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The movement of water between xylem and inner bark (phloem and associated
tissues), mostly driven by water potential differences, forms a key part of the diel
transpiration cycle. It is not known how the use of water stored in bark at the
diel transpiration cycle may influence the isotopic composition of xylem water.
Understanding these possible effects is a major challenge for the identification
of tree water sources and the interpretation of water use patterns using isotopes.
Here, we examined the variation in the isotopic composition of water in inner
bark and xylem at the diel scale and assessed how this varied in relation to traits
and water use strategies on nine tree species in a tropical rainforest at the end
of the dry season. We measured 8°H and §'®O in bark and xylem at two shallow
depths: ‘outer xylem" and ‘inner xylem’ (up to ~0.5cm and ~ 1 cm from inner
bark, respectively) collected at predawn, morning and midday. Considering all
species together, the average isotopic composition of water in bark and outer
xylem was similar at predawn and midday, suggesting water exchange between
these tissues was reflected at these times, but differed significantly in the morning
during increased transpiration. Results suggest that bark-xylem water exchange
throughout the diel transpiration cycle affects the isotopic composition of xylem
water in tropical rainforest trees. Furthermore, variations in §°H and §'*O between
xylem and bark were more pronounced in a deep-rooted, more isohydric species
with dense wood than in a shallow-rooted, more anisohydric species with low
wood density. This may suggest differences related to traits and hydraulic strategies
in the reliance of bark-stored water across the diel cycle to buffer changes in
xylem water potential. We discuss implications for interpreting tropical tree water
sources in relation to water use strategies.

KEYWORDS

bark, plant water use, stable isotopes, ecohydrology, xylem-phloem exchange,
transpiration, stem water storage, tropical rainforest

1 Introduction

From which soil depths trees draw water, and how water is stored in woody tissues and
used over short-or long-term periods, are fundamental questions for understanding
ecophysiological and ecohydrological cycles and constraints. We examined these questions
with a focus on the natural abundance of water isotopic composition in mature tropical
rainforest trees with contrasting physiologies and water use strategies.
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Stem water storage and the exchange of water between xylem and
inner bark' are key for tree hydraulic functioning (Pfautsch et al.,
2015a; Steppe et al., 2012), contributing to daily transpiration even
during abundant water availability conditions (Pfautsch et al., 201535
Zweifel et al., 2001). A variety of water pools along the stem, roots,
branches or leaves serve as water storage (Gaines et al., 2016), acting
as capacitors from which water can flow into the transpiration stream
to buffer changes in xylem water potential after rapid increases in
transpiration (Gaines et al., 2016; Pfautsch et al., 2015b; Steppe et al.,
2012) and drought (Pineda-Garcia et al., 2013). In the stem, generally,
capillary storage water (e.g., intercellular spaces and dead xylem cells)
is released first, while elastic storage water (e.g., intracellular spaces
and in living cells of bark and xylem) is released as potentials become
more negative (Jupa et al., 2016; Knipfer et al., 2019; Tyree and Yang,
1990). Furthermore, Knipfer et al. (2019) found that inner bark— the
largest water storage site after sapwood (Cermdk et al., 2007)—
required less negative water potentials than xylem to shrink and thus
release stored water into the transpiration stream early during
dry conditions.

Pfautsch et al. (2015a) described a “pulse” or cycle of diel
variations in water potential between xylem and inner bark, driven by
transpiration and environmental conditions, which results in the
radial (and bidirectional) transfer of water between these tissues.
When transpiration increases in the morning, more water is lost than
enters the transpiration stream, causing water to be released from
inner bark into xylem as the xylem potential decreases (Pfautsch et al.,
2015b). Typically, stored water is used for transpiration in the morning
and under high radiation in the early afternoon (Phillips et al., 2003),
decreasing stem diameter, and is replenished through the afternoon
and night, increasing stem diameter (Goldstein et al., 1998; Phillips
etal,, 2003; Meinzer et al., 2004) and under low vapour pressure deficit
(VPD) (Goldstein et al., 1998), as stomata close and transpiration is
reduced (Pfautsch et al., 2015b).

These daily exchanges of water between xylem and bark, inherent
to the transpiration cycle, may lead to isotopic variations in xylem
water potentially affecting its interpretation. Although stable water
isotope (8°H and 8'*O) methods have advanced understanding of
water use patterns and sources, plant-in addition to soil-structure and
processes may bias the interpretation of water sources (Beyer and
Penna, 2021; von Freyberg et al., 2020). The isotopic composition of
xylem water may not only reflect the plant’s water sources (Martin-
Gomez et al., 2017), resulting in spatial and temporal isotopic
heterogeneities in xylem water (von Freyberg et al., 2020). One of
these processes is stem water storage, which may influence water
residence time in trees from root water uptake (Gaines et al., 20165
James et al,, 2003; Meinzer et al., 2006). Even at the diel scale,
overnight stagnation may be reflected in the isotopic composition of

1 Although treating the tissues in inner bark, or phloem, as a “single unit”
ignores physiological and ecological characteristics (Romero, 2014), for
simplicity, the term “inner bark” (bark) is used here to include phloem,
parenchyma, cambium and related tissues [e.g., De Schepper et al. (2012),
Knipfer etal. (2019), and Pfautsch et al. (2015a)]. Although we did not distinguish
between these tissues in our sampling, we recognize that the dynamics of
water storage and release may involve different compartments in bark

and xylem.
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xylem water at predawn (Martin-Gomez et al., 2017). Recent studies
have proposed that isotopic differences between xylem and soil water
may be related to phloem-xylem exchange (Barbeta et al., 2019; De
Deurwaerder et al., 2020), or mixing with storage water under low
transpiration in dry conditions (Barbeta et al., 2020). In an experiment
with potted Fagus sylvatica saplings, Barbeta et al. (2020) found that
observed isotopic differences between xylem and soil water became
smaller as soils reached the permanent wilting point, suggesting
greater mixing of xylem water and water stored in non-conductive
stem tissues under low transpiration.

While the use of stem storage water is a key part of the diel
transpiration cycle (Goldstein et al., 1998; Pfautsch et al., 2015a;
Scholz et al.,, 2007), how the use of water stored in stem tissues and the
water exchange between bark and xylem may impact the isotopic
composition of xylem water (Berry et al., 2017; Beyer and Penna,
2021; De Deurwaerder et al., 2020; Penna et al., 2018), and how these
processes may vary between species or trees with differing hydraulic
strategies (Nehemy et al., 2021) is currently not understood. Several
studies have, however, used isotopic tracers to examine radial water
movement in the stem (e.g., James et al., 2003; Meinzer et al., 2006;
Treydte etal,, 2021), and others have discussed these effects to explain
findings with potted plants (e.g., Barbeta et al., 2020) or single trees
(e.g., Nehemy et al,, 2021). Knighton et al. (2020) modeled the effect
of stem-stored water on the isotopic composition of xylem water in
trees and found that including stem storage water yielded closer
estimates to the observed xylem water isotopic composition. The
authors concluded that considering water storage and mixing in the
interpretation of xylem water isotopic composition should improve
estimations of the depth of root water uptake. More recently, Nehemy
et al. (2021) found that phloem water in a Salix viminalis tree was
more depleted than xylem water and hypothesized that, especially
during times of water stress, water release from phloem into xylem
could potentially lead to more depleted xylem water isotopic
composition. In another recent study using isotopic tracer injections
in two eucalypt species, Treydte et al. (2021) found differences in
tracer presence across the stem that were related to the hydraulic
architecture of the species.

