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1 | INTRODUCTION

Anthropogenic climate change has already resulted in ecosystem
collapse and community composition shifts due to a global increase in
extreme weather events, drought, and changes in rainfall distribution

(IPCC, 2022). In the case of mangroves, as the incidence of such
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Abstract

Coping with water stress depends on maintaining cellular function and hydraulic
conductance. Yet measurements of vulnerability to drought and salinity do not often
focus on capacitance in branch organs that buffer hydraulic function during water
stress. The relationships between branch water relations, stem hydraulic vulnerabil-
ity and stem anatomy were investigated in two co-occurring mangroves Aegiceras
corniculatum and Rhizophora stylosa growing at low and high salinity. The dynamics
of branch water release acted to conserve water content in the stem at the expense
of the foliage during extended drying. Hydraulic redistribution from the foliage to
the stem increased stem relative water content by up to 21%. The water potentials
at which 12% and 50% loss of stem hydraulic conductivity occurred decreased by
~1.7 MPa in both species between low and high salinity sites. These coordinated
tissue adjustments increased hydraulic safety despite declining turgor safety margins
at higher salinity sites. Our results highlight the complex interplay of plasticity in
organ-level water relations with hydraulic vulnerability in the maintenance of stem
hydraulic function in mangroves distributed along salinity gradients. These results
emphasise the importance of combining water relations and hydraulic vulnerability

parameters to understand vulnerability to water stress across the whole plant.
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extreme weather events increase, large-scale die back is predicted to
increase with severe consequences for the ecosystems, industries
and communities that rely on these forests (Duke et al., 2017; Harris
et al., 2018; Oliveira et al., 2014). Thus, there is an urgent need to
understand how morphological and physiological traits interact to

enhance drought and salinity tolerance.
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Hydraulic failure is widely considered the predominant mechanism
for drought (Adams et al., 2017) and salinity (McDowell et al., 2022a)
induced mortality under extreme conditions. However, plants may
manage hydraulic risk via plastic adjustment of water within the plant.
For example, water storage and hydraulic capacitance, two important
water relations parameters, can reduce hydraulic vulnerability in
mangroves when salinity or drought conditions increase (Bryant
et al., 2021; Coopman et al., 2021). Understanding the plasticity of
traits that contribute to buffering hydraulic function under varied
growth conditions is critical to understanding species' resilience to
drought and increased salinity (Guadagno et al., 2017; McDowell
et al., 2022b), yet remains poorly resolved.

Water storage (WS, the volume of water released from storage
tissues), and capacitance (C, the amount of water released for a given
change in water potential) (Oliva Carrasco et al, 2015; Scholz
et al, 2011), play essential roles in the water balance of trees,
contributing 10%-50% of total daily transpiration depending on the
species (Goldstein et al., 1998; Holbrook & Sinclair, 1992; Loustau
et al., 1996; Scholz et al., 2007; Steppe & Lemeur, 2004; Waring
et al., 2006). The capacitive release of stored water buffers xylem tissue
from greater changes in water potential () and tension that can cause
lethal embolism during drought (Bryant et al, 2021; Coopman
et al,, 2021; Meinzer et al., 2003, 2008; Preisler et al., 2022), and can
play a pivotal role in enabling maintenance of high rates of water use
during rapid growth, and embolism repair (Brodersen et al., 2010;
Nardini et al., 2011; Robert et al., 2009; Salleo et al., 2009; Sevanto
et al,, 2014). For example, Nguyen et al. (2017b) found release of water
from leaf storage tissues could sustain transpiration rates for up to 2 h.

WS and C are measured from water release curves (Awater
content/Ay) (Cheung et al., 1975; Nguyen et al., 2017b; Scholander
et al,, 1964; Tyree & Hammel, 1972). Water release curves have been
well studied in leaves (Bartlett et al., 2012), but few studies have
focused on canopy branch water release (branch = foliage and attached
stem in the canopy) to understand the relative contributions that foliage
and stem organs make to the maintenance of whole branch function
during drying (Bryant et al., 2021; Gleason et al., 2014; Martinez-Vilalta
et al., 2019). Shifting availability of water within and between foliage
and stem organs across early and late dry season has been shown to
enable the mangrove Sonneratia alba to mitigate the loss of hydraulic
conductance, despite no change in key measures of hydraulic
vulnerability (Bryant et al., 2021). In this way, hydraulic segmentation
between stems and foliage may enable release of water from foliage
tissues that preserves stem hydraulic function during drought (Hochberg
et al., 2016; Rodriguez-Dominguez et al., 2018; Zimmermann, 1983).

The living tissues of the stem (inner bark, cortex and ray
parenchyma, Figure 1) are thought to make up the majority of stem
WS. This is because these cell types have more elastic walls than those
of lignified xylem fibres and conduits, allowing for greater changes in
volume for a given change in  (Pfautsch et al., 2015). Therefore, stem C
and WS are hypothesised to correlate with the proportion of living cells
due to the need to mobilise significant volumes of stored water quickly
to avoid the hazardous development of large  gradients (Meinzer

et al., 2009; Pfautsch et al., 2015). Indeed, studies of angiosperms have

FIGURE 1 Transverse section illustrating tissue layers of a stem
section of Aegiceras corniculatum collected from a high salinity site on
the Daintree River. Co, cortex; IB, inner bark; OB, outer bark; P,
parenchyma; Ph, phloem; Xy, xylem.

found ray tissue in the xylem can account for 40% of the sapwood
volume (Panshin & De Zeeuw, 1980) and up to 75% in species with high
C and WS (Chapotin et al., 2006). In addition, dye injection experiments
have shown that radial water transport occurs primarily through ray
parenchyma facilitating water transport from storage into xylem
(Pfautsch et al., 2015). Interspecific variation in the structure of tissues
involved in C and WS, and C and WS plasticity between organs interact
with maintenance of hydraulic function and turgor. Thus, improving
resolution of C and WS function is central to understanding species
differences in vulnerability to extremes in drought and salinity.

