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1 | INTRODUCTION

Daniele Penna? |

Adria Barbeta® | Julian Klaus®

Abstract

In most tree species, xylem consists of two different functional parts: sapwood and
heartwood. While sapwood, as the flowpath for sap, has received more attention in
isotope studies assessing water sources accessed by trees (e.g. soil water from differ-
ent depths, groundwater, stream water or a mixture of these), much remains
unknown about heartwood and the possible water exchange between the two func-
tional parts. We investigated four tree species (Fagus sylvatica, Quercus petraea, Pseu-
dotsuga menziesii and Picea abies) characterised by different xylem anatomy and
timing of physiological activity to evaluate the degree of differentiation in isotopic
composition of water between sapwood and heartwood on a biweekly time scale.
We found that the sapwood and heartwood of all species displayed a concurrent var-
iation in their isotopic composition throughout the growing season and on a day-
night scale suggesting that the two are not isolated compartments. While the two
functional parts display a consistent difference in isotopic composition in conifers,
they are characterised by more similar values in broadleaved species in broadleaved
species, suggesting a higher degree of water exchange. Furthermore, we have also
observed a progressive change in the isotopic composition in broadleaved species
with sampling depth rather than functional parts of xylem. Our study highlights the
value of accounting for radial isotopic variation, which might potentially lead to

uncertainties concerning the origin of the extracted water for water uptake studies.
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physiological mechanisms at the soil-root interface (Poca et al., 2019),

leaf-atmosphere scale (Cernusak et al., 2016) and along the flow of

A widely applied method to investigate tree water uptake is the use
of stable isotopes of hydrogen (H/*H) and oxygen (*20/%¢0) in the
water molecule. Xylem water isotopic composition is deemed to
reflect the combined isotopic composition of water sources accessed
by the tree, with the assumption that no isotopic fractionation occurs
during root water uptake and water flow in plant xylem (White
et al., 1985). However, this assumption was challenged when multiple
studies observed that the isotopic composition of xylem water does
not always fall within the range of the isotopic composition of the
source waters (Penna et al., 2018). Some studies hypothesised that

the sap within the xylem might cause a depletion in 2H xylem water
and consequently, a deviation from the uptake sources (de la Casa
et al., 2022). Additionally, there is increasing evidence that water com-
partmentalisation between flowing and stored water can occur within
the stem (Barbeta et al., 2022; Zhao et al., 2016) and that the daily
withdrawal of water from storage cells might affect the xylem isotopic
composition (Dubbert & Werner, 2018). Zhao et al. (2016) found that
bulk stem water in poplar trees displayed a different isotopic composi-
tion compared with sap water. Relying on a new water extraction

technique for tree stems able to selectively extract sap water from
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xylem conduits, Barbeta et al. (2022) provided experimental evidences
that a certain degree of compartmentalisation exists between water in
nonconducting woody cells and sap, with the latter being a better
proxy of source water than bulk stem water. Water compartmentali-
sation in plant tissue implies the occurrence of redistricted ‘communi-
cation’ between water compartments (Yakir, 1992). This makes the
identification of tree water sources challenging, since isotopic
heterogeneity in the wood matrix may imply that bulk xylem water
does not accurately reflect its source water but is rather an approxi-
mation of it (Barbeta et al., 2022; Beyer & Penna, 2021; von Freyberg
et al., 2020).

In most tree species, xylem consists of two physiologically differ-
ent parts: sapwood (SW) and heartwood (HW). SW is characterised by
the presence of living cells, which act as water and nutrient storage,
and nonliving cells that function as the route of sap flow
(Spicer, 2005). As the tree ages, old SW is compartmentalised in the
centre of the stem as HW (Spicer, 2005) and becomes disconnected
from the root system, which also develops HW close to the stem base
(Hillis, 1987). HW xylem provides the mechanical support to the tree
in spite of not participating in the vital activities of the tree as result
from the loss to conduct water due to pit aspiration, incrustation and
vessel tyloses (Nakada et al., 2019; Siau, 1984). Thus, no flow occurs
in the HW (Cermak et al., 1992). The volumetric ratio of HW to SW is
not only species-specific (Hillis, 1987) but also varies depending on
tree age, climatic and soil conditions and the height at which the ana-
lysed stem cross-section is located (Nawrot et al., 2008). The SW of
conifers contains a larger amount of water than HW (Cermak
et al., 1992) where moisture content is almost equal to the fibre
saturation point (Nakada et al., 2019), whereas the HW of some
broadleaved species contains more moisture than the SW
(Gartner, 1995; Hillis, 1987; Peck, 1953; Treydte et al., 2021). The
large majority of the water transport in the SW xylem occurs in the
axial direction through a dense network of dead cells constituting
water conduits; these are tracheids in conifers and vessels in broad-
leaves. Functional connectivity is also enabled by the axial and ray
parenchyma, the only living cells present in the xylem that act both as
a storage of water and nutrient (Morris et al., 2016). However, water
does not flow exclusively as a bulk flow via water conduits, because
water transport also occurs via diffusion as transfer of water vapour
through the air in cell lumen (Siau, 1984).

