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 2 

Abstract 28 

Leaf structure and water relations were studied in a temperate population of Avicennia 29 

marina subsp. australasica along a natural salinity gradient (28 to 49 parts per 30 

thousand (ppt)) and compared with two subspecies grown naturally in similar soil 31 

salinities to those of subsp. australasica but under different climates: subsp. 32 

eucalyptifolia (salinity 30 ppt, wet tropics) and subsp. marina (salinity 46 ppt, arid 33 

tropics). Leaf thickness, LMA and water content increased with salinity and aridity. 34 

Turgor loss point declined with increase in soil salinity, driven mainly by differences in 35 

osmotic potential at full turgor, as the modulus of elasticity (ε) did not vary significantly 36 

with salinity. Nevertheless, high ε contributed to maintenance of high cell hydration at 37 

turgor loss points. Despite similarity among leaves in leaf water storage capacitance, 38 

total leaf water storage increased with increasing salinity and aridity. The time that 39 

stored water could alone sustain an evaporation rate of 1 mmol m-2 s-1 ranged from 77 40 

for subspecies eucalyptifolia to 126 min for ssp. marina. Achieving full leaf hydration or 41 

turgor required water from sources other than the roots, emphasizing the importance 42 

of multiple water sources to growth and survival of Avicennia marina across gradients 43 

in salinity and aridity. 44 

 45 

Key words: leaf hydration, modulus of elasticity, PV curve, turgor loss point, water 46 

relations.  47 

  48 
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Introduction 49 

There is an urgent need to understand relationships between leaf traits and drought 50 

tolerance (Bartlett et al., 2012).  The urgency arises because an understanding of leaf 51 

design may help to anticipate responses of trees to edaphic and atmospheric drought, 52 

and mitigate tree die-back. Such die-back is occurring globally (Allen et al., 2010; 53 

McDowell & Allen, 2015) in forest systems as different as tropical rainforests (Rowland 54 

et al., 2015) and mangroves (Lovelock et al., 2009; Duke et al., 2016).  Mangroves are 55 

halophytic woody trees and shrubs that occur in tidal, saline wetlands (Feller et al., 56 

2010). These systems contribute important ecosystem services to fisheries, forestry, 57 

and the social well-being of coastal communities in the tropics and subtropics. 58 

Mangroves are also a fundamental model study system for genetic capacity in salt 59 

tolerance. The structure and function of mangrove forests varies along complex 60 

environmental gradients in salinity and climatic aridity (Duke et al., 1998), factors that, 61 

respectively, affect the availability of water at the roots and the demand for water at 62 

the leaves. These factors will change in response to altered climate and sea level due to 63 

global warming. It is important to understand how mangroves cope with salinity and 64 

aridity to better manage these resources in a changing environment.  65 

 66 

Mangroves, like other plants, must take up and store water to maintain leaf hydration. 67 

However, coping with a saline environment entails special challenges for the 68 

maintenance of favourable water and ion balances. Despite the abundance of water in 69 

mangrove habitats, salinity can limit the capacity of roots to absorb water while 70 

excluding most ions from entry into the transpiration stream. Seawater, for example, 71 

contains 35 parts per thousand (ppt) solute which includes 483 mM Na+ and 558 mM 72 

Cl- (Harvey, 1966) and has an osmotic potential of -2.4 MPa. For plants to absorb water, 73 

water potentials in roots must be lower than in surrounding soil. In halophytes like 74 

mangroves, turgor is maintained in tissues despite very negative water potentials 75 

through adjustment of intracellular solute concentrations, including high levels of Na+ 76 

and Cl-. These ions are sequestered from sensitive metabolic sites as metabolism in 77 

halophytes is as sensitive to high ion concentrations as in glycophytes (Flowers, 1972; 78 
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Ball & Anderson, 1986), and the ions contribute to osmotic adjustment in their primary 79 

storage site, the vacuole (Flowers et al., 1977). Osmotic adjustment in the cytoplasmic 80 

compartment occurs mainly through the accumulation of compatible solutes (Jefferies, 81 

1981; Flowers & Colmer, 2008). While these principles of halophytic cellular physiology 82 

are well established, questions remain about the contributions to salinity tolerance of 83 

higher levels of organization, such as leaves.  84 

 85 

As carbon cannot be gained without the expenditure of water, acquisition of adequate 86 

water to sustain carbon gain is essential for both survival and growth. Under extreme 87 

conditions, leaves may need to close stomata and persist on stored water until 88 

conditions become favourable for water uptake. However, mangroves that cope with 89 

persistently highly saline soil must continue to spend water for carbon gain for growth. 90 

Water uptake (Ball, 1988; Bazihizina et al., 2009; Reef et al., 2015), transport (Sperry et 91 

al., 1988; Melcher et al., 2001; Ewers et al., 2004; Lopez-Portillo et al., 2005; Lovelock 92 

et al., 2006), and use (Ball & Farquhar, 1984b; Ball & Farquhar, 1984a; Clough & Sim, 93 

1989; Nguyen et al., 2015) are typically lower in high than low salinities. These 94 

characteristics would lead to a higher requirement for leaf water storage for transient 95 

water use at high salinity. Indeed, Lechthaler et al. (2016) showed that leaf evaporation 96 

rates in the mangroves Rhizophora mucronata and Bruguiera gymnorrhiza depended 97 

on stored water because water transport to leaves was not sufficient to balance rates 98 

of water loss, especially when salinity was high.  99 

 100 

Stored water can play an important role in drought tolerance. Leaf water storage 101 

depends on mass investment in structure, and thus leaf dry mass and water mass per 102 

area should tend to scale proportionally. Indeed, leaf mass per area, i.e. LMA, is a key 103 

trait that often, but not always correlates with tolerance of drought (Niinemets, 2001; 104 

Bartlett et al., 2012) and salinity (Ball et al., 1988).  In a meta-analysis, Poorter et al. 105 

(2009) reported a simple linear increase in LMA with increasing salinity. However, LMA 106 

alone is not a general adaptation to drought tolerance. Bartlett et al. (2012) found no 107 

direct linkage between LMA and the maintenance of turgor and hydration during 108 

dehydration to the turgor loss point. They suggested that reported correlations 109 

between LMA and drought tolerance in specific plant groups probably reflected “the 110 
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coincidence of drought stress and other environmental conditions for which high LMA 111 

confers a benefit” (Bartlett et al., 2012).  112 

 113 

In addition to having thick leaves for water storage, species must have sufficient solute 114 

concentrations to allow maintenance of turgor even as the water is withdrawn. 115 

Sufficient osmotica depends on the habitat occupied. Indeed, leaf water potentials 116 

reported for field-grown mangroves vary with the natural soil salinities in which they 117 

grow, which range from slightly brackish to hypersaline (Scholander et al., 1964; 118 

Scholander, 1968; Naidoo, 1989; Rada et al., 1989; Sternberg et al., 1991; Constable, 119 

2014; Walker, 2014). Maintenance of a minimal level of hydration is essential for 120 

survival and maintenance of turgor is required for growth. Both are achieved through 121 

osmotic adjustment. Lower (i.e. more negative) osmotic potential and turgor loss point 122 

with increasing growth salinity are common features in mangroves (Rada et al., 1989; 123 

Suarez & Sobrado, 2000; Melcher et al., 2001; Paliyavuth et al., 2004; Sobrado, 2007). 124 

Indeed, osmotic potential at full turgor is a reliable predictor of the turgor loss point 125 

which in turn correlates with drought tolerance (Bartlett et al, 2012), and is likely also 126 

to correlate with salinity tolerance.  127 

 128 

Rigid cell walls, which are often associated with high LMA, have consequences for leaf 129 

water relations. The bulk modulus of elasticity is defined as the change in turgor 130 

pressure per fractional change in cell volume (Cheung et al., 1975). In other words, the 131 

bulk modulus of elasticity increases with the rigidity of the cell walls. Variation in bulk 132 

modulus of elasticity affects cellular water relations because the more rigid the cell 133 

wall, the greater the change in turgor pressure, and hence also water potential, for a 134 

given water loss above the turgor loss point. In this way, mechanical constraints on 135 

water loss by rigid walls conserve water content at the turgor loss point (Cheung et al., 136 

1975). It follows from this interpretation that cell wall rigidity would increase with 137 

increasing salinity. However, both increases and decreases have been reported: bulk 138 

modulus of elasticity decreased with increasing salinity in Rhizophora mangle, 139 

Conocarpus erectus, and Coccoloba uvijera (Rada et al., 1989) and Avicennia germinans 140 

(Suarez et al., 1998) but increased with increasing salinity in Avicennia germinans 141 

