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Abstract: The physiological mechanisms underlying drought responses are poorly documented in
mangroves, which experience nearly constant exposure to saline water. We measured gas exchange,
foliar abscisic acid (ABA) concentration, and vulnerability to embolism in a soil water-withholding
experiment of two co-occurring mangroves, Avicennia marina (Forsskål) Vierhapper (Verbenaceae)
and Bruguiera gymnorrhiza (L.) Savigny (Rhizophoraceae). A. marina showed higher photosynthesis
and transpiration than B. gymnorrhiza under well-watered conditions. Cavitation resistance differed
significantly between species, with 50% cavitation occurring at a water potential (P50 ) of −8.30 MPa
for A. marina and −2.83 MPa for B. gymnorrhiza. This large difference in cavitation resistance was
associated with differences in stomatal closure and leaf wilting. The rapid stomatal closure of B. gymnorrhiza was correlated with ABA accumulation as water potential declined. Meanwhile, stomatal
closure and declining water potentials in A. marina were not associated with ABA accumulation. The
safety margins, calculated as the difference between stomatal closure and embolism spread, differed
between these two species (1.59 MPa for A. marina vs. 0.52 MPa for B. gymnorrhiza). Therefore, A.
marina adopts a drought tolerance strategy with high cavitation resistance, while B. gymnorrhiza
uses a drought avoidance-like strategy with ABA-related sensitive stomatal control to protect its
vulnerable xylem.
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1. Introduction
Forests globally are experiencing high incidences of mortality due to increases in
drought frequency and severity leading to plant hydraulic failure [1–6]. Maintaining a balance between the supply of liquid water and the loss of water vapor through transpiration
is an essential challenge for plants. Under nonstressful conditions, the maximum fluxes of
water moving into and out of the plant are controlled by the coordination between xylem
and stomatal traits across vascular plant species [7–12], including in mangroves [13,14].
Under water deficits, limiting water loss helps to ensure that water potentials do not
cause catastrophic hydraulic failure in the xylem water transport system. Declining water
potentials can cause the formation of embolism in the xylem that prevents water flow,
which is thought to be irreversible in most species [15–17]. Cavitation resistance is typically
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quantified as the water potential that induces a 50% decline in hydraulic conductivity
(P50 ), which correlates with drought-induced mortality across species in both natural [18]
and experimental conditions [19]. Therefore, P50 is frequently considered to be a key
functional trait related to plant drought tolerance [4,18,20,21] and is associated with plant
distributions [17,22–27]. The associations among water supply, water loss, and embolism
resistance in mangroves are relatively poorly understood.
One way of limiting water loss during soil water depletion is to close stomata, which
limits transpirational water loss and also CO2 uptake [28–30]. Active stomatal regulation
associated with the phytohormone abscisic acid (ABA) in angiosperms and gymnosperms
can preempt water potential declines that might otherwise lead to hydraulic failure [8,31,32].
Thus, hormonal regulation of stomatal conductance curtails water loss over both short and
long timescales, but the sensitivities of stomata to ABA and of stomatal conductance to
water potentials are variable among species [33–35]. How early and rapidly stomata close
before incipient xylem cavitation also varies considerably among species, with some species
closing their stomata rapidly to maintain high water potentials, while others close their
stomata slowly as water potentials decline [36]. One way of quantifying the coordination
between liquid- and vapor-phase water transport while water potentials decline is by
calculating safety margins between critical thresholds of stomatal closure and xylem
vulnerability to embolism spread. Safety margins vary among species and characterize
drought strategies [4,37–42], but those of mangroves are relatively less studied [43].
While these physiological thresholds and safety margins have been characterized
primarily for inland, terrestrial plants, mangroves represent an interesting comparison
as they are terrestrial but constantly inundated with water. However, this water is saline
and has water potentials as low as −2.5 MPa, which is below the water potentials that
would damage some terrestrial species [44–46], requiring that mangroves tolerate or avoid
cavitation damage to their xylem network. Vulnerability to cavitation has been reported
for only six true mangrove species, showing large interspecific variability [13,43,44,47,48],
and hydraulic safety margins of mangroves have not been well quantified. The saline
environment has shaped the physiological strategies of mangroves [45,49–51], suggesting
that they may have different safety margins than other inland plants. Mangrove plants
usually extract water by maintaining extremely low xylem water potentials and conserve
water by restricting water loss through unique structural and physiological adaptations
[45,49,50,52–55]. Similar to other terrestrial plants, stomatal conductance in mangroves is
limited by air humidity, soil nutrients, salinity, and water deficits in the dry season [56–59].
In addition, mangroves are known to exhibit unusually low ABA levels in reproductive
structures, associated with vivipary, but higher levels of ABA in their leaves [60]. This
