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Abstract

Stable isotope studies (6°H and 60) of water within plants are providing new
information on water sources, competitive interactions and water use patterns under
natural conditions. This is based on the assumption that there is no fractionation at
the time of water uptake or during its transport within trees. However, previous
studies have found fractionation does occur in water taken up through the roots in
halophytic and xerophytic plants. It is unclear how widespread such fractionation is
in other species. In this study, we tested this fractionation by comparing stem and
branch xylem water isotopes over the period of one day (from 8 am to 5 pm) in four
wet tropical rainforest tree species (Dendrocnide photinophylla, Aphananthe
philippinensis, Daphnandra repandula and Mallotus polyadenos). We found branch
water isotope ratios (62H and 5'0) were enriched compared with stem xylem water
isotopes. D. photinophylla had a significantly different branch 880 ratio than
A. philippinensis, D. repandula and M. polyadenos. In contrast, there were no significant
differences in stem xylem &0 among the four observed tree species. We found
clear differences in the stable isotope ratios of 8§80 for stem and branch xylem water
for D. photinophylla and D. repandula of upto —0.85% and 0.50%, respectively.
Remarkable 8H differences were also found between stem and branch xylem water
isotope ratios for A. philippinensis, D. repandula and M. polyadenos, being upto
—12.14%, —16.17% and —9.65%, respectively. A dual isotope (5°H-8'%0) plot
showed branch water values were more enriched than stem xylem water values for
D. photinophylla and D. repandula, indicating a clear difference between stem and
branch xylem water. This study suggests that 6°H and &80 fractionation could be a
species-specific phenomenon in tropical trees, which has important implications for

plant water source identification and evapotranspiration partitioning.
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1 | INTRODUCTION

Stable isotope measurements are widely employed in plant-water
relations research to investigate physiological and hydrological pro-
cesses from whole plant to ecosystem scales. There has been an
increasing number of studies using hydrogen and oxygen isotope
ratios to study water uptake by plants (Bertrand et al., 2014;
Dawson, 1993; Dawson & Ehleringer, 1991; Flanagan et al., 1992;
Kukowski et al., 2013; Liu et al., 2014; Penna et al, 2013;
Schwendenmann et al, 2015; Snelgrove et al, 2021; Tetzlaff
et al,, 2021; Thorburn & Walker, 1994; White et al., 1985), to under-
take palaeoclimatic reconstructions based upon the isotopic analysis
of wood cellulose (Ballantyne et al., 2006; Burk & Stuiver, 1981;
Masson-Delmotte et al., 2005; O'Reilly Sternberg, 2009; Ramesh
et al., 1986; Rebetez et al, 2003; Robertson et al., 2001; Saurer
et al., 1997; Treydte et al., 2006), and evapotranspiration partitioning
(Liebhard et al., 2022). Many of these studies assume that there is no
fractionation at the time of water uptake or during its transport within
trees, and others have raised fractionation as a possible explanation
for the mismatch between tree water and soil water (e.g., Snelgrove
et al., 2020; Tetzlaff et al., 2021). However, a large fractionation of
the water taken up through the roots in halophytic and xerophytic
plants, and in plants associated with mycorrhizal fungi has also been
observed (Adar et al., 1995; Barbeta et al., 2019; Ellsworth &
Williams, 2007; Lin et al., 1993; Poca et al., 2019). Additionally, Zhao
et al. (2016) reveal that large deuterium fractionation occurred
between source water and plant tissue waters in Populus euphratica,
which is the only deciduous tree species found in deserts. Isotopic
fractionation phenomena have become more commonly reported in
plant water investigations (Barbeta et al., 2019; Evaristo et al., 2017;
Marshall et al., 2020; Nehemy et al., 2022; Oerter & Bowen, 2017,
2019; Vargas et al., 2017; Vega Grau et al., 2021). This has challenged
the commonly accepted idea that the isotopic composition of xylem
water will solely reflect source water. The mechanisms that drive
observed xylem water offset and potential internal fractionation are
not well known. A recent meta-analysis suggested that this observed
xylem offset is larger in cold and wet sites, but smaller in hot climates
(De la Casa et al., 2022).

