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ABSTRACT

Physiological and anatomical analyses were used to identify processes underlying
growth responses of the grey mangrove, Avicennia marina subsp. australasica, to
salinities ranging from fresh to seawater conditions. Avicennia marina was revealed as
an obligate halophyte, as seedlings failed to grow in 0 to 5% seawater, whereas
maximal growth occurred in 50 to 75% seawater. Relative growth rates were affected
by changes in leaf area ratios (LAR) and net assimilation rates (NAR) along the salinity
gradient, with NAR generally being more important. Gas exchange characteristics
followed the same trends as plant growth. However, water use efficiency was
maintained nearly constant across all salinities, consistent with carbon isotopic
signatures. Development and composition of hydraulic tissues were consistent with
salinity-dependent patterns in water use and growth, and revealed a structural

explanation for low stomatal conductance and growth in low salinity.

As carbon cannot be gained without water loss, experiments were designed to
explore roles of leaf anatomy in leaf water relations. A three-domain pressure —
volume relationship (PV curve) was studied in relation to leaf anatomical structure
during dehydration in Avicennia marina. In domain 1, relative water content (RWC)
declined 13% with 0.85 MPa decrease in leaf water potential, reflecting a decrease in
extracellular water stored primarily in trichomes and petiolar cisternae. In domain 2,
RWC decreased by another 12% with further reduction in leaf water potential to -5.1
MPa, the turgor loss point. Given the osmotic potential at full turgor (-4.2 MPa) and
the effective modulus of elasticity (~40 MPa), domain 2 emphasized the role of cell
wall elasticity in conserving cellular hydration during leaf water loss. Domain 3 was
dominated by osmotic effects and characterized by plasmolysis in most tissues and cell
types without cell wall collapse. Extracellular and cellular water storage could support
an evaporation rate of 1 mmol m~2s™ for up to 54 and 50 min, respectively, before
turgor loss was reached. These results identified extracellular water storage sites that
enable transient water use without substantive turgor loss when other factors, such as

high soil salinity, constrain rates of water transport.



Coordination between leaf anatomy and water relations was studied in a
temperate population of A. marina subsp. australasica in response to growth along a
natural salinity gradient and compared with two subspecies that grew naturally in
similar soil salinities to those of subsp. australasica but under different climatic
conditions: subsp. eucalyptifolia (salinity 30 ppt, wet tropics) and subsp. marina
(salinity 46 ppt, arid tropics). The turgor loss point declined with increase in soil
salinity, driven primarily by the osmotic potentials at full turgor as cell wall elasticity
was insensitive to growth salinity. Leaf water storage capacitance was similar across
subspecies, but leaf water storage increased with increase in salinity and evaporative
demand. However, achieving full hydration or full turgor of leaves required sources of
water other than the roots. Thus, integration of leaf anatomy and water relations is
central to understanding adaptive responses of Avicennia marina to complex gradients

in salinity and aridity.



CHAPTER 1: INTRODUCTION

Salt stress is one of the most serious factors affecting plant growth and crop
productivity. Saline conditions adversely affect both the water relations and ion
balances of sensitive species. For example, low soil water potentials under saline
conditions can reduce plant capacities to absorb water (Aroca et al., 2011). In addition,
the uptake and accumulation of high concentrations of sodium ions in tissues of salt-
sensitive species can induce many changes in cytosolic enzyme activities,
photosynthesis and metabolism (Parida & Jha, 2010). For these reasons, halophytes,
species that naturally complete their life cycles in saline environments, have long been
of interest to biologists, because these species have evolved mechanisms of salt

tolerance.

Mangroves are an important group of woody halophytic species that dominate
tidal, saline, wetlands. Mangrove ecosystems occupy the interface between terrestrial
and marine environments, and play important roles in coastal and marine productivity,
including commercial fisheries, wildlife habitats, coastal stabilization, timber and forest
products, etc. However, survival of this ecosystem is being threatened by climate
change, sea level rise, and human activities, such as clear felling and land-use
conversion. Low rainfall, high soil salinity, change in land use, and nutrient enrichment
are among causes that contribute to mangrove dieback (Lovelock et al., 2009). Thus,
there is a need to understand physiological mechanisms that underpin the structure
and function of mangrove systems along complex environmental gradients and how

such systems may respond to changing environmental conditions.