(Suarez & Sobrado, 2000), Avicennia alba, Bruguiera gymnorrhiza, Heritiera littoralis 142 
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and Xylocarpus granatum (Paliyavuth et al., 2004). Thus, the role and variability in 143 

modulus of elasticity require clarification.  144 

 145 

Pressure – volume relationships (PV curves) provide a way to examine most aspects of 146 

leaf water relations, including the modulus of elasticity, water storage capacitance, 147 

osmotic potential at full turgor and at the turgor loss point. Analysing PV curves with 148 

respect to leaf anatomy, Nguyen et al. (2016) revealed a cascade of water storage 149 

compartments that were operational over different ranges of leaf water potentials in 150 

one population of field-grown A. marina. They showed that liquid water can be 151 

absorbed from the lamina surface and stored in cells and specialized extracellular 152 

spaces (trichome lumina and cisternae) at water potentials higher than those 153 

experienced at the roots. This stored water, thus, must come from sources that are 154 

distinct from the soil. Quantification of the amount of extracellular water was 155 

problematic but it could account for as much as 10% of total leaf water based on the 156 

average size and density of trichomes. Thus, Nguyen et al. (2016) estimated that 157 

extracellular water together with that stored inside the cells, especially in the 158 

hypodermis, could support a sustained evaporation rate of 1 mmol m-2 s-1 for 159 

approximately 2 h without input from the roots as leaves dehydrated from full 160 

hydration to the turgor loss point. These results invite the question: how do changes in 161 

leaf anatomy relate to water relations of A. marina with variation in environmental 162 

conditions?  163 

 164 

Avicennia marina is one of the most salt tolerant and widely distributed of mangrove 165 

species along complex gradients in salinity and aridity. There are three subspecies of A. 166 

marina whose Australian distribution varies with climatic conditions: subsp. 167 

eucalyptifolia in wet tropics, subsp. marina in arid tropics, and subsp. australasica in 168 

temperate areas with intermediate rainfall (Duke et al., 1998; Li et al., 2016). Using 169 

these subspecies as sources of variation, the leaf water relations, anatomy, and 170 

physical properties of naturally field grown leaves were measured to test the 171 

hypotheses that with increasing salinity and aridity (1) LMA increases with increases in 172 

the bulk modulus of elasticity and leaf succulence, (2) osmotic potentials at full turgor 173 

and at the turgor loss point decrease, (3) leaf water storage capacitance and total 174 
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water storage increase, and (4) leaf water relations reflect increasing importance of 175 

access to multiple water sources additional to the soil.  176 

  177 

Materials and Methods 178 

Plant materials 179 

All leaf samples were collected from plants growing naturally along gradients in salinity 180 

and aridity. Variation in leaf traits with salinity was studied in A. marina subsp. 181 

australasica growing at three sites along the Clyde River (Batemans Bay, New South 182 

Wales, Australia) where salinity of soil water extracted from 30 cm depth at low tide 183 

(McKee, 1993) averaged 28 ± 0.4 (35°38'50.3"S 150°08'39.5"E), 40 ± 0.4 (35°42'15.1"S 184 

150°10'25.2"E), and 49 ± 0.6 ppt (35°42'16.2"S 150°10'18.8"E). Sea water (35 ppt) has a 185 

water potential of -2.4 MPa, and so soil water salinities at the three sites were 186 

approximately equivalent to water potentials of -1.9, -2.7, and -3.4 MPa. Differences 187 

among subspecies were based on comparison of A. marina subsp. australasica with 188 

subsp. eucalyptifolia from the wet tropics (Daintree, Queensland, 16°17'29.8"S 189 

145°25'10.2"E) and subsp. marina from the arid tropics (Giralia Bay, Western Australia, 190 

22°27'34.0"S 114°14'31.9"E). Soil salinity where subsp. eucalyptifolia grew was 30 ± 0 191 

ppt (-2.1 MPa), and subsp. marina grew was 46 ± 0.7 ppt (-3.2 MPa). Hereafter, the five 192 

groups of plants are called by the first two letters of the subspecies names followed by 193 

a subscript with the soil salinity in which the plants grew, i.e. Au28, Au40, Au49, Eu30, and 194 

Ma46. Note that some data for Au49 were reproduced from Nguyen et al., 2016 and are 195 

identified in table captions where appropriate. Differences between climatic conditions 196 

at the study sites are summarized in Fig. 1.  197 

 198 

Leaf features 199 

One fully exposed branch bearing only sun leaves was chosen from each of five co-200 

occurring trees in each of the five study sites for all measurements of leaf properties as 201 

previously described (Nguyen et al., 2016). Care was taken to select leaves that 202 

appeared average in size for a given population under a given set of conditions, i.e. 203 

similar age, aspect, and exposure to full sunlight. Briefly, branches were rehydrated 204 
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and two well-matched leaf pairs were selected for study and randomly allocated to one 205 

of two sets of measurements. One pair of leaves was used for measurement of physical 206 

properties and construction of a PV curve relationship with both sets of measurements 207 

made on the same leaf. The second leaf in the pair was a spare in case measurements 208 

needed to be repeated. The second leaf pair was used for anatomical measurements. 209 

 210 

Leaf physical properties  211 

 Leaf area (S, cm2, m2), dry mass (DM, g), maximum water content (WCmax, g), leaf dry 212 

mass per area (LMA, g m-2), maximum leaf water content per area (WCAmax, g m-2), and 213 

per dry mass (WCDmax, g g-1), were measured on the same set of leaves that were used 214 

for PV analyses, as described in Nguyen et al. (2016). 215 

 216 

Leaf anatomy 217 

Transverse and paradermal leaf sections were prepared, stained, and observed as 218 

previously described (Nguyen et al., 2015, 2016). Lamina thickness and the fractional 219 

contribution of each tissue layer to total lamina thickness were calculated from 220 

transverse sections. The number of cells per unit area (mm-2) in the hypodermis, 221 

palisade mesophyll, and spongy mesophyll was calculated from transverse sections 222 

through these tissues; the number of trichomes and upper epidermal cells per unit 223 

area were calculated from paradermal sections.  224 

 225 

Leaf water relations 226 

Pressure volume (PV) curves with three domains (Fig. 2) were constructed and 227 

analysed as in Nguyen et al. (2016) with one exception. Bulk modulus of elasticity (ε, 228 

MPa) was calculated only for domain 2 of the PV curve as: εD2 = 
∆P

∆V/V
 where ΔP is the 229 

difference in turgor pressure and ΔV/V is the corresponding fractional difference in 230 

cellular volume between the points at full turgor (ψft, RWCft) and at turgor loss (ψtlp, 231 

RWCtlp) as shown in Fig. 2. Those two points were determined by conventional 232 

methods (Scholander et al., 1964; Tyree & Hammel, 1972; Cheung et al., 1975; Turner, 233 

1988) using linear regressions of 1/ψleaf as a function of relative water deficit, i.e. 1 – 234 

RWC, for the appropriate regions of the PV curves (Nguyen et al., 2016). These 235 
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calculated values of ψft and ψtlp mark the transitions between domains 1 and 2, and 236 

domains 2 and 3, respectively (Nguyen et al., 2016).  237 

 238 

The difference in turgor pressure between ψft and ψtlp was calculated as ΔP = ψft - ψπ
ft 239 

where ψft is leaf water potential at full turgor, ψπ
ft is the osmotic potential at full 240 

turgor. The corresponding fractional difference in cellular volume between ψft and ψtlp 241 

was calculated as:  242 

 243 

ΔV/V = 
WCft - WCtlp

WCft
 = 

(FMmax - DM)(RWCft - RWCtlp)

(FMmax-DM)RWCft
 = 

RWCft - RWCtlp

RWCft
 244 

 245 

where WC is leaf water content, FMmax is leaf maximum fresh mass, DM is leaf dry 246 

mass, RWC is relative water content; ft and tlp denote the points of full turgor and 247 

turgor loss, respectively, on the PV curve as shown in Fig. 2. Substituting terms, the 248 

bulk modulus of elasticity was calculated for domain 2 of the PV curve as:  249 

 250 

εD2 = 
(ψft- ψπ

ft) RWCft

RWCft - RWCtlp
 .  251 

 252 

Water storage capacitance (Q, mol m-2 MPa-1), i.e. the amount of water released per 253 

unit leaf area per unit change in leaf water potential, was calculated for domains 1 and 254 

2, following Brodribb and Holbrook (2003) as:  255 

 256 

Q = 
DM

S
 
WCmax

DM
 
 1

M
  

∆RWC

∆Ψleaf
 257 

 258 

where M is molar mass of water (g mol-1), ΔRWC is the difference between relative 259 

water contents spanning a domain as shown for ΔRWCD1 and ΔRWCD2 in Fig. 2, and  260 

∆ψleaf is the difference between leaf water potentials spanning a domain as shown for 261 

ΔΨD1 and ΔΨD2 in Fig. 2.  262 

 263 
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Leaf water storage per unit area was calculated, respectively, for domains 1 (WD1, mol 264 

m-2) and 2 (WD2, mol m-2) of the three-domain PV curves (Nguyen et al., 2016) as: W = 265 

Q(ΔΨleaf). The sum of WD1 and WD2 is the total water storage (Wtot, mol m-2).  266 