The ¢ corresponding with the air entry threshold at 12% loss of
hydraulic conductivity (P12), and the threshold for xylem failure at 50%
loss of hydraulic conductivity (P50, Arend et al., 2021; Domec &
Gartner, 2001; Mantova et al., 2022; Martin-StPaul et al., 2017; Meinzer
et al., 2009; Trueba et al., 2017), are used as indicators of a plant's
vulnerability to stem hydraulic failure during dehydration. Similarly, the
leaf turgor loss point (Yrp) can be used to indicate interspecific and
intraspecific variation in the vulnerability of living plant tissues to
dehydration due to drought (Bartlett et al., 2012; Bryant et al., 2021)
and salinity (Naidoo et al., 2011; Naidoo, 1985; Nguyen et al., 2017a).
Turgor is essential for cellular function, growth, communication, and
transport (Fricke, 2017; Peters et al., 2021). When dehydration causes
loss of turgor, further dehydration impairs cellular function and can
eventually result in cell death if hydration is not recovered (Lambers &
Oliveira, 2019). Therefore, Yy p represents the critical point below
which turgor-dependent plant function is impaired.

Within and across biomes and among species, P12, P50, and Yir.p
have been shown to vary with water availability (Bartlett et al., 2012;
Bartlett et al., 2016; Choat et al., 2012). However, while mangroves
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adjust Y.p in response to increases in salinity (Naidoo et al., 2011;
Naidoo, 1985) and seasonal drought (Bryant et al., 2021), few studies
have investigated plasticity in stem hydraulic vulnerability in
mangrove species tolerant of a wide range of salinities. Limited
capacity for adjustment of hydraulic vulnerability would leave a
mangrove species growing along an environmental gradient vulnera-
ble to the extremes in its environment. Thus, while the plasticity of
hydraulic vulnerability traits within species is central to predicting
survival, it remains poorly understood in mangroves.

Mangrove species distributed along a salinity gradient provide an
ideal study system to explore the influence of the () of estuarine water
at the roots (estuary) ON the plasticity of traits in response to water
scarcity. Because plants must maintain lower { in their roots than that
of Yestuary to enable passive water uptake (Scholander et al., 1964), the
Westuary determines the degree of hydration achievable through the
roots (Scholander et al, 1964). Therefore, the difference between
Westuary» and Yrip in leaves defines the turgor safety margin (TSM); the
range of Y over which the plant can operate while maintaining turgor
from root water. In the mangroves Aegiceras corniculatum and
Rhizophora stylosa, Beckett et al. (2023) found that despite lowering
Yrp in response to increasing salinity, plasticity in Yrp was less than
proportionate with the increase in Pesary, reducing the TSM with
increasing salinity. Because of the importance of turgor for growth and
carbon gain (Fricke, 2017; Peters et al., 2021), reduction in the TSM
constrains turgor-dependent function, and increases the risk of cell
injury with dehydration below Y p. Similar to the TSM, the hydraulic
safety margin (HSM) indicates the range of  over which a plant can
function before significant loss of hydraulic conductivity occurs
(Guillemot et al., 2022). A reduction in the HSM indicates an increased
risk of plant hydraulic failure and correlates strongly with greater risk of
mortality during drought (Anderegg et al., 2016; Choat et al., 2012;
Guillemot et al., 2022; Powers et al., 2020).

There is a high degree of variability in how the HSM has been
defined (e.g., Guillemot et al., 2022; Meinzer et al., 2009). However, we
suggest here that the margin between Yesiary and P50 gives the best
measure of the range of  over which a mangrove can operate while
avoiding irrecoverable embolism that could result in plant mortality.
Defined this way, a novel comparison between the HSM and the TSM
can be made to understand how hydraulic and turgor vulnerability
interact to confer drought and salinity tolerance (Table 1).

We aimed to understand how plasticity in branch traits within
species maintain turgor and hydraulic safety in mangroves grown at
contrasting salinities. Branch water relations, stem hydraulic vulnerabil-
ity and stem anatomy were measured in two co-occurring mangroves,
Aegiceras corniculatum (L.) Blanco and Rhizophora stylosa Griff., growing
at two salinity sites on the Daintree River, Queensland, Australia. These

data were used to test the following hypotheses:

H1. The relative contributions of stem WS and C to whole-

branch water relations decrease with increasing salinity.

H2. Stem C increases with the proportions of inner bark,

cortex, and ray parenchyma in the stem.

TABLE 1 List of abbreviations.
Parameter Symbol  Unit
Fresh mass FM g
Dry mass DM g
Water content wWC g
Saturated water content per WCpm gg 'DM
dry mass
Water potential 1] MPa
Water potential of estuarine salinity MPa
water at the roots
Water potential at turgor loss YrLp MPa
point
Relative water content RWC %
Water storage (normalised on WS gg 'DM
DM or RWC) % RWCBranch
Water storage released before ~ WSt p
leaf Yrip
Water storage between first WSiotal

and last measurement

gg DM MPa™!
% RWCgranch MPa™

Water storage capacitance C
(normalised on DM or RWC)

Capacitance before leaf Y p Crp

Capacitance between first and  Ciopa
last measurement

Turgor safety margin TSM MPa

Hydraulic safety margin HSM MPa

Percent air discharge PAD %

Water potential at 50% air P50 MPa
discharge

Water potential at 12% air P12 MPa
discharge

H3. Species improve hydraulic safety when growing at
higher salinities by lowering P12 and P50 relative to

conspecifics growing at low salinities.

H4. Species' HSMs decrease between low and high salinity
sites consistent with declining TSMs with increasing salinity.

2 | MATERIALS AND METHODS
2.1 | Study site and species

Two species that differ in optimum salinities and salt management
properties were selected for study: A. corniculatum, a salt-secreting
species with optimal growth salinities of 10%-20% seawater
(Ball, 1988b), and R. stylosa, a nonsalt secreting species (Ball, 1988a)
with optimal growth salinities of 25%-50% seawater (Clough, 1984).
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However, despite A. corniculatum being a salt-secretor and R. stylosa
being a nonsalt secretor, there is no evidence for fundamental
differences in bulk water relations between species with different salt
management strategies (Beckett et al., 2023). Plant material was
collected mid-dry season from trees growing naturally along the
banks of the Daintree River, Daintree National Park, Far North
Queensland, Australia (16.1700° S, 145.4185° E).