Many studies on mangroves have focused separately on morphological
characteristics (e.g. Tomlinson, 1986; Duke, 2006), physiological responses to salinity
(e.g. Ball & Farquhar, 1984a,b) or effects of salinity on plant growth (e.g. Downton,
1982; Clough, 1984), but integration of structure and function has received little
attention. Recent studies linking functional anatomy with water transport in
mangrove species have focused on stems. Studies on stems of Rhizophora mucronata
(Schmitz et al., 2006) and Laguncularia racemosa (Sobrado, 2007) showed that vessel
density increases with salinity while vessel diameter declines. The latter is correlated

with lower vulnerability to embolism at lower water potentials, but also greatly



reduces the capacity for water transport. This can be at least partially offset by the
increase in density of the vessels. These changes would tend to spread the risk of
cavitation while also reducing the impact on the total flow rate of loss in function of
individual embolised vessels (Tyree et al., 1994). From a leaf hydraulics perspective,
research on 34 terrestrial non-halophytic plants showed that the leaf resistance to
water flow constituted approximately 30% of the total plant resistance and therefore
affected transpiration and photosynthesis rates (Sack & Holbrook, 2006). However,
little is known about the functional anatomy of mangrove leaves, especially, how leaf
structure and function vary with salinity. In a recent review, Sack and Scoffoni (2013)
discussed advances in hydraulics and water relations with emphasis on links between
the functional anatomy of leaves and water transport through veins (e.g. Brodribb
(Brodribb et al., 2007), dispersal through leaf tissues (Zsogon et al., 2015) and loss
through stomata (Franks & Beerling, 2009). Many challenges remain to understand
how these functional relationships affect the survival and performance of plants along
environmental gradients that affect the availability and use of water, such as soil

salinity and leaf evaporative demand.

Among mangroves, Avicennia marina (Forssk.) Vierh. is one of the most salt
tolerant and most widely distributed species. Its geographical distribution has
latitudinal limits from 25°N in Japan to 38°S in Australia (Tomlinson, 1986; Duke, 2006).
This makes Avicennia marina an ideal species for study of responses to a wide range of
salinities under both laboratory and field growth conditions. Avicennia marina was

used as a model system to address the three objectives of my thesis project:

* How water use related to variation in growth along a salinity gradient (Chapter
2; 'Nguyen et al. (2015) Annals of Botany, 115:397-407),

* How leaf anatomy related to leaf water relations (Chapter 3; °Nguyen et al.
(2016) Plant, Cell and Environment, in press), and

* How variation in functional anatomy affected the water relations of leaves

grown along a natural salinity gradient (Chapter 4).



'Nguyen H.T., Stanton D.E., Schmitz N., Farquhar G.D. and Ball
M.C. (2015) Growth responses of the mangrove Avicennia
marina to salinity: development and function of shoot hydraulic
systems require saline conditions. Annals of Botany, 115, 397-
407.

2Nguyen H.T., Meir P., Wolfe J., Mencuccini M. and Ball M.C.
(2016) Plumbing the depths: extracellular water storage in
specialized leaf structures and its functional expression in a
three-domain pressure-volume relationship. Plant, Cell and
Environment, in press (accepted manuscript:
http://dx.doi.org/10.1111/pce.12788).




CHAPTER 2: GROWTH RESPONSES OF THE MANGROVE,

AVICENNIA MARINA, TO SALINITY: DEVELOPMENT AND

FUNCTION OF SHOOT HYDRAULIC SYSTEMS REQUIRE SALINE

CONDITIONS



2.1. Abstract

Halophytic eudicots are characterized by enhanced growth under saline
conditions. This study combines physiological and anatomical analyses to identify
processes underlying growth responses of the mangrove Avicennia marina to salinities
ranging from fresh- to seawater conditions. Following pre-exhaustion of cotyledonary
reserves under optimal conditions (i.e. 50% seawater), seedlings of A. marina were
grown hydroponically in dilutions of seawater amended with nutrients. Whole-plant
growth characteristics were analysed in relation to dry mass accumulation and its
allocation to different plant parts. Gas exchange characteristics and stable carbon
isotopic composition of leaves were measured to evaluate water use in relation to
carbon gain. Stem and leaf hydraulic anatomy were measured in relation to plant
water use and growth. Avicennia marina seedlings failed to grow in 0 - 5% seawater,
whereas maximal growth occurred in 50 - 75% seawater. Relative growth rates were
affected by changes in leaf area ratio (LAR) and net assimilation rate (NAR) along the
salinity gradient, with NAR generally being more important. Gas exchange
characteristics followed the same trends as plant growth, with assimilation rates and
stomatal conductance being greatest in leaves grown in 50 - 75% seawater. However,
water use efficiency was maintained nearly constant across all salinities, consistent
with carbon isotopic signatures. Anatomical studies revealed variation in rates of
development and composition of hydraulic tissues that were consistent with salinity-
dependent patterns in water use and growth, including a structural explanation for low
stomatal conductance and growth under low salinity. The results identified stem and
leaf transport systems as central to understanding the integrated growth responses to
variation in salinity from fresh- to seawater conditions. Avicennia marina was revealed
as an obligate halophyte, requiring saline conditions for development of the transport

systems needed to sustain water use and carbon gain.



