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Abstract

Understanding how plants acclimate to drought is crucial for predicting future vulner-
ability, yet seasonal acclimation of traits that improve drought tolerance in trees
remains poorly resolved. We hypothesized that dry season acclimation of leaf and
stem traits influencing shoot water storage and hydraulic capacitance would mitigate
the drought-associated risks of reduced gas exchange and hydraulic failure in the
mangrove Sonneratia alba. By late dry season, availability of stored water had shifted
within leaves and between leaves and stems. While whole shoot capacitance
remained stable, the symplastic fraction of leaf water increased 86%, leaf capacitance
increased 104% and stem capacitance declined 80%. Despite declining plant water
potentials, leaf and whole plant hydraulic conductance remained unchanged, and
midday assimilation rates increased. Further, the available leaf water between the
minimum water potential observed and that corresponding to 50% loss of stem con-
ductance increased 111%. Shifting availability of pools of water, within and between
organs, maintained leaf water available to buffer periods of increased photosynthesis
and losses in stem hydraulic conductivity, mitigating risks of carbon depletion and
hydraulic failure during atmospheric drought. Seasonal changes in access to tissue

and organ water may have an important role in drought acclimation and avoidance.
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et al., 2019). Understanding how plants acclimate to achieve drought

tolerance is crucial for predicting future vulnerability (Brodribb, Pow-

Predicted shifts in rainfall, temperature, and aridity will challenge plant
communities across all biomes with atypical drought conditions (Chou
et al., 2013; Davy, Esau, Chernokulsky, Outten, & Zilitinkevich, 2017;
Ficklin & Novick, 2017; Meehl & Tebaldi, 2004; Trenberth
et al., 2014). Drought conditions that exceed species' tolerances
reduce plant productivity and increase mortality, with implications for
terrestrial water, energy and nutrient fluxes and ecosystem health
(Allen & Breshears, 2007; Allen, Breshears, & McDowell, 2015; Yuan

ers, Cochard, & Choat, 2020).

Droughted plants experience declines in tissue water content
(WC) and water potentials (¥). While WC and ¥ are positively corre-
lated, their relationship can be non-linear and their effects are distinct
(Tyree, Engelbrecht, Vargas, & Kursar, 2003). Declining WC reduces
turgor in living cells, inhibits metabolism, and leads to plasmolysis and
protoplasm collapse (Hsiao, 1973), whereas declining ¥ increases

xylem tension and risk of embolism. For long-lived evergreen plants
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that cannot avoid periods of environmental drought, strategies for
resisting drought diverge along a continuum of desiccation avoidance
and tolerance (Kozlowski & Pallardy, 1997; Tyree et al., 2003). Desic-
cation avoidance traits delay declines in ¥, whereas desiccation toler-
ance traits maintain function despite declining ¥. Further, desiccation
tolerant plants may avoid dehydration, that is, by maintaining high
WC with declining ¥, or tolerate dehydration, that is, remain viable
despite low WC (Kozlowski & Pallardy, 1997). More frequent stomatal
closure to prevent water loss during severe drought reduces gas
exchange opportunities, while less frequent stomatal closure increases
risks of embolism and loss of stem hydraulic conductance (Adams
et al., 2017; Grossiord et al., 2020). Responses to drought determine a
species' ability to balance short-term trade-offs (i.e., carbon gain
vs. risk of hydraulic damage) with the longer-term competitive trade-
offs. The latter may be manifest in differing strategies among neigh-
bouring species sharing a common soil water reservoir, whereby more
tolerant species continue to exhaust soil water supplies while neigh-
bouring avoidant species limit water loss (Wolf, Anderegg, &
Pacala, 2016). Acclimation to drought within this avoidance-tolerance
continuum and its contribution to the mitigation of loss of function
remain far from resolved (Brodribb et al., 2020).

Overall, drought resistance is determined by traits coordinated
across organs; therefore, identifying changing components contributing
to acclimation requires a whole-plant approach (Bartlett, Klein, Jansen,
Choat, & Sack, 2016; Blackman et al., 2016; Korner, 2019; Rosas
et al, 2019; Sack et al., 2018). Photosynthesis may be prolonged into
stressful periods by temporal shifts in stomatal conductance, osmotic
adjustment to maintain cell turgor, increased water storage and
increased hydraulic capacitance to buffer transpiration demand (Bartlett,
Scoffoni, & Sack, 2012; Binks et al., 2016; Nguyen et al., 2017; Sack,
Cowan, Jaikumar, & Holbrook, 2003; Scholz, Phillips, Bucci, Meinzer, &
Goldstein, 2011). For species that close their stomata to maintain water
potentials above dangerous thresholds, the hydraulic safety margin -
the margin between minimum water potential (¥,,;») and xylem tensions
inducing 50% (Pso) or 88% (Pgg) loss of hydraulic conductance - indexes
the relative conservatism of stomatal behaviour with respect to embo-
Lachenbruch, McCulloh, &

Woodruff, 2009). Across biomes, plants converge on relatively narrow

lism resistance (Meinzer, Johnson,

hydraulic safety margins, <1 MPa, and small safety margins increase
mortality risk (Anderegg et al., 2016; Choat et al., 2012). Post-stomatal
closure, hydraulic safety is also influenced by minimum leaf conductance
(8min), capacitance, storage (Carrasco
et al., 2015; Duursma et al., 2019; Gleason, Blackman, Cook, Laws, &
Westoby, 2014; Martinez-Vilalta, Anderegg, Sapes, & Sala, 2019).