Three estuarine sites (16.257421° S, 145.343296° E; 16.260275 ° S,
145.393811° E; 16.283785° S, 145.451308° E) were selected along
the river banks where the geographical position in the estuary
and the mangrove vegetation were indicative of different ranges of
salinity. Surface water samples were collected at each sampled tree and
salinity was measured with a hand-held refractometer (A.S.T. Co. Ltd.).
Westuary Was calculated as a fraction of sea water, where standard
seawater has a salinity of 35 parts per thousand (ppt) and a ¢ of
-2.4 MPa. Along river margins where sediment is loosely consolidated
(accreting banks) or where the river banks are well drained and reflooded
with successive tides (eroding banks), the surface water salinities are
likely to be representative of those used by root systems which
were partially exposed to river water, consistent with split root studies
of mangroves and other halophytes (Bazihizina et al., 2009, 2012;
Reef et al., 2015).

At the time of measurement mid-dry season, estuarine water
salinities of O ppt (0 MPa) were recorded for the two estuarine sites
located up river following heavy rainfall during the wet season and as
such these sites were combined as a single ‘low salinity’ site for
analysis. The third site, located near the mouth of the Daintree River,
had a salinity of 24 ppt (-1.65 MPa) and is hereafter referred to as the
‘high salinity’ site.

2.2 | Water relations of branches

Here the branch is defined as the terminal canopy plant growth <1 m in
length, composed of a length of stem and its attached leaves. Foliage
refers to the collection of individual leaves on the branch, defined to
allow differentiation between measurements made on an individual leaf
and those on the collection of leaves from the branch. Stem refers to
the woody canopy growth to which the leaves are attached.

Canopy branch water-release curves were constructed mid-dry
season using a modified bench drying method (Bryant et al., 2021;
Gleason et al., 2014). The method is analogous to constructing a
pressure-volume (PV) curve for a leaf, but involves integrated
responses of a more complex system of tissues and organs. Five
trees for each of A. corniculatum and R. stylosa were selected at high
salinity, and 10 trees for A. corniculatum and 7 trees for R. stylosa
were selected at low salinity. One sun-exposed terminal canopy
branch <1 m in length was cut from each tree at both sites in the late
afternoon, each with several dozen leaves. Branches were trans-
ported back to the lab (approximately 30 min) in the dark plastic bags,
then were recut under perfusion solution of 1% seawater (~5mM
NaCl) for R. stylosa and 5% seawater for A. corniculatum and allowed

to rehydrate overnight. The composition of the perfusion solution

B9-wiLey——*

was based on analyses of the ionic composition of xylem sap in A.
corniculatum and R. stylosa grown under lab (Ball, 1988b) and field
conditions (Scholander et al., 1966; Stuart et al., 2007).

A water-release curve was constructed and analysed for each
individual branch as described by Bryant et al. (2021). Briefly,
rehydrated terminal branches were recut above the water line and
weighed. Using a Scholander pressure chamber (1050D, PMS
Instrument), branch ¢ was determined as the average ¢ of two
leaves, after which branches were reweighed. Branches were then
bench dried allowing branch ¢ to decline ~0.5 MPa, and incubated in
black plastic bags for >40 min to allow equilibration. Decline in fresh
mass due to repeated removal of leaves was recorded following each
measurement of branch . This sequence was then repeated until
completion of the measurements. The dry mass (DM) of each group
of leaves incrementally removed during the experiment, plus the
remaining attached leaves and stems comprising the branch, were
determined after oven drying for 48 h at 70°C to constant mass.

Leaf C and leaf Y p were derived from PV curves constructed
using one leaf from each branch as described by Nguyen et al.
(2017b). Average leaf C (g g DM MPa™?) before and after leaf turgor
loss was then used to calculate the change in foliage water fraction of
branch WC during drying based on the DM of leaves on the branch
and AY at each measurement. Foliage WC was then subtracted from
total branch WC to determine the remaining stem WC.

C changes with branch ¢ over the total water release curve.
Therefore, C can be estimated over different ranges of ( (Bartlett
et al,, 2012). Here, for branch, foliage and stem organs we have calculated
Crp, that is C from the initial linear slope describing decline in organ WC
with decrease in organ ¢ during drying before the leaf irp (e.g., Bartlett
et al., 2012 supplementary information; Bryant et al., 2021) and C;,t,), that
is C from the total water lost from first to last measurement (e.g., Gleason
et al,, 2014). WS (g g"*DM) for branch, foliage and stem organs was then
calculated as the total amount of water released over the initial linear
region of the curve during drying before the leaf {1 p (WSt.p), and as the
total amount of water released from first to last measurement (WS-
For physical properties, please see Supporting Information: Table S1.

2.3 | Stem anatomy

For each branch collected for water relations of branches, a paired
stem was collected to characterise stem anatomy and allowed to
rehydrate overnight as previously described. Before sectioning, three
points along the stem (mature, juvenile and young) were selected to
capture developmental variation in anatomy, based on stem diame-
ter, proximity to shoot tip, and bark development. Transverse
sections (100 um thick in A. corniculatum and 200 um thick in R.
stylosa) from each developmental stage were observed under a ZEISS
Axiostar Plus epifluorescence microscope (ZEISS). Images were
collected using the Halide Mark Il Pro Camera app on an iPhone8.
Images were analysed using FIJI image analysis software
(Schindelin et al., 2012). Stem area was calculated as the area of a
circle for A. corniculatum or an ellipse for R. stylosa where necessary.
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Vessel lumen area was calculated as the area of a circle of each vessel
within a 0.25 mm? area of xylem tissue from pith to phloem. Tissue
layers were defined as per Figure 1 for determination of proportion-

ate contributions to whole-stem area.