2.2. Introduction

Mangrove is an ecological term for a diverse group of woody plant species that
form the dominant vegetation in saline, tidal wetlands along tropical and subtropical
coasts (Tomlinson, 1986). Salinity is one of the defining environmental features of
mangrove habitats and ranges from seasonally freshwater to hypersaline conditions.
Mangrove species are differentially distributed along these complex salinity gradients
that vary in time and space. Like many other halophytic species (Flowers & Colmer,
2008), growth of mangroves is enhanced under saline conditions, but species differ in
both the salinity that supports maximal growth and the range of salinities over which
high growth rates are sustained (Ball, 1988b). Species also differ in the capacity for
growth in freshwater, with some growing vigorously, e.g. Sonneratia lanceolata (Ball &
Pidsley, 1995) while growth of others is severely inhibited, eg. Rhizophora mangle
(Werner & Stelzer, 1990). However, the existence of obligate halophytes among
mangroves has been questioned because reports of mortality in freshwater are rare

(Krauss & Ball, 2013).

What is the nature of variation in halophytic growth along a salinity gradient?
Insight can be gained through growth analysis because the relative growth rate (RGR,
mg g day™) is the product of the net assimilation rate (NAR, g m™ leaf area day™) and
the leaf area ratio (m” leaf area kg™ plant mass). The NAR reflects the balance between
photosynthetic carbon gain and respiratory carbon loss at a whole plant level. LAR is
the product of specific leaf area (SLA, m” leaf area kg™ leaf mass) and the leaf mass
ratio (LMR, g leaf mass g™ plant mass), enabling a quantitative means of integrating
effects of variation in allocation and leaf area expansion on growth (Poorter & Remkes,
1990). Both NAR and LAR are important components of the growth responses of
halophytes to salinity, but most studies have found NAR to be the more important
factor for variation within species (Ball, 1996). However, none of these studies have, to
the authors’ knowledge, explored the relative importance of LAR and NAR over a

broad range of salinity from freshwater to seawater.

Many studies have emphasized effects of high salinity on water use. Mangroves
typically have relatively low evaporation rates and high water-use efficiencies (Ball &
Farquhar, 1984b, Clough & Sim, 1989). These water-use characteristics become

increasingly conservative with increase in salinity and the salt tolerance of the species



(Ball, 1988a, Ball et al., 1988, Ball et al., 1997) with far-reaching consequences for the
structure and function of mangrove forests along salinity gradients (Ball, 1996). These
studies invite the questions: what processes limit water use, and hence growth, in

saline environments?

Hydraulic traits of woody plants are known to vary strongly with environmental
conditions both across and within species (Tyree et al., 1998, Ewers et al., 2000,
Cavender-Bares & Holbrook, 2001, Choat et al., 2007). In mangroves, hydraulic
conductance of stems is typically lower in plants grown in higher than lower soil
salinities (Sperry et al., 1988, Melcher et al., 2001, Ewers et al., 2004, Lopez-Portillo et
al., 2005, Lovelock et al., 2006, Santini et al., 2012, Santini et al., 2013), but effects of
salinity have not been systematically investigated except for Laguncularia racemosa
(Sobrado, 2005, 2007). Lower stem hydraulic conductivity where salinities are high has
been associated with structural changes in hydraulic anatomy that restrict rates of
flow but also reduce vulnerability of xylem vessels to cavitation (Sperry et al., 1988,
Melcher et al., 2001). Thus the capacity of roots and stems to supply water to leaves
can decline with increasing salinity, with consequent increase in limitations to carbon

gain.

The present study focused on growth of the grey mangrove Avicennia marina
(Forssk.) Vierh. in response to salinity ranging from freshwater to seawater. The grey
mangrove is one of the most widespread species of mangroves with a latitudinal range
from 25°N in Japan to 38°S in Australia (Tomlinson, 1986, Duke, 2006). In nature, A.
marina dominates highly saline habitats with salinities up to 1.5 times (Martin et al.,
2010) or twice seawater (Reef et al., 2012). It is also one of the most tolerant of
mangroves to salinity, aridity, water temperature, and frost frequency (Morrisey et al.,
2010). According to many growth studies summarised in Table 2.1 the optimum
salinity for growth of A. marina varies from 10 to 90% seawater (salinity 35 ppt)
depending on the source population and the growth conditions. However, poor

growth was consistently found in freshwater for unknown reasons.

In the present study, three approaches were combined to gain an understanding
of factors limiting growth of A. marina along a salinity gradient. Growth analysis was
used to determine the relative importance of LAR and NAR to variation in growth over

the salinity gradient. Gas exchange characteristics were measured to determine



patterns in carbon gain relative to water use, and hydraulic anatomy was assessed to
explore possible structural limitations to water transport and hence also leaf water

use.
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4.4.3. Leaf water relations

Key leaf water relations parameters were calculated from PV curves constructed
for leaves from all five sites as summarized in Table 4.3. All pressure volume curves
had a similar shape with three domains as described in Nguyen et al. (2016). Domains
1, 2, and 3 were dominated respectively by loss in extracellularly stored water, decline
in turgor, and decline in osmotic potential during leaf desiccation. On average, for each
0.1 MPa decrease in W, RWC decreased by 1.5 - 2% in domains 1, 0.3 - 0.4% in

domain 2, and 1% in domain 3.