Information on isotope fractionation and xylem water offset
from soil water sources is critically important for studying plant
water sources, palaeoclimatic reconstruction, and isotope-based
evapotranspiration partitioning. Therefore, there is an urgent need
to investigate this phenomenon across diverse plant species and
bioclimatic regions. For instance, it is uncertain whether an isotopic
fractionation in different tissue water can be detected in tropical
rainforest tree species. Here, we investigate the internal variability
in stem and branch xylem isotopic composition across different tree
species growing in the same environment. We set the null hypothe-
sis that xylem water isotopic composition is similar between stem
and branches. To test this hypothesis, we investigated xylem water
within daylight hours (i.e., from 8 am to 5 pm) among four wet
tropical rainforest species. We asked the following research

question:

How does tree stem xylem water compare to water samples from

branches over a short period of time?

2 | MATERIALS AND METHODS

21 | Sampling location and studied species

The study site was located in a wet tropical rainforest in the Danbulla
State Forest on the Atherton Tableland in northeastern Australia
(Figure 1). The site is at an elevation of 760 m above sea level
(Drake & Franks, 2003). Trees were located within a long-term experi-
mental plot established by the Queensland Department of Forestry in
1948. The plot measures 200 m by 20 m (4,000 m? or 0.4 ha). Regular
measurements of the growth, mortality and recruitment of trees
within the plot that are greater than 10 cm diameter at breast height
(DBH) have been undertaken since the plot's establishment. Soils
within the plot are sandy clay loams to clay loams. The soils have
developed from basalt set down in volcanic lava flows between the
Pliocene to Holocene eras (Laffan, 1988). The annual average rainfall
for the site is 1,680 mm, with over 1,000 mm falling between
December and February (Drake & Franks, 2003). The area can be
prone to seasonal droughts resulting from infrequent rainfall during
the typically drier months of April to October (Drake & Franks, 2003).
Most of the plant species in the study site are highly moisture-
dependent (Drake & Franks, 2003; Tracey, 1982).

2.2 | Plant and soil sample collection

To investigate the isotopic differences between stem and branch
xylem water, an opportunistic sampling of trees within the plot was
conducted within a short period of time during daylight hours
(i.e., from 8 am-5 pm) in a single campaign. Sampled trees were
selected based on the ease of access to their branches using an
extendable pruner. This resulted in trees of four species being
selected for sampling: -Dendrocnide photinophylla, Aphananthe
philippinensis, Daphnandra repandula and Mallotus polyadenos. For
each species, four individual trees were sampled. Four branches and
stem samples were considered for each species. Details of the sam-
pled tree species, including their sample size, successional status and
the DBH of individual trees, are given in Table 1. Xylem samples
were collected from tree stems using a battery-operated drill with an
18 mm spade bit. A single xylem sample was collected from each
tree. The xylem samples were collected from the northern side of
the tree trunk at just above breast height (i.e., >1.37 m). Before col-
lecting the samples, all the bark tissues were removed. To distinguish
between sapwood and heartwood, a visual observation technique
was applied. In most cases, there was a very clear colour distinction
between heartwood and sapwood, which was also true for our sam-
pled tree species. Branch samples were also collected from the same
tree from where stem xylem samples were collected. All the

branches were under shaded conditions. All the branch's diameters
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FIGURE 1 (a-c) Location of the study
area. Green colour circle indicate the
permanent plot where the study has been
conducted. (d) The spatial distribution of
all the studied tree species throughout
the 20 x 160 m plot. Different sizes of
the green circles indicate DBH
differences among the trees. The whole
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indicate the grid ID. The small black dots
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TABLE 1 Sampled tree species information.
Common Growth Successional
Species name Family form status
A. philippinensis Grey Handlewood Ulmaceae Moderate Late secondary
D. Repandula Sassafras Atherospermataceae Slow Mature phase
M. Polyadenos Kamala Euphorbiaceae Very fast Pioneer

D. Photinophylla Stinging tree Urticaceae Very fast Pioneer

N.B. Species successional status and growth form are based on Goosem and Tucker (2013).