Water storage (S) can be quantified as the absolute WC released

whole-plant and water

over a functional range, that is, the AWC between predawn (¥,q4) and
turgor loss (n1.p) or the AWC between Wi, and Psq. During persistent
drought, Wpq4, mrip and Wi, decline; therefore, S may also vary with
plant dehydration. Hydraulic capacitance (C) for a given organ
describes the change in WC or ease of water release for a given
change in water potential (C = AWC/AW), and is determined using
pressure-volume (p-v) curves, that is, plots of water potential (¥)

against WC. Relationships between WC and ¥ differ among species

and among organs (McCulloh, Johnson, Meinzer, & Woodruff, 2014;
Scholz et al., 2011). Leaf capacitance (Cieo) may shift with dehydra-
tion, and two regions of capacitance can be estimated, a linear region
between full turgor and turgor loss and the non-linear region follow-
ing leaf turgor loss (Bartlett et al., 2012). These two regions of capaci-
tance have distinct roles: (a) when turgor is positive, increased
capacitance buffers against changes in ¥ during periods of high tran-
spiration or high vapour pressure difference delaying stomatal closure
and loss of leaf hydraulic conductance, and (b) when turgor is lost,
increased capacitance may lengthen organ and plant survival by buff-
ering changes in water potential and delaying embolism after stomatal
closure (Hao, Sack, Wang, Cao, & Goldstein, 2010; Sack et al., 2003).
Cieat is related to other p-v curve parameters, that is, positively to rel-
ative water content at turgor loss point (RWC,; 1.p), and negatively to
the fraction of total extracellular (apoplastic) leaf water (A¢), osmotic
potential at full turgor (ro) and the elastic modulus of the symplast
(ésympiast),  all of which acclimate to drought (Bartlett
etal, 2012, 2014).

Beyond the leaf, the shoot hydraulic capacitance (Cshoot), that is,
that of leaves and stems combined, determines the water loss
required to dehydrate shoots to critical losses of hydraulic conduc-
tance (Blackman et al., 2016; Gleason et al., 2014; Martinez-Vilalta
et al,, 2019). Within shoots, hydraulic segmentation between leaves
and stems may also enable hydraulic capacitance to preserve stem
hydraulic function at the expense of leaves (Hochberg et al., 2016;
Rodriguez-Dominguez, Murphy, Lucani, & Brodribb, 2018). Yet, little
is known about the potential for acclimation of S and C at the scale of
the leaf, stem and shoot to both prolong gas exchange and mitigate
loss of stem hydraulic function under drought (Koérner, 2019;
Martinez-Vilalta et al., 2019; McCulloh et al., 2014; Sapes et al., 2019;
Scholz et al., 2011).

Here, we explore the role of acclimation of leaf and stem traits in
mitigating the twin risks of reduced gas exchange and drought-
induced hydraulic failure in the mangrove Sonneratia alba
Sm. Sonneratia alba is a canopy-forming mangrove tree species wide-
spread in the Indo-West Pacific (Duke, Ball, & Ellison, 1998). S. alba is
an ideal system to study acclimation to atmospheric drought in man-
groves as it can be found in locations experiencing strong seasonal
atmospheric drought with limited changes in salinity at the roots, a
coincidence of its preference for mid-estuarine and low intertidal
positions (Duke et al., 1998). We hypothesized that leaf and stem
water relations traits would differ between the early and late dry sea-
son to (a) maintain levels of photosynthesis, and (b) maintain or
increase hydraulic safety margins. Specifically, we hypothesized that
drought acclimation of leaf traits such as turgor loss point (r7.p), leaf
relative water content at turgor loss point (RWC,; 1.p), leaf osmotic
potential at full turgor (ro), elastic modulus (g), apoplastic fraction (Ay),
water storage (S) and hydraulic capacitance (C) may enhance gas
exchange and sustain photosynthesis. In the mitigation of loss of stem
hydraulic function, we hypothesized that seasonal acclimation of
water storage and hydraulic capacitance of organs of the shoot may
increase hydraulic safety margins, with water retention aided by

hydraulic segmentation and/or seasonal acclimation of gn.
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2 | MATERIALS AND METHODS

21 | Study site and sampling design

The study site on the Daintree River, Daintree National Park, Far North
Queensland (16°17'24.8"S 145°24'36.8"E), has a tropical monsoonal cli-
mate. Long-term monthly rainfall and temperature data were obtained
from the Low Isles meteorological station (1968-2017; http://bom.gov.
au/climate/data/ accessed March, 2019). Mean annual precipitation for
the Daintree region is 2,168 = 468 mm y~! with ~80% of the rainfall
occurring from December through May. Peak mean daily maximum and
minimum air temperatures occur in December (32.5 + 0.9°C) and July
(20.5 + 0.7°C), respectively. Temperature increases and infrequent rain-
fall over the dry season are associated with progressive increases in daily
average vapour pressure deficit (VPD).

Seasonal measurements were conducted early and late in the dry
season, 13-25 August and 13-25 November 2018, respectively.
Micrometeorological measurements of temperature and relative
humidity were recorded at 10 min intervals at the study site during
the study period using a portable weather station (Kestrel 3500 Delta
T Meter, Neilsen-Kellerman Co., Boothwyn, PA) mounted 3 m above
water level at high tide. Shoots with intact healthy, fully expanded
foliage, were collected from the same stand of Sonneratia alba trees,
~ 6-7 m in height and statistical comparisons were made of mean
values. Shoots were sampled at a height ranging from 1.5 to 3 m
above high-tide and were transported to the lab in plastic bags with
moistened paper towel.

As S. alba predominantly grows in loosely consolidated sediments
along the estuary margin, the surface water salinities are representative
of those experienced by their shallow root systems (Ball &
Pidsley, 1995). To assess the estuarine osmotic potentials (V) experi-
enced by S. alba, a handheld refractometer (A.S.T. Co. Ltd., Japan) was
used to measure salinity of estuary surface water at high tide. Salinities
were averaged from three salinity measurements per day, repeated for
each of 5 days during each of the early and late dry season sampling
periods. Osmotic potentials of estuarine water were calculated based
on the fraction of seawater, where standard seawater has a salinity of
35 ppt and an osmotic potential of —2.4 MPa at 25°C (Harvey, 1966).

2.2 | Leaf and shoot water relations

Leaf water relations were determined from pressure-volume (p-v)
curves, that is, plots of leaf water potential versus relative water con-
tent (RWC). A p-v curve was constructed for one mature leaf from
each of seven trees in the early dry season (n = 7) and six trees in the
late dry season (n = 6) with the bench drying method (Tyree &
Hammel, 1972) using a Scholander pressure chamber (1050D, PMS
Instrument Albany; Supporting Information). Key leaf traits and water
relations parameters were determined, including leaf dry mass per
area (LMA), saturated water content (SWC), bulk osmotic potential at
turgor loss point (ry.p), relative water content at turgor loss point

(RWC,; 1Lp), osmotic potential at full hydration (o), leaf bulk modulus

of elasticity (), symplastic modulus of elasticity (¢sympiast), and frac-
tions of leaf water held in the apoplast (A¢) and symplast (S¢) were cal-
culated from the p-v curves (Bartlett et al., 2012). Capacitance

between full turgor and turgor loss (Ciess), for leaves was calculated as:

100 — RWCrp

CIeaf =
0 —mrip

1

Given that capacitance at leaf water potentials below turgor loss was
non-linear, the relationship between RWC and W\, following turgor
loss for p-v curves of each season was estimated from using the linear
relationships between RWC and 1/¥., following turgor loss
(Figure S1). Capacitance at a given water potential following turgor
loss was estimated by the deriving the tangent line of the changing
relationship between RWC and Wi, (i.e., ARWC/AY..s; Bartlett,
Detto, & Pacala, 2019).