2.4 | Hydraulic vulnerability curves

Hydraulic vulnerability was estimated using the pneumatic method
which proxies percent air discharge (PAD) for percent loss of hydraulic
conductance with declining ¢ (PLC; Jansen et al., 2022; Pereira
et al, 2016; Sergent et al., 2020; Zhang et al.,, 2018). Sun-exposed
canopy branches >60cm in length were sampled from trees 2-4m in
height, transported (approximately 30 min) in the dark plastic bags, recut
under perfusion solution, and rehydrated. Bench drying and measure-
ment of PAD with declining branch ¢ were conducted and analysed
using the protocol previously described by Bryant et al. (2021). Briefly,
air discharge was measured by exposing a 3.9 mL vacuum reservoir with
an absolute pressure of ~40kPa attached to a pressure transducer
(PC140 Series; Omega, CT) to the cut branch end via a three-way stop-
cock. Pressure was logged every second and initial pressure and
pressure after 150 s were recorded. Branches were bench dried and
measurements were made at ~1 MPa intervals. For full protocol please
see Bryant et al. (2021, Supporting Information).

2.5 | Statistical analyses

Statistical analyses were performed in R (R Core Team, 2023 version
4.3.1). We measured a total of 27 individuals across two species and

two salinities from three sites.

2.5.1 | WS, and Cin branch, foliage and stem organs

A linear mixed model was used to analyse branch level WS and C
(Figures 2 and 4), with salinity and species as fixed effects, and
estuarine site as random intercepts using the Imer() function in the
ImerTest (Kuznetsova et al, 2017) and Ime4 package (Bates
et al., 2015). To then assess the contribution made by foliage and
stem organs to branch WS and C (Figures 2 and 4), a linear mixed
model was used with salinity, species and organ (foliage and stem) as
fixed effects, and estuarine site and individual as random intercepts.
The anova() function was used to assess the significance of main

effects and interactions at the p < 0.05 level.

2.5.2 | Sources of stem C

A linear model was used to test the effects of anatomical traits on
stem C, with species as a fixed effect (Figure 5). Slopes and
differences between slopes (species by anatomical trait interaction)
were considered significant at the p < 0.05 level.

2.5.3 | Hydraulic vulnerability curves

PAD was plotted against  values and fitted with a reparameterised
Weibull model (Ogle et al., 2009) with 95% bootstrap confidence intervals
generated with 1000 resamples using the fitplc package (Duursma &
Choat, 2017). Model fit was assessed by plotting observed conductance
against model predicted curves and significance was assessed using the
smart package (Warton et al., 2012). Parameters including P12 and P50
(Figure 6) were determined using the fitplc package.

Model fit was assessed through a number of diagnostic tests
including diagnostic residual plots and the Shapiro-Wilk test, and
where necessary dependent variables were log transformed to
improve model fit. The emmeans R package (Lenth, 2020) was used
for pairwise comparisons and to produce model estimated marginal
means, trendlines and standard error (SE) for figures. Figures were

produced using the package ggplot2 (Wickham, 2016).

3 | RESULTS

3.1 | Foliage and stem contribution to total branch
capacitance (Ciotal)

The proportional contributions that stem and foliage make to the
WC of the whole branch during drying can be shown by plotting
stem and foliage WC relative to the initial measurement where
whole branch relative water content (RWC) was 100% (Figure 2b).
When branch RWC was 100% the foliage contributed between 55%
(£7) of branch RWC in A. corniculatum at low salinity and 69% (+9)
of branch RWC in R. stylosa at high salinity, reflecting the greater
proportion of branch saturated WC held in the foliage than the
stem. Ciotar and the relative contributions of foliage and stem to
branch Ci:o Were calculated from saturation to final measurement
(Figure 2c). There was a significant species by salinity effect
(p=0.007) whereby branch Ciu declined across low and high
salinity in A. corniculatum but increased across low and high salinity
in R. stylosa (Figure 2c). The foliage contributed 50% (+4) of the
branch Citq at low salinity on average across both species,
compared with 66% (+5) at high salinity. While foliage and stem
contribution to branch Ci.q did not significantly differ at low
salinity, there was a significant organ by salinity effect (p =0.013)
due to the greater overall contribution of foliage than stem at high
salinity (p =0.013).

3.2 | Water relations of branch, foliage and stem
organs

Individual drying of the two main organs of the branch can be
assessed by plotting the WC of each organ relative to their own initial
measurement at 100% RWC (Figure 3). Water release curves for
branch and foliage had two phases of RWC decline similar to a two-
domain leaf PV curve. In the first phase there was a greater decrease
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FIGURE 2 Change in branch RWC (black) and its distribution between foliage (green) and stem (brown) organs during drying in Aegiceras
corniculatum and Rhizophora stylosa. (a) Diagram defining the contribution of foliage and stem organs to a branch. (b) Exemplary branch water
release curve showing the relative contribution of foliage and stem organs to decline in whole branch RWC with decreasing water potential ()
during drying. Note the y-axis showing RWC (right) is mirrored by the corresponding water content (left). (c) Proportional contribution of foliage
and stem organs to total branch capacitance (Branch Ciq) calculated as gram per gram branch dry mass per MPa from saturation to final
measurement in A. corniculatum collected from low (n = 10) and high salinity (n = 5), and in R. stylosa collected from low (n = 7) and high salinity
(n =10) sites along the Daintree River. Values for branch Ciy are estimated marginal means + SE from a linear mixed model with salinity and
species as fixed effects, and estuarine site as random intercepts. Values for foliage and stem contribution to branch C;. are estimated marginal
means = SE from a linear mixed model with salinity, species and organ as fixed effects, and estuarine site and individual as random intercepts.
Corresponding observed means + SE are given in Supporting Information: Table S3 and results from associated ANOVAs in Supporting
Information: Table S2. RWC, relative water content. [Color figure can be viewed at wileyonlinelibrary.com]

in Y for a small change in foliage and branch RWC, which in leaf PV
curves is driven mainly by decline in turgor during water loss from
living cells. In the second domain ¢ and RWC declined together,
characterised by decreasing osmotic potential in leaf PV curves. In
leaves, the intersection between these two domains represents the
turgor loss point (leaf Y1 p), which when plotted onto branch and
foliage water release curves (blue line, Figure 3) coincides closely
with the inflection point between the two phases of water loss for
foliage and often coincides for branch.