There were no detectable effects of salinity on domain 1 in subsp. australasica.
Domain 1 represented the decrease in relative water content (RWC) from 100 to
approximately 87% with a corresponding decrease in leaf water potential ()jesr) from -
0.1 to the transition between domains 1 and 2 () at -0.9 MPa. This domain
accounted for an average of 13% of RWC of the leaf. There were no significant
differences between these characteristics measured in subsp. australasica and those
of the other two subspecies, except that average W, was significantly higher in Euso (-

0.7 MPa) than Au,s (-0.9 MPa, P = 0.042).

Once the extracellular water was exhausted, further decline in Qs with
decreasing RWC was driven mainly by decline in turgor over domain 2. The turgor loss
point defined the transition from domain 2 to domain 3. Leaf water potential at the
turgor loss point (W) decreased with increasing soil water salinity both within subsp.
australasica (r* = 0.77, P < 0.001) and among subspecies (r* = 0.58, P < 0.001). Within
subspecies grown in similar salinities, W,;° was significantly higher in Euso (-4.1 MPa)

than in Auyg (-4.5 MPa), and in Maygs (-4.9 MPa) than in Augg (-5.1 MPa, P < 0.001).

Leaf osmotic potential at full turgor (W) was about 0.8 MPa higher than W,
for all leaves, and was correlated with W, both within (r* = 0.4, P = 0.039) and among
subspecies (r’ = 0.67, P < 0.001, Figure 4.6a). Although W,° varied within and among
subspecies, relative water contents at turgor loss points (RWC’) differed only
between Eusp and Au,g in which the turgor loss point occurred at significantly lower

RWC,in Euso (71%) than in Au,s (78%, P = 0.037).
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Table 4.3. Water relations parameters derived from three-domain PV curves constructed from leaves of the three subspecies of A. marina: subsp.
australasica (Au), subsp. eucalyptifolia (Eu), and subsp. marina (Ma) grown under temperate, wet tropical, and arid tropical climates, respectively, in
salinities ranging from 28 to 49 ppt. These salinities are given as a subscript following the two letter subspecies designations. Values are means * se
(n=5). Superscript letters denote significant difference among subspecies acquired through one-way ANOVA with post-hoc Tukey test when P < 0.05.
Effects of salinity on leaf physical properties were tested within subsp. australasica (grey block). For other comparisons, note that effects of subspecies
were confounded with environment. Data for Au,e was reproduced from Nguyen et al. (2016).

Parameter Symbol Unit Euso Auze Augo Augy Mass
Mean | se | Mean | se Mean se Mean se Mean se
Leaf water potential at full turgor W, MPa -0.69° | 0.04 | -0.87° | 0.03 | -0.82%° | 0.04 | -0.85°® | 0.03 | -0.86°" | 0.04
Osmotic potential at full turgor w1 MPa -3.3%°| 02| -37°| 01| 40| 01| -42°| 01| -42°] 0.1
Water potential at turgor loss point W, MPa -4.1°| 00| -45°| 01| -47°| 00| -5.1%| 01| -49“| 0.
RWC at full turgor RWC' | % 85 1 88 1 87 1 87 1 87 1
RWC at turgor loss point RWC | % 71° 1| 78 1| 76% 1| 75%® 3| 73 1
Modulus of elasticity for domain 1 Ex MPa 5 1 g 1 6 0 7% 1 7% 1
Modulus of elasticity for domain 2 € MPa 27 3 38 4 38 7 37 4 29 3
Water storage capacitance for domain 1 | Qy molm?MPa’| 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 | Q. molm?MPa’| 0.66|0.13| 0.64 |0.08 0.64 | 0.07 0.72 | 0.09 1.00 | 0.11
Total water storage W, mol m™ 4.63°| 037 | 4.85°|0.18| 5.60°|0.25| 6.28°° | 0.63| 7.56° | 0.44
Water storage for domain 1 W, mol m™ 2.43° | 0.05| 2.56° [ 0.12 | 2.95® | 0.25 | 3.26®® | 0.34 | 3.62° | 0.28
Water storage for domain 2 W, mol m™ 2.20° | 0.37 | 2.23% | 0.28 | 2.65% | 0.15 | 3.02°° | 0.36 | 4.00° | 0.42
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Figure 4.6. (a) Osmotic potential at full turgor W% in absolute value and (b)
cellular modulus of elasticity as functions of osmotic potential at the turgor
loss point () in absolute value 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 Figure 4.3. Lines drawn by linear
regression only for relationships with P < 0.05.