atypical distribution of ABA questions whether mangroves use ABA to induce stomatal
closure similar to inland angiosperms. Understanding these physiological thresholds of
mangroves and the mechanisms by which they regulate water loss is becoming increasingly
urgent, as mangroves are currently facing numerous threats, including sea-level rise [61,62]
and large-scale mortality due to extended drought [63,64].
Here we characterized the stomatal regulation and vulnerability to xylem cavitation in
response to drought for two mangrove species. Avicennia marina and Bruguiera gymnorrhiza,
which commonly co-occur across the Indo-West Pacific area, but have different salt management strategies. A. marina has greater salinity tolerance and foliar salt glands and can
be found in areas with extreme environmental conditions (e.g., the Red Sea, southern
Australia, and New Zealand) and throughout intertidal regions. B. gymnorrhiza, in contrast,
is moderately tolerant of saline conditions, lacks foliar salt glands, excludes salts, and
shares most of its distribution with A. marina but is absent from extremely saline and
dry areas and from low intertidal zones [45,49–51,65–69]. We measured gas exchange,
water potential, foliar ABA concentration, and vulnerability to embolism spread to test
whether the divergent salt management strategies and salt tolerances of these two species
are associated with differences in hydraulic safety margins and physiological responses
to drought. We hypothesized that: (1) the greater salt tolerance of A. marina would allow
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it to be more drought tolerant and maintain physiological function as water potentials
decline; (2) in contrast, B. gymnorrhiza, a salt excluder with lower salt tolerance, would use
mechanisms like sensitive stomatal control and leaf wilting to avoid low water potentials
and have lower tolerances to declining water potentials; (3) with greater drought tolerance,
A. marina would have a larger hydraulic safety margin than B. gymnorrhiza.
2. Materials and Methods
2.1. Plant Species and Study Site
Seedlings of Avicennia marina were collected from Komi, Iriomote, Japan (24◦ 190 N
123◦ 540 E), and of Bruguiera gymnorrhiza were collected from the Qinglangang Mangrove
Nature Reserve at Wenchang, hainan, China (19◦ 370 N 110◦ 500 E), and transported to
the campus of guangxi University, Nanning (Guangxi, China, 22◦ 500 N 108◦ 170 E). They
were then grown in square pots measuring 7.5 cm on a side × 30 cm tall, filled with
commercial organic fermented soil substrate (waste from fungus culture, grass ash, humus,
and perlite; hongfang Livestock Technology, Nanning, guangxi, China) in a glasshouse
with natural lighting, a night–day temperature range of 15–35 ◦ C, and 60–90% air humidity
throughout the year. Prior to initiating the drought experiment of the 2-year-old seedlings,
the potted seedlings were kept partially submerged in buckets filled with water and salt
(NaCl, 0.6% g/v in water), with water added weekly to maintain the water level. To initiate
the drought experiment, potted seedlings were removed from the buckets to dry, with no
water or salt being added throughout the duration of the experiment.
2.2. Vulnerability to Cavitation Using the Optical Method
Vulnerability to cavitation was quantified using the optical method (OV curve) [70,71].
The vulnerability was quantified on the main stems of 2-year-old seedlings of each species
(n = 7 for B. gymnorrhiza and n = 8 for A. marina). The stems were 3–6 mm in diameter
and 60–90 cm in length. In addition to measurements on common garden seedlings,
branches of mature trees of each species were also assessed for their vulnerability to
embolism spread. These branches were collected from guangxi Beilun Estuary National
Mangrove Reserve [13]. Five shoots from the adult trees of each species, each 2 m long
and approximately 8 mm in diameter were cut between 20:00 and 20:30, placed in wet
plastic bags for transporting to the lab, and the vulnerability was assessed early the next
day. Three of these shoots per species were measured.
All stems were imaged using an 8-megapixel camera with a 20× lens and attached to
the stem using a custom clamp and connected to a Raspberry Pi capturing images every
five minutes according to the instructions at http://www.opensourceov.org (accessed
on 20 August 2018). A small area of the bark about 20–30 mm in length was carefully
removed from one side of the stem, where a thin layer of hydrogel (Tensive gel; Parker)
was applied. Stems were allowed to dehydrate slowly on the bench, and images were
captured until no more changes were observed in the stem reflectance, which lasted about
135 h for both species. At the same time, a stem psychrometer (model PSY1; ICT, Australia)
was installed about 20 cm proximal to the region being imaged on each stem. Water
potential was recorded every 10 min, while the cooling time for the psychrometer was
checked periodically to ensure accurate measurement of the wet-bulb temperature. Periodic
measurements of leaf water potential were made using a Scholander pressure chamber
(resolution: 0.001 MPa; PMS Instrument Company, Albany, OR, USA) for comparison to
measurements using the stem psychrometer. Water potential data measured by the pressure
chamber were used for the OV curves when water potential was not monitored by the
psychrometer. All image sequences were analyzed using Fiji according to the instructions
at http://www.opensourceov.org (accessed on 20 August 2018) [72].
2.3. Soil Water-Withholding Experiment
Drought was imposed on 2-year-old potted seedlings of B. gymnorrhiza (n = 3) and
A. marina (n = 5) by withholding water. A preliminary experiment indicated that A. marina