To assess the relative capacitance (C) of shoots, stems and leaves,
shoot pressure-volume curves were constructed in the early and late
dry season using a modified bench drying method (Gleason
et al., 2014). One shoot, >60 cm in length, was cut from each of four
trees in the early dry season and five trees in the late dry season in
the late afternoon, each with several dozen leaves. Upon return to the
lab, these shoots were recut under perfusion solution of 1% seawater
(~0.02 MPa) and rehydrated overnight. Upon rehydration to >
—0.5 MPa, terminal shoots were re-cut, weighed, and shoot water
potential (Ps00t) Was determined as the average Wie.s Of two leaves,
measured using a pressure chamber. Shoots were then allowed to
bench dry, permitting sufficient time for Wg,00: to decline ~0.5 MPa,
after which the shoots were incubated in black plastic bags for 40-
90 min, to allow equilibration. Shoots were then re-weighed before
and after measurement of W..o: as above. This sequence was
repeated and records were kept to account for the decline in fresh
mass due to repeated removal of leaves for determination of Wehoot
after each drying interval, and determining the dry mass of removed
leaves, and of the remaining stems and leaves and stems after oven
drying for >72 h at 70°C. From these data, the shoot water content
(WC; Swater gildry mass) ahd RWC was determined throughout the
dehydration, yielding a shoot p-v curve. The leaf water fraction of
shoot water was determined from leaf capacitance (Swater released
gildry mass MPa™1) derived from the leaf p-v curves based on the A¥
for each dehydration interval. Leaf water content was then subtracted
from total shoot water content to determine the stem water content
during shoot dehydration, yielding a stem p-v curve. For shoots and
stems, C was then calculated from the linear slope describing the
decline in water content with the decrease in shoot water potential

during the initial linear part of the slope.
2.3 | Diurnal hydraulic function and gas exchange
characteristics

Diurnal changes in stem and leaf water status, gas exchange and leaf

hydraulic conductance were monitored in five co-occurring trees in
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both the early and late dry season. Diurnal measurements of We.s and
stem water potential (Wstem) Were measured over three clear sunny
days (with no leaf wetting on the preceding evening) in the early dry
season (August 19-21) at 6:00 (predawn; Ppq), 9:00 (morning), 12:00
(midday), and 15:00 h (afternoon), and on one clear sunny day in the
late dry season (November 22) at 5:00 (predawn; ¥pg), 8:00 (morning),
11:00 (midday), 14:00 (afternoon) and 17:00 h. Sampling times were
shifted forward 1 h between seasons to standardize comparisons of
morning, midday and afternoon measurements based on hours from
sunrise, which differed between seasons. Sunrise occurred at
6:35 a.m. and 5:38 a.m. for early and late dry season respectively.
Y. em Was determined in leaves wrapped in plastic film and aluminium
foil and allowed to equilibrate with the stem (Melcher, Meinzer,
Yount, Goldstein, & Zimmermann, 1998; Supporting Information). Gas
exchange measurements were made using a portable photosynthesis
system (LI-COR 6400XT, LI-COR Biosciences, Nebraska). Photosyn-
thetically active radiation was standardized at 1000 pmol photons
m~2 571 and the flow rate was set to 500 pmol s—%, and all other
parameters (CO,, temperature, humidity) were left at ambient levels.
After attaching the gas analyser head, measurements were logged
after photosynthetic rate and stomatal conductance stabilized (usually
2-3 min). The time elapsed between the first tree and last tree during
a measurement cycle was <45 min. After gas exchange measure-
ments, the exposed and the wrapped leaves were harvested, placed
into zip-lock bags and their water potentials measured in the lab
within 90 min. Leaf hydraulic conductance (K,e,f) was calculated from
diurnal gas exchange and water potential measurements on an area

basis as:

E

(lpstem - lPleaf) (2)

K leaf =

where E is the transpiration rate and Wsem - Plear represents the water
potential gradient between the transpiring leaf and stem. Similarly,
whole-plant conductance (Kyant) was calculated on a leaf area
basis as:

E
Kopant = ————— 3
plant (Test - l[Jleaf) ( )

where W is the estuarine water potential. To assess seasonal
changes in the hydraulic resistance in the roots and stem due to
drought, the sum of stem and root resistance was obtained by sub-
tracting leaf from whole plant resistance (Tsuda & Tyree, 1997;
Supporting Information).

Minimum leaf conductance (gmin), was determined for leaves from
each of nine trees in the early dry season and five in the late dry sea-
son. Minimal leaf conductance, gnin, Was determined by methods pre-
viously described (Kerstiens, 1996; Sack et al., 2003) as the cuticular
transpiration, per two sided area, per mole fraction difference in water
vapour between leaf and air, where air inside the leaf was assumed
saturated with water vapour (Pearcy et al, 2000; Supporting

Information).

2.4 | Hydraulic vulnerability

The relationship between Kie.¢ (leaf hydraulic conductance via the peti-
ole) and declining leaf water status (¥ e.r) was determined using the rehy-
dration kinetics method (Brodribb & Holbrook, 2003). The relationship of
stomatal conductance to W..s Was plotted using paired measurements of
gas exchange and W5 made in the late dry season. Early dry season
measurements were not included in g5 response curves as seasonal dif-
ferences in modes of diurnal gas exchange were observed between early
and late dry season. In the early dry season, stomatal conductance was
moderate throughout the day, whereas in the late dry season, stomatal
conductance was characterized by high values in the morning followed
by rapid decline with declining water status in the afternoon.