Water is also present in SW living cells as symplastic water,
between cells as capillary water and within cells wall as fibre water.
Multiple studies have reported the relevance of the internal storage
of SW as a water reserve for transpiration in several species, depend-
ing on wood density, SW area and also on wood anatomy (Kécher
et al., 2013; Phillips et al., 2003). The stem water reservoir does not
only buffer transpiration demand during soil water shortage (Kécher
et al, 2013) but also contributes to daily water use, accounting for
5%-22% of the daily water use in broadleaved trees (K&cher
et al., 2013) and for 20%-25% in conifers (Cermak et al., 2007; Phillips
et al,, 2003). By measuring water potential variations in the trunk,
Betsch et al. (2011) proved that water is exchanged between the elas-

tic tissues and the vertical transpiration flow within the tree. By

testing different degrees of storage scenarios, Knighton et al. (2020)
shed light on the importance of considering internal mixing in relation
to potential water sources when interpreting xylem isotopic composi-
tion. Despite there being evidence of a potential exchange between
mobile and less mobile water within the tree stem, there is still little
knowledge available about the magnitude of this isotopic exchange
and how this uncertainty affects the identification of sources of tree
water uptake (Berry et al., 2017).

Several attempts to investigate the variability of isotopic compo-
sition at the tree scale, the canopy scale (Goldsmith et al., 2019) and
within leaf tissues (Cernusak et al., 2016; Goldsmith et al., 2019) were
recently carried out, but few studies have focused on the isotopic
composition of the wood matrix and wood functional parts (Treydte
et al,, 2021; White et al., 1985). Stems are difficult to study and in
most cases require destructive sampling that can compromise the
integrity of the plant (Holbrook, 1995). Several studies sampled the
xylem water by coring the tree trunk (Goldsmith et al., 2012; Knighton
et al., 2020; Matheny et al., 2017; Mei3ner et al., 2014, 2012; Muioz-
Villers et al., 2018). However, few studies specified whether the sam-
pling encompassed only the SW (Gessler et al, 2021; Kahmen
et al., 2021; Kiilhnhammer et al., 2021; Tetzlaff et al., 2021), which
occupies the outer sheath of the stem that is the cross-sectional area
deployed for water flow. The structural heterogeneity of stems has
been often overlooked, leaving a crucial component of the regolith-
soil-plant-atmosphere continuum almost neglected. Additionally, cur-
rent knowledge on the isotopic difference and rate of water exchange
between HW and SW is still scarce, which potentially leads to uncer-
tainties as to the estimated origin of the extracted water. To date, a
few studies addressed this topic by applying isotopically enriched
water (James et al., 2003; Treydte et al., 2021) and found the occur-
rence of radial water transport. Despite the early warning by White
et al. (1985) on the need to better understand the mixing processes
between SW and HW, to our knowledge, no study has yet documen-
ted the temporal evolution of SW and HW isotopic composition
among multiple species and functional groups. In order to address this
gap, we sampled SW and HW from two broadleaved species,
European beech (Fagus sylvatica) and sessile oak (Quercus petraea),
and two evergreen conifers, Douglas fir (Pseudotsuga menziesii) and
spruce (Picea abies), in a temperate forest in Luxembourg. The sam-
pling covered one growing season (March-October) and took place
on a biweekly basis in order to address the isotopic composition
changes over time and relate this pattern to species-specific xylem
properties. We included a night-sampling campaign to test whether
flow conditions are linked to a change in xylem isotopic composition.
The four forest species addressed are characterised by different xylem
anatomy and timing of physiological activity, aspects that may regu-
late the water exchange between SW and HW.

More specifically, we propose the following hypotheses: (i) The
isotopic composition of SW is more seasonally variable than that of
HW, because the latter is generally presumed to be disconnected
from water sources, and (ii) Conifers have a higher degree of water
compartmentalisation between SW and HW compared with broad-

leaved species due to the lower water storage capacity of their HW.

95UB917 SUOWIWIOD SAIIEaID 8|qeal|dde au Ag peussnob afe sopile O ‘SN Jo sa|ni oy ATelg 1 8UIJUQ AB]IAA UO (SUONIPUOD-PUe-SWLR)/LI0D A8 | IM ARelq1pulUD//:SANY) SUONIPUOD pUe SLUB | 84) 89S *[zZ0zZ/TT/¥0] uo Arigiauliuo Ao]im elfeleueyo0D Aq 8/t2099/200T OT/I0p/wod A3 | Aeigjpuljuoy/:sdiy wolj pepeojumod ‘0 ‘Z6S09E6T



FABIANI ET AL.