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may not exhibit an ABA response, and so we sampled this species more intensively. Three
individuals of each species were maintained as controls with the watering and salt addition
unchanged from pretreatment conditions. Throughout the experiment, we monitored the
salinity status with an Em50 data logger and ECH2 O GS3 that measures volumetric water
content (VWC) and electrical conductivity (EC) of the soil. Where mature trees of both
species are growing at the guangxi Beilun Estuary National Mangrove Reserve, the EC of
the soil, a metric of salinity, was 11.11 ± 1.11 mS/cm, and the EC of seawater is generally
50 mS/cm at 25 ◦ C. During the drought experiment, the EC of the droughted soil for
A. marina was always less than 0.49 mS/cm, while the EC of the control pots ranged from
0.27 to 1.6 mS/cm (Figure S1), suggesting that droughted seedlings did not suffer from
osmotic stress, consistent with our visualization of an absence of visible symptoms of
osmotic stress. The decline in EC among the droughted pots suggests that as the VWC
declined, dissolved salts may have crystallized out of solution such that the soil water was
becoming less saline despite a drier condition.
During the drought treatment, we measured stomatal conductance (gs ) and leaf water
potentials (LWP) at midday (between 11:00–13:00 h) two to three times per week. All measurements were made under ambient CO2 concentrations, and the photosynthetic photon
flux density was held at 1500 µmol m−2 s−1 . The light was generated by a 6400-02B LED
Light Source (LI-6400; LI-COR Biosciences, Lincoln, NE, USA). Foliar ABA was extracted
from the treatment, and control leaves only after gs of the treatment leaves had begun to
decline. Gas exchange was measured on a single leaf of each plant under the glasshouse
conditions (15–35 ◦ C and 60–90% air humidity) using a portable infrared gas analyzer
(LI-6400; LI-COR Biosciences, Lincoln, NE, USA). During instantaneous gas exchange
measurements, leaf temperature control was set to 25 ◦ C when the air temperature was
below 20 ◦ C, and, as a result, leaf temperature was never below 20 ◦ C. The same leaf on
each plant was measured for gas exchange throughout the experiment. At the time gas
exchange measurements were made, a nearby leaf on the same plant was excised, enclosed
in a humid plastic bag, stored in a cooler, and transported back to the laboratory, where
water potential was measured within 2 h using a Scholander pressure chamber. For A. marina, the drought experiment lasted about five months (October 2017–March 2018) until the
entire plant wilted. In contrast, the seedlings of B. gymnorrhiza were severely wilted after
20 days, at which time the experiment was stopped. The mean monthly air temperatures
during the drought experiment were 23.3 ◦ C, 18.4 ◦ C, 14.1 ◦ C, 13.2 ◦ C, 14.1 ◦ C, 19.8 ◦ C,
respectively (data were downloaded from http://data.cma.cn, accessed on 10 July 2021).
2.4. Foliar ABA Quantification
One leaf per plant was excised, quickly plunged in liquid nitrogen, and kept frozen until transport back to the lab. Foliar ABA was extracted following previous protocols [73,74]
with some modifications. Once in the lab, leaf fresh mass was determined to the nearest
0.1 g, and the leaves were then ground using a Retsch shaker (MM400, Retsch, gmbH, germany). The ground powder was extracted twice with 1 mL of a 15:4 v/v solution of
methanol–water. Formic acid was added to adjust the buffer pH to 5.5. The supernatant
was concentrated to 50 µL in an Eppendorf vacuum centrifuge (Eppendorf 5301 Vacufuge
Speedvac Vacuum) at 30 ◦ C, and ethyl acetate (500 µL) was added to extract the ABA.
The ethyl acetate supernatant was concentrated into powder with an Eppendorf vacuum
centrifuge at 30 ◦ C, then the concentrated ABA powder was dissolved in pure methanol,
and the sample purified through a syringe filter of pore size 0.22 µm.
Analyses of ABA concentration were performed using an in-line ultra-performance liquid chromatography tandem mass spectrometer (UPLC-MS, Agilent 1290 Infinity LC+6460
Triple Quadrupole LC/MS) system equipped with an ESI ion source, in multiple reaction
monitoring (MRM) and positive/negative mode, with the capillary voltage set to 4 kV of
ESI+ and 3 kV of ESI-, respectively. Solvents used were 0.1% formic acid (v/v) in water (A)
and methanol (B), and a flow rate of 0.3 mL/min was used. A gradient was set as: 0–5 min
5–30% B, 5–9 min 30–35% B, 9–10 min 35–50% B, 10–10.7 min 50–100% B, 10.7–15 min 100%
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B. Water symmetry C18 column temperature was 25 ◦ C, and injection volume was 1 µL.
The MS source was operated with N2 (LCMS quality) at a 10 L min−1 gas flow, desolvation
temperature, 360 ◦ C; source temperature, 300 ◦ C; and the pressure was 280 kPa. ABA
concentration was calculated according to the standard curve, which was generated using
the following standard concentrations: 1000, 100, 50, 20, 10, and 1 mg/mL, all of which
were prepared by dilution of intermediate standard solutions with the standard solvent.
2.5. Data Analysis
All statistical analyses were conducted using R software (version 3.4.4, R Development
Core Team, Vienna, Austria). To determine differences between species in the VPD response
of gs , we used a linear mixed-effects model that included an interaction between species
and VPD and a random effect of the individual plant, as implemented in the package
“lme4” [75].
To determine the sensitivity of gs to leaf water potential (LWP), we normalized each gs
measurement to the maximum gs measured on that individual and fitted with nonlinear
curves of the following form:
100 ∗ gs = 

