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Abstract

The capacity of trees to release water from storage compartments into the transpiration stream
can mitigate damage to hydraulic functioning. However, the location of these ‘transient’ water
sources, and also the pathways of water movement other than vertical through tree stems still
remains poorly understood. We conducted an experiment on two tree species in a common
garden in eastern Australia that naturally grow in regions of high (Eucalyptus tereticornis,
‘Red Gum’) and low (Eucalyptus sideroxylon, ‘lronbark’) annual precipitation rates.
Deuterium enriched water (1350 %o label strength) was directly introduced into the
transpiration stream of three trees per species for four consecutive days. Subsequently the
trees were felled, woody tissue samples were collected from different heights and azimuthal
positions of the stems, and stable isotope ratios were determined on the water extracted from
all samples. The presence/absence of the tracer along the radial and vertical stem axes in

combination with xylem hydraulic properties inferred from sapflow, leaf and stem water
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potentials, wood moisture contents and anatomical sapwood characteristics elucidated
species-specific patterns of short-term stem water storage and movement. The distribution of
water isotopes at natural abundance among woody tissues indicated systematic differences
with highest values of sapwood water and lower values in inner bark and heartwood. Presence
of tracer in water of the inner bark highlighted the importance of this tissue as capacitor.
While injected at the northern side of stems, tracer was also discovered at the southern side,
providing empirical evidence for circumferential flow in sapwood, particularly of Ironbark.
Greater vertical water transport in Red Gum compared to more radial and circumferential
water transport in Ironbark were associated with species-specific sapwood anatomy. Our
study highlights the value of combining information from stable isotope tracers and wood

anatomy to investigate patterns of water transport and storage of tall trees in situ.

Introduction

A key role for the ability of trees to endure drought and heat related climatic extremes is their
capacity to release water from storage compartments into the transpiration stream to mitigate
damage to hydraulic functioning (Wullschleger et al. 1996; Borchert and Pockmann 2005;
Meinzer et al. 2006; Pfautsch et al. 2013, 2016; Matheny et al. 2015). Various studies have
demonstrated that 10-50% of daily transpiration may be provided by water stored in stem
tissues (Waring and Running 1978; Goldstein et al. 1998; Phillips et al. 2003; Cermak et al.
2007; Kocher et al. 2013; Matheny et al. 2015). Even in case the absolute amount of water
obtained from internal storage during a day may be relatively small, its role in the
maintenance of favorable leaf water potential and carbon balance may nevertheless still be

significant (Logullo and Salleo 1992; Goldstein et al. 1998).

While our knowledge on theoretical functioning of the processes of stem water storage and its

mobilisation is improving (Huang et al. 2017), we still lack empirical evidence of these
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functions, and the location and dynamics of these ‘transient’ internal water sources still
remains poorly defined. This is particularly the case for large trees growing under natural
conditions, since many experimental studies are limited to small, potted trees grown in
controlled environments. Besides, most of the growing literature on water movement in intact
trees has emphasized the use of sap flow techniques to estimate whole-tree water use,
however, a number of uncertainties in processing of relevant data remain (Peters et al. 2018).
In situ observations of storage and movement are still rare, and existing experimental studies
focussed on short-distance transfer of water or minerals injecting dyes such as fluorescent
tracers (Sano et al. 2005; Sokotowska 2012; Pfautsch et al. 2015a), caesium (Kuroda et al.
2018) or rubidium and europium (Okada et al. 2011). Those studies particularly emphasize
the role of radially aligned and interconnected ray parenchyma cells as transport pathways

that functionally link the tissues of the inner bark and xylem (Pfautsch et al. 2015b).

Stable isotopes of hydrogen and oxygen (8°H and §'®0) in water and organic materials are a
valuable tool in ecological, biogeochemical, hydrological and paleoclimate research and have
been used as hydrological and ecophysiological tracers for more than five decades (Kendall
and McDonnell 1998; Dawson et al. 2002; Vitvar et al. 2005; Werner et al. 2012; Penna et al.
2018). Isotope tracers, such as water enriched in the heavy isotopes ?H and ‘20, have
successfully been used to characterize the relationship between tree hydraulic architecture and
whole-tree water flux, storage and retention of water in plants (James et al. 2003; Meinzer et
al. 2006; Zapater et al. 2011; Rothfuss and Javaux 2017; Lehmann et al. 2018; Penna et al.
2018; Wang et al. 2020). However, most of these studies were restricted to young trees grown
under controlled greenhouse conditions, single larger trees, or as ‘proof of concept’ that
injected H (also known as Deuterium, abbreviated ‘D’) and 0 can be used to trace
transpiration water. Information about the distribution of water isotopes at natural abundance

among different woody tissues along adult tree stems and potential differences in there is,
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however, still scarce. Yet, such information would provide valuable insight into potential
short-term shifts in soil water uptake, and water retention in these tissues. And even more, no
study has yet documented the movement of an isotope tracer along the entire stem of tall
trees, including in radial and circumferential direction and between inner bark, sapwood and

heartwood.