Despite these advances, there is currently little understanding of
how the use of stored water in bark, in association to the diel
transpiration cycle, may influence the isotopic composition of xylem
water temporally and spatially. Furthermore, it is unknown to what
extent this occurs in natural environments: is it widespread or limited
to species sharing certain traits or water use strategies? Here,
we assessed the potential effects of these dynamics, and how they may
relate to traits and water use strategies, on 19 mature trees of 9 species
in a tropical rainforest plot and tested the null hypothesis that all
species would show the same pattern. We investigated the isotopic
composition of water in the inner bark as an important water storage
site, in relation to the isotopic variation of xylem water across key
times at the diel transpiration scale. To address how variation in xylem
water isotopic composition may be related to the exchange of water
between bark and xylem throughout the day, we examined the isotopic
composition of water in bark and xylem at two radial depths at
predawn, morning and midday. We expected similar isotopic
composition between xylem and bark to be reflected at predawn,
resulting from the radial transfer of water from xylem to bark
throughout the afternoon and night, as the stem refills when
transpiration decreases and water potentials between these tissues
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Diagram adapted from Pfautsch et al. (2015a). Increasing transpiration (‘'onset’) and decreasing xylem water potential cause water to move from bark
into xylem. Through the afternoon and night — here represented under ‘midday’ to match our study’s sampling times — storage tissues are refilled as
transpiration decreases and xylem water potential increases, causing water movement from xylem into bark. We hypothesize that that water isotopic
composition in xylem and bark becomes similar throughout the afternoon and night and is reflected at predawn. Thus, at the onset of transpiration,
water movement from bark into xylem is not reflected in the isotopic composition of xylem water. In contrast, greater isotopic differences between
xylem and bark should occur in the morning, after transpiration rates have increased, while at midday, increasing stress causes sap flow to decrease,
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equilibrate (Pfautsch et al, 2015a) (Figure 1). While the greatest use
of storage water should occur in the morning when transpiration and
water potential differences between xylem and bark increase (Pfautsch
etal, 2015b), if the water pools of these tissues are isotopically similar
at predawn, then, the movement of water from bark into xylem at the
onset of transpiration should not be initially reflected as isotopic
variation. The greatest difference in isotopic composition between
xylem and bark was instead expected to occur during the morning,
following increased transpiration. At midday, as sap flow rates may
decrease due to increased water stress (Goldstein et al., 1998; Martin-
Gomez et al., 2017; Pfautsch et al,, 2015a), water movement from
xylem to bark was expected to result in isotopic similarity again.
We thus expected isotopic composition between xylem and bark to
be similar at predawn and midday, but not in the morning (Figure 1).
To assess how the effects of bark-xylem exchange dynamics may relate
to traits and water use strategies, because tree hydraulic strategies are
coordinated at the whole tree level (Matheny et al., 2015; Matheny
etal, 2017; Mursinna et al., 2018), we compared wood density, tree
size, leaf water potential and rooting depth. We also assessed
tendencies of isohydricity versus anisohydricity, i.e., tighter versus less
regulation of water potentials during drought stress (Martinez-Vilalta
and Garcia-Forner, 2016) by assessing the relationship of predawn and
midday leaf water potentials of the studied trees (Martinez-Vilalta
et al,, 2014). We further incorporated data on sap flow and stem
diameter variations from a subset of trees of the two main subject
species, which previous root water uptake studies found to have
contrasting water use strategies (Sohel, 2018). We thus expected these
dynamics to vary depending on water use strategies, with more
isohydric species potentially relying more on bark water to buffer
changes in xylem water potential. Note that for the purpose of this
study, we used the concept of water use strategy, or hydraulic strategy,
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as defined by Matheny et al. (2017), where it is determined by the
combination of hydraulic traits at the leaf, stem and root levels. Finally,
we discuss implications for the interpretation of xylem water isotopic
composition when identifying tree water sources through isotope
analyses.

2 Materials and methods

2.1 Study site

The study was conducted in ‘Experiment 78’ (Plot 1), a 200x20 m
long-term rainforest plot in the Danbulla South Forest Reserve in the
Wet Tropics of North Queensland, Australia, established in 1948 by
the Queensland Department of Forestry. Trees were sampled from the
NE section of the plot (~80x20 m area). The site has a mean annual
rainfall of 1,370-1,650 mm (Wills et al., 2018), with a wet season from
December to March (BOM), and an elevation of 680-790 masl. Soil
texture is mainly sandy clay loam to clay loam (Sohel et al., 2021).

2.2 Stem, rain and soil sampling for
isotopic analysis

Sampling was conducted at the end of the dry season, where the
trees were expected to be most water stressed due to average
conditions of highest annual VPD along with low soil water content.
Between October 4-9, 2020, stem samples were collected from 19
trees at predawn (4:00 am), morning (9:00 am) and midday
(12:00 pm). Two main species (A. peralatum and D. photiniphylla) -
the most common in the plot — had five replicate trees, a third species
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TABLE 1 DBH, wood density and canopy position of the sampled trees.

Species DBH Wood Canopy
density  position

1 Argyrodendron 172 0.570 Canopy

2 peralatum 357 0.557 Canopy
(EM.Bailey) Edlin

3 601 0.527 Canopy
ex ].H.Boas

4 375 0.533 Canopy

5 385 0.569 Canopy

6 Dendrocnide 330 0.209 Canopy

7 photiniphylla 610 0.297 Canopy
(Kunth) Chew

8 209 0.202 Subcanopy

9 204 0.209 Subcanopy

10 251 0.169 Canopy

11 Syzygium 245 0.608 Subcanopy

12 claviflorum (Roxb.) 292 0.544 Subcanopy
Wall. ex Steud.

13 339 0.521 Subcanopy

14 Anthocarapa 153 0.472 Subcanopy
nitidula (Benth.)
T.D.Penn. ex
Mabb.

15 Dysoxylum 622 0.624 Canopy
pettigrewianum
EM.Bailey

16 Litsea leefeana 217 0.583 Subcanopy
(EMuell.) Merr.

17 Mallotus 245 - Subcanopy
polyadenos FE.Muell.

18 Planchonella 136 - Subcanopy
pohlmaniana
(EMuell.) Pierre ex
Dubard

19 Toona ciliata 287 0.433 Canopy
M.Roem.

The trees equipped with sensors are shown in bold.

had three replicates, and six additional trees of different species were
sampled (Table 1). Of these trees, three replicates of the two main
species were equipped with plant water use monitoring instruments
(described in Section 2.5). Stem samples were collected ~10 cm from
DBH height (diameter at breast height, 1.3 m) using a cordless drill
with a 25 mm Forstner bit and sealed in 12 mL double-wadded
Exetainer glass vials (Labco Limited, UK). Outer bark was discarded,
and inner bark was collected into a vial. Immediately, drilling was
continued to collect new ‘outer xylen’ at a shallow depth (up to
~0.5cm from inner bark) and ‘inner xylem' (for an additional
~0.5 cm) into separate vials, wiping drill bit between samples. Note
that in the sampled trees, these tissues were clearly distinguishable due
to marked contrasts in color and structure. This differentiation, as well
as the determination of sampling depths, were based on previous
observations via drilling or coring of either the same trees or trees of
the same species on the site. In cases where additional material was
needed, parallel holes were drilled. In total, collection of stem samples
took 2-3 min per tree.
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To collect rainwater for isotope analysis, a cylinder rain gauge was
installed on site on Oct 3, 2020, and fitted with a plastic table tennis
ball to prevent evaporation. Using a hand-held auger, soil samples
were collected at 0-5, 5-10, 10-20, 20-40, 40-60, 60-80, 80-100 cm
from eight random locations in the NE section of the plot. Between
October 4-9, samples were collected throughout the day to obtain the
average soil water isotopic composition per depth. From each depth,
soil samples were also collected in Ziplock bags for gravimetric water
content analysis. On October 12, two undisturbed soil cores were
collected down to 4.8 m depth on the edge of the forest near the
entrance to the plot with a truck-mounted soil auger. From each core,
samples were collected at 100-150, 150-200, 250-300, 350-400,
450-480 cm. On Oct 6, a rainwater sample (2 mL) was collected at
5:30 am, the only rainfall that occurred during the sampling campaign.
All samples were collected in Exetainer vials and kept at room
temperature before sending for laboratory analysis.