100
1 + e(a (−P−Pg50 ))



where Pg50 is the water potential at which gs is 50% of maximum. From these fitted curves,
the water potentials at 12% (Pg12 ) and 88% (Pg88 ) of maximum gs were also calculated.
To calculate the sensitivity of gs to LWP, we calculated the slope between the fitted gs
values and LWP within 0.3 MPa of the Pg50 value for each species. To determine the
relationship between ABA and LWP and between ABA and gs , we used linear models with
an interactive effect of the individual for each species separately because we had no a priori
expectations about the shapes of the response curves beyond linearity.
Vulnerability to embolism was assessed using the “fitplc” package to calculate critical
water potential thresholds for each stem sampled for vulnerability [76]. In addition to
the water potential at 50% embolism (P50 ), we also calculated the water potentials at 12%
embolism (P12 ) and 88% embolism (P88 ). Differences in vulnerability were assessed using
ANOVA with an interaction between species and age (adult vs. seedling) for each of the
three critical threshold values.
3. Results
3.1. Photosynthetic Gas Exchange Traits
Under well-watered conditions, A. marina had a significantly higher stomatal conductance (gs ), photosynthetic rate (A), and transpirational rate (Tr) than B. gymnorrhiza
(Table 1). No difference was detected between these two species in intercellular CO2 mol
fraction and intrinsic water use efficiency (A/gs ; Table 1).
Table 1. Leaf photosynthetic gas exchange traits of the two mangrove species, measured before the initiation of the drought
experiment and on individuals not used in the drought experiment. A, net CO2 assimilation rate at 1500 µmol m−2 s−1
quantum; gs , stomatal conductance; Ci , intercellular CO2 mol fraction; A/gs , intrinsic photosynthetic WUE, and Tr ,
transpiration. Values are means ± SDs (n = 5). Asterisks indicate statistically significant differences between the two species:
* p < 0.05 and ** p < 0.01.
Species
Avicennia
marina
Bruguiera gymnorrhiza