Here we conducted a labelling experiment with deuterium enriched ‘heavy water’ (D;0) to
investigate the radial and vertical water movement in and short-term water storage of adult
trees. For this purpouse we selected two tree species typical for Australia, grown next to each
other in a common garden: Eucalyptus tereticornis, a species fround in mesic coastal regions
and Eucalyptus sideroxylon, which copes well with more xeric inland conditions. As shown
previously, sapwood traits in eucalypt species tend to reflect long-term genetic adaptation,
rather than short-term environmental variability (Pfautsch et al. 2016). It was thus expected
that the two species retained large differences in sapwood traits even though they were grown
for more than a decade under the same environmental conditions. Further support for this
assumption was drawn from the observation that Red Gum trees had nearly twice the height
and stem diameter of Ironbark (Fig. 1), representing an ideal setting to comparatively study
species differences in patterns of water movement in situ and corresponding sapwood traits
(James et al. 2003). We hypothesized that both tree species differ i) in the stem water storage
characteristics of their tree tissues, ii) in their radial and axial stem water movement patterns,
and iii) that these differences are related to their different xylem (i.e. sapwood and heartwood)
hydraulic properties. To test these hypotheses, we used stable isotope tracing in combination
with the distribution of water isotopes at natural abundance to characterize patterns of water
storage and movement i) between inner bark, sapwood and heartwood, ii) along the vertical

stem axes and circumferential direction, and iii) to compare these patterns with xylem
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hydraulic properties inferred from sapflow, leaf water potential, wood moisture content, and,

most importantly, vessel anatomical characteristics.

Material and Methods
Study site and trees

The study was conducted in a 15-year old common garden planting at the Hawkesbury Forest
Experiment site in Richmond, 60 km northwest of Sydney, Australia (25 m above sea level;
33° 369 4099 S, 150° 449 26.599 E) using two eucalypt species (Fig. 1). Eucalyptus
tereticornis (in the following ‘Red Gum’) is one of the most widespread eucalypts in
Australia, distributed along the eastern seaboard from southern Victoria to northern
Queensland. It grows at locations where mean annual precipitation is > 600 mm. Eucalyptus
sideroxylon (in the following ‘Ironbark”) occurs further inland in south-eastern Australia at
locations with mean annual precipitation > 400 mm. It is known to be slower growing and

more drought tolerant than Red Gum (Drake et al. 2017; Duan et al. 2018).

Climate at the study site is warm-temperate: Mean annual temperatures reach 17.7 °C, with
January as the warmest (24.0 °C) and July as the coldest month (10.6 °C). Annual
precipitation averages 728 mm, with a maximum in summer (114.0 mm in February), and a
minimum in winter (27.5 mm in July) (long-term means of the period 1993-2018 for

Richmond NSW; Bureau of Meteorology, Australian Government).

The common garden was arranged as randomised block design, with 12 gymnosperm and
angiosperm species in 6 replicate blocks. We selected three trees per species for the trace
labelling experiment (‘experimental trees’) and one tree per species without tracer as control
(‘control tree’) from within a single block to minimise potential differences in access to soil

nutrients and water. Selected Red Gum individuals were between 17 and 23 m tall and stem
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diameters at 1.3 m above the ground ranged from 17.5 to 31.6 cm. Height of selected Ironbark

trees was between 9.5 and 12.5 m and stem diameters between 15.7 and 20.8 cm.

The experiment was split into two periods: During the first period (March 13-16, 2014) we
examined Red Gum and during the second period (March 20-23, 2014) we examined
Ironbark. Weather conditions during both periods were similar, with typical diurnal patterns
of photosynthetic active radiation and VPD, reaching their minima at late night and maxima
around noon. A small thunderstorm occurred in the morning of 16 March and the evening of
21 March (Fig. 2a). Meteorological data such as mean, maximum and minimum temperatures,
rainfall, relative humidity and solar radiation values measured in 15-minutes intervals were
available from a nearby climate station at the Hawkesbury Forest Experiment site of which
the common garden was part. Vapour pressure deficit (VPD in kPa) was calculated using air

temperature and relative humidity according to Snyder and Shaw (1984).

Injection of deuterium enriched water into the tree stems

Devices for injection of heavy water (D,O) were installed at about 1 m stem height on the
northern (N), sun exposed side of each stem. A PVC connector (45° cut angle, 100 mm long,
50 mm wide) was mounted onto the tree stem using a steel bracket and screws (35 mm long).
A water-tight seal between the exposed sapwood and the PVVC connector was produced using
a 2-component marine epoxy putty. Once the seal had hardened, the connector was filled with
water and a 5 mm diameter injection hole was carefully drilled about 30 mm deep into the
sapwood (Table 2) at a downward 45° angle. Drilling was done with a cordless drill and a
specialized long drill bit (5 mm diameter, 300 mm length) to produce a clean-cut insertion
hole. All drilling was undertaken before or around noon and under water to avoid entry of air

into conducting sapwood vessels. While still some cavitation could have occurred due to the

120Z 8unp z| uo Jasn ISM Ag | 2S¥629/080aed)/sAydeaiy/ea0l 01 /10p/e[onie-aoueApe/sAydesiy/wos dno-oiwepeoe//:sdiy WoJj pepeojumoq



Wheeler effect (Wheeler et al. 2013), possibly cavitated conduits should have refilled after,

due to the small positive pressure created during water injection.

Drilled holes were flushed with MilliQ water to displace any wood debris. Bespoke water
reservoirs made from PVC pipes (ca. 500 mm long, 50 mm wide) were mounted onto the
connector (Fig. 1), and carefully filled with about one liter of D,O (‘heavy water’) with a
label strength of 1350 %o and a &0 value of -3.43 %, and refilled periodically as the D,O
was taken up into the transpiration stream. After each refilling the reservoirs were closed with
a lid to avoid evaporative enrichment or mixing with atmospheric moisture. The lid was fitted
with a 20 cm long and 2 mm wide plastic tubing to allow equilibration of air pressure inside
the reservoirs with ambient conditions. The reservoirs remained affixed to stems for four

consecutive days.