2.3 Water extractions and isotopic analysis

Water was extracted from samples through cryogenic vacuum
extraction as per Koeniger et al. (2011). Extractions were conducted
at 180°C and ~ 8 mbar, with 15 min runs for soils and 24 min for plant
samples. Off-Axis Integrated Cavity Output Spectroscopy (Los Gatos
Research OA-ICOS CA, USA) (accuracy of < +0.5%o0 for &°H
and + 0.2%o for 8'®0) was used to analyze soil water and rainwater.
Stem water was analyzed with Isotope Ratio Mass Spectrometry
(Elementar Isoprime IRMS, accuracy of +2.0%o for 8°’H and + 0.2%o
for 8'0), due to possible interference from co-extracted wood organic
compounds (Millar et al., 2018). All analyses were carried out in the
McDonnell Hillslope Hydrology Lab at the University of
Saskatchewan, Canada (see Supplementary materials). Values are
reported as parts per thousand (%o) according to Vienna Standard
Mean Ocean Water-Standard Light Antarctic Precipitation (VSMOW-
SLAP) scales, with standard & notation: 8O = [("*O/"*Ogmpie -
180/ andara) "0/ gangaral X 1,000.

2.4 Measurement of plant traits

To assess how isotopic effects of bark-xylem exchange dynamics
may be related to traits and overall water use strategies, data on plant
traits, and from plant water use and environmental monitoring
(Section 2.5) was collected. DBH, wood density, predawn and midday
leaf water potential were measured per tree. Wood density of individual
trees was measured from wood cores collected from shallow xylem
(~1 cm from inner bark) near DBH level. Cores were immediately
wrapped in parafilm and aluminium foil and kept cool until processing
three days later. Fresh volume was measured through the water
displacement method. Samples were oven dried at 60°C for 72 h. Wood
density was calculated as dry weight over fresh volume. Proportions of
soil water uptake depths were estimated from isotopic composition of
xylem water samples (as detailed in Section 2.6). Previous studies
(Sohel, 2018; Sohel et al., 2021) conducted on the two main species
were also used to inform classification into deep or shallow water users.

To measure leaf water potential, a branch was collected from each
tree on the same day it was sampled for isotope analyses at pre-dawn
(4-5:00 am) and at midday (12:00-1:00 pm). Branches were collected
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from the shaded, lower part of the crown. Immediately, 3-5 twigs were
cut from the branch and sealed in plastic bags with a humid paper
towel, covered in aluminium foil and stored in a dark bag. The bags
were immediately transported ~200 m in the forest for leaf water
potential measurements. Each leaf was cut from the twig before
inserting on a portable PMS Model 1,000 pressure chamber and
immediately before measurement. Leaf water potential was measured
on at least 3 leaves per tree. The average of predawn leaf water potential
(predawn ) and midday leaf water potential (midday w)
measurements per tree were taken for analyses.

2.5 Sap flow, stem diameter variation, soil
moisture, and environmental data

On the site, six trees of the two main subject species,
A. peralatum and D. photiniphylla, were instrumented with one
sap flow meter and one dendrometer band each (SFM1 Sap Flow
Meter and DBL60 Stand-Alone Logging Dendrometer, ICT
International Pty Ltd., Armidale, NSW, Australia). Soil moisture
content data (20, 40, 60, 80 and 100 cm) is monitored in two
locations in the plot (MP406 ICT International). Rainfall, VPD
and solar radiation data were obtained from the Robson Creek
OzFlux station (Liddell, 2013), ~7 km from site on the same
forest. On October 5, 2020, a temperature and relative humidity
logger (Onset HOBO) was installed on the plot.

Outliers and data resulting from instrument problems were
removed from the time series before analyses. Sap flow rates and
sap velocity were calculated in ICT Sap Flow Tool Software (ICT
International Pty Ltd., Armidale, NSW, Australia). Dendrometer
data were processed using the R package treenetproc (Haeni et al.,
2020; Kniisel et al., 2021), and remaining outliers were removed
after visual scanning. All further processing and analyses were
conducted in R. As it was the most complete dataset for the study
period (September-October), averaged data per hour from 2019
on sap flow, dendrometer, soil moisture, rainfall and VPD was
used to assess variations among trees. Due to instrument
problems, data from the exact sampling dates in October 2020
was not available, however, data prior to sampling dates, and
from previous years for the same periods, was used to provide
general  diagnostics on  overall  variations.  See
Supplementary material for additional details regarding sap flow,
dendrometer, soil moisture and environmental data processing
and analysis.

Relative sap flow and stem diameter variations (sap flow and stem
diameter variations as a percentage of the maximum values per tree
observed for the study period) were used to assess responses to VPD
among trees. Night and day periods were determined based on solar
radiation (W/m2 < or > 1), which resulted the day period being defined
as 6 am - 7 pm. The refilling of storage tissues overnight was estimated
as done by several studies (e.g., Doronila and Forster, 2013; Fisher et al,,
2007; Pfautsch and Adams, 2013; Rosado et al., 2012; Yi et al., 2017).
Storage recharge was distinguished from night-time transpiration by
regressing and comparing the relationship of night-time sap flow with
VPD (Fisher et al., 2007). Refilling of stored water was calculated as the
night-time proportion of total sap flow in a 24-h period. The relative
contribution of stored water to transpiration was assessed by comparing
these proportions among trees (Meinzer et al.,, 2004; Yi et al., 2017).

Frontiers in Forests and Global Change

10.3389/ffgc.2024.1457522

2.6 Bayesian mixing models

To assess the proportions of soil water sources contributing to
xylem water of the studied trees, Bayesian mixing models were
performed, with both &H and 8O together, using the R package
‘MixSIAR; which estimates probable distributions for the proportion
of sources contributing to a mixture (Stock et al., 2018). Isotopic
composition of soil water was compared per depths using Kruskal-
Wallis followed by the Dunn test (Benjamini-Hochberg p-value
adjustment). Based on statistical differences and visual inspection of
dual isotope plot and boxplots, soil depths were grouped into 0-20,
20-100 and 100-400 cm source depths. Source correlation plots
showed that sources were mostly well separated, i.e., distinguishable
by the model, although the 0-20 and 20-100 cm depths were relatively
highly correlated (Supplementary Figure 1). The means of source
values were used, and the sample size artificially increased (n = 1,000)
in the models, which fixes the source mean at the sample mean (Stock
et al., 2018). To estimate water uptake depth proportions per
individual tree and species, models were run using samples only from
the ‘outer xylem’ depth sampled at 9 am, with “tree” and “species” as
factors. Error structure was set to ‘process only’ and models were run
at “very long” (chain length 1,000,000, discarding the first 500,000),
with discrimination factors set to zero.