WILEY_| 3%

2 | MATERIALS AND METHODS

21 | Sampling strategy

We conducted the study during the 2020 growing season (16 March
to 19 October 2020) in a species-rich temperate forest in the Weier-
bach experimental catchment in Luxembourg (Hissler et al., 2021;
Rodriguez & Klaus, 2019; Schoppach et al., 2021), where Fagus sylva-
tica L., Quercus petraea (Matt.) Liebl., Pseudotsuga menziesii (Mirb.)
Franco and Picea abies (L.) Karst. are present. A mixed beech-
oak-forest is covering the vast majority of the catchment, with some
minor cover by spruce and Douglas fir in pure artificial stands. We
selected healthy mature trees (diameter ranged between 35 and
55 cm) in order to exclude tree size-related effects. Biweekly wood
cores were taken at breast height (approximately 1.3 m above ground)
with a 5-mm diameter increment borer from the same three individual
trees for each species. Tree cores were collected around the stem
circumference avoiding sampling above or below previous cores to
minimise possible disturbances due to the wounding of trees. Based
on the wood core translucency given by the water content, we
separated SW from HW (Kravka et al., 1999; Wang et al., 2019) in
conifers and beech trees. Light is transmitted through the water-filled
conduits lumen but reflects and scatters at the surface of embolised
conduits, resulting in contrast in wood colour (Taneda et al., 2021)
(Figure S1). For oak, the SW-HW boundary was determined visually
based on the distinct colour change between the two (Figure S1). The
sampled SW length for oak, spruce and Douglas fir was on average
3.28, 5.44 and 3.79 cm, respectively. Beech tends to develop HW
only after decades (Gebauer et al., 2008; Zweifel & Sterck, 2018);
thus, we sampled cores for beech with an average length of 7 cm
which was split into two, representative for outer and inner SW. SW
and HW cores were directly placed in vials after removing bark and
phloem. All vials were directly capped and sealed with Parafiim® and
kept frozen until extraction. In preliminary experiments, we did not
observe a strong statistical difference between SW and HW in
broadleaved species; therefore, we decided to test whether sampling
depth would result in a stronger differentiation between the sampled
xylem portions. To do this, we sampled deeper cores in broadleaved
trees (beech and oak) during five sampling campaigns (18 June,
30 June, 16 August and 4 September). We sampled deeper core in
beech trees in order to reach the actual HW during these sampling
dates. To verify if the degree of compartmentalisation between SW
and HW decreased during low flow conditions (predawn), we
repeated the SW and HW sampling during the night between 4 and
5 September between 1 and 2 AM. We collected a total of
78 samples for each coniferous species and 91 samples for each

broadleaved species.

2.2 | Laboratory analysis

We extracted xylem water through a cryogenic vacuum distillation
line (Orlowski et al., 2016). After decapping the sampling vials, we

immediately inserted them into larger extraction vials which were sub-
merged in a 100°C oil bath for 3 h and connected to a vacuum extrac-
tion line. The pressure was maintained at 0.03 hPa and was
continuously monitored. We collected the evaporated water from U-
shaped tubes, which were submerged in liquid nitrogen (—197°C). We
continuously recorded the pressure to ensure that the lines remained
leak-tight throughout the entire extraction.

We assessed the gravimetric water content and extraction yields
for each xylem sample by weighting them before and after cryogenic
water extraction. We monitored the extraction efficiency for 271 out
of 338 samples (covid-lockdown prevented us to have access to labs
and to monitor this parameter from the very beginning of the experi-
ment) by oven drying the samples at 105°C for 24 h and weighting
them afterwards. The extraction efficiency, defined as the amount of
water extracted divided by the total water of each sample, was above
99.7%, value which has been argued to guarantee a negligible effect
of residual water content on the isotopic ratios of stem samples (Zhao
et al., 2022). For each sample, we assessed the wood moisture con-
tent defined as the ratio of the weight of extracted water (liquid mass)
to the weight of dry wood (Berry & Roderick, 2005; Peck, 1953;
Siau, 1984; Steppe et al., 2010; Steward, 1967) after cryogenic water

extraction (Equation 1):

(fresh weight — dry weight)
dry weight

moisture content (%) = x100 (1)

Oven-dry density (g cm™3) was also assessed on a subset of 253 sam-
ples as the ratio of the mass of dry weight wood to volume of dry

wood (Equation 2):

. mass of dry wood
dry density = —————————— 2
ry gensity volume of dry wood (2)

The isotopic composition of the extracted water (5%°H and §*80) was
analysed using a Picarro cavity ring-down spectrometer (CRDS)
(L2140-i, Picarro, USA) coupled with a Micro-Combustion Module™
(MCM) in order to remove organic compounds (ethanol, methanol
and/or other biogenic volatile compounds). For each sample, aliquots
of 1.8 pul were injected and analysed in 10 replications. The first five
injections were always discarded, and the remaining five injections
were averaged in order to account for the memory effect (Penna
et al., 2012). Every 12 samples, two standards were used for calibra-
tion. Another sample with a known value was analysed in triplicate
throughout the sequence as a quality control. To detect possible
organic contamination, xylem samples were screened with ChemCor-
rectTM (Picarro Inc., Santa Clara, CA, USA) software, which attempts
to identify contamination through fitting to a known library of spectral
features. No organic contamination was found in any sample. For the
sake of convenience, when mentioning SW and HW isotopic compo-
sition, we refer to the isotopic composition of the water extracted

from these two functional parts.
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FIGURE 1 (up)5*0, (middle) 8°H and (bottom) Ic-excess of

xylem water for all sampling campaigns conducted in 2020. The
centre line in the boxplot indicates the median, and the lower and
upper extremes indicate the first and third quartiles, respectively. The
whiskers indicate points within 1.5 times of the interquartile range
above or below the median. Above each species, asterisks (symbols
“*_‘ns’ correspond to p-values <0.05 or >0.05, respectively) denote
significant statistical differences between heartwood (HW) and
sapwood (SW) (Mann-Whitney U test)