Loss of stem hydraulic conductivity with declining water potential
(Pstem) Was estimated in the early dry season using the pneumatic
method (Pereira et al., 2016; Zhang et al., 2018). Maximum vessel length
was determined for shoots from five trees by supplying the basal end of
a cut branch with air under low positive pressure, and making progres-
sive cuts at the distal, submerged end of the branch until air was dis-
charged from the distal end, indicating the longest vessel had been cut.
The length of the remaining branch was determined with a measuring
tape (Ewers & Fisher, 1989). Maximum vessel length was 47 £ 1 cm;
subsequently, pneumatic curves were constructed for shoots >60 cm in
length, from each of six trees (Supporting Information).

Kstem> Kiear @and gs values, were plotted against ¥ values for mea-
surements and fitted with a re-parameterized Weibull model (Ogle,
Barber, Willson, & Thompson, 2009; Supporting Information). Leaf or
stem water potentials corresponding to 12% (P45), 50% (Pso) and 88%
(Pgg) loss of conductance were estimated and, where sample size per-
mitted, 95% bootstrap confidence intervals were generated with
1,000 resamples using the fitplc package in R (cran.r-project.org/
package=fitplc). Measurements from all shoots were pooled and ran-
dom effects associated with individual shoots factored into estimates
and confidence intervals using the random effects argument of the
fitplc package. Strength of modelled fits were assessed by plotting
curve predictions of conductance against observed conductance, and
significance of correlations were assessed with linear models.

Hydraulic vulnerability segmentation was assessed using hydrau-
lic safety margins HSM calculated for leaves and stems (Choat
et al., 2012; Supporting Information). The minimum leaf and stem
water potential were determined as the lowest diurnal measurements
for each sampling period. While hydraulic safety margins are conven-
tionally assessed in terms of ¥, by combining data from leaf pressure-
volume curves and hydraulic safety margins, we also assessed this
hydraulic safety margins in terms of absolute leaf water available to

buffer exposure to stem Psg as:

HSM 50 stem = SWC (RWCIeaf at¥Wmin — RWCIeaf at stem P50 ) (4)

2.5 | Analyses

Statistical analyses were performed using R (Version 3.6.1, R Core

Team, 2019). Early and late dry season differences in site
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conditions, leaf traits and hydraulic safety margins were assessed
with two-tailed t-tests, after an F-test was conducted to test for
equal variance. Seasonal contributions of leaves and stem water to
shoot capacitance were analysed using two-way repeated mea-
sures ANOVAs in R with the \ me package, with organ and season
given as predictor variables. Similarly, diurnal hydraulics and gas
exchange measurements were analysed using two-way repeated
measures with time of day (standardized between seasons as
morning, midday and afternoon) and season as predictor variables.
Where applicable, post hoc pairwise comparisons were performed
using Tukey's HSD with the gmmeans package for R. All results
given in the text are mean values + SE, or, mean values and upper
and lower confidence limits at 95%. In calculations involving the
integration of two methods, that is, partitioning of shoot capaci-
tance and expressing hydraulic safety margins in terms of leaf
water content, error associated with the mean value of a given
parameter was propagated through calculations by adding error in
guadrature. Regression lines required to derive parameters or
assess correlations were evaluated with standard major axis regres-

sion using the smaTr package for R.

3 | RESULTS
3.1 | Droughtresponses and shifts in water
relations parameters

Between early and late dry season, predawn leaf water potentials
declined by 1.08 £ 0.09 MPa (Table 1, p < .001). In the early dry sea-
son leaf and stem water potentials were equilibrated with estuarine
water potential before dawn, but in the late dry season, we observed
a 0.93 £ 0.08 MPa predawn disequilibrium between leaf and estuarine
water potentials (Table 1, p < .001). Estuarine salinity increased from
66.9 + 0.8% to 72.6 £ 0.5% seawater from the early to the late dry
season (p < .01, Table 1), corresponding to osmotic potentials of
—1.61+0.02 and — 1.74 £ 0.01 MPa, respectively. Daily average
VPD increased from 0.64 + 0.04 to 1.14 + 0.07 kPa from the early to
late dry season (p < .001, Table 1).

We observed declines in leaf osmotic potentials at full turgor (rg)
and zero turgor (rr.p) and in bulk relative water content at turgor loss
point (RWC,; 1.p; all p < .01, Table 1). The magnitude of the osmotic
adjustment at full turgor (—0.66 + 0.15 MPa) did not correspond to
the decrease in estuarine osmotic potential which was relatively small
(—0.13 + 0.04 MPa). Between early and late dry season leaf capaci-
tance above turgor loss point increased by 104 + 17% (gwater gildry
mass MPa ~%, p < .001, Table 1). Leaf dry mass per unit area declined
by 15 + 5% between early and late dry season (p < .001), together
with a 15 *+ 3% increase in saturated leaf water content per dry mass
(p < .01). The fraction of water stored in the apoplast declined 38
+ 7%, corresponding to an 87 + 16% increase in the symplastic water
content between early and late dry seasons (p < .001, Table 1). While
a significant decline in bulk elastic modulus was observed, no differ-

ence was found when this variable was calculated using only the

decline in symplastic water (Table 1, Bartlett et al., 2012). The relative
symplastic water content at leaf turgor loss point did not differ
between seasons (~76 + 3% RWC). Shoot water content at full hydra-
tion was statistically similar between early and late dry season, as was
shoot capacitance (~5.0 + 0.7% RWCqnoot MPa™?%, Table 2). The leaf
contribution to shoot capacitance increased from 3.2 + 0.3% to 4.0
+ 0.3% RWCqnoot MPa™! between early and late dry season (p < .001,
Table 2). Stem contribution to shoot capacitance declined from 2.2
+ 0.3% to 0.07 + 0.3% RWCgnoot MPa™? (p < .001, Figure 1, Table 2).

3.2 | Diurnal hydraulic function and shifts in gas
exchange characteristics

In both the early and late dry season, W, declined progressively
throughout the day, by late dry season Wnin 1eat reached myp
(Figure 2a, Tables 1 and 4). Between early and late dry season, mini-
mum water potentials decreased in leaves and stems by 0.96
+ 0.06 MPa and 0.62 + 0.08, respectively (Figure 2a,b, Table 4). The
average water potential difference between W ., and Wi during
the day increased by 0.17 + 0.09 MPa (p < .001) between early dry
season (0.24 + 0.04 MPa) and late dry season (0.41 + 0.09 MPa).
Despite declining plant water potentials and increased hydraulic ten-
sion, no significant declines in Kiear and Kpjane Were observed between
early and late dry season in morning, midday, and afternoon measure-
ments (Figure 2c,d) and the hydraulic resistance of the roots and
stems were statistically similar (Figure S2a,b). An additional time point,
17:00, was measured in the late dry season only, demonstrating
declines in gs, Kiear and Kpjant throughout the day in the late dry
season.