2.7 Data analysis

R version 4.4.1 (R Core Team, 2024), using packages “ggpubr”
(Kassambara, 2023a), “rstatix” (Kassambara, 2023b). The overall
variation in 8°H and 8"0 in stem tissues (‘bark] ‘outer xylem” and
‘inner xyleny) across sampling times was assessed in the dual isotope
plots and in boxplots. Because of non-normal distributions and
non-linear relationships, Spearman rank correlations were used to
assess trait—trait correlations, the correlation of 8?H and §'*0O between
stem tissues per sampling time, and the correlations of the calculated
isotopic differences (A’H and A™O) between stem tissues (i.e., bark -
outer xylem, outer xylem - inner xylem) with individual traits, per
sampling time, including the proportions of water use depth estimated
through Bayesian mixing models.

2.7.1 Assessment of water use strategies

The data obtained from the measurement of plant traits, plant
water use monitoring, environmental data, and estimates of soil water
use proportions (Sections 2.2-2.6) were used to help characterise
water use strategies of the studied trees. To evaluate isohydric-
anisohydric tendencies, we assessed the relationship between predawn
and midday leaf water potentials as done by Martinez-Vilalta et al.
(2014). To assess the relationship of isotopic differences across stem
tissues with isohydric tendencies, 8°H and 8O in stem tissues, per
sampling time, were plotted against the slope of the linear regression
between predawn and midday leaf water y (for species with replicates)
and with the difference between predawn and midday leaf water
(Awy) per tree. Daily and nightly sap flow and stem diameter variations
were regressed against VPD and soil moisture content per depths to
assess environmental responses.

To assess the effect of traits on the differences in §°’H and §'*O
between stem tissues per sampling time, permutational analysis of
variance (PERMANOVA) with the ‘adonis2’ function in the vegan
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package (Oksanen et al., 2024) was used, due to deviations from
normal distributions, non-linearity and non-homogeneity of variance
in the relationship of 8°H and 8O with traits. To achieve this, a
dissimilarity matrix was first conducted using the ‘vegdist’ function to
obtain pairwise distances of the isotopic composition (8°H and §'*O)
between stem tissues (bark, outer xylem and inner xylem). This
distance matrix was used as input data in the PERMANOVA models
described below. To restrict permutations within each sampling time,
‘sampling time’ was set as blocking variable across models, reducing
the need to account for repeated measures.

First, to assess the differences in 8°H and §'*0O between stem
tissues (i.e., the pairwise distances) per sampling time, a model was
run by including ‘sampling time’ as blocking variable and ‘tre¢’ and
‘species’ as fixed factors. Then, to consider how the differences in §*H
and 80 between stem tissues per sampling time may be explained by
traits, models were run with ‘sampling time’ as blocking variable and
‘wood density, ‘Ay’ and ‘DBH’ as fixed factors. All models were fit “by
terms,” where the model considers the additional variation in 8°H and
80 between stem tissues that is explained by a factor after the
variation explained by the preceding factor has been accounted for.
The Spearman rank correlations between individual traits and the
calculated isotopic differences between stem tissues (Section 2.7) were
used to inform the selection and order of traits fit in the models.
Finally, for the subset of trees with sensors, the same model was run
additionally including ‘mean nightly refill’ as factor. For simplicity,
only the results for bark - outer xylem are discussed in the text, while
full results are provided in the Supplementary materials.

Homogeneity of variance in §°H and 8'*0 between stem tissues
per sampling time, between species was determined by the ‘betadisper’
function in the vegan package (similar to Levene’s test). The ‘pairwise.
adonis2’ function from the pairwiseAdonis package (Martinez Arbizu,
2017), which was used to test significant differences in 8°H between
stem tissues per time of sampling.

3 Results
3.1 Water use strategy characterization

3.1.1 Proportions of soil water uptake depths

The variation in proportions of soil water source use estimated
through Bayesian mixing models (MixSIAR) was similarly explained
by species (median 2.36) and by individual trees (median 2.77).
Considering all sampled trees together, the shallow soil (0-20 cm)
source depth contributed the most to xylem water isotopic
composition [median 57.1% credible interval (11.2, 91.4)], followed
by the mid soil (20-100 cm) source depth [31.5% (0.04, 79.1)], while
the deep (100-400 cm) soil depth contributed the least [5.3% (0.00,
50.0)]. However, the large credible intervals implied a great level of
overlap, making the estimates highly uncertain, which probably
resulted from the high correlations between the 0-20 and 20-100 cm
depths (Supplementary Figures 1, 2; Supplementary Table 1).

Among the focus species, D. photiniphylla used the greatest
amount of shallow soil water [98.5% (56.4, 100.0)], with negligible use
from the middle [0.5% (0, 36.4)] and deep soil water sources [0.3% (O,
11.9)] (Supplementary Figure 2). While also showing mostly shallow
soil water use [79.8% (12.7, 99.6)], A. peralatum showed more
variation in estimated proportions, with 9.2% (0, 82.2) from the mid
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soil water source and 2.7% from the deep soil water source (0, 53.8).
In contrast, S. claviflorum used 24.5% (0, 95.2) from shallow soil, with
most water use from the mid soil source depth [70.1% (3.4, 99.9)] and
negligible use from the deep soil water source [0.5% (0, 28.6)]. These
overall patterns were reflected with some variation among the trees
monitored with sensors (Supplementary Figure 2). The contrasting
water use depths between the focus species was also evident in the
dual isotope space (Supplementary Figure 3).

3.1.2 Sap flow and stem diameter variations

Greater variation in sap velocity in trees of A. peralatum was
explained by VPD (R? ranging from 0.71-0.78 in the day and 0.43—
0.45 at night), as compared to trees of D. photiniphylla (R* 0.23—
0.35 day, R? 0.00-0.22 night). All regressions were significant for
D. photiniphylla  at night
(Supplementary Table 2). D. photiniphylla had generally higher relative

A. peralatum, but not for

sap velocity at night than did A. peralatum, suggesting the refilling of
storage tissues at night. In fact, mean nightly refill of storage water was
overall greater in D. photiniphylla than in A. peralatum
(Supplementary Table 2), corresponding with the previous study,
where D. photiniphylla was found to store more water than
A. peralatum (Sohel et al., 2021).

3.1.3 Trait—trait correlations

Spearman rank correlations showed that while wood density and
DBH were moderately correlated (p =0.46, p <0.001), they had
with Ay, PDy MDys
(Supplementary Table 3). DBH was negatively correlated with MDy
(p=-0.31, p <0.001), and Ay (p = —0.2, p < 0.05), while not being
correlated with PDy (p = —0.03, p = 0.7). In contrast, wood density
was positively correlated with MDy (p = 0.24, p < 0.01) and PDy
(p =0.26, p < 0.01), and positively, but not significantly, correlated
with Ay (p=0.18, p =0.05). Mean night storage refill was not
correlated to either wood density or DBH but was positively correlated
with Ay and PDy (p = 0.42, p < 0.05 for both), and strongly correlated
with MDys (p = 0.96, p < 0.001).

Despite shallow soil water being the most used source overall, it

opposite  relationships and

was negatively correlated only with wood density (p=-0.26,
p=0.001) (Supplementary Table 3). While all other traits were
negatively correlated with deep soil water use, mean nightly storage
refill was most strongly negatively correlated with the middle
(p=-0.94, p <0.001) and deep soil water use (p = —0.72, p < 0.001),
suggesting that recharge of storage tissues was greater in trees using
greater proportions of shallow soil water.