 267 

Data analysis 268 

Data were analysed with Genstat version 16 (Payne, 2014) through one-way ANOVA 269 

and simple linear regression. Data were normally distributed and did not require 270 

transformation before analyses. Fisher’s Least Significant Difference and Tukey tests 271 

were applied post hoc to determine differences between treatment means whenever 272 

relationships with P ≤ 0.050 were found. 273 

 274 

Note that abbreviations using in the text are summarized in Table 1.  275 

 276 

Results 277 

Testing the four key hypotheses revealed strong differences in leaf water storage 278 

across the aridity and salinity gradients. First, increase in LMA with salinity and aridity 279 

was linked to increase in leaf water storage, which was achieved through increase in 280 

number of cell layers while maintaining fractional tissue contributions to lamina 281 

thickness. Second, turgor loss points declined with increase in soil salinity, driven 282 

primarily by differences in osmotic potential at full turgor as there were no consistent 283 

effects of salinity on the bulk modulus of elasticity. Third, there was little variation in 284 

leaf water storage capacitance (mol m-2 MPa-1) but total leaf water storage (mol m-2) 285 

increased with increase in salinity and aridity. Finally, PV curves revealed that water 286 

from sources other than roots would be required for maximum leaf hydration and 287 

turgor. These results are presented in detail below.  288 

 289 

Physical properties of the leaves 290 

Leaf physical properties varied both within and among subspecies (Table 2). Within A. 291 

marina subsp. australasica, leaf area, dry mass, and maximum water content were 292 

smaller at higher salinity (Fig. 3a-c). Leaf area declined more than dry mass with 293 

increasing salinity, consequently, leaf mass per area (LMA) significantly increased with 294 

salinity (P = 0.011, Fig. 3d). However, the maximum water content per unit dry mass 295 
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(WCDmax, g g-1) decreased slightly with increasing salinity (P = 0.02, Fig. 3e). As 296 

maximum water content per unit leaf area (WCAmax, g m-2) is the product of LMA and 297 

WCDmax, opposing variation in these two factors prevented significant (P = 0.154) 298 

variation in WCAmax with salinity within subsp. australasica (Fig. 3f). The tendency for 299 

WCAmax to increase with increasing salinity within subsp. australasica was mainly 300 

driven by LMA (r2 = 0.55, P = 0.001). A similar pattern was evident with comparison of 301 

all subspecies in which LMA, and hence also WCAmax, increased with increasing salinity 302 

and aridity (Table 2, Fig. 3d-f).   303 

 304 

Leaf anatomy 305 

All three subspecies shared similar structures with five major tissue layers comprising 306 

the lamina (Fig. 4). These layers were the adaxial epidermis, hypodermis, palisade 307 

mesophyll, spongy mesophyll, and the abaxial epidermis which was covered with 308 

trichomes and contained stomata. There were no significant differences in either 309 

lamina thickness (P= 0.991) or the fraction each tissue contributed to lamina thickness 310 

within subsp. australasica grown in a range of salinities (Table 3, Fig. 5a).  311 

 312 

In contrast, lamina thickness differed among the three subspecies (P <0.001) being 313 

smallest in Eu30 (418 ± 16 μm) and largest in Ma46 (761 ± 26 μm) despite these 314 

subspecies growing in salinities similar to those of Au28 and Au49, respectively. There 315 

were no significant differences in the fraction that the photosynthetic tissues 316 

contributed to lamina thickness (Table 3), whereas significant differences occurred in 317 

the water storage tissues, i.e. the hypodermal and trichome layers. While the fraction 318 

of lamina thickness contributed by the hypodermis was lower in Eu30 than in Ma46 (P = 319 

0.009), that of the trichomes followed the opposite pattern. Nevertheless, the actual 320 

thickness of each tissue layer was the greatest in Ma46 and the smallest in Eu30 (Table 3, 321 

Fig. 5a). Thus, averaging across all subspecies, lamina thickness increased with 322 

increasing salinity and aridity, consistent with the parallel increase in WCAmax (Fig. 5b), 323 

and LMA (Fig. 5c).  324 

 325 

There were differences in the ways in which variation in the thicknesses of tissue layers 326 

were achieved. There was no significant difference in either the proportion or number 327 
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of cells per unit area in the adaxial epidermis among subspecies, but the cuticle layer in 328 

Ma46, averaging 10 μm, was twice as thick as that of other groups (P < 0.001). The 329 

smaller proportion of hypodermis in Eu30 was due to two factors: fewer hypodermal 330 

cell layers (P < 0.001) comprised of a greater number of smaller cells per unit area (P = 331 

0.01, Fig. 4b). Variation in the thickness of photosynthetic tissues occurred mainly 332 

through a combination of the number of cell layers and the number of palisade cells 333 

per unit area. Neither the number of cells per unit area nor the number of cell layers in 334 

the spongy mesophyll differed among subspecies (Table 3). There was no significant 335 

difference in the number of trichomes per unit area between subspecies grown in 336 

similar salinities; however, the leaves of Eu30 and Au28 had significantly higher number 337 

of trichomes per unit area than those of Ma46 and Au49 (P <0.001). Nevertheless, the 338 

average volume of individual trichomes was not significantly different among 339 

subspecies (P = 0.694). 340 

 341 

Leaf water relations 342 

Key leaf water relations parameters were calculated from PV curves constructed for 343 

leaves from all five sites as summarized in Table 4. All pressure volume curves had a 344 

similar shape with three domains as described in Nguyen et al. (2016). Domains 1, 2, 345 

and 3 were dominated respectively by loss in extracellularly stored water, decline in 346 

turgor, and decline in osmotic potential during leaf desiccation. On average, for each 347 

0.1 MPa decrease in Ψleaf, RWC decreased by 1.5 - 2% in domain 1, 0.3 - 0.4% in domain 348 

2, and 1% in domain 3. 349 

 350 

There were no detectable effects of salinity on domain 1 in subsp. australasica.  351 

Domain 1 represented the decrease in relative water content (RWC) from 100 to 352 

approximately 87% with a corresponding decrease in leaf water potential (ψleaf) from -353 

0.1 to the transition between domains 1 and 2 (ψft) at -0.9 MPa. This domain 354 

accounted for an average of 13% of RWC of the leaf. There were no significant 355 

differences between these characteristics measured in subsp. australasica and those of 356 

the other two subspecies, except that average Ψft was significantly less negative in Eu30 357 

(-0.7 MPa) than Au28 (-0.9 MPa, P = 0.042). 358 

 359 
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Once the extracellular water was exhausted, further decline in ψleaf with decreasing 360 

RWC was driven mainly by decline in turgor over domain 2. The turgor loss point 361 

defined the transition from domain 2 to domain 3. Leaf water potential at the turgor 362 

loss point (Ψtlp) became more negative with increasing soil water salinity both within 363 

subsp. australasica (r2 = 0.77, P < 0.001) and among subspecies (r2 = 0.58, P < 0.001). 364 

Within subspecies grown in similar salinities, Ψtlp was significantly less negative in Eu30 365 

(-4.1 MPa) than in Au28 (-4.5 MPa), and in Ma46 (-4.9 MPa) than in Au49 (-5.1 MPa, P < 366 

0.001). 367 

 368 

Leaf osmotic potential at full turgor (Ψπ
ft) was about 0.8 MPa higher than Ψtlp for all 369 

leaves, and was correlated with Ψtlp both within (r2 = 0.4, P = 0.039) and among 370 

subspecies (r2 = 0.67, P < 0.001, Fig. 6a). Although Ψtlp varied within and among 371 

subspecies, relative water contents at turgor loss points (RWCtlp) differed only between 372 

Eu30 and Au28 in which the turgor loss point occurred at significantly lower RWCtlp in 373 

Eu30 (71%) than in Au28 (78%, P = 0.037). 374 

 375 

Bulk modulus of elasticity 376 

Bulk modulus of elasticity calculated for domain 2 (εD2) was highly variable and average 377 

values were not significantly different either within subsp. australasica grown at a 378 

range of salinities (P = 0.95) or among subspecies (P = 0.514). Thus, the variation in εD2 379 

did not correlate with the progressive decrease in Ψtlp with increasing salinity (Fig. 6b). 380 

There was also no correlation between εD2 and increase in LMA within subsp. 381 

australasica (P = 0.575) or among subspecies (P = 0.928).  382 

 383 

Water storage 384 

Water content per unit leaf area (WCA) was plotted as a function of ψleaf to show 385 

differences in the actual water content of leaves from the five sites during dehydration 386 

(Fig. 7a). There was a correlation between WCAmax and that at the turgor loss point 387 

(WCAtlp) within subsp. australasica (r2 =0.68, P < 0.001). This correlation became 388 

stronger with the addition of data for the other two subspecies (r2 =0.92, P < 0.001, Fig. 389 

7b). 390 

 391 
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Despite the differences in water content between leaves, there were no significant 392 

differences in water storage capacitances calculated from either domain 1 (QD1, P = 393 