We observed strong shifts between early and late dry season in
CO,, assimilation rates (A) and stomatal conductance (gs; Figure 2e,f).
Midday A increased in the late dry season (p < 0.05). Morning and
midday gs were greater in late dry season (p < .05 and p < .01 respec-
tively, Figure 4b), however, net daily assimilation may have been off-
set by the trend towards declining A in late afternoon. Increases in g
and A occurred despite higher day and night-time vapour pressure
deficit in the late dry season averaged over 12 days of micro-
meteorological data, and specifically during gas exchange measure-
ments (Figures S2c, d). Minimum leaf conductance was statistically

similar between the seasons (Table 1).

3.3 | Mitigation of hydraulic failure

Late dry season stem hydraulic function was conserved by early sto-
matal closure, hydraulic segmentation between leaves and stems and
large hydraulic safety margins. Stomatal closure was only observed in
the late afternoon in the late dry season, co-occurring with declines
in whole plant conductance. The onset of stomatal closure, that is,
gs12 and geso, occurred at lower Wie¢ than Py> and Psg for Kiear
(Table 3). However, the slope (S,) of decline in stomatal conductance

at Pso (S,) with declining water status was greater than that of Kieaf
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TABLE 1 Dry season changes in site conditions, physical leaf traits, water relations and minimal leaf conductance

Parameter Symbol Early dry seasonn =7 Late dry seasonn = 6
Site conditions
Estuarine salinity (% seawater) - 66.9 +0.8 72.6+05*
Estuarine osmotic potential (MPa) West —1.61 +0.02 —-1.74+0.02*
Vapour pressure deficit (mean kPa) VPD 0.64 + 0.04 1.14 + 0.07 ***
Leaf predawn water potential (MPa) Wod leaf —1.59 +0.04 —2.67 £ 0.08 ***
Stem predawn water potential (MPa) Wod stem —1.56 £+ 0.02 —2.57 £ 0.04 ***
Physical traits
Leaf area (cm 2 - 29.8+0.1 22.2+0.1*
Leaf dry mass per area (g m~?) LMA 209.9 + 8.7 178.2 £+ 5.3 **
Leaf saturated fresh mass (g m~?2) Fm 671+ 28 660 + 6 ns
Saturated leaf water content per unit area SWC,rea 473+5 465 + 20 ns
(8 water m~2)
Saturated leaf water content per gram SWCym 2.30 £ 0.06 2.64 £ 0.05 **
(8 water & dry mass )
Leaf water relations
Bulk turgor loss point (MPa) L -2.87 £0.05 -3.42 £ 0.07 ***
Relative water content at turgor loss point (%) RWC,¢ ip 88.6 £+ 0.3 78.8 £ 0.7 ***
Symplastic relative water content at turgor loss RWCsympast at TLP 758+ 1.9 76.0+28ns
point (%)
Solute potential at full hydration (MPa) o —-1.95+0.07 -238+0.12*
Bulk leaf capacitance Cleaf 3.63+0.18 5.85 +0.27 ***
Relative capacitance (A RWC MPa™1)
Mass specific capacitance (gwater g’ldry mass MPa Cleaf 0.083 + 0.005 0.170 + 0.010 ***
-1y
Leaf water storage capacity from saturation to S 493+26 93.0 £ 6.2 ***
TTLP (& water M )
Leaf water storage available predawn to nr.p (g S 21.7+17 21.0+25ns
water M%)
Modulus of elasticity (MPa) e 21.5+1.0 13.1 £ 0.7 ***
Esymplast 11.9+13 97+10ns
Apoplastic fraction (% bulk leaf RWC) A¢ 56.0+ 3.3 17.7 £ 6.0 ***
Symplastic fraction (% bulk leaf RWC) S¢ 440+ 3.3 82.3 + 6.0 ***
Minimum leaf conductance (mmol m~2 s—1) Gmin 2.95+0.14 3.12 £ 0.38 ns

Note: Values are means * SE, see top row for respective n. Significance codes: * (p < .05), ** (p < .01), *** (p < .001) between early and late dry season.
Abbreviations: LMA, leaf dry mass per area; RWC, relative water content; VPD, vapour pressure deficit.

TABLE 2 Parameters derived from

terminal shoot water-release curves Parameter Season shoot Leaves Stem

RWC at full hydration (% RWCghoot) Early 100 64.2+28 34.5+28
Late 100 59.2+3.6 39.3+38

WC at full hydration (g g~ dry mass) Early 2.32 £0.15 2.29 £ 0.04 2.44 + 043
Late 2.22 £0.09 2.68 £ 0.02 1.77 £ 0.14

C (A RWCghoot MPa™?) Early 54+06 32+03 22+03
Late 4.6 +0.3 40+0.3 0.7+0.3

C (8water 8 “dry mass MPa %) Early 0.12+001  008+001 020005
Late 0.10 £ 0.01 0.17 £ 0.01 0.04 = 0.01

RWC at leaf mirip (% RWCshoot) Early 83416 554 %22 28.3+33
Late 841+18 464 +25 37.6 £3.5

Abbreviation: RWC, relative water content.
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FIGURE 1

(a) Dry season acclimation of contribution of organs (leaves and stems) to shoot capacitance (two-way repeated measures

ANOVA: significant effects for organ (Fg = 84.55, p < .001); no significant effect for season (Fy = 1.96, p = .19); significant organ x season
interaction (Fo = 21.43, p < .001). (b) Dry season acclimation of shoot, leaf, and stem capacitance and per gram organ dry mass (two-way
repeated measures ANOVA: no effect for organ or season, but significant organ x season interaction [Fy = 33.35, p < .001]).