87



600 1

500 - !
)
& 400 1
= >Mad6
2 &
< 300 Au49
L;’ AAu28
200 1 +Eu30
100 : ] . . . .
0 1 2 3 4 5 6
Il'pleafl MPa
500
(b) 2Eus30
A Au28
400 1 = Au40
= ® Au49
OMad6
€ 300 | 2
)
o
g 200
=
100 1
---r2=0.68, P <0.001
—r?2=0.92, P <0.001
0 T T T T T
0 100 200 300 400 500 600

WCA,, (g m?)

Figure 4.7. Variation in water content per unit leaf area with dehydration in the three
subspecies of A. marina. (a) Exemplary curves of leaf water content per unit area
(WCA) as a function of leaf water potential in absolute values (|Weaf|) 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 (Eus, - open triangle), subsp. australasica grown at
salinities of 28 ppt (Auas - solid triangle), and 49 ppt (Augg - solid circle), subsp. marina
(Maye - 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
(WCA¢p) as a function of maximum water content per unit leaf area (WCAn,) 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 Figure 4.3. Lines drawn by linear
regression only for relationships with P < 0.05.
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4.4.4. Modulus of elasticity

Leaf elasticity calculated either from domain 1 (&) or domain 2 (&), was highly
variable and average values were not significantly different either within subsp.
australasica grown at a range of salinities (P = 0.195, P = 0.98, respectively) or among
subspecies (P = 0.067, P = 0.211, respectively. Thus, the variation in €. did not correlate
with the progressive decrease in W,® with increasing salinity (Figure 4.6b). Similarly,
there was no correlation between €. and increase in LMA within subsp. australasica (P

=0.596) or among subspecies (P = 0.920).

4.4.5. Water storage

Water content per unit leaf area (WCA) was plotted as a function of {e,sto show
differences in the actual water content of leaves from the five sites during dehydration
(Figure 4.7a). There was a correlation between WCA,, and that at the turgor loss point
(WCAp) within subsp. australasica (r* =0.68, P < 0.001). This correlation became
stronger with the addition of data for the other two subspecies (r2 =0.92, P < 0.001,
Figure 4.7b).

Despite the differences in water content between leaves, there were no
significant differences in water storage capacitances calculated from either domain 1
(Qx, P = 0.26) or domain 2 (Q., P = 0.748), between subsp. australasica grown in the
three salinities. Similarly, neither Qx nor Q. were significantly (P = 0.301, P = 0.176,

respectively) different among subspecies (Figure 4.8, Table 4.3).

The calculation of Q, however, did not fully reflect differences in leaf water
storage, the total of amount of water released per unit leaf area during desiccation
from full hydration to the turgor loss point. For comparison among subspecies of A.
marina, leaf water storage, W (mol H,O m'z), was calculated for the domain 1 and 2
segments of the PV curves using the corresponding Q values as: W = Q(A{). Total leaf
water storage (W;) as well as water storage from domains 1 (W,) and 2 (W,) increased
with increasing salinity and evaporative demand. The total water storage (W;) was
lowest (4.63 = 0.37 mol H,0 m™) in leaves grown in the low salinity, wet tropics site
(Euso), and highest (7.56 + 0.44 mol H,0 m™) in leaves grown in the high salinity, arid

tropics site (Mayg).
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These data were placed in a field context by dividing W, into two sub-
components: W, where the stored water could be sourced from the soil i.e. Wy <
Wi, and We.ns Where the stored water would have to be obtained from sources other
than soil, i.e. Wyoi < Wiear £ W,. Note that soil water salinities were measured at a depth
of 30 cm and so do not include lower salinities that can occur at the soil surface during
tidal flooding. Soil water contributed exclusively to water storage in domain 2 but at
leaf water potentials lower than the leaf water potential at full turgor, i.e. Wiear < .
Figure 8b showed that the contribution of soil water (W) to total leaf water storage
ranged from 28% (Eusg) to 35% (Magys). These data indicated that alternative water
sources with salinities lower than those in the soil were required to achieve maximum

water storage in all subspecies and sites.
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Figure 4.8. Average water storage capacitance (left column) over domains 1 (Qy)
and 2 (Q¢) and water storage (right column) among the three subspecies of A.
marina. The water storage column is divided into three components indicating the
water storage in domains 1 and 2 between three points along the PV curve where
W, < Wiear (WX), Weoit € Wiear < Wy (We-ns), and W, < Wiear < Weoi. Column height gives
the total water storage. Parameter values are means, n=five independent PV
curves (one per tree). Letters denote significant differences among subspecies
acquired through one-way ANOVA with post-hoc Tukey test when P < 0.05.
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4.5. Discussion

The results of the present study showed that osmotic adjustment, water storage,
and access to multiple sources of water were reflected in the function and structure of
leaves of A. marina growing in environments of increasing salinity and evaporative
demand. The core feature was the capacity to maintain low osmotic potential at full
turgor which when combined with high elasticity enabled maintenance of high cellular
water contents with dehydration to the turgor loss point. That in itself would enhance
survival, but maintenance of cell hydration during high transpiration would also
require water storage if rates of water loss exceeded rates of water supply. Indeed,
water storage was increased by increasing lamina thickness, particularly with
increasing cell size and number of cell layers (Table 4.2, Figure 4.4). These cellular and
leaf structural responses were linked by LMA. Finally, linking leaf anatomy with leaf
function as described by pressure-volume relationships showed that achieving either
full hydration or full turgor required access to additional sources of water to that

supplied by the roots. These points are discussed in detail below.