2.3 | Data analysis

We calculated the line-conditioned excess (Ic-excess) as a function of
the slope (a = x) and the intercept (b = x %o) of the local meteoric
water line (LMWL) (Equation 3) (Landwehr & Coplen, 2004) for each

sample:
lc — excess (%) = 5°H—a-5%0—b 3)

The Ic-excess describes the deviation of the sample's §2H value from
the LMWL in the dual-isotope space (Landwehr & Coplen, 2004),

which indicates nonequilibrium kinetic fractionation processes due to
evaporation after precipitation. The LMWL at the study site was based
on biweekly precipitation samples collected from 2011 to 2020 and is
§2H = 7.5 880 + 7.4 and consistent with the long-term regional pre-
cipitation behaviour at Trier (Klaus et al., 2015; Stumpp et al., 2014).
We analysed differences in xylem water isotopic composition (5°H
and 580 and Ic-excess) with the software R, version v. 4.0.5 (R Core
Team, 2021). Statistical analysis between species, SW and HW were
assessed with the nonparametric Mann-Whitney U test, which exam-
ines the differences in medians for two independent groups. Statistical
differences between the two groups derived from the Mann-Whitney
U test are indicated by an asterisk (p-values < 0.05) (Figures 1, 5 and
S3). We used a = 0.05 to determine statistical significance for all statis-
tical tests. We calculated the difference in tissue water (Amoisture %),
52H (A8 2H), and 580 (A & 80) between SW and HW. We applied a
linear regression analysis to test for statistic relationship between

Amoisture and A in isotopic composition.

3 | RESULTS

3.1 | SW and HW isotopic composition in
coniferous and broadleaved species

SW isotopic composition was significantly lighter in §20 (p < 0.01,
Mann-Whitney U test) than HW for the four investigated species
(Figure 1). On the contrary, 8°H values were significantly heavier in
SW than in HW in conifers but not in beech trees (p > 0.05, Mann-
Whitney U test) (Figure 1). In oak trees, §°H values in SW were
instead significantly lighter than HW. The studied conifers displayed a
prominent difference between SW and HW in both isotopes com-
pared with broadleaved species (Table 1). For both isotopes, the inter-
quartile range and variability over the whole sampling season were
highest for spruce followed by oak, Douglas fir and beech trees
(Table 1, Figure 1). Before leaf-flush in beech and oak trees were, SW
and HW displayed a similar isotopic composition in both isotopes but
maintained a constant difference at later stages of the growing season
(Figure 2). We observed a consistent difference in &°H throughout the
study period in conifers (Figure 2). While we also observed a consis-
tent difference between SW and HW in §*20 for Douglas fir, the SW
and HW of spruce tended to have similar values from June until the
end of July (Figure 2). Relationships between the delta values of SW
and HW for 80 and H were statistically significant (p < 0.05, shown
in Figure S3) for the four investigated species. R? values were lower
for conifers (0.25 and 0.33 for spruce and Douglas fir, respectively)
than broadleaves (0.71 and 0.69 for beech and oak).

3.2 | Temporal variability of the isotopic
composition of water from SW and HW

Xylem water from all four species consistently plotted below the

LMWL in the dual-isotope space across all sampling campaigns
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TABLE 1
functional group

Values of mean, standard deviation and interquartile range (IQR) for 880 and &2H per species and then grouped according to their

Sapwood Heartwood
5'%0 IQR 580 8°H IQR 5°H 5'%0 IQR 580 8°H IQR 5°H
Beech —-6.5+0.6 0.68 —644 +47 5.17 —-6.1+0.5 0.83 —64.7+4.1 4.62
Oak -7.1+0.7 0.97 —61.3+49 5.78 —6.7 £0.6 1.1 —-57.3+33 6.39
Douglas fir —-6.5+1.0 0.89 —-60.0+4.7 7.71 -5.8+0.9 0.81 —-73.8+5.6 6.07
Spruce —-6.6+1.0 1.02 —-56.8+4.7 7.18 -5.6+1.0 1.26 —66.5+5.9 7.97
Broadleaves —-6.7+0.7 1.00 —63.0+49 6.47 —-64+0.6 1.01 —60.3+5.3 9.24
Conifers —-6.5+1.0 0.97 —-58.0+5.0 6.96 -5.7+0.9 1.16 —69.5+6.3 8.52
FIGURE 2 Isotopic composition 4 heartwood
(upper and middle panels) and Ic- sapwood °®
excess (bottom panel) of xylem water -5 l
. . e i
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(Figures 3 and S2). SW samples from beech trees plotted further away
from the LMWL than SW samples from the other three species
(Figures 3 and 1). SW samples of spruce plotted closer to the LMWL
than any other species. The isotopic signature in SW and HW was
highly variable throughout the growing season for the four species
(Figures 2 and 3). Xylem water from the first sampling campaign
(16 March) before leaves were flushed out from beech and oak was
significantly higher in 8-values for both isotopes (Wilcoxon rank sum
test, p < 0.05) compared with later sampling dates (Figure 2) and plot-
ted in the upper right area in the dual-isotope space (Figure 3). In

broadleaved species, both isotopes displayed a progressively lighter

isotopic composition over time (Figure 3). The isotopic composition of
conifers displayed a different and less clear pattern than broadleaved

species (Figure 3).