Tree water use

Water use of the experimental trees was monitored prior and during D,O injection using heat
ratio probes (HRM30, ICT International, Armidale, Australia; see Burgess et al., 2001 for
theory of the method). Probes were installed above the reservoir at the northern and in
addition also at the southern side of each stem. Sap velocity was recorded simultaneously at
two depths every 15 minutes and transformed to sap flow use as described in Pfautsch et al.
(2010). Sap flow density (Qs) was calculated on a unit sapwood area basis. Cumulative water
use was calculated by summing up sap flows for both depths over one hour and dividing this
sum by four, before converting to litres. The total sapwood area was estimated from stem
disks extracted from felled trees and divided in equal proportions to differentiate between

water moving upwards at the northern and southern side of the trees (Table 2).
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Leaf water potential and tissue moisture

Pre-dawn and midday leaf water potentials on five leaves from each experimental tree were
measured with a Scholander-type pressure chamber (1505D-EXP; PMS Instrument Company,
OR, United States) on 13™ and 20™ of March (hereafter termed ‘day one’). On each day prior
to pre-dawn leaf collections, three leaves of each experimental tree were wrapped in
aluminium foil and enclosed in a ziplock bag. These leaves were collected during midday and
represented a proxy for stem water potential. All leaf collections were conducted using a a
hydraulic platform for access. Moisture content in inner bark, sap- and heartwood were also
measured once during daytime on day one using samples from three additional trees per
species. For this purpose, increment cores (5 mm diameter) were extracted at 1.3 m above
ground, tissues were separated (clear color change between sapwood and heartwood in both
species), and their fresh weight noted. After drying these tissues at 105 °C for 48 hours to

constant weight, their dry weight was noted, and tissue moisture content calculated as

fresh weight—dry weight
freshweight+100

difference between fresh and dry weights in percent: % moisture =

Sampling of tree tissues, water extraction and water isotope measurements

After feeding D,0 for four consecutive days into the base of the stems, experimental trees and
the control tree were felled. Samples of woody tissues, i.e. inner bark (outer dead bark was
discarded), sapwood and heartwood were taken from four heights (Fig. 1; above the reservoir
(‘low”), at 33% (‘mid’) and 66% (‘up’) of the total tree height and at the very top (‘apex’)).
Heartwood samples were taken at the approximate mid-point between the sapwood-
heartwood boundary and the pith. All samples except the ‘apex’ were taken at the northern as
well as at the southern side of the stems. In addition, a few samples were taken right below
the feeder on the northern side of the stems (‘base’). Sampling was conducted with a chain

saw to extract whole wood discs and subsequent use of a hammer and a chisel (stem samples),

10
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or a pruner (apex samples) to generate manageable sample sizes. All tools used during the
felling and sample collection were carefully cleaned with de-ionized water after each step to
avoid cross-contamination of samples. Samples were collected in duplicate at each position to
provide materials for sapwood anatomical analyses and extraction of tissue moisture. It has to
be noted, that in seven out of eight trees heartwood was only present at the low and mid
sampling position of the stems and absent higher up. Immediately after extraction, samples
were transferred to airtight containers and stored on ice until further lab procedures. A total of
168 tissue samples were collected.

Water extraction of all woody samples was done by cryogenic vacuum extraction at UTS
(Orlowski et al. 2013; Newberry et al. 2017) and hydrogen and oxygen isotope measurements
were conducted with a Picarro laser (L2132-i, Picarro Inc., Santa Clata, USA) with a
measurement precision (one standard deviation, SD) of 1%, for §°H and +0.3 %o for §°0.
All isotope values were normalized to VSMOW (Vienna Standard Mean Ocean Water).
Measurements were checked with the ChemCorrect software to identify potential errors
introduced due to spectral interference with organics (Gerlein-Safdi et al. 2017). Only 14
samples our of 168 were flagged, but no systematic bias towards specific sample types such
as bark was found. This is in line e.g. with Carriére et al. (2020) who reported no difference
between plant xylem water 8°H measurements conducted with laser spectroscopy and IRMS
and with Volkmann et al. (2016) who confirmed no contamination by organics during in-situ

online xylem water 8°H measurements using laser spectroscopy.

Wood anatomical measurements

Sapwood vessel traits in 56 sapwood samples were assessed using optical microscopy. Cross

sections (25 um thickness) of sapwood were prepared using a sliding microtome (Leica

11

120Z 8unp z| uo Jasn ISM Ag | 2S¥629/080aed)/sAydeaiy/ea0l 01 /10p/e[onie-aoueApe/sAydesiy/wos dno-oiwepeoe//:sdiy WoJj pepeojumoq



RM2255; Leica Microsystems, Wetzlar, Germany). Tissue sections were stained with safranin
(1% aqueous) and washed clean before wet-embedding them on a glass slide and cover glass.
Six digital images were taken of each section at 40X (stem samples) and 200X (apex samples)
using a transmission light microscope (Leica SM2010 R; Leica Microsystems) equipped with
a digital camera (Leica DFC 500; Leica Microsystems). Wood anatomical characteristics
were measured by image analysis (ImageJ, National Institutes of Health, Bathesda, USA).
Altogether 8456 vessels were analysed. Investigated traits were: (i) sapwood vessel diameter,

(i) hydraulically weighted vessel diameter, (iii) vessel frequency and (iv) the void/wood ratio.