199) and at the turgor loss point (W)

4.5.1. Leaf osmotic potentials at full turgor (W,
declined with increase in the growth salinity and evaporative demand of the climate

in which the plants were grown.

Regardless of the sources of variation including subspecies and climate, the
results of the present study showed that soil water salinity was the major determinant
of W' and llJno, consistent with the requirements to maintain a favourable water
balance and the turgor essential for growth under increasingly saline conditions.
Indeed, the capacity to vary osmotic potentials and thereby adjust water potentials at
the turgor loss point must play critical roles in growth and survival of A. marina over a
wide range of salinities. Specifically, A. marina had a low osmotic potential at full

turgor, LIJnloo

, and it became more negative with increase in the soil water salinity in
which the plants were grown. This is consistent with a study showing acclimation in
osmotic potentials associated with accumulation of progressively increasing ion levels
in leaves of A. marina (Downton, 1982). The osmotic potential at full turgor, W, was
correlated with the osmotic potential at the turgor loss point, W,° (Figure 4.6a). These
results obtained with a single species were consistent with those derived from a meta-

analysis of responses to drought where species was the source of variation (Bartlett et
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al., 2012), and from a study of multispecies responses to imposed and natural seasonal
drought in a rainforest (Binks et al., 2016). Thus, growth of A. marina in wet soil with
high ion concentrations elicited similar responses to those of plants subjected to
drying soil. Bartlett et al. (2012) concluded from meta-analysis that leaf osmotic

199 and at the turgor loss point (W,°) were important

potentials at full turgor (Wy
determinants of drought tolerance. The results of the present study extend their

conclusion to include salt tolerance.

4.5.2. Leaves had a high cellular modulus of elasticity that provided mechanical
strength and contributed to maintenance of high levels of cellular hydration during
desiccation to the turgor loss point.

1% and W, % with increasing growth salinity is the

A consequence of decreasing W,
potential for turgor stress when either soil salinity is low or leaves are fully hydrated
and, conversely, the potential for osmotic stress when soil salinity is high or leaves are
dehydrated. The average cellular modulus of elasticity, €., in A. marina was very high
(27 to 38 MPa), but highly variable with no significant difference among subspecies
grown in salinities ranging from 28 to 49 ppt. This contrasted with the expectation that
€. would increase, i.e. that cell walls would become stronger and more rigid, with
increasing growth salinity as observed in A. germinans grown in salinities ranging from
0 to 32 ppt under laboratory conditions (Suarez & Sobrado, 2000). In the present
study, high €. may reflecta need for mechanical strength in field-grown leaves subject
to a wide range of leaf water potentials over both diurnal and seasonal time scales. For
example, under natural field conditions, W, of A. marina growing in soil with pore
water salinity of 40 to 49 ppt (-2.7 to -3.4 MPa) varied from -0.1 MPa at dawn
following a leaf wetting event to -6 MPa in mid-afternoon without perceptible damage
(Constable, 2014, Walker, 2014). In this example, if W, 10 equals -4.2 MPa, then the
turgor pressure would be as high as 4.1 MPa. A high modulus of elasticity would be
needed to prevent bursting under these circumstances. Conversely, when the midday
or afternoon W ;sapproaches or is less than the turgor loss point of -5 MPa, then the
high modulus of elasticity would be needed to prevent cellular implosion. Thus,
maintenance of a high €. would offer protection against cell wall failure over the wide
range of leaf water potentials encountered daily by leaves of A. marina under natural

field conditions.
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In the present study, there was no correlation between elasticity and turgor loss
points (Figure 4.6b), consistent with Bartlett et al. (2012). The cellular modulus of
elasticity (g.) was calculated from domain 2 of the three-domain PV curve as

We-w,°
" RWC, - RWC,®

€e

where W, and W,° are leaf water potentials at full turgor and at the turgor loss
point, respectively, and RWC, and RWC, are relative water contents at full turgor and
at the turgor loss point, respectively. As W, and RWC, were little affected by growth

190 5nd W.°demanded a

salinity (Table 4.3), maintenance of a high g, with decreasing W,
decrease in RWC,’. Nevertheless, the cells remained well hydrated at the turgor loss
point. Indeed, in leaves of subsp. australasica grown in soil water salinity ranging from
28 to 49 ppt, RWC,’ decreased from 78 to 75%, respectively, while €. averaged 38 MPa

(Table 4.3).