3.3 | Relationship between moisture content and
xylem isotopic composition

Moisture content (%) (Figure S4) was significantly higher (p < 0.05) in
SW than in HW for beech, Douglas fir and spruce but not for oak
trees. We also observed a stronger temporal variability of moisture
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content in SW than in HW for all species (Figure S5). Correlations
between Amoisture and A8'80O were highly significant (p < 0.001)
(Figure 4) in general but not for each species individually (p > 0.05).
The relationship between Amoisture and A580 was statistically sig-
nificant, yet the R? value was low (Figure 4) showing that Amoisture is
not able to explain the variation in A8'80 alone. Conversely, correla-
tions between Amoisture and A8%H were highly significant (p < 0.001)
(Figure 4), not only when all species were considered but also for the
individual species (p < 0.05). Conifers scored higher A-values for mois-
ture content, 80 and &°H compared with broadleaved species
(Table S1). Xylem density was higher in broadleaved species (0.60 and
0.57¢g cm 3 in beech and oak, respectively) than in conifers (0.49 and

0.38 g cm 2 in Douglas fir and spruce trees, respectively).

3.4 | Day-night variability of isotopic composition
and moisture content in SW and HW

Due to the limited number of samples (three samples per functional
part per species), we could not perform any statistical tests, but we
reported the data as mean and standard deviation of 820, §2H and
moisture content in Table 2. HW isotopic composition displayed gen-
erally a lighter isotopic composition at night than during the day for all
species, while a less consistent pattern was observed in SW. The
moisture content (%) of SW tended to increase over night for Douglas
fir, oak and beech trees, but it decreased in spruce trees. The moisture

content of HW tended to increase overnight only for beech trees and

remained rather constant for the three other species. We did observe
a strong differentiation but there were small changes in the SW-HW
isotopic composition and moisture content between day- and night-
time (Table 2).

3.5 | Xylem depth-related variability of isotopic
composition in broadleaved species

For beech trees, xylem 520 and §2H values were not significantly dif-
ferent between the different sampling depths (i.e. outer, middle, inner)
and functional parts (i.e. SW and HW) (Figure 5). Despite the lack of
statistical difference, 880 values tended to become progressively
heavier with depth. In oak trees, both 580 and §%H values became
progressively heavier with depth and the outer and inner portion of
the cores were significantly different (Wilcoxon test, p < 0.05)
(Figure 5). While moisture content remained unvaried in beech, oak

moisture content was significantly higher in the inner part than in the

outer part (Figure S6).
4 | DISCUSSION
41 | SW and HW do isotopically exchange

We found that both SW and HW displayed a similar temporal variabil-
ity in their isotopic composition (Figures 2, 3 and S3) suggesting that
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We observed that SW and HW in broadleaved species displayed

and 3). We did not observe the same isotopic difference during night

when transpiration ceases (Table 2), which suggests that the isotopic
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FIGURE 4 Relationship between Amoisture and A520O (upper
plot) and Amoisture and A8%H (bottom plot) for all species. A is the
difference in isotopic composition (top panel) and moisture (bottom
panel) between sapwood (SW) and heartwood (HW) of the same tree.

the two functional parts were interconnected. If an exchange
between SW and HW had not occurred, HW isotopic composition
would have displayed a rather constant pattern, if we assume that the
isotopically dynamic sap flow is likely the only process able to underlie
such isotopic variations. A certain degree of isotopic exchange
between the two functional parts would require the radial transport
of water in both directions, and this has been observed in previous
studies (Gessler, 2021; James et al., 2003; Kitin et al., 2009). Contrary
to our results, White et al. (1985) observed that 8°H of HW showed
rather uniform values over time, but the authors did not provide a
clear interpretation due to the short measurement period in their
study. In addition to the biweekly variation, we also observed that in
some species, both SW and HW isotopic composition changed even
on the day-night scale (Table 2), indicating that SW and HW water
exchange can occur at the subdaily time scale.