0.26) or domain 2 (QD2, P = 0.748), between subsp. australasica grown in the three 394 

salinities. Similarly, neither QD1 nor QD2 were significantly (P = 0.301, P = 0.176, 395 

respectively) different among subspecies (Table 4). 396 

 397 

The total of amount of water released per unit leaf area during desiccation from full 398 

hydration to the turgor loss point was related to salinity and evaporative demand. The 399 

averaged total water storage (Wtot) was lowest (4.63 ± 0.37 mol H2O m-2) in leaves 400 

grown in the low salinity, wet tropics site (Eu30), and highest (7.56 ± 0.44 mol H2O m-2) 401 

in leaves grown in the high salinity, arid tropics site (Ma46) (Table 4). Linear regression 402 

showed a significant increase in Wtot with salinity both within subsp. australasica  (r2 = 403 

0.32, P < 0.017) and among all three subspecies (r2 = 0.44, P < 0.001).  Domains 1 and 2 404 

contributed roughly equally to total water storage, i.e. WD1 ≈ WD2 (Table 4). However, 405 

the percentage contribution from domain 2 increased at the expense of domain 1 from 406 

47.8% (Eu30) to 52.2% (Ma46) with increasing salinity and aridity.  407 

 408 

These data were placed in a field context by dividing WD2 into two sub-components: 409 

WD2-s where the stored water could be sourced from the soil, i.e. Ψleaf < Ψsoil, and WD2-ns 410 

where the stored water would have to be obtained from sources other than soil, i.e. 411 

Ψsoil < Ψleaf < Ψft.  Note that soil water salinities were measured at a depth of 30 cm and 412 

so do not include lower salinities that can occur at the soil surface during tidal flooding. 413 

In this calculation, soil water contributed exclusively to water storage in domain 2. 414 

Figure 8 showed that the contribution of soil water (WD2-s) to total leaf water storage 415 

(Wtot) ranged from 28% (Eu30) to 35% (Ma46). These data indicated that alternative 416 

water sources with salinities lower than those in the soil were required to achieve 417 

maximum water storage in all subspecies and sites. 418 

 419 



 15 

Discussion 420 

Variation in LMA, osmotic adjustment, water storage, and access to multiple sources of 421 

water were reflected in the structure of A. marina leaves grown in environments of 422 

increasing salinity and evaporative demand. Increase in LMA was a consequence of 423 

greater water storage with increasing salinity and aridity. The core feature of leaf water 424 

relations was the capacity to maintain low osmotic potential at full turgor which, when 425 

combined with high bulk modulus of elasticity, enabled maintenance of high cellular 426 

water contents with dehydration to the turgor loss point. That in itself would enhance 427 

survival, but maintenance of cell hydration during high transpiration rates would also 428 

require water storage when water loss exceeds rates of water supply. Indeed, water 429 

storage was increased by increasing lamina thickness, particularly through increasing 430 

numbers and layers of cells (Table 3, Fig. 4). Finally, linking leaf anatomy with leaf 431 

function as described by pressure-volume relationships showed that achieving either 432 

full hydration or full turgor required access to sources of water in addition to that 433 

supplied by the roots.   434 

 435 

Increase in leaf mass per area was associated with increase in leaf water content per 436 

area. 437 

LMA increased with increasing soil salinity and aridity of the environments in which the 438 

plants were grown (Fig. 3d), consistent with a recent meta-analysis of halophytic and 439 

glycophytic species (Poorter et al., 2009). Previous studies have shown that species 440 

with higher LMA had higher cell wall concentrations of cellulose and hemicellulose per 441 

leaf dry mass, implying greater structural reinforcement than in leaves with lower LMA 442 

(Mediavilla et al., 2008). Structural compounds would have contributed to the high 443 

LMA of the sclerophyllous leaves of A. marina (Choong et al., 1992). However, in the 444 

present study, LMA was not correlated with the bulk modulus of elasticity, a measure 445 

of cell wall rigidity, consistent with the Bartlett et al. (2012) meta-analysis. Differences 446 

in LMA among subspecies were related to differences in lamina thickness associated 447 

with differences in numbers and sizes of cells comprising lamina tissues (Figs. 4, 5). 448 

Finally, increase in intracellular solute concentrations to maintain favourable water 449 

relations would also contribute to the increase in LMA with increasing salinity. For 450 
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example, Downton (1982) reported the accumulation of NaCl for osmotic adjustment 451 

to account for approximately 10% of leaf dry weight in lab grown Avicennia marina. 452 

Thus, no single attribute accounted for the increase in LMA with increase in growth 453 

salinity. Instead, increase in LMA involved different combinations of more supportive 454 

structure, higher numbers of cells per unit leaf area, and higher solute concentrations 455 

that depended on the subspecies. 456 

 457 

These results invite the question: what drives the salinity-dependent increase in LMA 458 

across subspecies? Decreasing osmotic potentials with increasing growth salinity 459 

required increasing cellular solute concentrations, which would contribute to the 460 

increase in LMA. However, such increase in the solute concentration comes at the 461 

expense of the amount of water per unit dry mass, WCDmax (Fig. 3e). Thus, increase in 462 

numbers or sizes of cells per unit area, thereby increasing leaf thickness and hence also 463 

LMA, would be required to maintain or increase maximum water content per unit leaf 464 

area (WCAmax) in increasingly saline soils. Indeed, WCAmax increased with increasing 465 

LMA in response to increasing salinity and evaporative demand (Fig. 5c), requiring 466 

coordination between leaf structure and leaf water relations. These effects were more 467 

pronounced among subspecies than within subspecies grown along a salinity gradient 468 

(Fig. 3f), underscoring complications in the interpretation of meta-data where species 469 

are the source of variation. Thus, the salinity-dependent increase in LMA appears 470 

driven by increasing requirements for water storage. In other environments, species 471 

from seasonally dry or xeric habitats typically have high values of LMA (Poorter et al., 472 

2009). Based on the present study, such high LMA in combination with increasing leaf 473 

thickness, as for example in Neotropical savannas (Rossatto et al., 2015), may also be 474 

related to demands for water storage. 475 

 476 

Leaf osmotic potentials at full turgor (Ψπ
ft) and at the turgor loss point (Ψtlp) declined 477 

with increase in the growth salinity and evaporative demand of the climate in which 478 

the plants were grown. 479 

Regardless of the sources of variation including subspecies and climate, soil water 480 

salinity was the major determinant of Ψπ
ft and Ψtlp, consistent with the requirements 481 

to maintain a favourable water balance and the turgor essential for growth under 482 
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increasingly saline edaphic conditions. Indeed, the capacity to vary osmotic potentials 483 

and thereby adjust water potentials at the turgor loss point must play critical roles in 484 

growth and survival of A. marina over a wide range of salinities. Specifically, A. marina 485 

had a low osmotic potential at full turgor, Ψπ
ft, and it became more negative with 486 

increase in the soil water salinity in which the plants were grown. This is consistent 487 

with a study showing acclimation in osmotic potentials associated with accumulation of 488 

progressively increasing ion levels in leaves of A. marina (Downton, 1982). The osmotic 489 

potential at full turgor, Ψπ
ft, was correlated with the osmotic potential at the turgor loss 490 

point, Ψtlp (Fig. 6a) as predicted by theoretical equations (Bartlett et al., 2012). These 491 

results obtained from A. marina were consistent with those from a meta-analysis (Fig. 492 

6c) of responses to drought where species was the source of variation (Bartlett et al., 493 

2012), and from a study of multispecies responses to imposed and natural seasonal 494 

drought in a tropical rainforest (Binks et al., 2016). Thus, growth of A. marina in wet 495 

soil with high salinity elicited similar responses to those of plants subjected to drying 496 

soil. Bartlett et al. (2012) concluded from meta-analysis that leaf osmotic potentials at 497 

full turgor (Ψπ
ft) and at the turgor loss point (Ψtlp) were important determinants of 498 

drought tolerance. The results of the present study extend that conclusion to include 499 

salt tolerance.  500 

 501 

Leaves had a high bulk modulus of elasticity that provided mechanical strength and 502 

contributed to maintenance of high levels of cellular hydration during dehydration to 503 

the turgor loss point. 504 

A consequence of decreasing Ψπ
ft and Ψtlp

 with increasing growth salinity is the 505 

potential for turgor stress when either soil salinity is low or leaves are fully hydrated 506 

and, conversely, the potential for osmotic stress when soil salinity is high or leaves are 507 

dehydrated. The average bulk modulus of elasticity, εD2 (18 to 27 MPa), in A. marina 508 

was highly variable with no significant difference among subspecies grown in salinities 509 

ranging from 28 to 49 ppt (Fig. 6b). Our results contrasted with the expectation that εD2 510 

would increase, i.e. that cell walls would become more rigid, with increasing growth 511 

salinity as observed in A. germinans grown in salinities ranging from 0 to 32 ppt under 512 

laboratory conditions (Suarez & Sobrado, 2000). In the present study, high εD2 may 513 

reflect a need for mechanical strength in field-grown leaves subject to a wide range of 514 
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leaf water potentials over both daily and seasonal time scales. For example, under 515 

natural field conditions, Ψleaf of A. marina growing in soil with pore water salinity of 40 516 

to 49 ppt (-2.7 to -3.4 MPa) varied from -0.1 MPa at dawn following a leaf wetting 517 

event to -6 MPa in mid-afternoon without perceptible damage (Constable, 2014; 518 