For scanning electron microscopy, wood samples were cut into approximately 8 to 10 mm
cubes, and all sides were trimmed using a microtome to provide clean and smooth surfaces
(Pfautsch et al. 2015a). Sample blocks were mounted on aluminum stubs with double-sided
carbon adhesive tape, allowing imaging of transverse planes. A scanning electron microscope
(6510LV; JEOL) operated in low-vacuum mode at a vacuum chamber pressure of 50 Pa,
20kV accelerating voltage, and 15mm working distance. The resulting images were used to
determine species- and location-specific differences in ray parenchyma traits (i.e. arrangement

and number of rays in files).

Data analysis

The non-parametric Kruskall-Wallis test and a post-hoc pairwise Wilkoxon rank sum test
without continuity correction were used for testing the significance of differences between
independent groups of data with unequal variance (holds for all types of data used here) and
partly non-normal distributed data (holds fr 8°H data of the treated trees). Homogeneity of
variance between groups was assessed with the Bartlett test and (non-)normal distribution of

data was identified using the Shapiro normality test.
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120Z 8unp z| uo Jasn ISM Ag | 2S¥629/080aed)/sAydeaiy/ea0l 01 /10p/e[onie-aoueApe/sAydesiy/wos dno-oiwepeoe//:sdiy WoJj pepeojumoq



The presence or absence of the deuterium tracer in a sample of the different tree tissues was
identified by calculating the 8°H difference (A5°H) between experimental and control trees.
Positive A8’H deviations indicate presence of the tracer and negative AS8°H deviations
indicate its absence. A one sample t-test was applied to test the significance of the differences
between the means of the treated trees and the 8°H value of the corresponding water sample
of the control. Linear regression analysis was applied to test for statistic relationships between
8%H and &0 data of the control trees, but further investigation of the experimental trees was
based on 8%H only. For all tests, differences were considered significant at p<0.05. Staistical
analyses were performed in R, version 4.0.3 (R Core Team 2020; RStudio Team 2020).

Graphs were plotted with the R package ‘ggplot2’ (Wickham 2016).

Results
Sapflow, leaf water potentials and wood moisture content

Patterns of sap flow through all trees followed a typical diurnal cycle with a pronounced
increase of flow around sunrise, peak flow when VPD and hence transpiration was high, a
decrease in flow during the afternoon and close-to-zero flow during the night (Fig. 2). The
larger sap flow on the northern side of four out of six trees (except Ironbark tree number 1 and

3) was the result of larger sapwood area on that side of the stems.

Importantly, the sap flow data showed that drilling into the sapwood and installation of the
reservoirs did not affect water transport patterns and volumes, since the pattern of Qs
remained unchanged between the northern and southern sides of the stems. Only in one Red
Gum tree (tree number 1; Fig. 2) the water flux decreased during the four days of the
experiment, because the reservoir of this tree accidentally emptied completely, which likely

caused blockage of some sapwood vessels at this side of the tree. Nevertheless, transport of
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the deuterium tracer was still strong enough to generate distinct isotope signals (i.e. maximum
A8%H values in Fig. 8 in sapwood water at the northern up and apex positions, and bark water
at the apex are from this tree). The average daily water transport in lronbark was half the
amount (15 L d) of that observed in Red Gum (30 L d™) (Fig. 3). Since VPD and solar
radiation values were in a similar range during the two study periods (Fig. 2), the difference in

water transport seems to be species-specific.

Both species showed high leaf water potentials at pre-dawn and low leaf water potentials at
midday. In Ironbark leaf and also stem water potentials at both times of the day were
significantly (p<0.01) lower (mean predawn LWP: -0.84 MPa, mean midday LWP: -1.82
MPa) compared to Red Gum (mean predawn LWP: -0.43 MPa, mean midday LWP: -1.24
MPa) (Fig. 4).

Moisture contents (Table 1) of both inner bark and heartwood from Red Gum were
significantly larger (p<0.05) than of those from Ironbark with a difference of 12 % and 15 %
respectively. Also, sapwood moisture was lower at least for two out of three Ironbark trees
compared to Red Gum. The highest moisture content was recorded in the inner bark of both
species (Red Gum: 62 %; Ironbark: 50%), followed by heartwood (52 %) and sapwood in Red
Gum, while in Ironbark heartwood had the lowest moisture content of all three tissues (37 %)
(Table 1). In both species, differences between the moisture content of the three tissues were,

however, not statistically significant (p>0.05).

Sapwood anatomy

Analyses of sapwood traits revealed that compared to Red Gum, Ironbark had denser
sapwood, narrower yet more frequent vessels and a slightly lower void/wood ratio (Table 3).
This applies to all positions within stems, including the apex. In Ironbark the sapwood density

tended to slightly decrease with stem height, and this also holds for the maximum and
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hydraulically weighted vessel diameter, while the minimum vessel diameter remained stable.

The void/wood ratio of both species also slightly increased with stem height.

Furthermore, the analysis of the tangential sections (Fig. 5) revealed marked differences in the
abundance and organisation of ray parenchyma. Whereas rays were organised exclusively in
monoseriate files in Red Gum, mono- and biseriate files were present in sapwood of Ironbark.
The latter species also exhibited a larger total number of individual rays at any position along

the stem (Table 4).

Tissue water &°H and %0 patterns at natural abundance

Overall, no significant species-specific differences were found between the water isotope data
sets of the two control trees, though 8°H values of Ironbark tended to be slightly lower
compared to Red Gum (Fig. 6a, Table S1). Correlations between 8°H and 50 values were
highly significant (p<0.001) for both control trees (Figure 6a) in general and also, more
specifically, for sapwood and inner bark water (p<0.01) (Fig. 6b). Mean sapwood water
isotope values were significantly higher compared to inner bark and heartwood water
(p<0.05) (Fig. 6b, Table S1).