equilibrium between SW and HW would require more than approxi-
mately 6 h (time between sunset and sampling time) to be reached.
We can envisage that the two functional parts tend to reach an isoto-
pic equilibrium over the dormant season due to the inactivity of the
SW and the consequential lack of temporal change in the SW isotopic
composition by water uptake. Additionally, during the dormant sea-
son, 8180 and &2H showed the heaviest values of the studied period
(Figures 2 and 3). The occurrence of the heavy isotopic composition
in xylem water during leafless periods was previously reported in
other studies (Martin-Gémez et al, 2017; Oerter et al., 2019;
Phillips & Ehleringer, 1995) and also observed in the study area in
2019 (Fabiani et al., 2021). This observation has been explained by
the evaporation through the bark that occurs over the dormant sea-
son when sap flow is ceased (Martin-Gomez et al., 2017; Oerter
et al., 2019; Phillips & Ehleringer, 1995). Therefore, the heavy isotopic
composition of xylem water observed before leaf flush both in SW
and in HW is another indication that SW and HW are not isolated
compartments in broadleaved species. At the onset of the growing
season, the xylem water of the broadleaved species became progres-
sively lighter in both isotopes and at both functional parts (Figures 2
and 3), likely caused by the input of fresh, nonenriched soil water.
However, as the growing season progressed, SW and HW of broad-
leaves began to display different isotopic composition, as the
equilibration process between SW and HW seems to be slower
than the rate of change in the isotopic composition in the SW (from
root uptake).

In conifers, we observed a consistent difference over time
between SW and HW even at the beginning of the growing season
(Figures 2 and 3). This is likely due the lack of a complete cessation of
transpiration in the dormant season for evergreen species (Chan &
Bowling, 2017), which reduces the effect of fractionation through the
bark. Overall, the differences between the isotopic composition of
water in functional parts of conifers and broadleaved trees (Table 1)
might not be exclusively linked to stem hydraulic processes (Martin-
Gomez et al., 2017) and xylem anatomy (i.e. water storage capacity,
parenchyma fraction, Gessler, 2021; Treydte et al., 2021) but could
also be related to the phenology of the species.

Although water does not flow readily between growth rings and
water movement is mainly promoted within a growth ring
(Gartner, 1995), our observed seasonal variability in isotopic composi-
tion in SW and HW (Figures 2 and 3) suggests that isotopic exchange
between the functional parts does occur to a certain degree. Consis-
tently with our findings, James et al. (2003) showed through a label-
ling experiment in tropical species that substantial diffusion of
deuterated water occurs from SW to HW through the rays and axial
parenchyma. Treydte et al. (2021) injected deuterated water into
Eucalyptus trees and identified the presence of this tracer even in the

HW of the opposite side of the injection point. This was interpreted
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TABLE 2 Mean and standard deviation for §*0 and 8?H and moisture (%) per species (n = 3)
Sapwood Heartwood
5120 day 5120 night 5°H day §2H night 5120 day 5120 night 5%H day §2H night
Beech —6.4+0.6 —64.2+43 —-6.1+£0.3 —-649+1.7
Oak —-75+04 —64.8+0.6 —-7.0+£04 —60.6+1.9
Douglas fir -59+13 -61.0+£3.6 —-6.8+04 -81.8+0.6
Spruce —7.1+£0.5 —621+£22 —6.5+£0.5 —72.8%+9.9
Sapwood Heartwood
Moisture (%) day Moisture (%) night Moisture (%) day Moisture (%) night
Beech 61.7+3.1 60.6+4.8
Oak 78.6+21.0 86.1+14.1
Douglas fir 90.8+3.9 334+1.1
Spruce 112.1+4.2 31.7+0.0

Note: In orange are the day-time sampling values; in blue are the night-time sampling values.

4! " FIGURE 5 &0 (top panels), §2H
‘ ' ns ' (bottom panels) isotopic composition of
— M r - beech (left plots) and oak (right plots)
-5 ns T trees for the different sampling depths
- ‘ and functional parts (sapwood [SW] and
=8 -6 heartwood [HW]). The centre line in the
5 boxplot indicates the median, and the
©® 7 ‘ lower and upper extremes indicate the
w first and third quartiles, respectively. The
‘ whiskers indicate points within 1.5 times
8 of the interquartile range above or below
peech Em oak ﬁz\x the median. Above each boxplot, asterisks
-91 (symbols <**, ‘ns’ correspond to p-values <
outer mid inner outer mid inner 0.05 or > 0.05, respectively) denote
significant statistical differences between
beech fja oak S the different sampling depth
, . : (Wilcoxon test).
-50 B
r LLJ 1
r ls 1
— — s
Ni -60
70 l
outer mid inner outer mid inner

as evidence for the circumferential water movement as bulk flow
through the SW and the subsequent equilibration with HW. Bulk flow
might be allowed by the radial connectivity, which is granted by the
intercellular spaces of the xylem participating in gas exchange and
water conduction (Kitin et al., 2009; Zhang et al., 2004) and by par-
enchymatic rays (Pfautsch, 2016; Pfautsch et al., 2015). Parenchyma
provides storage for water during water shortages and grants func-

