and 1.17£0.09 mmolm™ s™*
measurements per cuvette). The d-excess of the air coming out of

(tse, n=5

the two cuvettes (364 +5.9 and 49.5 + 0.5%0) was larger than that
of incoming air (30.4 £0.4%.), but there was a large difference
between cuvettes. In this campaign, we did not find any significant
relationship between d-excess and Eje,s. During the summer-2018
campaign, our estimates of oxygen isotopic composition of
transpiration (6'80g) indicated that none of our measurements

met the conditions to be considered under steady-state
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FIGURE 2 Mean (+SE, n = 5-17) isotopic composition (5180, a and b, and §2H, ¢ and d) of xylem water for the two sites (boreal forest in
Northern Sweden, SE, and temperate forest in Northern Spain, ES), four campaigns (Summer-18, Autumn-18, Winter-19 and Summer-19) and
two study species (Pinus sylvestris and Fagus sylvatica), for branches without bandages soaked in &2H-enriched water (control) and for branch
segments upstream and downstream from the bandages. Asterisks (*) indicate significant differences in 8?H for upstream segments with respect
to control and downstream segments. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Results (t, p and sample size,

&%H [ e)
site Campaign Plant species t P i P N N) for the comparison of xylem water
isotopic composition (5°H and §*0)
Boreal Summer-18 P. sylvestris 3.5 0.013 1.1 0.32 7 between pairs of upstream and
Autumn-18 P. sylvestris 34 0.009 -1.6 0.15 9 downstream segments from branches with
bandages soaked in 6?H-enriched water,
Temperate Winter-19 P. sylvestris 4.3 <0.001 1.4 0.19 16 for the two study sites (boreal forest in
Summer-19 P. sylvestris 5.7 <0.001 -0.5 0.63 17 Northern Sweden and temperate forest in
. Northern Spain), four sampling campaigns
Summer-19 F. sylvatica 4 0.001 -0.1 0.92 16

Note: Significant differences (p < 0.05) between upstream and downstream are indicated in bold.

(Figure S1), hence no estimates of bark water uptake rate were
calculated.

In the autumn-2018 campaign, Eiear, 82He and 8'80¢ were
monitored for eight days (4-11 September 2018) in four cuvettes
(Figure S2). Bandages were applied on the corresponding branches
on 3 September 2018. On the 9 September 2018, the site received
significant rainfall, hence data collected on this date were
excluded. In the autumn-2018 campaign, mean Ei.,s was lower
than that measured in the summer campaign: 0.79 + 0.11 mmol m~?
st (n =4 cuvettes, with 3-7 measurements per cuvette and day
between 10 and 16 H, Figure S2). Calculated d-excess for the air
coming out of the cuvette was significantly and positively
correlated with Eix¢ (p <0.001, Figure 3) and this correlation
varied over time, mainly because d-excess was not significantly

correlated with Ej.as on the first 24 h after the application of the

and for the temperate forest for Pinus
sylvestris and Fagus sylvatica

bandage. We found that d-excess peaked 48-72h after the
application of the bandage and dropped on the last two
measurement days, which were cooler, cloudier and preceded by
a rainy day (Table S2). The relationship between d-excess and Ejc¢
also varied across cuvettes (Figure 3).

In the autumn-2018 campaign, on average, we recorded eight
measurements of gas-exchange per day and per cuvette under steady
state, according to our criteria (|6%0; - 8'80.|< | 201s0.x])-
We used instantaneous measurements of Ejeas and 82Hg under
steady state to estimate the rate of liquid water (tracer) uptake
through the bark (Upan, Figure 4), when &2Hg 2 62ny|em. Overall
mean estimated Uy, was 1.03+0.2 pmol st (n=7 days), but
there were significant differences among cuvettes (F=41.8,
p<0.001) and dates (F=5.4, p<0.001), the latter related to
climatic conditions driving E\e.¢ (Figure 4). For one of the cuvettes
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FIGURE 3 Deuterium-excess of the air coming out of the cuvette
(d-excess) and midday transpiration rates per unit of leaf area (Ejcaf)
measured on Pinus sylvestris branches at the boreal forest in Northern
Sweden in the autumn-2018 campaign. Symbol shapes depict the
four cuvettes (A, B, C and D) and colours measurement dates. Smaller
symbols are individual measurements and larger symbols with error
bars are the mean (tse) for each day and cuvette (branch). The
dashed line is the fitted linear relationship with all measurement days
included and the continuous line is the fitted line for measurements
collected more than two days after the application of the bandage
soaked in §?H-enriched water (5-8 and 10-11 September, the
bandages were applied on 3-September and isotopically enriched
water was reinjected on the 10-September after a rainy day). [Color
figure can be viewed at wileyonlinelibrary.com]