Sample
(branch + stem)

44+4=8
4+4-8
44+4=8
4+4-8

e ¥

R TN

<>
10m

DBH (cm) of
the sampled trees

122,128, 138, 184
131, 160, 172, 208
151,155, 167, 190
120, 135, 152, 181

were <5 cm. We did not record cardinal direction and the height 50 cm soil was mainly composed of hard clay. All three soil bore-

from which the branch samples were collected. The extracted xylem holes (Figure 1) had similar soil textures. To define soil shallow and

tissues were placed into 24 ml glass vials, and the vials were immedi- deeper soil depth, ecologist generally considers the rooting depth of

ately sealed and wrapped in parafilm. Samples were then placed into vegetation. In this experimental plot, majority of the trees have

a refrigerator until laboratory analysis was undertaken. Soil samples shallow root systems (<50 cm). So, in that sense, we have considered

were collected from three holes at six different depths (O cm, 20 cm, <50 cm as shallow soil depth and > 50 cm as deep soil layer. The

40 cm, 60 cm, 80 cm and 100 cm). Surface soil (0 cm) samples were locations of the boreholes in relation to the trees are shown in

considered because of the very shallow rooting pattern of the Figure 1. All soil samples were placed in capped glass vials, wrapped

sampled trees. Here surface soil (0 cm) means scraping the surface with parafilm, placed into a refrigerator, and stored until laboratory

until 3-5 cm. The upper 50 cm soil was mostly sandy, and the lower analysis.
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2.3 | Fractionation investigation through water
stable isotope analysis

Water was extracted from the xylem (stem and branch) and soil sam-
ples using cryogenic vacuum distillation (Koeniger et al., 2011). The
extracted water was then analysed for §2H and 620. In the case of
82H, an established method on a Delta V Advantage mass spectrome-
ter and an HDevice peripheral were used. For 620, samples were run
using an established method on a Delta V Advantage mass spectrome-
ter and a GasBench Il peripheral. For a description of this methodol-
ogy, see Nelson (2000).

All 82H and 880 values were expressed as a percentage (%)
relative to Vienna Standard Mean Ocean Water (VSMOW), using the

following formula:
62H or 6180 = (Rsample/Rstandard - 1) 1000

where R is the ratio of *¥0/*¢0 or 2H/*H in the sample or in Standard
Mean Ocean Water (VSMOW).

The precision of analyses of §2H and &80 (including sampling,
extraction and analytical errors) were estimated to be +/— 1 permil
and +/— 0.2 permil, respectively. ANOVA was applied to know the
differences in isotopic composition (Oxygen and Hydrogen water iso-
tope) among soil, branch and stem xylem tissue among the sampled
tree species since the data were normally distributed. Independent
sample t-test was used to determine species-specific differences in
branch and stem xylem water isotopic composition. In addition to that
species-specific isotopic differences and their analytical precision was
addressed by applying 95% bootstrapped confidence intervals (Cls)
across different plant parts. Here, narrower Cls bar indicates lower
uncertainty while wider Cls represent higher uncertainty in the

samples to represent population parameters.

3 | RESULTS

3.1 | Differencesin 60 and 62H isotope
composition in stem and branch xylem water

Independent sample t-test showed statistically significant differences
between branch and stem xylem hydrogen isotope ratios (p < 0.05),
whereas oxygen isotope ratios showed no significant differences
(p >0.05) when species-specific variation was not considered
(Figure 2). Statistically significant differences in branch 60 were
found among the sampled tree species: D. photinophylla had signifi-
cantly different branch 6180 values than A. philippinensis, D. repandula
and M. polyadenos (Figure 3). In contrast, there were no significant
differences in stem xylem 880 among the four observed tree species
(Figure 3). There were distinct differences between the branch and
stem xylem 880 within the A. philippinensis and D. photinophylla trees
(Table 2). The mean differences between stem and branch xylem
water 880 were 0.50%. and —0.85%. for A. philippinensis and
D. photinophylla, respectively (Table 2). There were no differences

between branch and stem xylem &80 within the D. repandula and
M. polyadenos trees (Table 2). There were also distinct patterns in the
difference between branch and stem xylem &2H within the
A. philippinensis, D. repandula and M. polyadenos trees (Table 2). All
the species branch and stem show statistically significant differences
in hydrogen isotope (p < 0.05). (Figure 4). The dual isotope plot
shows both A. philippinesis and M. polydenos stem water seems to be
more depleted in &2H than branch water. The stem water plots
“straight” below the branch water indicates depleted in
5°H. However, branch water were more enriched for both isotope
than stem xylem water isotope values for the D. photinophylla and
D. repandula trees (Figure 5), indicating a clear difference between the
stem and branch xylem waters. It seems that for D. photinophylla
branch water in more enriched in both heavy isotopes (680 and &%H)
than stem water, but in D. repandula this difference seems to be only
in 82H. It seems that D. repandula shows the same pattern as the other
two species. The only species not following the observed pattern
(stem water being more depleted in &°H than branch water) is the
D. photinophylla.