tional connectivity to water transport both in an axial direction by

axial parenchyma (Chen et al., 2020) and radial direction between the
inner and outer xylem by ray parenchyma (Steward, 1967). The axial
and ray parenchyma run perpendicularly to each other, originating a
living network interspaced among fibres and water conduits (Morris
et al., 2016). The proportionality of different parenchymatic rays and
xylem elements varies among coniferous (3%-12%) (Panshin and de
Zeeuw, 1980) and broadleaved species (5%-33%) (Pfautsch
et al, 2015; Siau, 1984), and their water contribution to the total
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transpiration flux might be related to the tree water status and how
easily water is withdrawn from storage (Tyree & Yang, 1990). Conifers
are also characterised by the presence of heterogeneous rays, where
parenchymatic cells and tracheids run radially (Siau, 1984) and
facilitate water transport in a radial direction. Heterogeneous rays are
lacking in broadleaved species, but the connectivity among adjacent
xylem vessels is granted by intervessel pit pairs that allow water to
spread from one vessel to the next at points of vessel to vessel
contact (Tyree & Zimmermann, 2002). Intervessel pits size and density
vary among species and determine their effectiveness in decreasing
resistance to lateral flow and the tangential spread of water (Orians
et al., 2004). Although HW is presumed to be characterised by tyloses
formation and the complete dieback of living cells (parenchymatic
cells), some of the cells may actually survive and pits (which allow
water to pass between xylem conduits) may maintain their
functionality (Frey-Wyssling & Bosshard, 1959). An additional driving
force for the internal radial movement from SW to HW is the water
potential gradient between the two (Nakada et al., 2019). Nakada
et al. (2019) argued that water moves radially in the vapour phase
rather than in the liquid phase. This argument is also consistent with
the lighter isotopic composition observed in §%H of the HW
(Figure 1), as the light isotopes are more likely to be transported in
higher fractions through the vapour phase. However, we observed
the opposite for §€0 (Figure 1) leaving the transport path subject to
further research.

Our hypothesis of a different degree of compartmentalisation
(i.e. isotopic exchange) between broadleaved species and conifers is
also supported by the linear relationship observed between A80O
and A8H with Amoisture between the two functional parts (Figure 4
and Table S1). When the Amoisture was low (Figure 4), the two func-
tional parts displayed a closer isotopic composition compared with
high Amoisture. This indicates a higher degree of exchange. Seasonal
variations in moisture content in wood are confined largely to SW
(Figure 4), confirming that species-specific moisture content of wood
in living trees is governed by their anatomy (Steward, 1967). The
wood of conifers, which is characterised by a lower density than
broadleaved species (see Section 3), is able to absorb more water than
broadleaved species (Figure S4). Despite this, HW has limited storage
capacity (Figure S4) due to the physiological changes that
xylem has encountered during SW-HW conversion (Tyree &
Zimmermann, 2002). The seasonal variations in moisture content are
less pronounced in the SW-HW of coniferous species than
broadleaved species, probably reflecting the hydraulic separation
between the conducting portion of the stem and the HW
(Holbrook, 1995). An exceptional case among broadleaved species is
that of oak (Tomczak et al., 2018), where HW moisture content is
comparable and sometimes even exceeds SW moisture content
(Figure 4, S4, Table 2). However, the contribution of HW water to the
transpiration for this species remains uncertain. It may be that the
day-night scale fluctuations of moisture content in the HW of broad-
leaves indicate the occurrence of water logging and withdrawal of
water on the day-time scale. In conifers, we observed a change in the

isotopic composition of HW independent of a variation in moisture

content, potentially indicating that HW likely does not contribute
significantly to tree transpiration despite the occurrence of an
isotopic exchange.

From a methodological point of view, we must bear in mind that
the cryogenic water extraction does not only extract water flowing
through xylem conduits but rather a mixture of symplastic water, cap-
illary water and fibre water (Barbeta et al., 2022). Thus, we acknowl-
edge that our study incorporates multiple degrees of isotopic
heterogeneity occurring not only between different functional parts
(i.e. SW and HW) but also at a finer scale between different xylem ele-
ments within the same portion of functional xylem. Xylem is com-
posed of conducting elements (i.e. vessels in broadleaved species and
tracheids in conifers), parenchyma and fibres (Chen et al., 2020),
which contribute to different extent to the total hydraulic functioning
of the tree. Water in the intercellular space and xylem conduits is iso-
topically in-equilibrium (Barbeta et al., 2022), while water in parenchy-
matic cells and within cell walls has been assumed to be more
depleted in hydrogen (Barbeta et al., 2022; Zhao et al., 2016). The
most recent literature has focused on whether xylem depletion in
hydrogen originates from the isotopic heterogeneity between xylem
elements (Barbeta et al., 2022; Zhao et al., 2016) or rather whether it
results from the technological limitations of the extraction technique
(Chen et al., 2021). It has been argued that cryogenic water extraction
has systematically biassed &°H estimates due to the hydrogen
exchange of water with organic compounds during distillation (Chen
et al., 2021). However, the work of Barbeta et al. (2022) showed that
an extraction artefact alone cannot quantitatively explain the deple-
tion in deuterium, and thus, other mechanisms would be behind the
relative depletion of water in nonconducting woody cells. Among pos-
sible mechanisms, chemical bonding and capillary (i.e. surface) forces
could have an effect on the hydrogen (Berry & Roderick, 2005) (and
not oxygen) especially when moisture content is low, such as in coni-
fer HW (Figure S4). More research is clearly needed in order to quan-
tify the influence of organics and capillary forces on deuterium
exchange during the xylem extraction process and define the implica-
tions for tree water uptake studies. Still, both studies agree on the
reliability of 8180 as a tracer (Barbeta et al., 2022; Chen et al., 2021),

pointing to the need to build interpretations on both isotopes.