Along the vertical stem axes (Fig. 7; Fig. S1), particularly inner bark water isotope values
decreased towards a minimum at the apex. Sapwood water isotopic signatures at the base and
low sampling positions of both tree stems were higher compared to the other sampling
positions, but remained fairly stable at the mid, up and apex sampling positions. Heartwood
water 8°H values increased from the low to the mid sampling positions (with the only
exception at the northern side of the Ironbark tree) (Fig. 7; Fig. S1). Isotope values of the
northern and southern side of the tree stem water were fairly similar among species, tissues

and stem heights (Fig. 7). Only inner bark water 8°H values at the mid and upper positions of
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the Ironbark stem were higher at the northern side (Fig. 7c and d). Particularly systematic
differences between the woody tissues from one single tree per species are well supported by
the distribution of 8'°0 signatures in the experimental trees, which were seen to not be

affected by the deuterium tracer (Fig. S2; Table S1).

Identification of the deuterium tracer along the radial and vertical stem axes

Deuterium labelled water could be identified in most of the samples of the treated trees (Fig.
8), although variations among individual trees and tissues were in some cases large. With a
mean positive deviation (A8°H) of 380 %o, (max 675.12 %) from the corresponding sample of
the control, the tracer was most prominent in sapwood just above the reservoir (low position)
in both species. Positive deviations of the other samples ranged between 5 to 35 %eo.

In the experimental Red Gum trees significant differences (p<0.01) were found between the
northern and southern side of the stems with greater mean 2H enrichment of both sapwood
and bark water at the northern side (Fig. 8a and b). There, mean sapwood water A8°H values
increased from 31.02 %0 at mid to 41.52 %o at up and decreased to 26.21 %o at the apex
positions while mean values varied around 10 %o at the southern side. Mean inner bark water
A8°H values at the northern side increased from 27.44 %, at the low sampling positions to
37.38 %o (mid) and 37.74 %o at the up positions, before strongly decreasing at the apex (13.55
%o). At the southern side, however, the presence of the tracer was sporadic at best. Heartwood
water at the northern side was only slightly H enriched compared to the control and the tracer

was completely absent at the southern side of the trees stems.

A different AS?H pattern was found in Ironbark trees (Fig. 8c and d) with clear presence of the
tracer at both sides of the stems (differences non-significant), in all of the three tree tissues

and at all sampling heights. Mean sapwood values at the northern side of the stems varied
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between 23.0 %o at mid, 20.9 %o at up and 18.06 %o at apex positions. At the corresponding
sampling positions of the southern side values declined from 28.0 %o to 18.4 %o and 18.1 %eo.
In inner bark water, A§?H values declined from 23.2 %o to 23.7 %o and 20.6 %o at the northern
side of the stems and from 30.2 %o t0 22.6 %0 and 20.6 %o at the southern side. Also all but

one heartwood sample had positive A§°H values.

Discussion

Radial and vertical distribution of water isotopes at natural abundance

In general, the distribution of water 5°H and &0 values of the tree tissues and particularly of
the sapwood at natural abundance are in the range of the isotopic signatures of precipitation
water in the region. Those have been reported to vary from the East coast to the Blue
Mountains on average between -22.6 and -32.6 %o for 5°H and between -4.8 and -6.2 %, for
80 (annual average for the period 2005-2008) (Hughes and Crawford 2013), but with huge
seasonal and inter-annual variability. Overall slightly **0- and *H depleted water in Ironbark
compared to Red Gum could either be related to water uptake of Ironbark from deeper soil
layers, or because of a longer residence time of water in the stem and protection against

evaporation by its thick bark.

We found systematic differences in the isotope signatures of the different woody tissues and
partly also along the vertical tree axes. Isotope values in inner bark water were depleted
compared to those of sapwood and heartwood water, and a distinct decrease was found
towards the apex. This finding contradicts other studies that report bark water to be rather
enriched in ?H and **0 compared to sapwood and - particularly in the upper part of the trees -
being close to the signature of the generally enriched leaf water (Thorburn et al. 1993;

Cernusak et al. 2005, 2016; Gessler et al. 2014). No systematic inference with organics
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ocured during the laser spectroscopy measurements (see Methods), but still some extracted
bark sap may have contained volatile organic compounds For Ironbark it has beeen recently
reported by Ferreira et al. (2018) that these can be strongly depleted in ?H. Though somehow
speculative, progressive depletion of inner bark water along the vertical axis could also be
caused by a sustained imbalance against deuterium in the water exchange between the
transpiration stream and inner bark cells due to surface isotopic effects (Chen et al. 2016;

Zhao et al. 2016; Barbeta et al. 2020).

Fairly stable sapwood water isotope values along the mid, up and apex positions suggest a
consistently close link to a relatively stable soil water source and only minor fractionation
effects during root water uptake and water transport through the sapwood to the evaporative
sites (e.g., leaves and non-lignified green branches) (Wershaw et al. 1966; White et al. 1985;
Walker & Richardson 1991; Dawson & Ehleringer 1993; Dawson et al. 2002; Zhao et al.
2016). We assume that our study trees had access to a continuous, probably relatively deep
and stable soil water reservoir due to their extended root system and, hence, did not face
major diurnal variations in the soil moisture gradient as has been reported recently (De
Deurwarder et al. 2020). Strong enrichment of sapwood and heartwood water samples from
the base and low positions compared to the other positions of the control trees was most
probably an artefact caused by evaporation due to a delay in the sampling procedure at these
individuals after tree felling.