(D), we did not detect significant uptake any of the measurement
days (Figure 4).

Mean and maximum daily estimates of vapour-phase diffusion
flow through the bark (Upark-gas) Were: 0.74+0.03 and 0.86 +0.03

nmol s71

, respectively. Hence, we found that Upark-gas Was a negligible
flux, a thousand times smaller than mean estimates of liquid uptake

(Upark) through the bark, under the same conditions.

4 | DISCUSSION

Here we used a novel method to detect and quantify the uptake of
water through bark in intact upper-canopy branches of Scots pine (P.
sylvestris) and European beech (F. sylvatica). We applied bandages
soaked in 8?H-labelled water and we found that the isotopic
composition of xylem water of segments downstream from the
bandage was enriched with respect to that of their corresponding
upstream segments. We argue that this observation was driven by an
uptake of &?H-labelled water through the bark. Furthermore, we
found that the isotopic composition of leaf water, as well as that of

B9-wiLey——*

transpired water vapour, were significantly enriched in 8%H in
branches where we had applied bandages soaked in §%H-labelled
water. In addition, we found that this enrichment was proportional to
transpiration rate. These results indicate that the 52H-labelled water
was exchanged between the bandage and the xylem through the
bark, as evidenced by the significant enrichment in &%H of the
transpiration stream. These findings were consistent across seasons;
study sites, a boreal and a temperate forest; and tree species: Scots
pine (an evergreen conifer) and European beech (a broadleaved
deciduous angiosperm). Our study suggests that bark water uptake
might be more ubiquitous and physiologically meaningful than
previously acknowledged and builds on the literature documenting
the importance of bark water uptake for embolism repair.

Our experiment with labelled water in intact branches was
conceptually similar to Katz et al. (1989)'s seminal work where
fluorescent dye was used to track the water pathway from the bark
into the xylem, in cut branches. Studies before ours had also used
isotopically labelled water to detect bark water uptake, but only in
cut branches or under artificial conditions (Earles et al., 2016; Mayr
et al,, 2014). Our results from intact branches and under natural
conditions agree with previous works where water uptake through
the bark was linked to embolism repair (Earles et al., 2016; Mayr
et al., 2014) and corticular photosynthesis (Liu et al., 2019). Here, in
contrast to some of these previous studies, we did not find a
significant increase in xylem water content in downstream segments
with respect to their upstream counterparts (Table S3). Nonetheless,
it should be noted that in our setup under natural conditions, bark
water uptake occurred while transpiration was active, which would
quickly counterbalance any potential mass gain. In addition to
transpiration, bark water uptake could have also been partially
counterbalanced by xylem evaporative losses through the bark,
particularly in the summer campaigns (Martin-Gémez et al., 2017,
Wolfe, 2020). Still, it could be argued that the observed isotopic
enrichment of xylem water downstream from the bandages could
have resulted from mere isotopic exchange without actual mass-flow,
as shown for well-hydrated leaves in the laboratory (Goldsmith
et al, 2017). However, our results suggest that this process was
unlikely to be the sole mechanism driving the observed enrichment.
We argue so mainly because the estimated rate of water vapour
exchange through the bark was a thousand times smaller than that of
liquid water uptake, in pine. In fact, although water uptake is not
among the primary functions of bark, we found that our estimated
rates of water uptake though the bark in pine were of comparable
magnitude to some estimates of water flux through roots (Varney &
Canny, 1993). In addition, we found that d-excess of transpired water
vapour increased with transpiration rate (Figure 3) and that the
enrichment of downstream xylem water was greater than that of
the bark, in most cases (Table 1). Alternatively, it could be argued that
the observed isotopic enrichment of transpired water and of bulk
xylem water was not directly related to transpiration and instead it
resulted from overnight isotopic equilibration between the wet bark
and the xylem. However, diffusion rates are much slower than those