4.2 | The radial variability in isotopic signal

We observed a progressive transition in isotopic composition with
increasing radial depth toward the stem centre suggesting the occur-
rence of an isotopic gradient or the presence of a transition zone
between SW and HW (Figure 5). This might be an indication of high
xylem connectivity, granted by intervessel pitting that allows water
movement between adjacent vessels (Orians et al, 2004). The
increasingly heavier isotopic composition with sampling depth
observed in oak trees (Figure 5) may result from the radial variability
in xylem sap flux as SW does not conduct water uniformly with depth.
The importance of SW as source water for leaf transpiration increases

with depth (Cermak et al., 2007), and most of the water flow is largely
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confined in the outer SW (Steward, 1967). In ring-porous species such
as oak trees, the axial flow is restricted to either the last or last few
annual rings (Cermak et al., 1992; Granier et al., 1994; Kozlowski &
Winget, 2015; Matheny et al.,, 2017) where the width of the late-
wood vessel creates sufficient transport capacity to supply the entire
crown (Gartner, 1995). In oak species, it has been estimated that 80%
of flow occurred in the outer portion of the SW, while only some
xylem transport occurs in the inner rings. Diffuse porous species such
as beech trees rely on multiple growth rings to sustain transpiration
(Matheny et al., 2017), which could potentially explain the lack of sta-
tistical difference observed in isotopic composition between different
sampling depths in the xylem of beech (Figure 5).

The progressive decrease in water flow with depth is explained
by two co-occurring phenomena: (i) leaf petioles attached to the
xylem that withdraw water from the outer ring (Gartner & Meinzer,
2005) and (ii) the higher flow resistance experienced by the water
flow in the inner part of the SW (Ford et al., 2004). As the light iso-
topes are more likely to be transported in higher fractions through the
vapour phase and leave trough the bark, we speculate that water
stored in older SW might have developed heavier isotopic composi-
tion over time. Furthermore, the outer sheath of xylem may be con-
sidered the more faithful proxy of the water taken up as it contains a
higher percentage of the water which flows to the leaves. As outer
xylem sustains the upper and outer crown and inner xylem sustains
lower and older branches (Pfautsch, 2016), we expect that different
vegetative parts will be supplied by water with a different isotopic
composition that matches that of the corresponding xylem depth

supplier.

4.3 | Implications of isotope patterns in xylem for
ecohydrological studies

Our results add to the recent literature showing how the xylem struc-
ture (Barbeta et al., 2022; Zhao et al., 2016) and tree physiology
(Martin-gémez et al., 2016) affect xylem water isotopic composition.
Although the anatomical structure of xylem provides slow rates of
radial movement for water in comparison with the axial transport
(Kitin et al., 2009), we showed that this exchange might take place
even on the day-time scale for some species. In light of this, we can
think of different xylem compartments as potential end-members that
complicate the identification of tree water use. This is in agreement
with Seeger and Weiler (2021) who highlighted that xylem water
incorporates the transient or intermediate sources such as roots,
trunks, branches and leaves. It is still unclear to what extent nonuni-
form isotope signatures might also impact measurements with
gas-permeable in situ probes (e.g. Volkmann et al., 2016), since they
sample a mixture of recent water uptake flowing in vessels and water
stored in fibres, parenchymatic cells and intercellular spaces, possibly
affecting the interpretation of the measurements. Furthermore,
Seeger and Weiler (2021) raised concerns that the measurements
with in situ probes might be influenced by the isotopic signature of

immobile water stored in the HW impairing the characterisation tree

water uptake. We suggest that the analysis of the tracer breakthrough
curve with in situ probes (Kahmen et al, 2021; Seeger &
Weiler, 2021) could provide valuable information about the xylem
hydraulic capacitance driving the exchange of water between storage
compartments and the transpiration stream. As hydraulic capacitance
depends on wood density (Koécher et al., 2013), we argue that the
breakthrough curve arrival time would be species-specific. Future
studies should aim to discriminate between the total bulk of xylem
water and conduits water in order to understand how the xylem
anatomy might affect the isotopic measurements and ultimately, to

better understand tree hydraulic functioning.

5 | SUMMARY AND CONCLUSIONS

Our results provide previously missing evidence of different degrees
of water exchange between SW and HW for multiple forest species
and functional groups. We found that:

1. Both SW and HW display a variable isotopic composition through-
out the growing season and on a day-night scale, but conifers dis-
play a higher isotopic compartmentalisation reflected by the
consistent isotopic difference between SW and HW compared
with broadleaved species as a result of the difference in xylem
anatomy and phenology.

2. In broadleaved species, the radial variation in isotopic composition

is driven by sampling depth rather than xylem functional parts

With the present work, we hope to draw attention to the need for
ecohydrological studies to consider the multidirectionality of water
transport in wood and the heterogeneity of the isotopic composition
in xylem. Future work should seek to link species-specific xylem
hydraulic capacitance with water transport processes to better under-
stand the processes underling the isotopic exchange between storage

compartments and the transpiration stream.
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