Walker, 2014). In this example, if Ψπ
ft equals -4.2 MPa, then the turgor pressure would 519 

be as high as 4.1 MPa. Conversely, cells would be subjected to extreme osmotic stress 520 

when midday or afternoon Ψleaf approaches or is more negative than a turgor loss point 521 

of, say, -5 MPa. Maintenance of a high εD2 would offer protection against cell wall 522 

failure over the wide range of leaf water potentials encountered daily by leaves of A. 523 

marina under natural field conditions. 524 

 525 

In the present study, there was no correlation between bulk modulus of elasticity and 526 

turgor loss points (Fig. 6b), consistent with the meta-analysis (Fig. 6d) of Bartlett et al. 527 

(2012). Nevertheless, in the present study, cells remained well hydrated at the turgor 528 

loss point.  Indeed, in leaves of subsp. australasica grown in soil water salinity ranging 529 

from 28 to 49 ppt, RWCtlp
 decreased from 78 to 75%, respectively, while εD2 averaged 530 

26 MPa (Table 4). Similarly, average RWCtlp ranged from 71 - 78% across all three 531 

subspecies. However, these RWCtlp values were calculated from leaf saturated water 532 

content, which included the extracellular water that dominated domain 1 (Nguyen et 533 

al., 2016). If domain 1 was excluded from calculations, effectively shifting the leaf 534 

saturated water content to that at Ψft, then RWCtlp based solely on domain 2 535 

(dominated by cellular water) ranged from 82 - 90%. These values are greater than the 536 

estimated minimum requirement of 75% RWC to sustain cell function (Lawlor & Cornic, 537 

2002). These data agreed with the suggestion by Cheung et al. (1975) and meta-538 

analysis by Bartlett et al. (2012) that high bulk modulus of elasticity played an 539 

important role in conserving cell hydration during leaf desiccation. Based on the PV 540 

curves, a 1% decrease in RWC was associated with a decrease in Ψleaf of 0.1 MPa with 541 

reduction in hydration below the turgor loss point (domain 3). These data suggest A. 542 

marina would be able to maintain cell function for a further 0.7 – 1.5 MPa decrease in 543 

Ψleaf below the turgor loss point. This is consistent with the occurrence of plasmolysis 544 

in most living cells at 1 MPa lower than Ψtlp in leaves of A. marina (Nguyen et al., 2016).  545 

 546 
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Leaf water storage increased with increase in the growth salinity and evaporative 547 

demand of the climate in which the plants were grown.  548 

Leaf water storage may play critical roles in drought survival and in buffering 549 

fluctuation in leaf water potentials when rates of evaporation exceed rates of water re-550 

supply from the roots (Lechthaler et al., 2016). In A. marina, WCAmax differed among 551 

subspecies and was correlated strongly with WCAtlp (Fig. 7b). WCAmax is a component of 552 

leaf water storage capacitance (Q, mol m-2 MPa-1), the amount of water released per 553 

unit leaf area per unit change in water potential (Fig. 2).  There was a tendency, albeit 554 

not significant, for Q to increase with increasing salinity and aridity (Table 4), partly due 555 

to increase in WCAmax and, hence, also LMA, consistent with previous studies in other 556 

drought-affected systems (Blackman & Brodribb, 2011). The combined effects of 557 

increasing Q, driven by increasing WCAmax, and decrease in the turgor loss point (ψtlp) 558 

resulted in an increase in total water storage, Wtot, with increasing salinity and aridity. 559 

 560 

Although salinity strongly affected leaf water storage, the ways in which water was 561 

stored differed among subspecies and appeared to be related to the evaporative 562 

demands of the environments in which the subspecies grew. For example, leaves of 563 

Eu30 from the wet tropics were almost half the thickness of those of Ma46 from the arid 564 

tropics and had correspondingly less WCAmax. These subspecies differed in the relative 565 

contributions of different tissues to lamina thickness. Specifically, the hypodermal layer 566 

occupied 31% of lamina thickness in Eu30 and 38% in Ma46 while the trichome layer 567 

accounted for 19% of lamina thickness in Eu30 and 15% in Ma46 (Table 4). In addition, 568 

the greater number of trichomes per unit area with similar average volumes (Table 4) 569 

would enable greater extracellular water storage in the leaf lamina of Eu30 than Ma46. 570 

This strategy in a wet tropical environment might be favoured by two factors. First, 571 

trichomes of A. marina leaves rapidly absorb liquid water from wet epidermal surfaces 572 

(Nguyen et al., 2016), enabling rapid replenishment of leaf water from frequent leaf-573 

wetting events, such as showers. Second, the highly humid atmosphere would limit 574 

evaporation, enhancing the duration of extracellular water storage in the trichome 575 

layer during the day. In contrast, water absorption by the trichome layer in Ma46 would 576 

occur predominantly during nocturnal leaf-wetting events in its arid tropical 577 

environment. However, that water would need to be stored intracellularly to prevent 578 
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its rapid loss from the trichomes upon increase in evaporative demand after sunrise. 579 

This may account for a greater allocation of lamina thickness to the hypodermal layer 580 

in the much thicker and more heavily cutinized leaves of Ma46 than Eu30 (Figs. 4, 5). 581 

Such differences among subspecies reflect coordination between leaf structure and 582 

leaf water relations under different environmental conditions, but further work is 583 

required to distinguish the relative contributions of genotypes and environments. 584 

 585 

The PV curves showed that leaves of A. marina must access water from sources with 586 

salinities lower than those measured in the soil to achieve either full hydration or full 587 

turgor. 588 

 589 

Mangroves such as A. marina growing in saline wetlands are subject to spatial and 590 

temporal variation in salinity, which would affect the sources of water available for 591 

uptake. Soil pore water salinity would typically be higher than that of flooding tidal 592 

water because exclusion of salt during water uptake by the roots leads to the 593 

accumulation of salt in the rhizosphere (Passioura et al., 1992). The salinity of soil pore 594 

water would fluctuate less than that of surface water. Depending on conditions, the 595 

salinity of surface flood water can vary from nearly freshwater to seawater while at the 596 

same time that of underlying soil water can be hypersaline. Thus, roots of a single plant 597 

may be exposed to a wide range of salinities over a vertical gradient from flood water 598 

through the soil. Indeed, split-root experiments have shown preferential water uptake 599 

when salinity was low in soil with spatial (Bazihizina et al., 2009; Reef et al., 2015) or 600 

temporal variation in salinity (Lechthaler et al., 2016). Meanwhile, leaves can also be 601 

rehydrated by different sources of water, such as fog, dew and rainfall (Eller et al., 602 

2013) even in hypersaline mangrove environments (Constable, 2014; Walker, 2014). 603 

 604 

Water potentials measured during leaf desiccation ranged from -0.1 MPa at full 605 

hydration to values more negative than those at the turgor loss points. This range of 606 

potentials can be experienced in a single day (Constable, 2014; Walker, 2014). Thus, 607 

the PV relationship informs interpretation of the daily variation in leaf water potentials. 608 

Total water storage was estimated for domains 1 and 2 of the PV curves. These 609 

domains contributed almost equally to total leaf water storage, which increased with 610 
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increases in the salinity and aridity in which the plants were grown. Summing the water 611 

storage from domains 1 and 2 (i.e. from full hydration to the turgor loss point), the 612 

total water storage in leaves of the present study could alone supply the water loss 613 

needed to support photosynthesis at an evaporation rate of 1 mmol H20 m-2 s-1 for up 614 

to 77 min in the wet tropics (Eu30) and 126 min in the arid tropics (Ma46) (Table 5, Fig. 615 

8). These calculations underscore the increasing importance of stored water to leaf 616 

function with increase in salinity and aridity of the environment. 617 

 618 

The ranges of water potentials involved in domains 1 and 2 suggest contributions of 619 

water from different sources. Extraction of water from soil and its subsequent 620 

transport to leaves requires leaf water potentials to be lower than those of soil water. 621 

If ψleaf was less negative than ψsoil, then water supply to leaves must be from sources 622 

other than soil water. For domain 1, water storage (WD1) was exhausted with 623 

dehydration from -0.1 MPa to an average of -0.8 MPa, which is equivalent to the water 624 

potential of 34% seawater (12 ppt), much lower than the salinities measured in soil 625 

pore water at any sites in the present study. Water stored in domain 1 could be 626 

contributed by roots if salinity was lower than 12 ppt, or by leaves receiving dew or 627 

intercepting rainfall. Indeed, Lechthaler et al. (2016) reported rapid recharge of water 628 

storage in leaves of seedlings in the Rhizophoraceae when salinities around roots were 629 

lowered from 30 to 5 ppt. Leaves of A. marina can absorb liquid water through salt 630 

secretion glands (Tan et al., 2013) and through the trichome layer (Nguyen et al., 2016) 631 

and have the capacity for extracellular storage of such water as reflected in domain 1 632 