A ** (µmol m−2 s−1 )

gs ** (mol m−2 s−1 )

Ci (µmol mol−1 )

A/gs (µmol mol−1 )

T r * (µmol m−2 s−1 )

13.43 ± 2.61

0.21 ± 0.03

296.3 ± 16.1

63.2 ± 9.7

4.26 ± 0.53

8.25 ± 1.52

0.15 ± 0.01

317.7 ± 17.7

56.3 ± 12.7

3.28 ± 0.27

Species
A ** (μmol m−2 s−1)
Avicennia
13.43 ± 2.61
MaRina
Water 2021,
13, 1945
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Gym8.25 ± 1.52
norrhiza

gs ** (mol m−2 s−1)

Ci (μmol mol−1)

A/gs (μmol mol−1)

Tr * (μmol m−2 s−1)

0.21 ± 0.03

296.3 ± 16.1

63.2 ± 9.7

4.26 ± 0.53

0.15 ± 0.01

317.7 ± 17.7

56.3 ± 12.7

3.28 ± 0.27
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Figure 1. The cumulative area of cavitated xylem expressed as a function of stem water potential
(vulnerability curves) of Avicennia marina (A) and Bruguiera gymnorrhiza (C). Mature tree stems from
the field site (n = 3) and seedlings (n = 8 for A. marina, n = 7 for B. gymnorrhiza) from the greenhouse.
(B,D) Color maps showing the spatial progression of cavitation with declining water potential of two
representative individuals shown in (A,C).
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Table 2. Hydraulic traits variation of the two mangrove species.
Trait *

Avicennia marina

Bruguiera gymnorrhiza

t-Test

P88 _seedlings (MPa)
P88 _mature (MPa)
P50 _seedlings (MPa)
P50 _mature (MPa)
P12 _seedlings (MPa)
P12 _mature (MPa)
Pg12 _seedlings (MPa)
Pg50 _seedlings (MPa)
Pg88 _seedlings (MPa)

−9.56 ± 0.46
−10.75 ± 0.90
−7.55 ± 0.29
−8.30 ± 0.17
−5.39 ± 0.44
−5.71 ± 0.48
−3.80
−2.63
−1.47

−4.53 ± 0.35
−3.02 ± 0.07
−4.13 ± 0.33
−2.83 ± 0.10
−3.60 ± 0.32
−2.56 ± 0.15
−3.08
−2.70
−2.33

p < 0.0001
p < 0.0001
p < 0.0001
p < 0.0001
p < 0.0001
p < 0.0001
NA
NA
NA

* Note: P88 /P50 /P12 : water potential associated with 88%, 50%, and 12% of cumulative embolism. Pg88 / Pg50 /
Pg12 : water potential associated with 88%, 50%, and 12% of maximum stomatal conductance.