3.2 | Differences in 60 and 6%H isotope
composition between soil water and xylem (stem and
branch) water

Soil water 60 and 82H showed a regular pattern of isotopic
enrichment with samples near the soil surface (Figure 5), indicating
that water in the upper soil layers was subjected to evaporative iso-
topic fractionation. For all of the observed tree species except
D. photinophylla and D. repandula, the stem xylem water stable iso-
tope values were consistent with water use from shallow soil depths
(<60 cm deep; Figure 5). There were significant differences in &°H
values between soil water and stem xylem water (p > 0.05) for all
species except D. repandula (Figure 5 and Table 2). §°H and 60
showed significant differences in the values between soil water and
stem water for all the species (p > 0.05). Branch water isotope
values of D. photinophylla and M. polyadenos are more enriched and
are significantly different than soil water isotope values (Figure 5
and Table 2).

4 | DISCUSSION

Plant functional trait divergence, such as different morphological
traits, allows tree species to exploit soil water resources differently
(Dawson & Ehleringer, 1991; Trogisch et al., 2016). Therefore, there is
the possibility of isotopic composition variation among different tree
species. However, less is known about this potential variation at spa-
tial scales and within individual trees. A recent study in a humid tem-
perate climate showed large soil water spatial heterogeneity but small
variability in xylem isotopic composition within individual tree crowns
and among crowns of distinct individuals of two species (Fagus

sylvatica and Picea abies) (Goldsmith et al., 2019). A controlled
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FIGURE 2 Branch and stem xylem hydrogen (a) and oxygen (b) isotope differences were displayed using boxplot. Line within the box plots
shows the median of hydrogen and oxygen isotope ratios observed for the sampled trees. Edges of box show lower and upper quartiles, and
whiskers show the maximum and minimum number of isotope ratios. Black dots show outlier observations. Independent sample t-test shows
significant differences in branch and stems hydrogen isotope ratios (p < 0.05), whereas oxygen isotope ratios show no significant differences
(p > 0.05). A total of 16 branch and 16 stem samples of four species were considered to show the differences.

FIGURE 3 Branch and stem xylem
oxygen isotope differences among the
observed species. A point indicates mean
values of the isotopic rations while bars
around the means indicate their 95%
bootstrapped confidence intervals (Cls)
across different plant parts. Here,

SST = D. photinophylla,

KMP = M. polyadenos,

GHW = A. philippinensis,

NRS = D. repandula. Independent sample
t-test shows species-specific significant
differences in branch and stem oxygen
isotope ratios (p < 0.05). Only NRS did
not show any statistically significant
difference (p > 0.05). A total of 16 branch
and 16 stem samples of four species were
considered to show the differences.
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TABLE 2 The differences in isotopic composition (oxygen and hydrogen water isotope) among soil, branch and stem xylem tissue among the

sampled tree species.

Differences in hydrogen water isotope

Differences in oxygen water isotope

A. M. D. D
philippinensis: Polyadenos: Repandula:

Stem-branch

Mean —12.14** —9.65** —16.17** —6.53™
Max  —50.46 —~50.05 —47.23 —26.10
Min —34.29 —36.24 —23.51 —-10.72
SD 6.71 6.19 9.28 5.61
Soil-stem

Mean 7.27** 10.19” 3.13™ -22.17"
Max  —50.46 —56.29 —56.29 —56.29
Min —31.52 —-36.15 —37.01 —12.22
sD 5.20 5.23 4.65 9.16

Photinophylla:

A M. D. D.
philippinensis: Polyadenos: Repandula: Photinophylla:
0.50** 0.70" 0.02"¢ —0.85**
—4.62 —4.90 —5.43 -3.83
-3.72 —2.85 —3.55 —2.05
0.30 0.59 0.72 0.58
-1.46" -1.67" -1.20" -2117
—6.84 —6.84 —6.84 —6.84
-3.72 —2.85 —2.85 —2.69
0.86 0.95 1.01 1.12

Note: The “**” (p < 0.05) indicates a significant difference between stem and branch xylem water and the “ns” (p > 0.05) indicates a non-significant

difference. Branch sample/species = 4 and stem sample/species = 4.
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FIGURE 4 Branch and stem xylem
hydrogen isotope differences among the
observed species. A point indicates mean
values of the isotopic rations while bars
around the means indicate their 95%
bootstrapped confidence intervals (Cls)
across different plant parts. Here,

SST = D. photinophylla,

KMP = M. polyadenos,

GHW = A. philippinensis,

NRS = D. repandula. Independent sample

NRS SST

Hydrogen isotope ratio

F“Iant_parts t-test shows species specific significant

differences in branch and stem hydrogen
- Branch isotope ratios (p < 0.05). All the species
—=- Stem branch and stem shows statistically

significant differences in hydrogen
isotope (p < 0.05). Total of 16 branch and
16 stem samples of four species were
considered to show the differences.

Branch Stem Branch Stem

Plant parts

experiment with two olive trees (Olea europaea; 1.9 m tall and 6 years
old) showed no significant differences in isotopic composition between
the xylem collected from the stem and branches (Amin et al., 2021). On
the other hand, a recent study by Vega Grau et al. (2021) found
evidence of xylem isotopic variability within trees, from roots to stems
to branches in a tropical savanna. These differences were shown to
affect the interpretation of water sources. We found that stem water

was more depleted in &2H than branch xylem water in four wet tropical

rainforest tree species (i.e., Dendrocnide photinophylla, Aphananthe
philippinensis, Daphnandra repandula and Mallotus polyadenos).

We found large difference in 6°H values between branch and
stem xylem water for all the observed four species and a small differ-
ence in 6§80 for two species (Table 2; Figure 5). Despite the differ-
ences between stem and branch xylem water, both plotted within soil
water isotopic distribution, with the exception of D. photinophylla and

D. repandula. The evidence of distinct isotopic composition between
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FIGURE 5

xylem water in the branch and stem could reflect different processes
discussed below.

The observed difference between xylem isotopic composition in
stem and branches could be explained by slow tree water transit times
(i.e., days to weeks) (Nehemy et al., 2022; Seeger & Weiler, 2021).
The stem and branch xylem isotopic composition represent distinct
sampling locations along the water travel path length (i.e., sapwood)
and could represent root water uptake from different days, as the
water parcel slowly travels inside the tree because of the slow veloci-
ties. Another mechanism that could potentially explain the difference
between stem and branch xylem water is the use of internally stored
water outside sapwood (e.g., heartwood and phloem) that could
impact stem and branch xylem water differently. A recent study
showed evidence of functional exchange between heartwood and
sapwood water in broadleaf species (Fabiani et al., 2022). Fabiani
et al. (2022) showed that, overall, sapwood water in the stem is more
depleted in heavy isotopes than heartwood in broadleaves. Assuming

this same pattern in our broadleaves species, heartwood exchange

Oxygen and hydrogen dual isotope plot showing stem-branch-soil water isotope composition.

could potentially explain the observed difference between stem and
branch water. The sampled xylem water in the stem would show only
sapwood water, whereas the water arriving in the branch (i.e., near
the “outlet”) could represent the overall contribution of storages
(i.e., sapwood and more enriched heartwood water). Alternatively,
another functional compartment that could result in direct exchange
with xylem water and explain the observed difference between stem
and branch water is phloem. Nehemy et al. (2022) showed that the
isotopic difference between phloem and xylem water is larger in §2H
than 680 and can increase with increased use of phloem water in
periods of tree water deficit. Xylem water becomes more enriched in
heavy isotopes with the increased use of phloem water, whereas
phloem water becomes more depleted in heavy isotopes as result of
this radial exchange (Nehemy et al., 2022). Larger stems generally
have a lower proportion of phloem in relation to xylem (i.e., sapwood).
Thus, the effect of phloem water exchange could be more easily
observed in the branches, where proportionally a more significant vol-