(Nguyen et al., 2016). Thus, leaf-wetting events could reverse the water potential 633 

gradient from the atmosphere to the plant to the soil (Goldsmith, 2013), enabling 634 

rehydration of leaves to water potentials as high as -0.1 MPa even when roots are 635 

exposed to very high soil salinities, as has been observed under natural field conditions 636 

(Constable, 2014; Walker, 2014). 637 

 638 

Water stored in domain 2 was released from cells with dehydration from an average 639 

leaf water potential of -0.8 MPa to the turgor loss point. The cellular water storage of 640 

domain 2, WD2, was divided into two components: water storage when ψleaf was less 641 

negative (WD2-ns) or more negative (WD2-s) than the soil water potentials measured at 642 
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the time the PV curves were constructed. On this basis, water sourced from soil would 643 

most likely contribute to storage in domain 2. Furthermore, as leaf full hydration and 644 

full turgor occurred at leaf water potentials much higher than those of ψsoil, leaves 645 

would be neither fully hydrated nor fully turgid if soil pore water was the only source of 646 

water unless salinity was lowered by rainfall events or roots near the soil surface 647 

accessed flood water of lower salinity. This analysis shows the importance of spatial 648 

and temporal variation in soil salinity, together with access to alternative water 649 

sources, to the water balance of these leaves. 650 

 651 

Conclusion 652 

Comparative analyses of pressure volume curves revealed intricate integration of leaf 653 

structure and water relations that may contribute to growth and survival of Avicennia 654 

marina along complex gradients in salinity and aridity.  As expected, osmotic 655 

adjustment together with a high cellular modulus of elasticity enable maintenance of 656 

turgor and hydration over progressively lower leaf water potentials with increase in soil 657 

water salinity, consistent with analyses of leaf properties in relation to drought 658 

tolerance (Bartlett et al., 2012).  The high LMA values of the sclerophyllous leaves of A. 659 

marina played no direct role in leaf water relations, again consistent with meta-analysis 660 

of drought tolerant species (Bartlett et al., 2012). Nevertheless, variation in LMA in A. 661 

marina was largely a consequence of the increasing thickness of the lamina required to 662 

increase both extracellular and intracellular water storage in response to increasing 663 

salinity and aridity. These two storage compartments contributed approximately 664 

equally to total leaf water storage, but were operational over differ ranges of leaf 665 

hydration. Indeed, when placed in context with the soil water salinities of the growth 666 

conditions, the PV curves revealed that access to alternative water sources was 667 

required to achieve full hydration or turgor. This requirement could be met by foliar 668 

water uptake under moist atmospheric conditions as leaves of Avicennia can absorb 669 

liquid water via trichomes (Nguyen et al., 2016) and salt secretion glands (Tan et al., 670 

2013). These results merit further study as they may help to define safety margins 671 

analogous to those of cloud forests (Oliveira et al., 2014) for the maintenance of 672 

favourable hydration and leaf function with natural variation in soil salinity and 673 

atmospheric moisture through the progression of wet and dry seasons or exposure to 674 
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extreme drought conditions. In the latter case, increasing soil salinity in association 675 

with drought would reduce the hydration state that could be achieved through supply 676 

of soil water from the roots, while a dry atmosphere could limit the supply of water 677 

obtained via foliar water uptake.  Indeed, such combined effects may have contributed 678 

to drought-induced die-back of mangroves growing in hypersaline soils (Lovelock et al., 679 

2009), and may underlie the recent massive die-back of a 700 km stretch of mangrove 680 

forest in northern Australia following unusually hot and dry conditions (Duke et al., 681 

2016). Thus the results of the present study underscore the importance of 682 

understanding leaf features that may provide a means of assessing responses of key 683 

vegetation types to climate change.  684 

 685 
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Table 1: Abbreviations 876 

Abbreviations Symbol Unit 

Plant materials   

A. marina subsp. australasica  
grown at 28, 40, 49 ppt seawater  

Au28, Au40, Au49  

A. marina subsp. eucalyptifolia  

grown at 30 ppt seawater 
Eu30  

A. marina subsp. marina  
grown at 46 ppt seawater 

Ma46  

Parameters   

 Bulk modulus of elasticity ε MPa 

 Difference ∆  

 Fractional difference in cellular volume ΔV/V  

 Leaf area S cm2, m2 

 Leaf dry mass DM g 

 Leaf dry mass per area  LMA g m-2  

 Leaf fresh mass FM g 

 Leaf water content WC g 

 Leaf water content per area WCA g m-2 

 Leaf water content per dry mass WCD g g-1 

 Leaf water potential Ψleaf MPa 

 Osmotic potential Ψπ MPa 

 Relative water content RWC % 

 Turgor pressure  P MPa 

 Water storage capacitance Q mmol m-2 MPa-1 

 Water storage (per unit leaf area) W mol m-2 

 Subscript meaning 

 Maximum value max  

 (Calculated for) Domain 1 D1  

 (Calculated for) Domain 2 D2  

 (Measured at the point of) Full turgor ft  

 (Measured at) Turgor loss point tlp  

 Total tot  

 877 
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Table 2. Physical properties of leaves of the three subspecies of A. marina: subsp. australasica (Au), subsp. eucalyptifolia (Eu), and subsp. 878 

marina (Ma) grown under temperate, wet tropical, and arid tropical climates, respectively, in salinities ranging from 28 to 49 ppt. These 879 

salinities are given as a subscript following the two letter subspecies designations. Values are means ± se (n= 5). Superscript letters denote 880 

significant differences among subspecies as determined by one-way ANOVA with post hoc Tukey test when P ≤ 0.05. Effects of salinity on leaf 881 

physical properties were tested within subsp. australasica (grey block). For other comparisons, note that effects of subspecies were 882 

confounded with environment. Data for Au49 was reproduced from Nguyen et al. (2016).  883 

Parameter Symbol Unit 
Eu30 Au28 Au40 Au49 Ma46 

Mean se Mean se Mean se Mean se Mean se 

Salinity   ppt 30 0 28 0.4 40 0.4 49 0.6 46 0.7 

Leaf area S cm2 14.4a 0.9 21.2c 1.2 19.5b 1.1 14.8a 1.1 19.9bc 0.6 

Leaf dry mass per area LMA g m-2 156a 5 212b 5 226bc 10 256c 14 325d 11 

Maximum water content per area WCAmax g m-2 292a 16 411b 11 404b 16 447bc 13 501c 19 

Maximum water content per dry mass WCDmax g g-1 1.89ab 0.15 1.94b 0.04 1.79ab 0.03 1.76ab 0.08 1.54a 0.05 

 884 

 885 

 886 

 887 

 888 
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Table 3. Anatomical features of leaves of the three subspecies of A. marina: subsp. australasica (Au), subsp. eucalyptifolia (Eu), and subsp. 889 

marina (Ma) grown under temperate, wet tropical, and arid tropical climates, respectively, in salinities ranging from 28 to 49 ppt. These 890 

salinities are given as a subscript following the two letter subspecies designations. Values are means ± se (n= 5). Superscript letters denote 891 

significant differences among subspecies as determined by one-way ANOVA with post hoc Tukey test when P ≤ 0.05. Effects of salinity on leaf 892 

physical properties were tested within subsp. australasica (grey block). For other comparisons, note that effects of subspecies were 893 

confounded with environment. Part of data for Au49 was reproduced from Nguyen et al. (2016). 894 

Parameter Symbol Unit 
Eu30 Au28 Au40 Au49 Ma46 

Mean se Mean se Mean se Mean se Mean se 

Lamina thickness  Lth μm 418a 16 566b 24 565b 14 569b 13 761c 26 

Contribution to lamina thickness 

Adaxial epidermis UEP % 3 0 3 0 3 0 3 0 3 0 

Hypodermis HP % 31a 2 38b 1 38b 2 36ab 1 38b 0 

Palisade mesophyll PP % 30 1 29 1 26 1 30 1 29 1 

Spongy mesophyll SP % 16 1 13 1 14 1 12 0 15 1 

Trichome TP % 19b 1 17ab 0 19b 1 19b 1 15a 0 

Number of cell layers 

Hypodermis HN   5.8a 0.4 8.0b 0.5 8.0b 0.3 8.0b 0.0 9.2b 0.2 

Palisade mesophyll PN   3.6ab 0.2 3.6ab 0.2 3.2a 0.2 3.0a 0.0 4.0b 0.0 

Spongy mesophyll SN   4.2 0.4 4.6 0.2 5.0 0.3 5.0 0.3 4.8 0.2 

Number of cells per unit area 

Adaxial epidermis UED mm-2 3,091a 251 3,613ab 154 3,861b 147 2,997a 22 3,459ab 225 