3.2 8%°H and 50 between stem tissues
across sampling times

On average, across species, stem tissues (bark, inner xylem and
outer xylem) were most similar at predawn and differed the most in
the morning (Figure 2). While &°H in outer xylem was strongly
significantly correlated (p <0.001) with &H in bark across all
sampling times, it was most strongly correlated at predawn (p = 0.91),
followed by midday (p=0.81) (p=0.76)
(Supplementary Figure 4). 80O in outer xylem was also most strongly
correlated with 8O in bark at predawn (p = 0.63, p = 0.004), followed
by morning (p =0.52, p=0.03), and not significantly at midday

and morning
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comparisons (‘pairwiseAdonis’) showed that bark and outer xylem significantly differed only in the morning. No other significant differences were

(p =0.35, p = 0.14). 8°H and 8"0 between inner and outer xylem were
strongly, significantly correlated at all sampling times, most strongly
at predawn (p = 0.95, p < 0.001 and p = 0.96, p < 0.001, respectively),
followed by midday (p = 0.86, p <0.001 and p =0.71, p =0.001,
respectively) and morning (p = 0.81, p < 0.001 and p = 0.73, p = 0.001,
respectively).

Pairwise comparison by ‘pairwiseAdonis’ showed that overall,
bark and outer xylem significantly differed in isotopic composition in
the morning (p = 0.02), while not differing at midday (p = 0.35) or at
predawn (p = 0.30). In contrast, inner xylem did not significantly
differ from outer xylem at predawn, in the morning or at midday
(p=0.64, p=0.33 and p=0.37, respectively). The ‘betadisper’
function showed that stem tissues did not significantly differ in their
variance at predawn, morning or midday (p = 0.68, p = 0.99, p = 0.49,
respectively), which implies that PERMANOVA results are due to
differences between stem tissues, and not to dispersion within each
stem tissue.

3.3 Correlation of the differences in 8°H
and 380 between stem tissues with traits

For individual traits, Spearman rank correlations showed that,
considering all sampled trees, but not sampling time, the calculated
isotopic differences (A’H and A'®O) between bark and outer xylem
were significantly correlated only with Ay (p = 0.49, p < 0.001 for A’H
and p = 0.53, p < 0.001 for A'™O), while not being correlated between
inner and outer xylem (p = —0.05, p = 0.74 for A’H and p = —0.2,
p =0.17 for A™0). No other significant correlations were found when
not considering sampling time. However, when separating per
sampling time, A’H and A™O between bark and outer xylem were
moderately correlated with Ay in the morning (p = 0.61, p = 0.02 and
p = 0.60, p = 0.03, respectively) and at midday (p = 0.56, p = 0.03 and
p =0.58, p = 0.02, respectively), but not at predawn (p = 0.26, p = 0.33
and p = 0.29, p = 0.27, respectively) (Supplementary Table 4; Figure 3).
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A™O between bark and outer xylem was strongly correlated with
MDy (p =0.74, p <0.01), while no other significant correlations
were found.

While A’H and A™O between stem tissues overall were not
correlated with wood density, when considering only the trees
instrumented with sensors, A0 between inner and outer xylem
was strongly, negatively correlated with wood density at midday
(p=-0.89, p=0.03) and moderately correlated with DBH
(p =0.55, p=0.02) in the morning. A’H and A™O between bark
and outer xylem in the trees instrumented with sensors showed
strong but not significant correlations with mean nightly refill at
predawn (p = 0.90, p = 0.08 for both), morning (p = 0.80, p = 0.33
for both) and midday (p = 0.70, p = 0.23 for A’H and p = 0.50,
p =0.45 for A™O). Among the monitored trees, A’H and A0
between sample types tended to increase with Ay, with
A. peralatum, which appeared to be more isohydric, showing
smaller A’H and A™O (Figure 4). In contrast, D. photiniphylla,
which generally appeared to be more anisohydric, showed greater
A’H and A0 between stem tissues.

In contrast with the individual trait correlations, the
PERMANOVA models to assess the effect of traits on &H and §"O
showed that mean nightly storage refill-in the subset of trees
instrumented with sensors-explained 43.04% (F = 30.18, p < 0.05) and
31.71% (F=6.68, p<0.05) of the variation in &H and 3O,
respectively, between bark and outer xylem per sampling time
(Supplementary Table 5). This was followed by Ay (29.67%, F = 20.62,
p < 0.05 for 8°H and 27.82%, F = 5.86, p < 0.05 for 8"*0), and wood
density (16.87%, F=11.73, p < 0.05 for &H and 7.24%, F=1.52,
p > 0.05 for §"0). However, considering all trees, wood density overall
had the greatest effect size and explained most variation in §°H and
8'80 between stem tissues per sampling time. Between bark and outer
xylem, most of the variation in 8°H was explained by wood density
(22.6%, effect size F=22.50, p =0.001) followed by DBH (10.7%,
F=10.64, p < 0.01 for 5°H), and Ay (5.6%, F = 5.61, p < 0.05), while
the interaction of wood density and Ay explained 21.2% (F = 21.08,
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FIGURE 3
Dual isotope plots showing the average §°H and §'°O per stem tissue across sampling times for A. peralatum, D. photiniphylla and S. claviflorum.
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FIGURE 4
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between predawn and midday for all the study trees.
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p =0.001) (Supplementary Table 5). For 8O, most of the variation
between bark and outer xylem was explained by wood density
(10.90%, F = 6.02, p < 0.05) and the interaction of wood density and
Ay (10.97%, F = 6.06, p < 0.05), while Ay explained 6.61% (F = 3.66,
p<0.05).

3.4 Variations between stem tissues per
sampling time among species

As shown by PERMANOVA, tree explained 83.67% (F = 10.25,
p =0.001) of the difference in 8°H between bark and outer xylem,
while the effect of species was negligible (Supplementary Table 5).
After removing ‘tre¢’ from the model, ‘species, explained 72.06%
(F=14.83, p = 0.001) of the difference in 8°H between bark and outer
xylem. Among the focus species, pairwise comparisons showed that
A’H and A™O between stem tissues at each sampling time were
significantly different (p =0.002) between A. peralatum and
D. photiniphylla, and between S. claviflorum and D. photiniphylla
(p=0.001), but not between S. claviflorum and A. peralatum
(p =0.65).

Visual assessments in the dual isotope plots showed that
species appeared to have more similar isotopic composition
between bark and outer xylem in the morning or at midday

10.3389/ffgc.2024.1457522

(Figure 5; Supplementary Figures 5, 6). The dual isotope plots of
species-level means for bark, outer xylem and inner xylem per
time of sampling (Figure 5), and per tree (Figure 6), suggested
different patterns between A. peralatum and D. photiniphylla. In
A. peralatum, bark and outer xylem were most similar at midday
and at predawn than in the morning, while in contrast, inner
xylem did not vary across sampling times. While there was no
apparent pattern in D. photiniphylla, bark isotopic composition
always remained separate from inner and outer xylem, which may
indicate negligible water exchange between xylem and bark in
this species. In S. claviflorum, all stem tissues appeared to follow
a similar pattern, while outer xylem became more enriched in the
morning, probably reflecting sap flow. At midday, all stem tissues
in this species appeared to become more similar again.