However, stem water release curves followed a different pattern
of water release, which occurred over three phases and varied
between high and low salinity (Figure 3). At low salinity, C was smaller
in the first linear phase than in the subsequent linear phase. At high
salinity, C of the initial linear phase was greater than the subsequent
linear phase. Surprisingly, in the third phase of the stem water release
curve, stem RWC increased as ( continued to decline with
dehydration. This increase in stem RWC was more prevalent at high
than low salinity, observed in 50% and 57% of low salinity individuals
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FIGURE 3 Representative water release curves of branch (black), foliage (green), and stem (brown) organs of Aegiceras corniculatum (a, b) and
Rhizophora stylosa (c, d) showing change in relative water content (RWC) as water potential () decreases during drying at low (a, c¢) and (b, d) high salinity.
Branch and its composite foliage and stem are presented relative to their own initial measurement at 100% RWC. Points depict data from measurements
of A. corniculatum and R. stylosa branch, foliage, and stem RWC at a given ) made on a single individual of each species from low and high salinity. A loess
running average curve was then fitted for each organ. Blue band and shading indicates the mean leaf Y1 p + SE from paired pressure-volume
measurements from an individual leaf taken from each branch. Water release curves of branch, foliage, and stem organs for each individual of A.
corniculatum and R. stylosa can be viewed in Supporting Information: Figure S1. [Color figure can be viewed at wileyonlinelibrary.com]

of A. corniculatum and R. stylosa respectively, but 100% of stems of
both species at high salinity. Indeed, the increase in stem RWC at
high salinity was coincident with leaf Y p and corresponded with a
greater decrease in foliage RWC for a given change in foliage ¢,
suggesting reallocation of water from the foliage to the stem in that
instance.

Where applicable, reallocation of foliage water to stems was
calculated as the difference between the lowest value of stem
RWC and the highest subsequent value of stem RWC.
Reallocation of water to the stem was greatest in A. corniculatum
at high salinity, increasing stem RWC by 21.1% (+2) compared
with 12.7% (£5) in R. stylosa. At low salinity reallocation increased
stem RWC by 12.0% (£8) in A. corniculatum and 1.6% (+2) in
R. stylosa.

3.3 | Cand WS in branch, foliage and stem organs

Cyp and WS+ p were calculated from the initial linear phase of water
release before leaf Yy p in two ways. First, Cr;p and WSy p were
calculated as branch RWC release before leaf Y p (Figure 4a,c) giving
the proportionate contributions of foliage and stem to branch Cq;p
and WSy p. Second, Cyp and WSt p were calculated as water
released from each organ per gram organ DM before leaf Yr.p
(Figure 4b,d) giving values for each organ relative to itself, rather than
relativised against branch, and referred to here as ‘absolute’ Cy;p and
WSt p. Branch Crp (% RWCganen) did not significantly differ with
salinity in either species. However, the relationship between branch
Crp and salinity differed between species (p =0.0002) tending to
decrease with salinity in A. corniculatum but increase with salinity in
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FIGURE 4 Shifting contribution of foliage and stem organs to branch capacitance (Cy;p) and water storage (WSqp) calculated from the initial
linear phase of water release from saturation to the leaf water potential at the turgor loss point in Aegiceras corniculatum and Rhizophora stylosa
grown at low (grey) and high (black) salinity. Figure shows proportionate contribution of foliage and stem organs to (a) branch Cy,p and (c) branch
WS+, p calculated as a percent of branch relative water content (% RWCganch), and absolute branch, foliage and stem (b) C1.p and (d) WS+.p
calculated as gram per gram organ DM (g gDM™1) where each organ was calculated relative to itself rather than to branch. Values for branch are
estimated marginal means = SE from a linear mixed model with salinity and species as fixed effects, and estuarine site as random intercepts.
Values for foliage and stem are estimated marginal means + SE from a linear mixed model with salinity, species and organ as fixed effects, and
estuarine site and individual as random intercepts. Data were log transformed for analyses to account for nonnormality of model residuals.
Values are for A. corniculatum collected from low (n = 10) and high salinity (n = 5), and R. stylosa collected from low (n = 7) and high salinity (n = 10)
sites along the Daintree River. Corresponding observed means + SE are given in Supporting Information: Table S3 and results from associated
ANOVA:s in Supporting Information: Table S4. [Color figure can be viewed at wileyonlinelibrary.com]

R. stylosa. As a result, branch Cy p was greater in A. corniculatum than shifted as drying progressed. In both species, the stem contributed a
R. stylosa at low salinity (p = 0.0005) while the inverse was true for greater proportion to branch Cyp and WSyp than the foliage
high salinity (p = 0.029, Figure 4a). There was no significant effect of (p <0.0001, Figure 4a,c), contributing 76% (+4) of branch WSqp
salinity or species on branch absolute Cy.p; however, the effect of released at low salinity and 71% (+4) at high salinity (Supporting
salinity differed by species such that branch absolute Cqp at Information: Tables S1 and S2). However, following leaf {1 p, foliage
low salinity was greater in A. corniculatum than R. stylosa (p = 0.002, water release was greater than the contribution made by the stem
Figure 4b), while the opposite was true at high salinity (p = 0.002). accounting for 62% (+5) at low salinity and 98% (+7) at high salinity of

Branch WStp (% RWCganch) did not differ significantly by the further decline in branch RWC. Consequently, 72% (+6) of stem
salinity in either species, but did differ by species (p = 0.0003) such WSiotal Was released before the leaf Y p, while 84% (+3) of foliage
that branch WSt p was greater in A. corniculatum than R. stylosa at WSiotal Was released following leaf Yypp.
both low (p = 0.002) and high salinity (p = 0.02, Figure 4c). Likewise,
there was no overall effect of salinity on branch absolute WSt p
(Figure 4d). Overall, branch absolute WSt p was greater in A. 34 | Sources of stem C-,-,_p
corniculatum than R. stylosa (p = 0.03).

Although the proportional contribution of foliage to branch Ciotq Stem Cy.p in R. stylosa increased significantly with the proportion of
was equal to or greater than the stem (Figure 2), the contribution inner bark and cortex in the stem and decreased significantly with
made by foliage and stem to branch WC released during drying xylem tissue contribution to the stem, while in A. corniculatum, stem
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Cr.p decreased with the proportion of inner bark and cortex in the
stem but was not significant (Figure 5a,b). A slight positive
relationship with xylem was the strongest positive relationship found
between A. corniculatum and any stem anatomical traits. As a result,
the species differed significantly in their relationships between stem
Cyip and inner bark and cortex and xylem (Figure 5ab).