ume of phloem water could contribute radially. This could result in
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xylem water enrichment because of the preferential transport of ligh-
ter isotopes (i.e., specially *H) to phloem via the symplastic pathway
(i.e., mediated by aquaporins) leaving behind heavier isotopologues
during phloem recharge (Nehemy et al, 2022). However, more
enriched phloem water in relation to xylem in trees have also been
observed and explained by contribution enriched leaf water (Cernusak
et al., 2005). The radial transfer of enriched phloem to xylem in the
morning could potentially explain branch water enrichment in relation
to stem water. Despite some plausible explanations, the direct mea-
surement of heartwood and phloem water in both locations, stem and
branch, would be necessary to clarify the dominant mechanism, and if
those are important in the studied environment.

Previous research have found evaporative enrichment in suber-
ized stems during leafless periods when trees are under water stress
or reduced sap flow rates (Bertrand et al., 2014; Cernusak et al., 2005;
del Castillo et al., 2016; Ellsworth & Sternberg, 2014; Martin-Gémez
et al., 2016). We did not observe leafless periods, but reduced sap
flow rates could be potentially observed in partially shaded branches
and explains the observed difference between stem and branch water.
Besides reduced transpiration, the exchange of xylem water with
enriched water from the leaf could be another reason for branch
water enrichment in relation to stem water (Brandes et al., 2007;
Ellsworth & Williams, 2007) via back-diffusion of enriched leaf water
(Dawson & Ehleringer, 1993).

Recent literature has also focused on seeking mechanisms to
explain xylem water depletion in 2H (Barbeta et al., 2022; Chen
et al.,, 2020; Diao et al., 2022; Zhao et al., 2016). We observed this
depletion pattern in some species. Stem xylem water was more
depleted in 8%H compared to branch and soil water (Figure 5). Some
of these previous studies suggested that the observed depletion in
hydrogen can be an artefact of the cryogenic extraction method. Chen
et al. (2020) argued this is an artefact influenced by the proportional
water content of the sample. In contrast, Diao et al. (2022) showed
this might be instead related to an absolute extracted minimal water
volume of each sample. Zhao et al. (2016) and Barbeta et al. (2022)
suggest that this depletion is a result of the heterogeneity in tree
water tissues. These studies indicate that intercellular water and
water within xylem conduits are in equilibrium, whereas more com-
partmentalized water pools or pools with exchangeable H-atoms
(i.e., cellulosic fibres, hydrophilic organic substances) and with more
depleted 8%H may exist, and does not participate in the transpiration
stream but are extracted using the cryogenic method. This would
explain our observations if such pools would be more commonly pre-
sent in stem tissues rather than branch water, since same method was
applied in both samples (i.e., cryogenic extraction). We do not have
evidence that exclude or support this hypothesis. Allen and Kirchner
(2022) emphasized the limitations of the existing methodology of
water sources study and pointed that existing water extraction
method and analysis techniques cannot fully explain water isotopic
composition, water functioning and partitioning inside trees. Besides
all this explanation, xylem sample collection procedure (battery oper-
ated drill) used in this study could also be a potential source of evapo-

rative enrichment of xylem samples. The observed difference in xylem

water variability within individual trees observed here and in other
studies (Vega Grau et al., 2021), and the insignificant or lack of thereof
in other studies (Amin et al., 2021; Goldsmith et al., 2019) highlights
the importance of standardization in plant water source investigations
(Millar et al., 2022).

5 | CONCLUSION

In this study, through extensive field-work utilizing four common wet
tropical rainforest tree species, we have shown that there are signifi-
cant species-specific differences in isotopic composition of branch
and stem xylem water. Research into §?°H and 6*80 fractionation has
important implications for studying plant water sources, palaeocli-
matic reconstruction and evapotranspiration partitioning. Commonly-
held assumptions about isotopic fractionation could potentially lead
to errors in water source calculations. Such miscalculations of water
source could lead to misinterpretations of plant water source usage.
Although our study did not resolve the mechanism responsible for
species-specific differences in isotopic composition, it does provide
strong evidence that species-specific fractionation of both §%H and

880 can occur.
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