4 Discussion

In this study, we examined the variation in the isotopic
composition of water in inner bark and xylem across the diel
transpiration cycle in trees of nine tropical rainforest species. On
average across species, the isotopic composition of water in bark
and outer xylem was similar at predawn and at midday, suggesting
that water exchange between these tissues occurring overnight
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FIGURE 5
8°H and 80 per stem tissue across sampling times for A. peralatum (top) and D. photiniphylla (bottom). Each panel represents a tree.
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Top: Plot of predawn (PDy) and midday (MDy) leaf water potential showing a tendency of isohydric versus anisohydric behaviour, although more
measurements would be needed to conclude iso- or anisohydricity in the studied trees and species. Dots show the average value of all the sampled
leaves per tree, and size indicates each tree's DBH. Trees above and to the right are consistent with more anisohydric behaviour, while trees below and
to the left are consistent with more isohydric behaviour. Bottom: A?H and A*®O tend to increase with the difference between predawn and midday leaf
water potential (Ay), with A. peralatum, more isohydric, showing smaller offsets than D. photiniphylla, more anisohydric, showing greater offsets.

and at times of reduced transpiration was reflected as more
similar isotopic composition at predawn and midday. In contrast,
inner and outer xylem remained similar across all sampling
times. However, this general pattern varied in relation to traits
and water use strategies. A. peralatum, a high-wood density,
deep-rooted, more isohydric species, showed more marked
effects of potential bark-xylem water exchange than
D. photiniphylla, a low wood density, shallow-rooted, more
anisohydric species.

Frontiers in Forests and Global Change

4.1 Is the isotopic composition of xylem
water related to that of bark water?

Overall, our findings suggested that in the tropical rainforest
species studied, water exchange between bark and outer xylem
occurring throughout the afternoon and night may have been
reflected in xylem water isotopic composition. Considering all
sampled trees together, isotopic composition of water in bark and
outer xylem was significantly different only in the morning, under
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high transpiration, and was most similar at predawn and midday,
when water exchange between these tissues was expected to
be reflected. Trees showed greater similarities between bark and outer
both 6;
Supplementary Figures 5, 6). In contrast, inner and outer xylem

xylem at predawn, midday, or (Figure
remained similar across all sampling times, which would be expected
if the isotopic composition in these tissues reflects sap flow. 8°H and
8'0 between bark and outer xylem were most strongly correlated at
predawn, suggesting that water exchange occurred between these
tissues, leading to more similar isotopic compositions being reflected
at predawn.

The greater similarities in 8’H and 8'*0 found between bark and
outer xylem at predawn suggest possible water exchange between
these tissues, which may have occurred overnight or throughout the
previous afternoon. This may have been due to the movement of water
from xylem into bark to refill storage tissues, as transpiration
decreased throughout the preceding afternoon, or to overnight xylem
water stagnation leading to isotopic mixing between xylem and bark
storage water (Martin-Gomez et al., 2017). Isotopic composition
appeared to return to predawn levels at midday (Figure 6;
Supplementary Figures 5, 6), and 8°H and 8O were similar between
bark and outer xylem at predawn and midday but not in the morning,
which may suggest water moving from xylem into bark during the
afternoon. If this movement or mixing is reflected as similar isotopic
compositions at predawn, water transfer from bark into xylem at the
onset of transpiration would not be initially reflected as a change in
isotopic composition between tissues. Instead, increasing sap flow
rates around the morning led to the only significant difference
between bark and outer xylem. These results support the occurrence
of isotopic exchange between these tissues following changes in xylem
water potential linked to the diel transpiration cycle (Pfautsch et al,
2015a), with outer xylem and bark differing only in the morning when
transpiration rates were increasing, contrasting with the isotopic

similarity between these tissues observed at predawn and midday.

4.2 Are differences in isotopic composition
between bark and xylem related to
individual traits?

Overall, Ay appeared to be a key trait in correlation with the
calculated isotopic differences (A’H and A'™O) between bark and
outer xylem. Greater calculated isotopic differences (A’H and A™O)
between bark and outer xylem were shown by more anisohydric trees,
corresponding to higher values of Ay (Figure 4). Furthermore, AH
and A™O between bark and outer xylem were significantly correlated
in the morning and midday with Ay and with MDy, while not being
significantly correlated with any other trait (Supplementary Table 4).
In contrast, A’H and A'™O between inner and outer xylem were never
correlated with Ay (Figure 3). In the morning, under higher sap flow,
A™O between inner and outer xylem was instead moderately
correlated with tree size (DBH). This suggests that the difference in
isotopic composition between inner and outer xylem may have been
associated, as may be expected, to sap flow variations, while between
bark and outer xylem, the difference may have reflected xylem-bark
water exchange due to Ay.

While wood density is typically negatively correlated with stem
water storage and the ability to release it, (Meinzer et al., 2009; Oliva
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Carrasco et al,, 2015; Scholz et al.,, 2007), we did not find it was
correlated with mean nightly storage refill. Despite this, PERMANOVA
models showed that wood density and mean nightly storage refill had
the largest effect sizes among traits and explained the greatest amount
of variation in 8”H and 8O between stem tissues. Although available
only for a subset of trees, mean nightly storage refill explained >40
and > 30% of the variation in §°’H and 8'*O between bark and outer
xylem per sampling time in the instrumented trees, followed by Ay
(~30% for both 8°H and 8'®0) and wood density (>15% for &°H
and > 5% for 8'°0). However, considering the whole data set, it was
wood density, and the interaction of wood density and Ay, that best
explained the variation in 8°H and 3'®0 between bark and outer xylem
(~20% each). Thus, while wood density individually did not correlate
with nightly storage refill or with the isotopic differences between bark
and outer xylem, the more holistic PERMANOVA approach showed
that along with other traits, wood density contributed substantially to
the differences in 8’H and 8O between bark and outer xylem.
Together, these results suggest that it may not be a single trait alone,
but a combination of traits, shaping water use strategies, which may
have driven water exchanges leading to isotopic differences between
bark and outer xylem.

4.3 Are bark-xylem isotopic variations
among species explained by contrasting
water use strategies?

We expected that water transfer from xylem to bark through the
afternoon and night would result in similar isotopic composition
between these tissues at predawn and that this would be observed in
all nine species. On average, this appeared to be a general pattern
across all species. However, our results showed variations among
species which may ultimately depend on traits and water use strategies.
Between the focus species, A. peralatum and D. photiniphylla, the A’H
and A™O between stem tissues per sampling time differed significantly.
While D. photiniphylla showed great isotopic differences between bark
and outer xylem across all sampling times, indicating little mixing
between these tissues, A. peralatum showed larger isotopic differences
between bark and xylem in the morning, under high transpiration,
and less at predawn and midday, suggesting greater use of bark stored
water or greater water movement between these tissues (Figures 5, 6).
These differences were probably related to the water use patterns of
these species (Sohel, 2018), which appear to be at opposing ends of a
water use strategy gradient. Sohel (2018) showed that A. peralatum, a
mature succession, slow-growing species, had high wood density, low
stem water storage, high sap flow rates and mostly deep soil water use.
In contrast, D. photiniphylla, a fast-growing pioneer species, had low
wood density, high stem water storage, low sap flow rates and used
mostly shallow soil water (Sohel, 2018). Our results also showed that
A. peralatum used greater proportions of deep soil water than
D. photiniphylla (Supplementary Figures 1, 2; Supplementary Table 1),
and that nightly storage refill was greater in D. photiniphylla than in
A. peralatum. While in A. peralatum there was a stronger response of
sap velocity to VPD, D. photiniphylla had higher sap velocity at night,
despite no relationship with nightly VPD, which suggests greater
storage water recharge at night. Furthermore, the opposite trends in
Ay (Figure 4) between these species suggested contrasting
anisohydric-isohydric behaviors. The contrasting isotopic variations
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between stem tissues observed in these species may have therefore
resulted from opposing water use patterns including differences in
storage water use.