Note: Leaf capacitance depicted in (b) is derived from leaf PV curves, Table 1. Data are presented as means + SE

(p < .05, Table 3, Figure 3), suggesting declines in K., were outpaced
by stomatal closure. The water potential associated with 50% loss of
stomatal conductance, —3.10 MPa (—3.25, —2.93; 95% CL), preceded
late dry season leaf turgor loss point (—3.42 + 0.07 MPa). Estimates
of Py, Psg and Pgg were higher in leaves than in stems (p <.001,
Table 3). The water potential associated with 95% loss of Kieat,
—6.00 MPa (—4.86, 95% CL), did not differ significantly from Psq in
stems, —5.92 MPa (-5.41, —6.49; 95% CL).

Due to declining minimum water potentials, the hydraulic safety
margins to loss of 50% conductance were lower for the late than early
dry season in leaves and stems (estimates summarized in Table 4).
Hydraulic safety margins were larger in stems than in leaves. Leaves
had negative mean HSMs in the late dry season of —1.26 MPa, yet
maintained a positive mean HSMgg of 1.21 MPa. Stems had consis-
tently positive HSMsq and HSMgg and larger relative to leaves, with
mean values of 2.87 and 4.19 MPa, respectively (p < .001 for both
HSM;5q and HSMgg).

Finally, we assessed seasonal differences in the capacity of leaf
water available to buffer exposure to water potentials associated with
stem Pso. HSMso, when expressed in terms of leaf water released
between W, and stem Psg increased from 13.8 £ 3.2% RWC to
27.8 £4.3% RWC in the late dry season (p < .05, Table 4). This is
equivalent to a doubling of absolute leaf water available between ¥,
and stem Psq, from 0.063 + 0.0137 kg m~2 to 0.133 + 0.015 kg m 2
(p < .05, Table 4). Counterintuitively, this increase in available leaf
water occurred despite increasingly negative daily plant water poten-
tials as the dry season progressed (Figure 4). Increased Ce,¢ resulted
in significantly lower leaf bulk RWC at ¥, in the late dry season
(76.0 + 2.6%) compared to the early dry season (90.0 £ 1.6%). Simi-
larly, increase in Cie,¢ after turgor loss also resulted in significantly
lower leaf bulk RWC at water potentials associated with stem Psq in
late dry season (48.1 + 3.4%) relative to early dry season (76.2
+ 2.8%). However, despite increased release of bulk leaf water,
RWC,ymplast at TLp aNd RWCqympiast at stem pso Were not significantly
different between early and late dry season (Tables 1 and 4).

4 | DISCUSSION

We found strong coordinated dry season acclimation in many water
relations traits to the predominately atmospheric drought experienced
in the field by the mangrove Sonneratia alba. Changes in the location
and ease of release of pools of water within the plant sustained gas
exchange in the late dry season, while also mitigating risk of stem
hydraulic failure. Within leaves, increases in the symplastic fraction of
water combined with decreases in solute potential prolonged turgor,
increased Cie,f, buffered changes in leaf RWC,mpiast, and maintained
the absolute shoot water available to buffer transpiration demand
between ¥,q and nrp. Further, despite declining tissue water poten-
tials, increased Cie.¢ Offset seasonal declines in stem capacitance con-
serving overall shoot capacitance as well as doubling the potential leaf

water available to buffer changes in Wgem between W i, and Psg stem-

4.1 | Shifting access to pools of water within
leaves driven by changes in Af and nto

Increases in leaf capacitance are causally driven by lower egympiast and
Ays, more negative no, and increases in SWC,,., (Bartlett et al., 2012).
In S. alba, esympiast and SWC,,., did not change between seasons,
therefore increases in Cieas appear predominately associated with
declining mo in conjunction with a 38 £ 7% reduction in the Asf
(Table 1). While declining no under drought conditions has been
widely documented (Bartlett et al., 2012; Sanders & Arndt, 2012), the
direction of A; acclimation among species under drought conditions
appears mixed, with large reversible increases observed in
Psuedotsuga menzieii (Joly & Zaerr, 1987), and both increases and
decreases observed among sunflower genotypes (Chimenti &
Hall, 1994; Maury, Berger, Mojayad, & Planchon, 2000). In S. alba,
declines in A; despite a seasonally conserved SWC,., suggest
increased C,c, involved expansion of absolute symplastic water con-

tent. In the late dry season, S. alba leaves also had lower leaf dry mass
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FIGURE 2 Late dry season maintenance of hydraulic conductance and gas exchange despite declining water potentials. (a) Dry season

declines in diurnal leaf (Wjear) and (b) stem (¥stem) Water potential. (c) Maintenance of diurnal leaf (Kiear) and (d) whole plant (Kpjant) hydraulic
conductance (e) Dry season shift in diurnal photosynthetic assimilation rates (A; two-way repeated measures ANOVA: significant effects for time
of day (F;5 = 5.06, p = .02) and season (F;5 = 5.30, p = .03); but no season x time interaction (F;g = 1.43, p = .26)). (f) Dry season shift in diurnal
stomatal conductance (gs; two-way repeated measures ANOVA: significant effects for time of day (F;g = 6.52, p = .01) and season (F;g = 15.38,

p = .001); but no season x time interaction (F;g = 3.07, p = .07).

Note: late dry season declines of Kie,¢ and Kpjant cannot be distinguished from declines in g5 due to their measurement with the trans-flux method

(Melcher et al., 1998). Data are presented as means + SE,n = 5

per unit area, lower ¢ and higher SWCy,,, (Table 1), all of which suggest
increased leaf succulence (Bartlett et al, 2012; Ogburn &
Edwards, 2010; Vendramini et al., 2002). Leaf succulence is a dis-
tinctly drought avoidant trait associated with specialised leaf water
storage tissues (Ogburn & Edwards, 2010; Vendramini et al., 2002). In

mature S. alba leaves, a central region of non-photosynthetic water
storage parenchyma cells account for approximately ~30% leaf thick-
ness (Bryant, 2019), therefore acclimation of these specialised water
storage cells may account for changing leaf p-v parameters. Expan-

sion of the symplastic fraction enabled increased Ci.s While
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TABLE 3 Estimates of water potentials inducing 12% (P15), 50% (Psc), and 88% (Pgg) loss of leaf hydraulic conductance (Kjeaf), stomatal
conductance (gs) and stem hydraulic conductance (Ksem). Model parameters reflect slope at Psg (S,) and 50% loss of conductance (P,)

Model parameters

Model estimates (MPa)

Sx Py P1»
Kieaf 22.90 —-2.36 —0.80(0.14, 0.53)
. 44.69 ~3.10 ~2.03(n/a)
Kstem 31.32 -5.92 —4.27 (3.74,5.92)