Our finding of depleted water in heartwood compared to the other tree tissues is in line with
the few studies that also tested the distribution of water isotopes in woody tissues at natural
abundance separately: White et al. (1985) found significantly depleted 5°H values in trunk
heartwood water compared to sapwood of Taxodium distichum at three sites over a 3-week
period. They attributed the difference to a lack of equilibrium between the two parts of the

trunk in response to variations in sapwood 8°H as the tree obtained water from isotopically

18

120Z 8unp z| uo Jasn ISM Ag | 2S¥629/080aed)/sAydeaiy/ea0l 01 /10p/e[onie-aoueApe/sAydesiy/wos dno-oiwepeoe//:sdiy WoJj pepeojumoq



different sources (soil and groundwater). Thorburn et al. (1993) reported lower values of
heartwood water from two Eucalypt species (E. oleosa and E. gracilis) compared to sapwood
water, but only for one of two investigated sampling dates and at one of two sites. They also

explain the difference by a shift in the water source from soil to groundwater.

Stem water movement recorded by D,0O tracing in relation to hydraulic architecture

The trace labelling experiment was successful for the qualitative assessment of vertical, but
even more interestingly, also for radial (i.e. inner bark, sapwood, heartwood) and
circumferential (i.e. northern vs southern side of the stems) movement of water within the tree
stems, and revealed systematic differences between both species in relation to their hydraulic

architecture.

In Red Gum the distribution of the tracer suggested predominantly vertical movement of
water within the transpiration stream of the sapwood: It was present in sapwood at all
sampling positions at the northern side of the stems where water injection took place, but very
low (sapwood and inner bark) or no (heartwood) enrichment was found at the opposite sides
of the stems. Inner bark water was markedly enriched indicating a distinct radial movement of
the tracer to the outside of the stems. No clear dispersion into the heartwood was, however,
detected since the tracer was only present in the samples close to the water injection at the
low, and less at the mid sampling position at the northern side of the stems, and it was fully
absent at the opposite sides of the stems. Along the northern vertical stem axes enrichment of
sapwood and inner bark water indicated efficient water uptake. This finding contradicts our
expectation that the tracer signal may have been diluted in Red Gum compared to Ironbark

due to a higher water content and a larger amount of water transported.

In Ironbark the distribution of the tracer suggested a distinct radial and circumferential

movement of water between tree tissues and along the stem axes. Tracer was not only present
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in inner bark and sapwood, but also in heartwood, and transferred from the side of water
injection to the opposite side of the stems, and also into all three stem tissues there. Further,
the strength of enrichment of sapwood and inner bark water decreased along the vertical stem

axes, also supporting the hypothesis of distinct radial and circumferential water movement.

These species-specific patterns of water movement are in close relation to the hydraulic
architecture of both tree species. Compared to Red Gum, Ironbark had lower leaf water
potentials, higher sapwood density, a lower total and hydraulically weighted vessel diameter,
a higher density of the vessels and a slightly lower void/wood ratio. All these traits indicated
less overall space to be attributed to conduct water and a higher soil-to-leaf hydraulic

resistance.

Moreover, the central role of radially aligned and interconnected parenchyma cells in linking
the tissues of the inner bark region (i.e. phloem) and the xylem (both sapwood and
heartwood) and their capability of symplastic water transport has been frequently stressed
(Zweifel et al. 2001; Sevanto et al. 2011; Pfautsch et al. 2015a,b). Radial transfer of water is
known to be a function of differences in water potential between xylem and inner bark and
radial hydraulic conductivity (Pfautsch 2015). A larger number of parenchyma rays, more
intersections (pits) between vessels and rays, and biseriate rays in lIronbark increase its
capacity for radial and circumferential water transport and enhance the bidirectional flow
between phloem and xylem compared to Red Gum. While in heartwood tyloses will have
blocked vertical transport of water in the vessels, particularly axial parenchyma cells may
nevertheless at least partly remain open (Chattaway 1949) and connected with the sapwood,
which would explain the movement of tracer into the heartwood at the mid positions of both

sides of the stems.

Active radial transfer of water from outer to inner sapwood and even into heartwood through

ray parenchyma of Cryptomeria japonica trees has been reported by Okada et al. (2011, 2012)
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in the vapour phase, applying rubidium as a tracer. Investigating water accumulation in
heartwood of conifers, Nakada et al. (2019) recently confirmed the presence of a water
potential gradient as possible driving factor of water movement from sapwood to heartwood
and during a limited season. Our findings of not only mono- but rather bidirectional flow of
water between phloem and xylem provide independent confirmation to previous studies who
recorded similar transport patterns based on fluorescent tracers (Sokolowska and Zagorska-
Marek 2012; Pfautsch et al. 2015a), with the extent and direction of radial transfer depending

on the water potential gradient between phloem and xylem (Pfautsch et al. 2015b).

Water storage function of stem tissues

Our trace labelling study does not only demonstrate radial and axial movement of water in
tree stems but even more highlights the capacitive function of stem tissues and especially of
bark as the prime candidate for water storage in eucalypt trees. The transfer of water from
phloem into xylem is important to mitigate increasing hydraulic tension in the vascular
system during the diurnal cycle of transpiration. Up to now there exists, however, only limited
direct evidence of such water transfer and the contributing pathways (Pfautsch et al. 2015a;

2016).