Our findings suggest, at least for the species studied, that the
isotopic effect of bark-xylem water exchange, as part of the diel
transpiration cycle, may be more evident on more isohydric species
with high wood density and deep roots, such as A. peralatum. The
small Ay (Figure 4) and greater isotopic similarities shown at predawn
(Figure 6) by A. peralatum support findings by Knipfer et al. (2019),
who showed that only small water potential differences were required
for water to be released from bark. This also suggests that high wood
density and more isohydric species (e.g., A. peralatum) may rely more
on bark-stored water to buffer changes in water potential, compared
to low wood density species (e.g., D. photiniphylla) which may use
stored water from sapwood. A reliance on sapwood water storage in
D. photiniphylla may be suggested by the generally greater isotopic
similarities between inner and outer xylem observed at predawn and
the greater differences at midday (with bark always different),
contrasting with the similarities between bark and outer xylem
observed both at predawn and at midday in A. peralatum and
S. claviflorum.

As A. peralatum appeared to be more isohydric (Figure 4), it
may tend to close stomata to maintain water potentials under
increasing VPD, reducing sap flow. Note, however, that this is an
oversimplification of the relationship of stomatal and water
which has
be complicated (Martinez-Vilalta et al. 2014). In contrast, it is

potential regulation, been demonstrated to
possible that the isotopic effect of storage refill may be observed
later in the day for anisohydric species such as D. photiniphylla
than for isohydric species such A. peralatum. As we did not
sample later than midday, we were not able to observe this.
However, some trees of D. photiniphylla showed more similar
isotopic compositions between inner and outer xylem at predawn
than in the morning or midday, suggesting that mixing with
storage water in sapwood occurred later in the afternoon or
throughout the night. It is therefore possible that, at predawn and
midday, if greater storage water use from bark is reflected in
similar isotopic compositions between bark and outer xylem,
reliance on stored water in sapwood may be reflected in greater
isotopic similarity between inner and outer xylem (Figure 1).

Although it has been shown that hydraulic traits are
correlated from root to leaf level, with sensitivity to drought
being related to rooting depth, wood density and isohydricity
(Mursinna et al., 2018), how the relationships between these
traits may define water use strategies is not well understood
(Martinez-Vilalta and Garcia-Forner, 2016). In this regard, our
findings add to the current understanding of water use trade-offs
between rooting depths, wood density and water storage in the
buffering of changes in water potential. It is thought that low
wood density species buffer these changes by using stored water
(Meinzer et al., 2009; Scholz et al., 2007), while in high wood
density species, deep soil water access helps maintain water
potentials (Martinez-Vilalta and Garcia-Forner, 2016; Matheny
et al,, 2017). However, our results suggested that storage water
use to buffer changes in water potential at the diel cycle is
important regardless of wood density, but the tissue where stored
water is drawn from may differ for species depending on wood
density, rooting depth and isohydric tendency.
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4.4 Implications for the interpretation of
xylem water isotopic composition

There is little understanding of how much mixing there is between
water stored in the stem and more mobile, recently sourced water
(Berry et al., 2017; De Deurwaerder et al., 2020; Knighton et al., 2020;
Penna et al, 2018). It is not known how stored water at longer,
seasonal scales (e.g., Allen et al., 2019), or even at diel scales of quicker
turn-over (e.g., De Deurwaerder et al., 2020; Martin-Gomez et al.,
2017; Pfautsch et al., 2015a), can proportionally contribute to the
isotopic composition of xylem water. The isotopic composition of
water stored in the stem may reflect that of soil water before the time
of sampling (De Deurwaerder et al., 2020). However, it is possible that
isotopic composition does not remain intact as water moves along the
stem from the moment of uptake (original isotopic signal from soil)
to the storage site, from which it is released back into transpiration. It
is further possible that water in the stem has undergone several cycles
of storage and release (Meinzer et al., 2006), or of exchange between
bark and xylem, re-mixing several times throughout its path along the
stem. While the greatest amounts of stored water are used at the onset
of transpiration (Goldstein et al., 1998; Pfautsch et al., 2015a), during
times of decreases in sap flow rates during the day, additional exchange
between bark and xylem may occur. Sap flow, tracking VPD, radiation,
and variations in soil water content and potential, may ‘pause’ and
‘resume’ throughout the day, or show sudden variations (Meinzer
et al., 2006). It is therefore possible that this causes frequent bark-
xylem exchange along the stem, occurring several times in a diel cycle.
Furthermore, Treydte et al. (2021) showed that water can move
circumferentially around the stem, finding evidence of injected
deuterium enriched water around the stem opposite to injection sites,
while Fabiani et al. (2022) found that isotopic composition variabilities
with sapwood depth and between sapwood and heartwood were
related to low sap flow periods. This re-mixing of water with transport
along stem may result in isotopic variations, although these may
be small and not necessarily be reflected in xylem water. However,
especially when sampling twigs, this effect may become more
important, leading to larger isotopic differences, due to the greater
proportional use of stored water in the upper stem (Cermak et al.,
2007) and because greater residence times in tall trees may allow more
xylem-phloem mixing to occur (Cernusak et al., 2005). In this regard,
although the variations found in our study were relatively small,
consequent cycles of storage and release, either in a day or throughout
longer periods, will cause deviations from the original isotopic
composition from the time of root water uptake.

We found that overall, bark was more depleted than xylem, except
in 80 at predawn (Figure 2), where it was slightly more enriched
than both outer and inner xylem. This is contrary to findings by, e.g.,
Ellsworth and Williams (2007) and Cernusak et al. (2005), where bark
was more enriched than xylem water, while coinciding with findings
by Nehemy et al. (2021) and Treydte et al. (2021). Our finding supports
proposed explanations by Barbeta et al. (2020), who suggested that
isotopic fractionation between plant and soil water observed by recent
studies (e.g., Barbeta et al., 2019; Brooks et al., 2010; Evaristo et al.,
2017; Vargas et al., 2017) may be partly caused by stem storage water
being more depleted than xylem vessel water and soil water. The
authors suggested that possible of effects of stem water storage on soil-
xylem offsets should be therefore be investigated by differentiating
between isotopic composition of water in vessels and other stem
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tissues (Barbeta et al., 2020). While we did not separate water in
vessels from bulk stem water in this study, we found water in inner
bark, an important storage site from which water is drawn into the
transpiration stream throughout the day, to be more depleted than
water in xylem. Following this, to improve the understanding of
isotopic variations between these tissues, it would be useful to
investigate how does inner bark water isotopic composition vary with
tree physiology and functional traits across species.