—2.36 (—2.04, —2.65)
—3.10(—2.95, —3.25)
—5.92(-5.41, —6.49)

Pgg

—4.83 (-4.09, —5.96)
—4.10 (—4.09, n/a)
-7.23(-6.12, -8.09)

TABLE 4 Minimum water potential (%) during the late dry season and hydraulic safety margins before loss of 50% hydraulic conductance
(HSMs0) in leaves and stems. Dry season acclimation of water released from leaves in the canopy to buffer exposure to stem Psq

Parameter
Minimum water potential (MPa) Wnin leaf
Whin stem
Minimum leaf RWC (%) RWCieaf at wmin
Hydraulic safety margins HSMsg jeat
HSMs0 stem
Leaf RWC at stem Psq (% RWC) RWC,;t stem pso

Leaf symplastic RWC content at stem Psq (%)

RWCsymplast at stem P50

Early dry season
—2.66 +0.05
—2.43£0.03
900+ 1.6

—0.30 (—0.62,-0.01)
3.49 (2.98, 4.06)
762 +28

428+ 1.6

Late dry season
—3.62 £ 0.04**
—3.05 £ 0.07**

76.0 £ 2.6**

—1.26 (-0.93, —1.61)
2.87(2.28,3.51)

48.1 + 3.4**
39.3+£38ns

Hydraulic safety margin to stem Ps5o:%min = Pso stem HSMsg stem (MPa) 3.84 (3.25, 4.48) 2.87(2.28, 3.51)
(MPa)
RWCIeaf at Ymin ~ RWCIeaf at stem P50 HSMSO stem (RWC) 138 + 32 278 + 43*
SWC x (RWCieaf at wmin -~ RWCieaf at stem P50) HSMs0 stem (leaf WC kg m~2) 0.063 £ 0.013 0.133 £ 0.015*
Note: Values are means + SE, or means (95% upper Cl, 95% lower Cl).
Abbreviation: RWC, relative water content.
simultaneously buffering declines in RWCqympiast With declining . 4.2 | Acclimation of it p and Ce. prolonged

Consequently, despite declining water potentials, no statistical differ-
ences were observed in leaf RWCgympiast at TLp between early and late
dry season, c. 76%, nor between leaf RWCsympiast at water potentials
associated with stem Psq_As lethal limits of bulk leaf RWC are thought
to be associated with membrane failure (Kursar et al., 2009; Tyree
et al., 2003; Tyree, Cochard, Cruiziat, Sinclair, & Ameglio, 1993), con-
servation of relative symplastic volume under drought conditions
reduces risk of exposure to critically low RWCgympist (Saliendra &
Meinzer, 1991) While the bulk WC associated with leaf death report-
edly varies between 40 and 70% between taxa and leaf types
(Larcher, 2003), the capacity of some species to adjust apoplastic and
symplastic distributions of bulk leaf water with declining water poten-
tials, underlies whether species with low bulk RWC are actually toler-
ating or avoiding symplastic dehydration (Kozlowski & Pallardy, 2002).
Indeed, our results highlight the importance of characterising declines
in RWCgympiast, a value not often reported (Bartlett et al., 2012). Con-
servation of symplastic volume warrants future exploration in the
characterization of acclimation to declines in ¥ and WC. As leaf area
declined between early and late dry season, despite our sampling of
only fully expanded leaves, the observed acclimation in leaf traits
likely occurred in flushes of leaves developed during the dry season.
We collected no data on the seasonality of leaf flushes and leaf

lifespan, and the leaf longevity in this species remains unclear.

turgor and increased morning gas exchange

In general, drought reduces photosynthesis, primarily because early
stomatal closure reduces intercellular CO, concentrations (Abrams &
Kubiske, 1990; Epron & Dreyer, 1993; Flexas, Bota, Escalona, Sam-
pol, & Medrano, 2002; Sack et al., 2003). Adjustment of mrp can
delay stomatal closure and prolong gas exchange with declining ¥
(Brodribb, Holbrook, Edwards, & Gutiérrez, 2003). In S. alba, accli-
mation of ny p was required for sustained turgor with declining dry
season plant water potentials; by late dry season W,y —2.67
+ 0.08 MPa, was only marginally distinct from the rrp in early dry
season, —2.87 £ 0.05 MPa. Unexpectedly, we observed elevated
midday photosynthetic rates in the late dry season and elevated
stomatal conductance and transpiration rates early in the day with
closure of stomata late in the day (Figure 2e,f). The potential role of
increased Cieos in these transient increases in A and gs, remains
unclear. Notably, decreases in ntp coupled with the maintenance of
SWC,rea and a reduction in A¢ increased the total leaf water
released between full turgor and nrp by 90% and maintained the
total stored water available for use between ¥,q and =nrp at
~21gm™2 (Table 1). While the latter accounts for only 6 min of
average late dry season transpiration (3 mmolm=2 s7%), in many

species hydraulic capacitance and stored water buffer against
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FIGURE 3 Response of conductance in (a) stomata, (b) leaves and
(c) stems to declining water potential (¥). Stomatal conductance (gs),
leaf hydraulic conductance (Kie4r) and percent air discharge stem
(PADstem)- Curve depicts modelled percent loss of conductance,
vertical lines depict estimates of water potentials inducing 50% loss of
conductance (Pso). Shaded region depict bounds of 95% confidence
interval. Grey points in panel (a) depict early dry season data not
included in the analysis of g vulnerability. Significance codes: ***