The capacity to store and release water depends on capillary pore spaces, free apoplastic
water, the elasticity of the storage tissue, its connectivity to xylem vessels, the gradient of
water potential between the storage tissue and vessels, and also cavitation (Knipfer et al.
2019). Cells with elastic walls represent ideal capacitors because they can change their
volume as a consequence of small changes in water potential. Thus, phloem, cambium, and
juvenile sapwood cells are well suited for water storage and release into the xylem conduits to
support transpiration demand (Goldstein et al. 1998; Morris et al. 2016) or repair embolism

(Secchi et al. 2017; Klein et al. 2018; Konrad et al. 2019; Knipfer et al. 2019). Particularly the

21

120Z 8unp z| uo Jasn ISM Ag | 2S¥629/080aed)/sAydeaiy/ea0l 01 /10p/e[onie-aoueApe/sAydesiy/wos dno-oiwepeoe//:sdiy WoJj pepeojumoq



role of phloem tissue as a dynamic capacitor for water storage and transfer and its
contribution toward the maintenance of the functional integrity of xylem in trees has been
emphasized earlier (Pfautsch et al. 2015b). While phloem has substantial elastic storage
capacity, diurnal cycles of storage in sapwood and heartwood also rely on free water in
apoplastic space as well as capillary pore spaces filling and emptying (Knipfer et al. 2019).
Given the continued sapflow of trees after creation of the injection hole, high negative
pressure probably remained throughout the water transport system in sapwood, exerting
negative pressure on water stores, even including the heartwood in case of lronbark. High
water content in heartwood as shown here but also for other eucalypt species (Pfautsch et al.
2012) makes it likely that this tissue may also serve as small reservoir in the diurnal cycle of

discharge and recharge from water stores.

Overall obviously both eucalypt species studied here follow different water use strategies:
Due to its vessel architecture Ironbark has a larger relative capacity to store and remobilize
water in the stem compared Red Gum and, hence, is better adapted to tolerate dry conditions,
mainly due to its higher resistance to cavitation during periods of water limitation. The trade-
off is, however, a lower amount of water to be used even when available, and hence, slower

growth rates than Red Gum (Drake et al. 2017).

Conclusion

In conclusion our study provides direct evidence for radial transfer of water between and
water storage in stem tissues and, hence, supports theoretical predictions of the role of
bidirectional phloem-xylem water transfer in the hydraulic functioning of trees. We
particularly elucidate the strong hydraulic link between inner bark and xylem and support the
currently emerging perspective of xylem and phloem as one interconnected, yet highly

segregated transport network for carbohydrates and water rather than two independent
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transport systems (Pfautsch et al. 2015b, 2016; Mencuccini et al. 2017; Konrad et al. 2019).
We can confirm the two different strategies of the species to transport water (efficiently in
Red Gum, safely in Ironbark), which allows insight into the physiological and anatomical
adaptations to prevailing conditions in the home environment of the two species. An
improved understanding of water storage and mobilisation in tree stems will strengthen our
ability to predict the future of tree-dominated ecosystems under changing environmental

conditions.
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Figure 1: Study site and distribution of the two investigated species across Australia (upper

picture). The map shows the natural ocurrence of Red Gum in blue and of Ironbark in red
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(map source: https://avh.ala.org.au/). Installation of sapflow sensors (shielded) and water
reservoirs at two out of three Ironbark trees (bottom picture) and scheme of sampling

positions along each tree (right). The label strength of the injected §°H tracer was 1350 %o.

Ironbark
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Figure 2: Diurnal variations of meteorological variables (a, b) and sapflow (c, d) of the three
experimental trees of both species during the two study periods. Solid black lines in a and b
represent vapor pressure deficit (VPD), grey shaded areas represent photosynthetically active
radiation (PAR) and blue lines show rainfall events. ¢ and d show sap flow density (Qs)
measured in the outer sapwood band at the northern (N) and southern (S) side of stems.
Arrows indicate the time of installation of the water reservoirs containing the isotope tracer on
the experimental trees (13 March 2014 in the morning on Red Gum and 20 March 2014

around noon on Ironbark).
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Figure 3: Average cumulative water use (Q) during four days of injection of deuteriated

water into the northern side of three stems of Red Gum (black) and Ironbark (red). Water use

was measured for the northern (solid line) and southern (dashed line) side of stems separately.

The arrow indicates the start of tracer injection.
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Figure 4: Pre-dawn and midday leaf water and stem water potentials. Measurements were
conducted on 5 leaves per tree for leaf water potential and 3 leaves per tree for stem water
potential (bagged leaves) both at the top of the canopy and the low canopy (n = 3 trees per

species). Data shown are means of the individual measurements with their standard error.

iyt

2500m 250 ym
e [ e v b Y

Figure 5: Electron microscope images of tangential sapwood sections of Red Gum and
Ironbark. Clearly visible are vertical wood fibres (wf) and the broad bands of nonvestured
contact pits (cp) connecting the vessels with ray cells. Individual vessel elements (ve) can also
be seen. Arrangement of ray files and the abundance of individual rays strongly differ
between Red Gum (monoseriate ray files (mrf), low ray abundance) and Ironbark (mostly
biseriate ray files (brf), high ray abundance). Images were taken at 180X, low vacuum using

25kV acceleration voltage.
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Figure 6: Distribution of 8°H and 50 values at natural abundance and linear relationships
between both, for all water samples of the control trees of both species (a) and separated in

tissues (b). Notation ‘bark’ is inner bark water, ‘sw’ is sapwood water and ‘hw’ is heartwood

water.
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Figure 7: Distribution of 8°H values at natural abundance in water of inner bark, sapwood

and heartwood of the conrol tree of each species for all sampling positions in the stems.
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Figure 8: A8°H deviations of the experimental trees from the controls for all sampling
positions in the stems. Values above zero (vertical lines) indicate presence of the tracer in the
corresponding sample. Dots are the means of the deviations of the three experimental trees
and error bars indicate minimum and maximum values of the deviations from the control
trees. Dotted lines in b and d indicate position of the water injection at the northern side of the
stems.