Martin-Gomez et al. (2017) recommended that stem should
be sampled at times of highest transpiration in order to avoid stagnation
effects from reduced sap flow conditions that occur at predawn and in the
afternoon. This is partly supported by our results, which suggested that
the exchange between bark and xylem water was reflected in isotopic
composition at predawn and midday. However, variation in the dual
isotope space appeared generally smaller at predawn than in the morning
or midday (Supplementary Figure 7), which may result in smaller isotopic
offsets between soil and xylem at predawn. De Deurwaerder et al. (2020)
used a model to show that variations in xylem water isotopic composition
resulted from root water uptake variations throughout the day, which
would additionally pick up heterogeneities in soil isotopic composition.
Coinciding with their study, our results suggest larger variation in xylem
water isotopic composition in the day compared to predawn. It is therefore
possible that variations in xylem water isotopic composition reflected
throughout the day may be homogenized throughout the afternoon and
night through the radial exchange of water between xylem and bark.

Several different pathways of radial water transfer between xylem
and bark have been found, including bulk water movement, as
opposed to diffusion, and mainly through a symplastic route through
ray parenchyma cells (Pfautsch et al., 2015b), or through an apoplastic
route as well as through aquaporins (Steppe et al., 2012). It is possible
that transfer through the different pathways may result in variations
in isotopic composition, leading to fractionation of xylem water from
that of root water uptake. In their study of fractionation during root
water uptake in halophytic and xerophytic species, Ellsworth and
Williams (2007) found that uptake through a symplastic route led to
fractionation of xylem water, while Poca et al. (2019) proposed that
aquaporins were responsible for observed fractionation during root
water uptake in saplings of Acacia caven, which was enhanced by
presence of mycorrhizal fungi. Although this has been discussed in
isotope-based plant water use studies in the context of root water
uptake, it is possible that similar effects may occur in relation to bark-
xylem exchange along the stem. In fact, recently, in their study of the
relationship of tree water deficit on water source partitioning, Nehemy
et al. (2021) hypothesized that findings of more depleted phloem
water with respect to xylem water could have resulted from radial
movement of preferentially lighter isotopes through aquaporins from
xylem into phloem during storage recharge at night. Meanwhile,
Treydte etal. (2021) found spatial variations in the presence of injected
isotopic tracer in tree stems which showed differences in radial versus
vertical water movement between species that were related to sapwood
and hydraulic architecture. Furthermore, both intra and extracellular
water from different parts of the stem can be released into the
transpiration stream (e.g., De Schepper et al., 2012; Jupa et al,, 2016;
Knipfer et al, 2019; Tyree and Yang, 1990), while as drought
progresses, water may be moved from capillary storage in dead tissues
into elastic storage in living cells (Knipfer et al., 2019). All of these
dynamics may have different effects on xylem water isotopic
composition and implications regarding the ‘mobile’ versus ‘immobile’
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or intra-versus
different methods.

extracellular water in xylem sampled by

4.5 Limitations and future research
directions

In this study, stem tissue samples, as well as sap flow and stem
diameter measurements were collected at a single point in the tree
stem, which may not provide a full representation of variations along
the tree. Although the lower part of the tree stem has the largest stored
water content, the use of stored water is proportionally greater in the
upper stem (Cermdk et al., 2007; Pfautsch et al.,, 2015a). It is therefore
possible that the isotopic differences found among tissues, sampled
near the base of the stem at DBH level, may have been greater if
sampling further along the tree or in the upper part of the stem. Future
studies should consider comparing the stem tissues sampled here
across different heights along the tree, e.g., at the base of the stem and
near crown level, or across locations spaced vertically over several
centimetres, at each sampling time. In this way, variations in the
isotopic composition of radial samples could be compared to
variations due to water movement up the stem. This could further
be improved by using continuous iz situ isotopic measurements (e.g.,
Volkmann et al., 2016; Marshall et al., 2020; Kithnhammer et al., 2022;
Kiibert et al., 2023). In addition, it would be useful for these more
detailed follow-up studies to compare how including samples obtained
from bark in the model estimations of soil water uptake depths may
impact on the estimates.

In this study we used cryogenic vacuum extraction, which extracts
all water in a sample and not just mobile water from the transpiration
stream (Millar et al., 2018), and which has been found to produce
methods-related effects on the sampled isotopic compositions (e.g.,
Chen et al., 2020; Haberstroh et al., 2024). Although we cannot
distinguish methods-related effects in our study, using both cryogenic
extraction and continuous in situ vapour methods, or offset
corrections (e.g., Duvert et al., 2024; Sobota et al., 2024; Younger et al.,
2024), would help clarify how spatiotemporal isotopic variations
across stem tissues, such as the effects of water exchange between bark
and xylem, may be differently reflected through the two methods. In
addition, since water for transpiration can be drawn from capillary,
elastic, intercellular and intracellular storages at different times during
the day (e.g., De Schepper et al., 2012; Jupa et al., 2016; Knipfer et al.,
2019), it would be useful to further compare the two methods, while
targeting specific storage compartments-perhaps assessed via
microscopic imaging-paired with stem diameter variations measured
via point dendrometers, instead of the band dendrometers used here.
This would allow to track isotopic variations in phloem and xylem
linked to the exact timings of bark or xylem-related variations in stem
diameter throughout the day. If further paired with a model
decoupling stem diameter variations between tension-related versus
osmotic-related elastic changes in bark water content (such as in
Mencuccini et al., 2017), this could provide very useful insight into the
extent of impacts on xylem water isotopic composition.

Finally, while current understanding is that the depletion and
refilling of bark tissues is the main driver of changes in stem diameter
(e.g., Dietrich et al., 2018; Pfautsch et al., 2015b; Sevanto et al., 2011;
Steppe et al., 2015; Zweifel et al., 2001), the use of band dendrometers
in our study did not allow to distinguish between bark and
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xylem-related diameter changes. The patterns observed could reflect
expansion or contraction of either bark or xylem (Treydte et al., 2021).
Regardless, these variations are principally a result of the radial
movement of water between the tissues (Sevanto et al., 2011; Zweifel
etal., 2014).

4.6 Conclusion

Our findings suggest that exchange of stored water between inner
bark and xylem, occurring throughout the afternoon and night and in
association to the diel transpiration cycle may affect the isotopic
composition of xylem water in tropical rainforest species, with the greatest
similarity between these tissues observed at predawn. Although this
varied among trees, species, and traits, we found that on average, the
isotopic composition of water in inner bark and shallow outer xylem was
similar at predawn and midday and significantly differed only in the
morning, under high transpiration. In contrast, inner and outer xylem
remained similar across all sampling times. These findings build on
previous studies which have confirmed the role of inner bark as an
important storage site from which water can be drawn into xylem and
back and show that the exchange between these tissues can be reflected in
the isotopic composition of xylem water.

We further found that greater isotopic differences between bark and
outer xylem were associated with larger differences between predawn and
midday leaf water potential. A mature successional phase species and a
pioneer species of opposing water use strategies-wood density, storage
water recharge, leaf water potential regulation and soil water uptake
depth-showed different trends in isotopic offsets between bark and outer
xylem, with stronger isotopic effects in the high wood density species.
This adds to current understanding of trade-offs between rooting depths,
wood density and storage water use, suggesting that storage water use
through the diel transpiration cycle is an important component of
hydraulic strategy regardless of wood density, while the tissue where
stored water is drawn from may differ depending on wood density,
rooting depth and hydraulic regulation.

Taken together, we found evidence that the exchange between
bark and xylem throughout the diel transpiration cycle is impacted by
water use strategies and may affect the isotopic composition of xylem
water, and possibly its interpretation. Thus, understanding of water
use strategies, the covariation between traits, and how they are related
to the use and exchange of stored water between bark and xylem
throughout the day and night is important to appropriately interpret
xylem water isotopic composition and to understand tree water use
responses to environmental changes.
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