Hypodermis HD mm-2 1,442b 135 1,302ab 54 1,569b 57 1,420b 125 962a 56 

Palisade mesophyll  PD mm-2 2,598b 206 2,110ab 190 2,340ab 75 2,352ab 205 1,663a 120 

Spongy mesophyll SD mm-2 4,357 505 3,389 158 4,000 472 4,265 494 3,160 124 

Trichome   

Number per unit area TD mm-2 2,827b 115 2,690b 48 2,729b 82 2,188a 88 1,863a 79 

Internal lumen diameter  μm μm 24 1 20 2 22 1 20 2 19 1 

Length  μm μm 81a 3 96ab 3 107b 2 109b 5 114b 4 

Volume*  TV μm3 24,181 3,226 16,054 2,602 22,374 2,578 20,460 3,288 15,903 2,794 
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Table 4. Water relations parameters derived from three-domain PV curves constructed from leaves of the three subspecies of A. marina: 895 

subsp. australasica (Au), subsp. eucalyptifolia (Eu), and subsp. marina (Ma) grown under temperate, wet tropical, and arid tropical climates, 896 

respectively, in salinities ranging from 28 to 49 ppt. These salinities are given as a subscript following the two letter subspecies designations.  897 

Values are means ± se (n= 5). Superscript letters denote significant difference among subspecies as determined by one-way ANOVA with post 898 

hoc Tukey test when P ≤ 0.05. Effects of salinity on leaf physical properties were tested within subsp. australasica (grey block). For other 899 

comparisons, note that effects of subspecies were confounded with environment. Part of data for Au49 was reproduced from Nguyen et al. 900 

(2016).  901 

Parameter Symbol Unit 
Eu30 Au28 Au40 Au49 Ma46 

Mean se Mean se Mean se Mean se Mean se 

Leaf water potential at full turgor Ψft MPa -0.69a 0.04 -0.87b 0.03 -0.82ab 0.04 -0.85ab 0.03 -0.86ab 0.04 

Osmotic potential at full turgor Ψπ
ft MPa -3.3a 0.2 -3.7ab 0.1 -4.0bc 0.1 -4.2c 0.1 -4.2c 0.1 

Water potential at turgor loss point Ψtlp MPa -4.1a 0.0 -4.5b 0.1 -4.7c 0.0 -5.1d 0.1 -4.9cd 0.0 

RWC at full turgor RWCft % 85 1 88 1 87 1 87 1 87 1 

RWC at turgor loss point RWCtlp % 71a 1 78b 1 76ab 1 75ab 3 73ab 1 

Modulus of elasticity for domain 2 εD2 MPa 18 3 26 3 27 5 26 4 21 2 

Water storage capacitance for domain 1 QD1 mol m-2 MPa-1 3.57 0.27 3.13 0.38 3.61 0.44 3,83 0.35 4.23 0.56 

Water storage capacitance for domain 2 QD2 mol m-2 MPa-1 0.66 0.13 0.64 0.08 0.64 0.07 0.72 0.09 1.00 0.11 

Total water storage  Wtot mol m-2 4.63a 0.37 4.85a 0.18 5.60a 0.25 6.28ab 0.63 7.56b 0.44 

Water storage for domain 1 WD1 mol m-2 2.43a 0.05 2.56a 0.12 2.95ab 0.25 3.26ab 0.34 3.62b 0.28 

Water storage for domain 2 WD2 mol m-2 2.20a 0.37 2.23a 0.28 2.65ab 0.15 3.02ab 0.36 4.00b 0.42 

 902 
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Table 5. Estimation of the time that stored water obtained from soil or alternative sources could contribute to gas exchange in leaves of the 903 

three subspecies of A. marina: subsp. australasica (Au), subsp. eucalyptifolia (Eu), and subsp. marina (Ma) grown under temperate, wet 904 

tropical, and arid tropical climates, respectively, in salinities ranging from 28 to 49 ppt. Calculations were based on the distribution of water 905 

stored over a different ranges of water potentials as shown in Fig. 8 assuming an evaporation rate of 1 mmol H2O m-2 s-1. Values are means ± se 906 

(n= 5). Superscript letter denoted significant difference among subspecies as determined by one-way ANOVA with post hoc Tukey test when P 907 

≤ 0.05. Effects of salinity on leaf physical properties were tested within subsp. australasica (grey block). For other comparisons, note that 908 

effects of subspecies were confounded with environment. Data for Au49 was reproduced from Nguyen et al. (2016). 909 

 910 

911 

Source of stored water Environmental 
 source of water 

Time Ψleaf
 Eu30

 Au28
 Au40

 Au49
 Ma46

 

Mean se Mean se Mean se Mean se Mean se 

Domain 1 (mostly extracellular) Alternative min Ψft < Ψleaf  41a 1 43a 3 49ab 4 54ab 6 60b 5 

Domain 2 (cellular) 
Alternative min Ψsoil < Ψleaf < Ψft 14ab 2 9a 2 18bc 3 21bc 2 22c 1 

Soil min Ψtlp < Ψleaf < Ψsoil 22 5 29 3 26 4 30 5 44 7 

Total  min  77a 6 81a 3 93a 4 105ab 11 126b 7 
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Figure legends 912 

Figure 1. Long-term average monthly rainfall, minimum and maximum air temperature, and 913 

relative humidity at 3 pm at weather stations nearest the three study sites along the tidal 914 

margins of Batemans Bay, New South Wales (temperate oceanic, solid square), Daintree 915 

River, Queensland (wet tropics, open triangle), and Giralia Bay, Western Australia (arid 916 

tropics, open circle). All data were collected by the Australian Bureau of Meteorology at Low 917 

Isles lighthouse (No. 031037) for Daintree River, Learmonth airport (No. 005007) for Giralia 918 

Bay, and Catalina Country Club (No. 069134) for Batemans Bay.  919 

 920 

Figure 2. An exemplary PV curve of A. marina subsp. marina constructed with leaf relative 921 

water content (RWC) as a function of leaf water potential (ψleaf). The curve shows three 922 

domains: D1 dominated by extracellular water, D2, dominated by decline in turgor, and D3 923 

dominated by osmotic effects after turgor loss (Nguyen et al. 2016). Open diamond symbols 924 

indicate the points of leaf saturation (100% RWC), full turgor (ψft, RWCft), and turgor loss 925 

(ψtlp, RWCtlp). The ranges in leaf water potential (ΔΨleaf) and relative water content (ΔRWC) 926 

that span domains 1 and 2 are indicated by subscripts D1 and D2, respectively.  927 

 928 

Figure 3. Physical properties of field-grown sun leaves of three subspecies of Avicennia 929 

marina as a function of soil pore water salinity. Panels show (a) leaf area, (b) leaf dry mass, 930 

(c) leaf water content, (d) leaf mass per area (LMA), (e) leaf maximum water content per dry 931 

mass (WCDmax), and (e) leaf maximum water content per area (WCAmax). Symbols: subsp. 932 

eucalyptifolia (Eu30 - open triangle), subsp. australasica grown at salinities of 28 ppt (Au28 - 933 

solid triangle), 40 ppt (Au40 - solid square), and 49 ppt (Au49 - solid circle), and subsp. marina 934 

(Ma46 - open circle).  Each point represents one leaf from one of the five trees that were 935 

chosen for the experiment. Lines drawn by linear regression show relationships for subsp. 936 

australasica (dashed line, solid black symbols) and for all three subspecies (solid line, all 937 

symbols).  938 

 939 
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Figure 4. Transverse sections through the leaf lamina of the three subspecies of A. marina: 940 

(a) subsp. eucalyptifolia, (b) subsp. australasica, and (c) subsp. marina grown under 941 

temperate, wet tropical, and arid tropical climates, respectively, in salinities ranging from 28 942 

to 49 ppt. Bars are 50 μm. Abbreviations: UE: upper (adaxial) epidermis, H: hypodermis, P: 943 

palisade mesophyll, S: spongy mesophyll, T: trichome layer. Notice the differences in lamina 944 

thickness between subspecies, especially in the number of cell layers of the hypodermis. 945 

 946 

Figure 5. Lamina thickness and its components in field grown sun leaves of three subspecies 947 

of A. marina. (a) The fractional distribution of five major tissues comprising the leaf lamina. 948 

Subspecies designations as in Fig 3.  Fillings indicate upper epidermis (UE, dash), hypodermis 949 

(H, hatch), palisade mesophyll (P, grey), spongy mesophyll (S, white), and trichome layer (T, 950 

black). Letters denote significant differences between tissue types among subspecies as 951 

determined by one-way ANOVA with post hoc Tukey test when P ≤ 0.05. (b) Lamina 952 

thickness as a function of maximum water content per unit leaf area (WCAmax). (c) LMA as a 953 

function of maximum water content per unit leaf area (WCAmax). Symbols as given in Fig 3. 954 