©
N

The xylem contribution to stem Cyp was further examined
through the proportion of vessel, fibre and parenchyma tissue
comprising the xylem area. Despite the overall negative relationship
with total xylem tissue, R. stylosa stem Cy p was positively related to
vessel contribution to xylem area and parenchyma as a proportion of
xylem area (Figure 5c,e), such that when contribution of parenchyma
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FIGURE 5 Key stem anatomical traits as sources for stem capacitance calculated from the initial linear phase of stem water release before
leaf water potential at the turgor loss point (Cr.p, g gDM™1 MPa™?) in Aegiceras corniculatum and Rhizophora stylosa. Relationship between stem
Crip and (a) combined inner bark and cortex tissue percent of total stem area, (b) xylem tissue percent of total stem area, (c) vessel percent of
xylem area, (d) fibre percent of xylem area, (e) parenchyma percent of xylem area, and (f) combined parenchyma and vessel percent of xylem
area. Species, anatomical trait and species by anatomical trait trendlines are estimated marginal means from a linear model with species as fixed
effects. Shading indicates 95% confidence intervals, with associated p values indicating within-species significance included above. Datapoints
represent individual measurements of A. corniculatum collected from low (n = 10, dark blue) and high salinity (n = 5, light blue), and of R. stylosa
collected from low (n =7, dark blue) and high salinity (n = 10, light blue) sites along the Daintree River. For underlying stem anatomical
characteristics please see Supporting Information: Tables S5 and S7. Results from associated estimated marginal trendlines are given

in Supporting Information: Table Sé. [Color figure can be viewed at wileyonlinelibrary.com]
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and vessels were combined, R. stylosa stem Cyp had a significant
positive relationship (Figure 5f). However, stem Cyp in R. stylosa was
negatively related to fibre contribution to xylem area (Figure 5d)
possibly driving the overall negative association with xylem area. As
no strong relationship was found between A. corniculatum and any
stem anatomical traits, A. corniculatum and R. stylosa had significantly
different relationships with vessel, and parenchyma area which drove
a significant difference between species in vessels and parenchyma
area combined. Similarly, fibre contribution to xylem area varied

significantly between species.

3.5 | Hydraulic vulnerability curves

P12 and P50 were approximately 1.7 MPa lower at high than low salinity
across both A. corniculatum and R. stylosa (Figure 6), reducing vulnerability
to stem embolism at high salinity. However, the slope at P50 was slightly
greater at high than low salinity in A. corniculatum, despite lower P12 and
P50. The opposite was true for stems of R. stylosa where the slope at P50
at low salinity indicated greater potential for rapid development of xylem
embolism as dehydration progressed beyond P12 compared with stems
from high salinity, and therefore reduced risk of runaway embolism at
high salinity. P12 and P50 were lower in A. corniculatum than R. stylosa at
both low and high salinity, indicating greater resistance to embolism
development in A. corniculatum stems.

The HSM in R. stylosa was slightly smaller at low salinity
(2.23 MPa) than at high salinity (2.47 MPa), as was the case for the
HSM in A. corniculatum (4.17 and 4.25 MPa at low and high salinity,
respectively, Figure 6). Conversely, the TSM was largest at low
salinity with an average of 3.5 MPa (+0.1) across both species, and
smallest at high salinity with an average of 1.6 MPa (+0.2) across both

species (Figure 6).

4 | DISCUSSION

The present study uses a holistic approach to investigate plasticity in
branch, foliage and stem water relations, shifting organ-level contribu-
tions to branch water release during drying, and TSM and HSM among
two mangrove species growing at high and low salinities. C7;p and
WSt p were greater in the stem than the foliage in both species,
buffering stem xylem against embolism formation. Yet, in both species
dynamic changes in C during drying conserved WC in the stem at the
expense of the foliage as branch water loss progressed during drying,
and provides evidence for hydraulic redistribution of water from the
foliage to the stem. Plasticity in P12 and P50 decreased hydraulic
vulnerability in trees growing at high salinity; however, the TSM declined
as salinity increased, increasing the vulnerability of living tissue to water
stress. Combined our results highlight the complex interplay between
plasticity in organ-level water relations and plasticity in hydraulic
vulnerability in the maintenance of stem hydraulic function in

mangroves distributed across salinity gradients.

B9-wiLey— 22

4.1 | Shifting sources of water release during
dehydration contribute to the maintenance of
hydraulic function while conserving RWC in the stem

Responses of branch Cyp and WS+ p to salinity differed between R.
stylosa and A. corniculatum, but would contribute to the mainte-
nance of hydraulic function when water availability was limited by
high salinity in both species (Figure 4). In R. stylosa, increased
branch Cyp between low and high salinity would increase the
capacity to buffer against xylem ¢ gradients that can cause
embolism (Meinzer et al, 2003, 2008; Preisler et al., 2022),
providing greater hydraulic safety where water availability was
most limited. Conversely, branch Cy.p in A. corniculatum decreased
between low and high salinity, decreasing buffering capacity.
However, while branch Crp was greater in R. stylosa than A.
corniculatum at high salinity, both species had similar branch WSt p
available for capacitive release at high salinity (Figure 4). A similar
volume of water released more slowly would allow for smaller but
more prolonged buffering effects as dehydration progressed in A.
corniculatum, compared with rapid discharge of stored water in R.
stylosa. This interplay between WSt p and Cyp may explain the
occurrence of P12 and P50 at more negative ¢ in A. corniculatum
than R. stylosa (Figure 6).

Although at high salinity foliage contributed a greater proportion
of branch Citq than the stem, contrary to our hypothesis stem Crp
and WSt p were greater than the foliage at both salinities (Figure 4),
accounting for 83% of branch WSt p released and 81% of stem
WSotal- In other words, the stem released a greater proportion of its
own WC more rapidly than the foliage over the initial phase of water
release before leaf Y1 p. However, following exhaustion of WS+ p the
stem contributed just 38% of further branch WC released at low
salinity and 0% at high salinity on average across both species,
shifting to foliage as the capacitor as dehydration became more
severe (Figure 7).