3.3. Response of Leaf Water Potential, gs , and ABA to an Experimental Drought
The two species differed in their physiological responses to drought (Figure 2).
Seedlings of A. marina lasted about 150 days before stomatal closure and leaf wilting,
while B. gymnorrhiza lasted only about 20 days. Leaf water potentials (LWP) declined much
more slowly in A. marina than in B. gymnorrhiza, with the minimum LWP of A. marina being
about −5 MPa and the minimum LWP of B. gymnorrhiza being only −3 MPa (Figure 2A,F).
Additionally, stomatal conductance and ABA were more variable during drought in A.
marina than in B. gymnorrhiza. Some of this greater variation in A. marina was due to large
variation among individuals, driven primarily by the death of one individual (denoted
by inverted triangles in Figures 2 and 3) plant before the end of the experiment. This
individual plant exhibited the lowest water potential and highest ABA concentrations
(Figure 2D) on the last day of sampling before death. In contrast to A. marina, gs and LWP
in B. gymnorrhiza declined consistently with less variation among individuals (Figure 2F,J).
The relationships between LWP, gs , and ABA concentration differed between the two
species (Figure 3 and Figure S2). In both species, declining LWP was associated with
stomatal closure, but the sensitivity of gs to LWP was different between species. Although
gs of A. marina began to decline at a higher water potential (Pg88 = −1.47 MPa) than
B. gymnorrhiza (−2.33 MPa), stomatal closure (Pg12 ) of B. gymnorrhiza occurred at a higher
water potential (Pg12 = −3.08 MPa) than A. marina (Pg12 = −3.80 MPa). However, there was
little difference between species in the water potentials at half of maximum stomatal closure
(A. marina: Pg50 = −2.63 MPa; B. gymnorrhiza: Pg50 = −2.70 MPa). Based on the slope of the
fitted curve at the Pg50 , B. gymnorrhiza was more than twice as sensitive as A. marina to LWP;
for a 1 MPa change in LWP, gs changed 116% for B. gymnorrhiza versus 42% for A. marina
(Figure 3A,D). Relationships of LWP and gs with foliar ABA concentration also differed
between the species. B. gymnorrhiza exhibited a linear increase in foliar ABA with declining
LWP (df = 13, R2 = 0.84, p < 0.001; Figure 3E), and gs declined linearly with increasing foliar
ABA concentration (df = 13, R2 = 0.58, p < 0.001; Figure 3F). In contrast, A. marina exhibited
no such clear patterns (Figure 3B,C). Over a range of LWP similar to those measured in
B. gymnorrhiza, A. marina exhibited no consistent increase in foliar ABA with declining
LWP (Figure 3B). Similarly, there was no relationship between gs and ABA in A. marina
(Figure 3C), despite its foliar ABA concentrations being as low as in B. gymnorrhiza.
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The relationships between LWP, gs, and ABA concentration differed between the two
species (Figures 3 and S2). In both species, declining LWP was associated with stomatal
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while P12 for adults occurred at −2.56 MPa and P88 occurred at −3.02 MPa. B. gymnorrhiza
seedlings were more vulnerable to embolism than A. marina seedlings, with incipient
embolism (P12 ) occurring at −3.60 MPa and nearly complete embolism (P88 ) occurring
at −4.53 MPa. Thus, B. gymnorrhiza seedlings exhibited a small safety margin (0.52 MPa)
between Pg12 and P12 .
4. Discussion
Our results showed contrasting water use patterns, stomatal regulation, and drought
responses of two co-occurring mangrove species. The difference in water use pattern
and stomatal regulation is closely related to the strategy to resist drought-induced xylem
embolism. While A. marina mainly relies on embolism resistance in drought response,
B. gymnorrhiza relies on sensitive stomatal control. Consistent with high embolism resistance, A. marina showed more aggressive water use under well-watered conditions
indicated by significantly higher transpiration and photosynthesis compared to B. gymnorrhiza. The difference could also be related to their salt management strategies. Because
B. gymnorrhiza excludes salt from its roots more efficiently than A. marina [49,77–79], it may
also require larger water potential gradients to extract water from seawater. A need for
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low water potentials, but low embolism resistance and narrow hydraulic safety margin in
B. gymnorrhiza may require stomata to be highly sensitive, thus relying on an ABA-related
active response. Our results highlight mechanisms that underlie variation in drought
responses among mangrove species, shedding light on recent, widespread mangrove
mortality during drought [63,64].
4.1. Stomatal Regulation during Drought
Limiting water loss through stomatal closure is an important physiological response
to physiological drought. Although the water potentials at which gs declined were similar
in both species (−2.63 vs. −2.70 MPa in Pg50 ), gs in B. gymnorrhiza was much more sensitive
to declining LWP than in A. marina (Figure 3). In B. gymnorrhiza, gs operated over an
extremely narrow range of LWP, with 12% and 88% stomatal closure occurring over only
0.75 MPa (Figure 3D). Meanwhile, gs in A. marina functioned over a wider range of water
potentials, which agree with its greater salt tolerance. This stomatal sensitivity could be