Similarly, average RWC, ranged from 71 - 78% across all three subspecies.
However, these RWC,® values were calculated from leaf saturated water content,
which included the extracellular water that dominated domain 1 (Nguyen et al., 2016).
If domain 1 was excluded from calculations, effectively shifting the leaf saturated
water content to that at W,, then RWC,® based solely on domain 2 (dominated by
cellular water) ranged from 82 - 90%. These values are greater than the estimated
minimum requirement of 75% RWC to sustain cell function (Lawlor & Cornic, 2002).
These data agreed with the suggestion by Cheung et al. (1975) and meta-analysis by
Bartlett et al. (2012) that high elasticity played an important role in conserving cell
hydration during leaf desiccation. Based on the PV curves, a 1% decrease in RWC was
associated with a decrease in Wi,s of 0.1 MPa with reduction in hydration below the
turgor loss point (domain 3). These data suggest A. marina would be able to maintain
cell function for a further 0.7 — 1.5 MPa decrease in W\t below the turgor loss point.
This is consistent with the occurrence of plasmolysis in most living cells at 1 MPa lower

than W, in leaves of A. marina (Nguyen et al., 2016).
4.5.3. Increase in leaf mass per area was associated with increase in leaf water
content per area.

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

which the plants were grown (Figure 4.3d), consistent with a recent meta-analysis of
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halophytic and glycophytic species (Poorter et al., 2009). Previous studies have shown
that species with higher LMA had higher cell wall concentrations of cellulose and
hemicellulose per leaf dry mass in the, implying greater structural reinforcement than
in leaves with lower LMA (Mediavilla et al., 2008). Structural compounds must have
contributed to LMA of the sclerophyllous leaves of A. marina (Choong et al., 1992).
However, LMA was not correlated with elasticity, a measure of cell wall rigidity, while a
decrease in osmotic potential with increasing soil salinity would require an increase in
cellular solute concentrations. Differences in LMA among subspecies were related to
differences in lamina thickness associated with differences in numbers and sizes of
cells comprising lamina tissues (Figures 4.4, 4.5). Thus, no single attribute accounted
for the increase in LMA with increase in growth salinity. Instead, increase in LMA
involved combinations of more supportive structure, higher solute concentrations, and

higher densities of cells per unit leaf area that depended on the subspecies.

These results invite the question: what drives the salinity-dependent increase in
LMA across subspecies? As previously stated, decreasing osmotic potentials with
increasing growth salinity required increasing cellular solute concentrations, which
would contribute to increase in LMA. However, such increase in the solute
concentration comes at the expense of the amount of water per unit dry mass, WCD,,
(Figure 4.3e). Thus, increase in LMA through increase in numbers or sizes of cells per
unit area would be required to maintain or increase maximum water content per unit
leaf area (WCA,,) in increasingly saline soils. Indeed, WCA,, increased with increasing
LMA in response to increasing salinity and evaporative demand, requiring coordination
between leaf structure and leaf water relations. These effects were more pronounced
among subspecies than within subspecies grown along a salinity gradient (Figure 4.3f),
underscoring complications in the interpretation of meta-data where species are the
source of variation. Thus, the salinity-dependent increase in LMA appears driven by
increasing requirements for water storage. In other environments, species from
seasonally dry or xeric habitats typically have high values of LMA (Poorter et al., 2009).
Based on the present study, such high LMA in combination with increasing leaf
thickness, as for example in Neotropical savannas (Rossatto et al., 2015), may also be

related to demands for water storage.
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4.5.4. Leaf water storage increased with increase in the growth salinity and

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

Leaf water storage may play critical roles in drought survival and in buffering
fluctuation in leaf water potentials when rates of evaporation exceed rates of water
resupply from the roots (Lechthaler et al., 2016). In the present study, WCA,, differed
among subspecies and was correlated strongly with the water content per unit leaf
area at the turgor loss point, WCAy, (Figure 4.7b), again emphasizing the importance
of the maintenance of leaf hydration during desiccation. WCA,, is a component of leaf
water storage capacitance (Q, mol m™ MPa™), which is the amount of water released

per unit leaf area per unit change in water potential, calculated as
ARWC .
Q=WCA, (W) (Figure 4.2)

There was a tendency, albeit not significant, for Q to increase with increasing
salinity and aridity (Table 4.3), partly due to increase in WCA,, and, hence, also LMA,
consistent with previous studies in other drought-affected systems (Blackman &
Brodribb, 2011). However, the total water storage (W;, mol m™) was calculated (W =
Q(AW)) as the amount of water released per unit area with desiccation from full
hydration to the turgor loss point. Thus, combined effects of increasing Q, driven by
increasing WCAnm, and decrease in the turgor loss point (x°) resulted in increase in

total water storage, W, with increasing salinity and aridity.