Similar to the increased foliage contribution to branch Ciysq at
high salinity measured here, Bryant et al. (2021) found that
increased leaf C in the late dry season buffered against declining ¢
such that vulnerability to hydraulic failure reduced. Zimmermann
(1983) first proposed that ‘plant segmentation’ allows a plant to
conserve organs critical to long term plant survival (roots and
stems) by sacrificing organs of lesser investment that are more
easily replaced (leaves). The results presented here are consistent
with this theory, whereby large stem Cyp would enable rapid
mobilisation of water from storage tissues. At the same time,
preferentially losing water from the foliage following leaf y.p
would reduce the risk of damage to the stem as branch drying
progressed. Combined, stem Cy.p would sustain rates of water use
for carbon gain, while foliage water release would prevent xylem
embolism and maintain water content in the stem where the
consequences to the plant would be greatest (Brodersen
et al.,, 2010; Nardini et al.,, 2011; Robert et al.,, 2009; Salleo
et al., 2009; Sevanto et al., 2014).
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FIGURE 7 lllustrative diagram showing hydraulic redistribution of water from the foliage to the stem as branch water loss progressed beyond the
water potential at the leaf turgor loss point ({1.p). Top panels show a representative water release curve of branch (black), foliage (green), and stem
(brown) organs of Aegiceras corniculatum at high salinity, with blue band and shading indicating the mean leaf Y1 p + SE from Figure 3. Lower panels
show (a) before dehydration foliage and stem are at 100% relative water content (RWC), (b) as dehydration progresses before the leaf Y1 p the stem
contributes the majority of water lost from the branch reducing the RWC in the stem by 56%, with a smaller 10% contribution to branch water loss
made by the foliage, (c) upon reaching the leaf Y p decline in stem RWC ceases and instead increases by 17%, coinciding with an increase in water
lost from the foliage whereby foliage RWC declined by 50% driving the continued decline in branch RWC. Upward arrows indicate water loss to the
atmosphere while downward arrows indicate redistribution of water from foliage to stem. Black boxes around upper panels represent the
corresponding range of ¥ on the water release curve over which the change in RWC in foliage and stem organs occurred. Values for change in RWC in
foliage and stem organs are derived from the individual pressure-volume curve shown. [Color figure can be viewed at wileyonlinelibrary.com]

4.2 | Stem Cy.p increased with the proportion of investigated to identify possible source tissues (Figure 5). Stem Crp
living stem tissue in R. stylosa but not A. corniculatum in R. stylosa was positively related to the proportion of living tissue in

the stem as hypothesised, supporting elastic living tissue as the
Given the large proportion of whole branch Cyp contributed by the dominant source of WS in the stem (Goldstein et al., 1998; Pfautsch
stem, the relationship between stem Cyp and anatomy was et al., 2015; Treydte et al., 2021). In contrast, no positive correlations

FIGURE 6 Stem percent air discharged (PAD) and branch water released with decreasing water potential ({)) during drying in Aegiceras
corniculatum (a, c) and Rhizophora stylosa (b, d) collected from low (a, b) and high (c, d) salinity on the Daintree River. Upper panels show decreasing
average branch relative water content (RWC) during drying. Points depict water relations data from individuals of A. corniculatum (n = 10 from low
salinity and n = 5 from high salinity), and of R. stylosa (n = 7 from low salinity and n = 5 from high salinity), a loess running average curve was then fitted
for each species and salinity. Lower panels show increasing stem PAD during drying; points depict hydraulic vulnerability data from individuals of A.
corniculatum (n = 6 from low salinity and n =5 from high salinity), and of R. stylosa (n = 6 from low salinity and n =4 from high salinity). Grey shading
shows the 95% Cl. Dark blue vertical line and shading gives the mean ¢ + 95% CI at which 12% loss of stem hydraulic conductance occurs (P12,
Supporting Information: Table S8). Red vertical line and shading gives the mean ¢ + 95% Cl at which 50% loss of stem-hydraulic conductance occurs
(P50, Supporting Information: Table S8). Light blue vertical line gives the mean  at leaf turgor loss ({1p) from paired leaf pressure-volume curves.
Mean leaf Y1 p = SE previously shown in Figure 3. Yellow vertical line gives mean ) of the estuarine water (Jestuary). Light blue horizontal bar at the top
of each panel shows the turgor safety margin (TSM, the range of { between Yestuary and Y p). Red horizontal bar at the top of each panel shows the
hydraulic safety margin (HSM, the range of  between estuary and the ¢ at P50). [Color figure can be viewed at wileyonlinelibrary.com]
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were found between stem Cyp and anatomy in A. corniculatum,
raising the possibility that water discharged from storage may be
sourced broadly from both living tissues and apoplastic spaces.
Indeed, studies have suggested that water released from the apoplast
in xylem tissues through cavitation of fibres and vessels may also act
as a capacitor (Baer et al., 2021; Cai et al, 2014; Gessler, 2021;
Knipfer et al., 2019; Yazaki et al., 2020; Zweifel et al., 2014), with
spatial variation in cavitation enhancing the maintenance of hydration
required for survival of critical living tissues during extreme drought
conditions (Barigah et al., 2013). Further research is required to
understand the patterns of water loss and retention within stems of
intact plants in relation to their function under increasing water stress
induced by drought and salinity.

4.3 | Following leaf TLP, reallocation of water from
the foliage increased RWC in the stem

Our results suggest that dynamic reallocation of water during
dehydration may be a central process in maintaining stem hydraulic
function. We measured an increase in stem RWC following leaf Y1.p,
consistent in both species with particular prevalence at high salinity
(Figure 3). This increase in RWC tended to coincide with a greater
decrease in foliage RWC for a given change in ¢ suggesting
reallocation of water from the foliage to the stem (Figure 7).