further compared to the stomatal responses to changes in VPD [42,49,80].
The two mangrove species showed distinct differences in their responsiveness to ABA
during drought, while their ABA concentrations were significantly lower when compared
with other angiosperm and gymnosperm species [35]. When B. gymnorrhiza leaves accumulated ABA as the drought treatment proceeded with the decline in LWP, A. marina
leaves exhibited no change, even though the foliar ABA concentrations were in a similar
range for the two species (Figures 2 and 3). Similarly, gs was linearly related to foliar ABA
concentration in B. gymnorrhiza, but not in A. marina, as foliar ABA concentration in A.
marina did not begin to increase until leaves wilted or just before leaf senescence, which did
not occur until months withholding water. The longevity of A. marina leaves during water
stress may be linked to the delayed onset of ABA upregulation, consistent with results
showing delayed leaf senescence in mutants with impaired ABA signaling [81]. The hormonal regulation of stomatal conductance needs further validation in mangrove species
due to interspecific variation in stomatal sensitivity to ABA and water stress, as our results
suggest that there may be large differences in ABA dynamics among mangrove species.
ABA levels are known to be unusually low in mangrove reproductive structures, associated
with vivipary [60], but similar levels of foliar ABA in A. marina and B. gymnorrhiza suggest
that ABA concentration alone is not indicative of the physiological responsiveness.
4.2. Vulnerability to Embolism
The two mangrove species also differed substantially in the vulnerability to xylem
embolism spread. A. marina appeared to be much more resistant to embolism, with incipient
embolism in seedlings (P12 ) not occurring until −5.39 ± 0.44 MPa, a water potential at which
B. gymnorrhiza seedlings (P88 = −4.53 ± 0.35 MPa) and adults (P88 = −3.02 ± 0.07 MPa)
were completely embolized (Figure 1). greater resistance to embolism in A. marina may
be associated with its need to tolerate low water potentials, as it takes up and transports
saline water, altering stem hydraulic properties, and eventually secretes salt out of its
leaves [82]. B. gymnorrhiza, on the other hand, avoids low water potentials and has a
much more vulnerable xylem, with incipient embolism occurring at −2.56 ± 0.15 MPa
in adults and −3.60 ± 0.32 MPa in seedlings (Table 2; Figure 1). A. marina had a P50
comparable to the most resistant angiosperms measured previously [4], and together, these
two species studied here spanned almost the full range of P50 reported for other mangrove
species [13,43,44,47,48]. Surprisingly, how detrimental stem embolism is to the hydraulic
pathway remains poorly known; even though embolism is thought to be irreversible
without positive pressures, stems can experience substantial loss of conductivity without a
similar decline in hydraulic conductance and increase in mortality rate [15,30,83].
While these interspecific differences are associated with differences in salt management strategy, other factors are also likely to influence the physiology of these species
during drought. For example, A. marina shows greater xylem cavitation resistance, which
may be due to xylem plasticity because mangrove vessels can become narrower as salinity
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increases [13,84]. Similarly, mangroves are thought to have traits associated with high
embolism resistance, such as higher vessel density, higher vessel grouping index [85],
smaller vessel diameter, and successive and simultaneous cambia [86], all of which may be
plastic (e.g., vary in response to salinity) and could change ontogenetically. However, we
found little evidence for plasticity in P50 , based on comparisons of seedlings and adults, in
either species (Table 2), although seedlings and adults of each species came from different
populations. Additionally, there was a significant difference between species in stomatal
response to declining LWP, but this difference was not as large as the difference in embolism
resistance. If the recent, widespread mangrove mortality following drought was due, in
part, to drought-induced hydraulic failure, then drought may also be an important factor
shaping mangrove xylem anatomy and physiology.
Notably, the vulnerability values reported here using the optical vulnerability method
seem to be different from those previously reported based on air-injection and bench dehydration methods [13] for B. gymnorrhiza. P50 was previously reported to be −8.32 MPa
for B. gymnorrhiza compared to −2.83 MPa in this study. Protocols for the cavitron [87],
bench-drying [88], and air-injection methods [89,90] typically involve flushing excised
stems with fresh water to remove air bubbles in order to measure maximum conductivity. However, flushing refills xylem conduits that were otherwise nonfunctional in the
intact plant and can introduce bubble nuclei, which can produce erroneous vulnerability
curves [91]. These differences in measured vulnerability likely reflect differences between
the methods in sample preparation. Although the optical method has largely agreed with
other methods [70,92–95], it has not previously been applied and studied in mangroves.