Table 1: Moisture content (MC) in the tissues of three Red Gum (RG, n = 3) and lronbark
(1B, n = 3). Numbers in brackets indicate standard deviation. SW is sapwood and HW is

heartwood.

Tree Bark (%0) SW (%) HW (%)

RG 1 59.87 (4.99) 47.54(1.95) 53.85(2.80)
RG 2 61.66 (1.09)  46.62 (1.67)  50.61 (4.66)
RG 3 63.37 1.60) 50.61 (2.29)  52.15(1.48)
IB 1 4758 (2.15)  38.39(0.64)  37.19(1.38)
IB 2 50.98 (7.90)  40.95(1.81)  43.27 (2.09)
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IB3  51.21(582) 63.73(527) 30.72 (13.63)
Mean RG 61.63(2.56) 4826 (1.97)  52.20 (2.98)
Mean IB  49.92 (5.29) 47.69 (2.57)  37.06 (5.70)

Table 2: Stem characteristics of Red Gum and Ironbark trees used for sap flow

measurements. Bark, sapwood and heartwood measurements were collected on the north and

south facing sides of stems. Sapwood area was calculated using the mean values from both

sides.
Species Tree Stem radius Bark Bark Sapwod Sapwod Sapwood Heartwood
no. (mm) thickness thickness thickness thickness area thickness
north south north south (mm?) (mm)
(mm) (mm) (mm) (mm)
Red Gum 1 165 17 17 28 27 22817 121
2 110 13 15 25 33 14850 67
3 138 12 12 43 36 26641 86
Ironbark 1 74 21 21 19 19 5551 37
2 99 27 27 33 25 10386 43
3 104 28 28 36 34 12865 41

Table 3: Anatomical characteristics of sapwood of Red Gum and Ironbark (n = 4 per species).

Dv and Dh are the vessel diameter and hydraulically weighted vessel diameter respectively.

Numbers in brackets indicate standard deviation.

Species/ Stem Stem  Sapwood Sap- Mean Min Max Dv  Dh (um) Vessel Void /
position height diameter moisture wood Dv (um) Dv (um) density wood
(m) (cm) content densitg/ (um) (um) ratio

(%) (g cm™) (%)

Low 1.22 25.50 48.67 0.58 151.69 31.30 243.74 193.27 446.17 9.20
(0.16)  (6.51) (5.82) (0.07)  (14.05) (6.05) (21.39) (12.49) (89.23) (3.37)

€ Mid 7.62 15.68 49.07 0.59 155.19 3457 240.14 185.83 452.17 9.40
8 (1.22) (4.15) (2.33) (0.04) (27.75) (7.07) (42.31) (31.76) (37.55) (3.11)
B U 13.87 8.83 51.11 0.56 136.44 31.85 206.89 163.51 743.66 10.18
02 P oe) (147 (2.20) (0.04) (34.77) (6.83) (35.09) (33.64) (405.66)  (1.86)
20.24 0.50 31.99 9.85 65.15 47.68 12479.48 11.18

APEX 555y (0.00) NA NA~ B52) (141) (5.62) (2.69) (3154.03) (1.48)
Low 0.92 18.08 44.27 0.64 79.67 26.25 146.75 104.63 1431.98 8.17
(0.33) (2.47) (2.01) (0.02) (6.23) (0.78) (12.28) (6.20) (314.27) (2.22)

X Mid 4.44 13.18 48.67 0.61 80.42 26.65 139.79 103.83 1620.70 9.02
c;s (0.52) (1.32) (1.24) (0.02) (6.33) (1.16) (5.62)  (3.66) (434.82) (2.22)
5 U 7.67 6.08 49.03 0.59 76.44 26.18 135.76 93.23 2070.27 10.17
= P (089 (099 (1.36) (0.02) (12.03) (0.61) (31.14) (16.01)  (269.20) (2.43)
Apex 11.17 0.50 NA NA 17.56 6.21 36.34 26.76 56987.76  10.35

P (1.14)  (0.00) (7.41) (1.19) (11.34) (8.50) (11085.78) (0.79)
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Table 4: Anatomical characteristics of the wood rays in one Red Gum (RG) and one Ironbark
(IB) tree. Numbers in brackets indicate standard deviation of cell counts of 10 images, each at

three positions along the vertical stem axis (apex excluded as not enough material).

number of number of ray  monoseriate

Position in the stem rays files rays (%)

RG 66 % tree height 654 (35.6) 77.46 (7.29)  93.73 (3.17)
RG 33 % tree height ~ 596.87 (56.32)  71.15(4.69)  97.64 (3.29)
RG 0 %tree height  717.79 (121.88)  80.96 (7.65) 76.9 (6.28)
IB 66 % tree height  669.77 (95.82) 127.23 (16.02)  72.19 (3.5)
IB 33 % tree height ~ 647.69 (38.78)  111.8(7.83)  65.39 (5.22)
IB 0 % tree height 806.81 (53.68)  120.22 (9.5) 64.17 (4.7)
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