Epila et al. (2017) found evidence for internal spatial reallocation
of leaf water within branches that would delay desiccation and
prolong carbon uptake under drought conditions. They observed that
as bench-top dehydration progressed in branches of Maesopsis eminii,
Y in some leaves reduced as expected, while ¢ increased in others.
The authors hypothesised that as dehydration progressed, some
leaves were isolated from water supply and this water was redirected
to those still hydraulically connected. We propose a similar process
whereby water may have been redistributed to the stem during
dehydration through release of water from progressive cavitation of
leaf vessels, and movement of leaf water through symplastic
networks such as phloem. Indeed, the range of § over which water
was reallocated from foliage to stems at high salinity (Figure 3)
overlapped with those at which PAD increased from 12% to 50%
(Figure 6). Further research is required to determine the extent to
which reallocation of water occurred through apoplastic or symplas-
tic pathways. Reallocation of foliage water to the stem that increased
stem RWC by approximately 21.5% in A. corniculatum and 9.5% in R.
stylosa, would contribute to the survival of stem tissues. Therefore,
metrics commonly used to assess drought vulnerability such as
hydraulic vulnerability may not capture true vulnerability to drought
without also taking into account water management strategies (Epila
et al.,, 2017).

Although reallocation occurred in all individuals measured at
high salinity, a greater increase in stem RWC was measured in A.
corniculatum. A. corniculatum has a lower tolerance of high salinity
than R. stylosa (Ball, 1988b), likely resulting in a greater emphasis
in A. corniculatum on stem tissue survival and prevention of

runaway embolism over growth of the foliage at high salinity. In
this way, reallocation of water from the foliage to the stem can be
viewed as an extension of the plant segmentation theory
(Zimmermann, 1983), that could contribute to the conservation
of the stem during daily function and extreme events. Given the
consistency with which this phenomenon was observed in both
species at both salinities, and the observation that increased stem
RWC only occurred after the leaf {1 p, reallocation of water

warrants further investigation.

4.4 | Plasticity in P12 and P50 reduced hydraulic
vulnerability at high salinity

As hypothesised, both A. corniculatum and R. stylosa adjusted P12 and
P50 by approximately -1.7 MPa between low and high salinity sites
(Figure 6). The evidence for plasticity in stem P50 within species to
suit different environmental conditions is highly variable, ranging
from little evidence of plasticity (Bittencourt et al., 2020; Choat
et al.,, 2012; Ladjal et al., 2005; Lamy et al., 2014; Martinez-Vilalta
et al., 2009; Mencuccini & Comstock, 1997) to significant shifts in
hydraulic vulnerability in response to environmental change, depend-
ing on the species studied (Beikircher & Mayr, 2009; Feng et al., 2023;
Jacobsen et al., 2014; Jacobsen et al., 2007; Kolb & Sperry, 1999;
Ladjal et al., 2005; Schuldt et al., 2016; Stiller, 2009). We provide
evidence in two mangrove species that P12 and P50 are highly
adjustable, which would confer greater hydraulic safety where
salinity limits water availability, consistent with the wide distributions
of these species across salinity gradients. It remains unknown to what
extent P12 and P50 are plastic within an individual in response to
increasing salinity during drought.

Xylem vessels were slightly smaller at high salinity in A.
corniculatum, potentially facilitating plasticity in P12 and P50, but
not in R. stylosa. Evidence suggests that some species can modify
vulnerability to embolism by altering the chemical and structural
composition of the pit membranes, changing their porosity and
reducing the likelihood of air seeding (Choat et al., 2008; Herbette
et al., 2015; Jansen et al., 2009; Pereira et al., 2018b, 2018a; Schenk
et al., 2017). Therefore, changes in the pit membranes that connect
conduits both radially and axially may have facilitated the reduced
hydraulic vulnerability at high salinity.

4.5 | Greater plasticity in HSMs than TSMs
reduced hydraulic vulnerability as salinity increased

Contrary to our hypothesis, greater plasticity in P50 than leaf Y1 p
maintained HSM as salinity increased (Figure 6). Although HSM were
slightly smaller at low than high salinity, the risk of severe water
stress is low due to the upstream position of the site away from
inundating seawater. At high salinity, large HSMs reduced hydraulic
vulnerability such that plausible increases in salinity to seawater

(osmotic potential of -2.4 MPa) would alone be unlikely to cause
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sufficient water deficit for hydraulic failure. However, smaller TSM at
high salinity increased turgor vulnerability to water stress. Therefore,
under extreme dry-season conditions it is possible that turgor
vulnerability poses a greater risk to function than hydraulic
vulnerability, as the likelihood of cellular damage such as electrolyte
leakage increases following turgor loss and can lead to complete
membrane failure and plant death with further dehydration
(Guadagno et al., 2017).

Indeed, studies have found that measures of vulnerability in
living tissue better predict mortality during drought than hydraulic
vulnerability. For example, drought-induced mortality increased as
the RWC declined below the TLP in Pinus ponderosa (Sapes &
Sala, 2021), possibly due to extensive cell damage, as measured in
Lavender following the exhaustion of stored water that prevented
recovery during drought (Lamacque et al., 2020). Furthermore,
Guadagno et al. (2017) found that membrane failure most precisely
predicted plant mortality, with failure of meristematic tissue being
the final response to drought stress, and Preisler et al. (2021) found
that the cessation of radial flow preceded mortality and was
irreversible in the stem, such that maintenance of radial flow was
critical for drought recovery. Therefore, a greater focus on the
vulnerability of living tissue is required to understand recovery and
mortality during water stress. It is likely that the relationships
between hydraulic and turgor vulnerability become increasingly

evident over greater extremes in salinity than were measured here.

5 | CONCLUSION

Branch water release conserved WC in the stem at the expense of
the foliage during drying. This outcome is directly consistent with
notions of plant segmentation and provides evidence of hydraulic
redistribution from the foliage to the stem during drying. In addition,
we found substantial plasticity within species in P12 and P50 in
response to salinity. This plasticity in hydraulic vulnerability combined
with dynamics of stem C and WS enabled increases in hydraulic
safety at high salinity, suggesting that measurements of hydraulic
vulnerability alone may underestimate tolerance to drought. How-
ever, reduced TSMs at high salinity would increase the vulnerability
of symplastic tissue to cellular damage. Therefore, turgor vulnerabil-
ity may determine drought tolerance in mangroves. Our results
highlight the complex interplay of plasticity in organ-level water
relations with hydraulic vulnerability in the maintenance of stem
hydraulic and turgor-dependent function in mangroves distributed

along salinity gradients.
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