The discrepancy between OV and other methods is presumably caused by nonxylem
tissues (fibers or parenchyma) dehydration or damage to fibers adjacent to the cambium in
the debarked area [96,97]. In our study, cavitation resistance was much lower from the OV
method than the bench dehydration/hydraulic method in B. gymnorrhiza. The damage to
fibers or xylem during the debarking process at the beginning of the process would cause
lower cavitation resistance (i.e., more vulnerable to embolism) [96]. On the other hand,
flushing stems may cause lower P50 using the bench dehydration/hydraulic measurement
method as reported previously [13]. Further methods comparisons on mangrove species
could provide more information about the differences in vulnerability reported here.
4.3. Hydraulic Safety Margins Associated with Different Salt Management Strategies
Calculation of the safety margin between stomatal closure (Pg12 ) and incipient embolism formation (P12 ) reiterated the different hydraulic strategies of the two species:
A. marina seedlings had a safety margin of 1.59 MPa, while B. gymnorrhiza seedlings had a
narrower safety margin of 0.52 MPa. This narrow safety margin in B. gymnorrhiza seedlings
suggests that stem xylem may have embolized soon after complete stomatal closure. However, for water to move through the soil–plant–atmosphere continuum, leaf water potentials
must be lower than stem water potentials, and the magnitude of this difference may be
relatively constant across species, approximately −0.32 MPa [98]. Therefore, even with
zero safety margin calculated as Pg12 -P12 , stomata may close temporally before incipient
stem embolism, effectively acting as a hydraulic fuse [99–101]. Knowing whether leaves
are more vulnerable to embolism than stems would help to clarify the sequence of physiological responses to declining water potential throughout the plant and the range of water
potentials over which these physiological responses occur.
Although A. marina and B. gymnorrhiza are widely distributed species that often cooccur [45,51,66], only A. marina can be found in extremely saline conditions. For example, it
is found in the northern Red Sea, where the seawater is hypersaline (salinity of 0.70 M salt)
and the atmosphere is extremely hot and dry [78,102]. Such conditions are usually accompanied by high transpiration rates during which the shoots could uptake large quantities
of salt from the seawater [45]. Uptake of salt from the seawater and secretion from the
shoots requires tolerance of low water potentials, which are evident in A. marina. Extreme
xylem resistance to cavitation (Figure 1), leaf hydraulic recovery by harvesting water from
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atmospheres through deliquescence of salt [103] and shoot surface water uptake [104], and
increased salt secretion during drought [58] may also help to explain why A. marina is able
to grow across such a wide range of environmental conditions. However, recent drought
and high temperature have nonetheless led to substantial mortality of A. marina [64]. In
contrast, B. gymnorrhiza typically occurs in habitats that receive periodic freshwater [45],
which could help maintain its water potential within its narrow physiological tolerance allowing it to generate a high water potential gradient required to filter water from seawater.
The interspecific differences in drought responses suggest that drought physiology could
be an additional axis of differentiation among mangrove species that can likely influence
their ecological tolerances and niche occupation.
5. Conclusions
In conclusion, we found contrasting patterns in photosynthetic gas exchange, stomatal
and embolism thresholds, and drought resistance strategies between two mangrove species.
A. marina adopts a drought tolerance strategy with high cavitation resistance and leaf
tolerance to low water potentials. In contrast, B. gymnorrhiza uses a more avoidant strategy
with sensitive stomatal control associated with ABA regulation and early leaf wilting to
protect vulnerable xylem. Near-constant access to saline water alone is insufficient to support mangrove plants, and other aspects of physiology besides salt management strategy
may be important in understanding mangrove responses to climate change. The ability of
A. marina to maintain water transport and photosynthetic gas exchange during periods of
lower water potential could be beneficial for it to maintain positive carbon assimilation under drought conditions and may also explain its distribution in areas with extremely saline
and dry conditions. However, substantial mortality of A. marina during recent drought
and heat incidents [64] suggests that the increase in extreme weather conditions due to
climate change may have pushed it over the brink of hydraulic failure. In addition to
sea-level rise, which is threatening the survival of mangroves [61,62], drought and high
temperatures may also threaten mangroves. Conserving mangroves and predicting their
responses to climate change will require physiological research that elucidates the thresholds of drought-induced damage in different organs and the mechanisms that underlie
drought-induced mortality for more species.
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