of sap-flow (Nobel, 1983) and we still detected significant
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FIGURE 4 Estimated rate of water uptake through the bark per branch (Upan), over the autumn-2018 campaign, for three cuvettes for which
we detected water uptake (A-C) installed on intact upper-canopy branches of Pinus sylvestris at the boreal forest in Northern Sweden. Points are
the daily means (+SE, n varies depending on the number of measurements under steady state recorded per day and cuvette) for each cuvette.
Symbol fill colours depict mean daily transpiration rates per branch (Epranch), for each cuvette. [Color figure can be viewed at

wileyonlinelibrary.com]

enrichment of bulk water in leaves located 0.5-0.75m down-
stream from the bandage application and collected the morning
after the application (in the winter campaign this was approxi-
mately 3 h after sunrise). If the enrichment had resulted only from
overnight equilibration, our observations would have required that
sap-flow velocity should have been close to 20-25 cm h™%, which is
an unrealistic estimate based on measurements on the same
species from similar sites (Poyatos et al., 2005). Taken together our
results suggest that liquid uptake of isotopically enriched water
through the bark and redistribution via xylem transport, related to
transpiration, was the most plausible mechanism underlying
enrichment of transpired water vapour, xylem and leaf water
downstream from the application of our isotopic tracer.

In this study, we also aimed to assess how bark water uptake
varied with species identity, ecosystem type (boreal vs. temperate
forest) and seasonality. Regarding the effect of species identity,
we found that 62H-enrichment in segments downstream from the
bandage was larger in Scots pine (P. sylvestris) than in European
beech (F. sylvatica), indicating higher water uptake through the bark
in pine than in beech. Wood and bark traits could underlie this
difference: pine has porous and thick bark that can store large
amounts of water, whereas beech bark is thinner (stores less water)
and more impermeable (llek & Kucza, 2014). In addition, beech
wood has wider vessels that under favourable conditions transport
water efficiently from the soil to the upper canopy, whereas the
narrow tracheid system responsible for water transport in pine is
less efficient (Bar et al., 2018). Hence, we would expect upper-
canopy and terminal branches of pine to benefit more from the
uptake of water through the bark than those of beech, where large
vessel conduits would supply the transpiration demand more

efficiently. Nonetheless, besides vessel diameter, other wood
anatomical traits such as contact pits or the proportion of
parenchyma tissue could be influencing radial water redistribution
within the woody matrix (Treydte et al., 2021) and this latter
proportion has been shown to be larger in angiosperms than in
gymnosperms (Morris et al., 2016). Indeed, our results showed that
bark water uptake also occurred in upper-canopy branches of beech
at our study site during a clear and warm summer day. Regarding
differences among seasons and between forest types, our results
showed that relative enrichment was larger in the temperate than in
the boreal forest and in summer than in winter. At the temperate
forest, isotopic enrichment of xylem water was significantly greater
in the summer, suggesting greater bark water uptake, when
transpiration demand was higher and presumably leaf water
potentials reached their minimum. This result would indicate that
bark water uptake increases with xylem tension, consistent with the
results from previous experiments (Katz et al., 1989; Mayr
et al., 2014). At the boreal forest, we did not find greater isotopic
enrichment in downstream segments in summer than in autumn, but
the number of days during which the bandages remained in place
was not comparable between campaigns (14 days in the autumn
campaign vs. 1-5 days in the summer campaign). Still, at the boreal
forest online measurements of the water isotopic composition of
transpiration showed that d-excess increased with transpiration,
consistent with the premise that bark water uptake increased with
xylem tension. Nonetheless, we cannot discard that the significant
and positive correlation found between d-excess and Eie,s could
have also been partially caused by changes in the meteorological
conditions along the experiment (Table S2) affecting both transpi-
ration and the rate of d-enrichment.
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In our experiments, we detected a significant §2H-enrichment of
leaf water downstream from the bandage application, although this
enrichment varied greatly among branches, with leaves from some
branches clearly showing enrichment, whilst being completely absent
in others. We hypothesize that heterogeneities in water isotopic
composition among vessels within the woody matrix of our branches
might explain this variability. This is because within each branch not
all vessels supply water to all leaf fascicles (Loepfe et al., 2007;
Nygren & Pallardy, 2008) and water taken up through the bark might
have only been incorporated to the outermost vessels of certain
branches (Katz et al., 1989). Overall, the significant enrichment
observed in xylem, bark and leaf waters downstream from the
application of the bandages consistently supports our expectation
that water taken up through the bark would exchange with the xylem
water pools and eventually it could contribute to supplement the
transpiration stream, similar to what has been observed for foliar
water uptake (e.g., Binks et al., 2019; Breshears et al., 2008;
Coopman et al., 2021; Welp et al., 2008).