(b <.001).n=5-6

adverse water potentials gradients and stabilise tissue water poten-
tials (Scholz et al., 2011). In S. alba, increased late dry season Ciear
offset a co-occurring reduction in stem capacitance, thereby
maintaining overall shoot capacitance (Figure 1). Consequently, the
necessity of increased C..s for the observed increases in morning
stomatal conductance and elevated midday gas exchange in the late

dry season cannot be ruled out.
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FIGURE 4 Late dry season increase in leaf capacitance and water

released between minimum water potential (¥in) and 50% stem
embolism (Ps). (a) Leaf pressure-volume (p-v) plots from the early
(open circles) and late dry season (closed circles). Points, depict pooled
data from individuals (n = 7 in early dry season and n = 6 in late dry
season). Trend lines depict the linear capacitance above leaf bulk
turgor loss point and a non-linear capacitance below turgor loss point,
as estimated from the linear region of a 1/¥ ., plot. Black vertical line
depicts water potential at 50% loss of stem hydraulic conductance
(Ps0), tan shaded region depicts a 95% Cl. Vertical dotted lines depict
observed minimum leaf water potential (¥,,;,) in the early (blue) and
late dry seasons (red), and horizontal dotted lines depict RWC
associated with ¥,,i, (RWC,in) and stem Psq (RWCpsp). Vertical bars
illustrate seasonal differences in the hydraulic safety margin between
RWC,in and RWCps, that is, leaf water available for buffering
excursions to water potentials associated with 50% loss of stem
hydraulic conductance. (b) Dry season increase in instantaneous
capacitance as a function ¥\.,s, the derived slope of trendlines
depicted in (a) in early (dashed line) and late (solid line) dry season.
Capacitance above bulk turgor loss is constant, capacitance below
turgor loss point increases sharply then declines with leaf
dehydration. Shaded blue regions depict differences in leaf water
release below ¥, for buffering excursions to water potentials
associated with 50% loss of stem hydraulic conductance between the
early (63.1 + 12.7 g m™2) and late dry season (133.2 + 15.1 g m™2)
[Colour figure can be viewed at wileyonlinelibrary.com]

4.3 | Shifting availability of leaf water within
shoots conserved stem water content and increased
stem hydraulic safety margins

In late dry season, reduced stem capacitance resulted in statistically
insignificant amounts of water being discharged from the stem
between full hydration and turgor loss (Table 2). Declines in
stem water pools and hydraulic capacitance under drought conditions
have been observed in several species (Beedlow, Waschmann, Lee, &
Tingey, 2017; Hao, Wheeler, Holbrook, & Goldstein, 2013; Matheny
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et al., 2015; Salomén et al., 2020); however, our results suggest that
by late dry season stem water content was highly conserved over the
daily operational range, ¥,q-¥min. While HSMsg tem (MPa) in early
and late dry season were not statistically different due to large confi-
dence limits associated with stem Psq estimates, stem water poten-
tials declined between early and late dry season, implying the
predicted seasonal decline in HSMsq ¢em (MPa). However, increased
Ciear following turgor loss resulted in a 111 + 31% increase in the
absolute leaf water content associated with HSMsq gem (MPa),
between early and late dry season. Counterintuitively, the potential
contribution of leaf water to preservation of stem function was
greatest during the driest time of the year (Figure 4, Table 4). While
we do not have an estimate for shoot water content corresponding to
HSMsq for early and late dry season, the similarity in Cy,00t between
early and late dry season suggests that the shoot water content asso-
ciated with this margin may not have changed seasonally. Shifting
hydraulic capacitance of leaves and stems, as observed in S. alba, may
underpin previous findings of relocation of leaf-water in Maesopsis
eminii shoots from leaves to stems, suggesting that leaf water buffers
exposure of stems to water potentials associated with critical loss of
hydraulic conductance (Epila et al., 2017). Leaf capacitance has been
conventionally characterized over the functional range preceding tur-
gor loss where it is largely linear; however, the dramatic increase in
Ciear following turgor loss appears to provide a significant stabilising
effect for further declines in ¥ for leaves and stems alike and warrants
exploration in future studies (Bartlett et al., 2012).

Our results also highlight the potential interaction between differ-
ential organ capacitance and hydraulic segmentation. Recent tests of
the hydraulic segmentation hypothesis (Zimmerman, 1983) have
yielded mixed results among species' and biomes (Li et al., 2020;
Pivovaroff, Sack, & Santiago, 2014; Skelton, Brodribb, & Choat, 2017).
Consistent with hydraulic segmentation, we observed smaller hydrau-
lic safety margins in leaves than stems (Figure 3, Table 4). Our results
are consistent with predictions that hydraulic segmentation is more
likely in tropical trees experiencing wet-dry monsoonal seasonality,
relative to tropical trees experiencing a tropical rainforest climate, that
is, homogenous distribution of rainfall (Bucci, Goldstein, Scholz, &
Meinzer, 2016). Differential hydraulic capacitance in leaves and stems
combined with segmentation of hydraulic vulnerability, predict that
under intensified drought stress S. alba may rely on reducing evapora-
tive surface area through leaf shedding to preserve stem hydraulic
function.

Our observation of shifting use and availability of water pools in
S. alba illustrates that despite the utility of indexing HSMsg in units of
MPa, as has been the convention (Choat et al., 2012), the absolute
water content associated with these margins and its accessibility is
critical in determining drought risk, yet poorly understood (Blackman
et al., 2016). Our findings support recent emphasis on the importance
of assessing vulnerability to drought and mortality via tissue WC
(Gleason et al., 2014; Koérner, 2019; Martinez-Vilalta et al., 2019;
McCulloh et al., 2014; Sapes et al., 2019). Further, the seasonal accli-
mation of the As observed in S. alba highlights limitations of investigat-

ing declining bulk tissue WC without reference to its significance for

RWCsympiast- Our results affirm the value of future research linking
declining ¥ to declining WC and loss of membrane integrity in charac-
terization of drought-induced plant mortality and potential recovery
(John, Henry, & Sack, 2018; Mantova, Menezes-Silva, Badel,
Cochard, & Torres-Ruiz, 2021; Vilagrosa et al., 2010).

5 | CONCLUSIONS

Our results highlight the importance of increasing atmospheric
drought in driving acclimation, plant productivity declines and mortal-
ity (de Carcer et al, 2018; Eamus, Boulain, Cleverly, &
Breshears, 2013; Grossiord et al., 2020; Yuan et al., 2019), particularly
in the wet-dry tropics where intensifications of seasonality portend
increased dry season aridity in coming decades (Chou et al., 2013).
We identified a strategy of desiccation tolerance in S. alba involving
maintenance of turgor, gas exchange and hydraulic conductance with
declining tissue ¥ in the late dry season; however, late dry season
acclimation also enhanced desiccation and dehydration avoidance. By
increasing the contribution of C.5f to shoot capacitance while shifting
access to pools of water within leaves, S. alba avoided further declines
in ¥ and leaf RWCqympiast- The present study highlights the central
roles of hydraulic capacitance and shifting availability of pools of
shoot water in mitigating the twin risks of carbon depletion and
hydraulic failure under drought conditions.
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