Each point represents one leaf from one tree, n= five replicate trees per group. Lines drawn 955 

by linear regression show significant relationships for subsp. australasica (dashed line, solid 956 

black symbols) and for all three subspecies (solid line, all symbols).   957 

 958 

Figure 6. (a) Osmotic potential at full turgor Ψπ
ft and (b) bulk modulus of elasticity as 959 

functions of osmotic potential at the turgor loss point (ψtlp) when salinity was the source of 960 

variation in subsp. australasica (dashed line, black symbols) and when subspecies combined 961 

with environmental factors were the sources of variation (solid line, all symbols). Symbols as 962 

given in Fig. 3. Lines drawn by linear regression only for relationships with P ≤ 0.05. Data 963 

from panels (a) and (b) were replotted, respectively, in panels (c) and (d) relative to a meta-964 

analysis (Bartlett et al., 2012). 965 

Figure 7. Variation in water content per unit leaf area with dehydration in the three 966 

subspecies of A. marina. (a) Exemplary curves of water content per unit leaf area (WCA) as a 967 
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function of leaf water potential (Ψleaf) during air-drying. Data are shown for two pairs of 968 

leaves, with each pair contrasting subspecies grown under similar soil pore water salinities 969 

but different climatic conditions. Symbols: subsp. eucalyptifolia (Eu30 - open triangle), subsp. 970 

australasica grown at salinities of 28 ppt (Au28 - solid triangle), and 49 ppt (Au49 - solid 971 

circle), subsp. marina (Ma46 - open circle). Arrows show WCA at full turgor (open arrows) 972 

and at the turgor loss points (solid arrows). (b) Water content per unit leaf area at the 973 

turgor loss point (WCAtlp) as a function of maximum water content per unit leaf area 974 

(WCAmax) when salinity was the source of variation in subsp. australasica (dashed line, black 975 

symbols) and when subspecies combined with environmental factors were the sources of 976 

variation (solid line, all symbols). Symbols as given in Fig. 3. Lines drawn by linear regression 977 

only for relationships with P ≤ 0.05. 978 

 979 

Figure 8. Average water storage per unit leaf area among the three subspecies of A. marina. 980 

The water storage column is divided into components indicating the water storage in 981 

domains 1 (white) and 2 (shaded). These three storage components were defined by regions 982 

along a PV curve where Ψleaf  is less negative than Ψft (white, WD1), Ψleaf is less negative than 983 

Ψsoil and more negative than Ψft (grey, WD2-ns), and Ψleaf is less negative than Ψtlp and more 984 

negative than Ψsoil (black, WD2-s). Column height gives the total water storage. Parameter 985 

values are means, n = 5 independent PV curves (one per tree).  Letters denote significant 986 

differences among subspecies as determined by one-way ANOVA with post hoc Tukey test 987 

when P ≤ 0.05.  988 

 989 

 990 

 991 



Figure PCE 16 - 0905.R1. 

Figure 1. Long-term average monthly rainfall, minimum and maximum air temperature, and 
relative humidity at 3 pm at weather stations nearest the three study sites along the tidal 
margins of Batemans Bay, New South Wales (temperate oceanic, solid square), Daintree 
River, Queensland (wet tropics, open triangle), and Giralia Bay, Western Australia (arid 
tropics, open circle). All data were collected by the Australian Bureau of Meteorology at Low 
Isles lighthouse (No. 031037) for Daintree River, Learmonth airport (No. 005007) for Giralia 
Bay, and Catalina Country Club (No. 069134) for Batemans Bay.  

 

  



Figure 2. An exemplary PV curve of A. marina subsp. marina constructed with leaf relative 
water content (RWC) as a function of leaf water potential (ψleaf). The curve shows three 
domains: D1 dominated by extracellular water, D2, dominated by decline in turgor, and D3 
dominated by osmotic effects after turgor loss (Nguyen et al. 2016). Open diamond symbols 
indicate the points of leaf saturation (100% RWC), full turgor (ψft, RWCft), and turgor loss 
(ψtlp, RWCtlp). The ranges in leaf water potential (ΔΨleaf) and relative water content (ΔRWC) 
that span domains 1 and 2 are indicated by subscripts D1 and D2, respectively.  

 

  



Figure 3. Physical properties of field-grown sun leaves of three subspecies of Avicennia 
marina as a function of soil pore water salinity. Panels show (a) leaf area, (b) leaf dry mass, 
(c) leaf water content, (d) leaf mass per area (LMA), (e) leaf maximum water content per dry 
mass (WCDmax), and (e) leaf maximum water content per area (WCAmax). Symbols: subsp. 
eucalyptifolia (Eu30 - open triangle), subsp. australasica grown at salinities of 28 ppt (Au28 - 
solid triangle), 40 ppt (Au40 - solid square), and 49 ppt (Au49 - solid circle), and subsp. marina 
(Ma46 - open circle).  Each point represents one leaf from one of the five trees that were 
chosen for the experiment. Lines drawn by linear regression show relationships for subsp. 
australasica (dashed line, solid black symbols) and for all three subspecies (solid line, all 
symbols).  

 



Figure 4. Transverse sections through the leaf lamina of the three subspecies of A. marina: 
(a) subsp. eucalyptifolia, (b) subsp. australasica, and (c) subsp. marina grown under 
temperate, wet tropical, and arid tropical climates, respectively, in salinities ranging from 28 
to 49 ppt. Bars are 50 μm. Abbreviations: UE: upper (adaxial) epidermis, H: hypodermis, P: 
palisade mesophyll, S: spongy mesophyll, T: trichome layer. Notice the differences in lamina 
thickness between subspecies, especially in the number of cell layers of the hypodermis. 

 

  



Figure 5. Lamina thickness and its components in field grown sun leaves of three subspecies 
of A. marina. (a) The fractional distribution of five major tissues comprising the leaf lamina. 
Subspecies designations as in Fig 3.  Fillings indicate upper epidermis (UE, dash), hypodermis 
(H, hatch), palisade mesophyll (P, grey), spongy mesophyll (S, white), and trichome layer (T, 
black). Letters denote significant differences between tissue types among subspecies as 
determined by one-way ANOVA with post-hoc Tukey test when P ≤ 0.05. (b) Lamina 
thickness as a function of maximum water content per unit leaf area (WCAmax). (c) LMA as a 
function of maximum water content per unit leaf area (WCAmax). Symbols as given in Fig 3. 
Each point represents one leaf from one tree, n= five replicate trees per group. Lines drawn 
by linear regression show significant relationships for subsp. australasica (dashed line, solid 
black symbols) and for all three subspecies (solid line, all symbols).   

 



Figure 6. (a) Osmotic potential at full turgor Ψπ
ft and (b) bulk modulus of elasticity as 

functions of osmotic potential at the turgor loss point (ψtlp) when salinity was the source of 
variation in subsp. australasica (dashed line, black symbols) and when subspecies combined 
with environmental factors were the sources of variation (solid line, all symbols). Symbols as 
given in Fig. 3. Lines drawn by linear regression only for relationships with P ≤ 0.05. Data 
from panels (a) and (b) were replotted, respectively, in panels (c) and (d) relative to a meta-
analysis (Bartlett et al., 2012). 

 

  



Figure 7. Variation in water content per unit leaf area with dehydration in the three 
subspecies of A. marina. (a) Exemplary curves of water content per unit leaf area (WCA) as a 
function of leaf water potential (Ψleaf) during air-drying. Data are shown for two pairs of 
leaves, with each pair contrasting subspecies grown under similar soil pore water salinities 
but different climatic conditions. Symbols: subsp. eucalyptifolia (Eu30 - open triangle), subsp. 
australasica grown at salinities of 28 ppt (Au28 - solid triangle), and 49 ppt (Au49 - solid 
circle), subsp. marina (Ma46 - open circle). Arrows show WCA at full turgor (open arrows) 
and at the turgor loss points (solid arrows). (b) Water content per unit leaf area at the 
turgor loss point (WCAtlp) as a function of maximum water content per unit leaf area 
(WCAmax) when salinity was the source of variation in subsp. australasica (dashed line, black 
symbols) and when subspecies combined with environmental factors were the sources of 
variation (solid line, all symbols). Symbols as given in Fig. 3. Lines drawn by linear regression 
only for relationships with P ≤ 0.05. 

 



Figure 8. Average water storage per unit leaf area among the three subspecies of A. marina. 
The water storage column is divided into components indicating the water storage in 
domains 1 (white) and 2 (shaded). These three storage components were defined by regions 
along a PV curve where Ψleaf  is less negative than Ψft (white, WD1), Ψleaf is less negative than 
Ψsoil and more negative than Ψft (grey, WD2-ns), and Ψleaf is less negative than Ψtlp and more 
negative than Ψsoil (black, WD2-s). Column height gives the total water storage. Parameter 
values are means, n = 5 independent PV curves (one per tree).  Letters denote significant 
differences among subspecies as determined by one-way ANOVA with post-hoc Tukey test 
when P ≤ 0.05.  

 