Our experiment was conducted using intact branches in situ in
adult tall trees. However, we acknowledge that our experimental
setup did not reproduce realistic environmental conditions. We
conducted our experiments over mostly sunny and cloudless days,
while the bark surface underneath the bandages remained wet.
Under natural conditions, wet bark is usually associated with
impairment of transpiration, for example during rainy periods, cloud
immersion or dew formation (Alvarado-Barrientos et al., 2014;
Aparecido et al., 2016). Thus, our estimated rates of water uptake
through the bark should be interpreted as maximum potential rates,
whereas the realised rate of water uptake through bark is likely to be
lower. Despite its relatively small magnitude, bark water uptake could
still be a flux with a significant role at the organ (branch) level,
particularly during periods when the bark is wet, trees are tall, and the
transpiration demand is high.

In hydrological studies, water intercepted by canopy leaves and
branches is usually assumed to be either returned to the atmosphere
in the form of evaporation or redirected to the root zone either in the
form of stemflow or throughfall (Crockford & Richardson, 2000;
Gash, 1979). Furthermore, in some of these hydrological studies, it is
not rare to encounter disagreements between methodologies used to
estimate water use partitioning across ecosystem compartments
(canopy evaporation following interception, soil evaporation, under-
storey and overstorey transpiration), particularly during rainy periods
(Gimeno et al., 2018; Soubie et al., 2016). Recently, Binks et al. (2019)
found that incorporating foliar water uptake improved estimates of
the actual contribution of tree canopy transpiration to the water
balance. Similarly, incorporating the contribution of water taken up
through the bark could help close the water balance in hydrological
studies, particularly in forests where scattered precipitation events
that wet the canopy alternate with periods of high evaporative
demand (Dietrich & Kahmen, 2019). Besides, neglecting the
contributions of bark and/or foliar water uptake could also lead to

an overestimation of the risk of hydraulic failure (Earles et al., 2016;
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Mayr et al., 2014), and eventually of the risk of mortality, as these
alternative water uptake pathways (through the leaves and/or the
bark) could contribute to partially alleviate drought stress (Breshears
et al., 2008). Obtaining estimates of bark and/or foliar water uptake
might not be straightforward for most study sites, but coupling
complementary approaches to eddy covariance and/or sapflux
measurements, such as online measurements of §°H and 60 or
other atmospheric tracers (e.g., COS), could help identify missing
sources contributing to water uptake (Aron et al., 2020; Wehr
et al., 2017; Yakir & Sternberg, 2000).

5 | CONCLUSIONS

Here, we used a novel methodological approach to monitor water
uptake through the bark in intact upper-canopy branches across
seasons, in two forest types, and on two tree species. We applied
bandages soaked in isotopically labelled water and detected this label
in all tissues downstream from the segment of application, with
consistent results observed in both a boreal and a temperate forest
and in a conifer and an angiosperm. The rate of label uptake was
positively related to transpiration and we found that the presence of
labelled water in xylem water could not be explained by mere isotopic
exchange without mass flow. We conclude that labelled water taken
up through the bark was likely being incorporated into the
transpiration stream across the xylem all the way into the leaves
and through the stomata. Our results support the idea that water
absorption through the bark could complement soil water uptake,
particularly in upper-canopy branches, and contribute to feeding the

transpiration stream.
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