Although salinity strongly affected leaf water storage as discussed above, the
ways in which water was stored differed among subspecies and appeared related to
the evaporative demands of the environments in which the subspecies grew. For
example, leaves of Eusp from the wet tropics were almost half the thickness of those of
Mays from the arid tropics and had correspondingly less WCA,,. These subspecies
differed in the relative contributions of different tissues to lamina thickness.
Specifically, the hypodermal layer occupied 31% of lamina thickness in Eusp and 38% in
Mays while the trichome layer accounted for 19% of lamina thickness in Eusp and 15%
in Mayg (Table 4.3). In addition, the greater density of trichomes with similar average
volumes (Table 4.3) would enable greater extracellular water storage (Nguyen et al.,
2016) in the leaf lamina of Euszp than Mage. Two factors might favour this strategy in a

wet tropical environment. First, trichomes of A. marina leaves rapidly absorb liquid
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water from wet epidermal surfaces (Nguyen et al, 2016), enabling rapid
replenishment of leaf water from frequent leaf-wetting events, such as showers.
Second, the highly humid atmosphere would limit evaporation, enhancing the duration
of extracellular water storage in the trichome layer during the day. In contrast, water
absorption by the trichome layer in Mass would occur predominantly during nocturnal
leaf-wetting events in its arid tropical environment. However, that water would need
to be stored intracellularly to prevent its rapid loss from the trichomes upon increase
in evaporative demand after sunrise. This may account for a greater allocation of
lamina thickness to the hypodermal layer in the much thicker and more heavily
cutinized leaves of Mays than Euszp (Figures 4.4, 4.5). Such differences among
subspecies reflect coordination between leaf structure and leaf water relations under
different environmental conditions, but further work is required to distinguish the

relative contributions of genotypes and environments.

4.5.5. The PV curves showed that leaves of A. marina must access water from
sources with salinities lower than those measured in the soil to achieve either full

hydration or full turgor.

Mangroves such as A. marina growing in saline wetlands are subject to spatial
and temporal variation in salinity, which would affect the sources of water available
for uptake. Soil pore water salinity would typically be higher than that of flooding tidal
water because exclusion of salt during water uptake by the roots leads to the
accumulation of salt in the rhizosphere (Passioura et al., 1992). The salinity of soil pore
water would fluctuate less than that of surface water. Depending on conditions,
salinity of surface flood water can vary from nearly freshwater to seawater while at
the same time that of underlying soil water can be hypersaline. Thus, roots of a single
plant may be exposed to a wide range of salinities over a vertical gradient from flood
water through the soil. Indeed, split-root experiments have shown preferential water
uptake when salinity was low in soil with spatial (Bazihizina et al., 2009, Reef et al.,
2015) or temporal variation in salinity (Lechthaler et al., 2016). Meanwhile, leaves can
also be rehydrated by different sources of water, such as fog, dew and rainfall (Eller et

al., 2013) even in hypersaline mangrove environments (Constable, 2014).

Water potentials measured with PV curves during leaf desiccation ranged from -

0.1 MPa at full hydration to values more negative than those at the turgor loss points.
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This range of potentials can be experienced in a single day (Constable, 2014, Walker,
2014). Thus, the PV relationship informs interpretation of the diurnal variation in leaf
water potentials. Total water storage was estimated for domains 1 and 2 of the PV
curves. These domains contributed approximately equally to total leaf water storage,
which increased with increases in the salinity and aridity in which the plants were
grown. Summing the water storage from domains 1 and 2 (i.e. from full hydration to
the turgor loss point), the total water storage in leaves of the present study could
alone supply the water loss needed to support photosynthesis at an evaporation rate
of 1 mmol H,0 m? s™ for up to 77 min in the wet tropics (Euso) and 126 min in the arid
tropics (Mayg) (Table 4.4, Figure 4.8). These calculations underscore the increasing
importance of stored water to leaf function with increase in salinity and aridity of the

environment.

The ranges of water potentials involved in domains 1 and 2 suggest contributions
of water from different sources. Extraction of water from soil and its subsequent
transport to leaves requires leaf water potentials to be lower than those of soil water.
If Uiear Was less negative than s, then water supply to leaves must be from sources
other than soil water. For domain 1, water storage (W,) was exhausted with
dehydration from -0.1 MPa to an average of -0.8 MPa, which is equivalent to the water
potential of 34% seawater (12 ppt), much lower than the salinities measured in soil
pore water at any sites in the present study. Water stored in domain 1 could be
contributed by roots if salinity was lower than 12 ppt, or by leaves receiving dew or
intercepting rainfall. Indeed, Lechthaler et al. (2016) reported rapid recharge of water
storage in leaves of seedlings in the Rhizophoraceae when salinities around roots were
lowered from 30 to 5 ppt. Leaves of A. marina can absorb liquid water through salt
secretion glands (Tan et al., 2013) and through the trichome layer (Nguyen et al., 2016)
and have the capacity for extracellular storage of such water as reflected in domain 1
(Nguyen et al., 2016). Thus, leaf-wetting events could reverse the water potential
gradient from the atmosphere to the plant to the soil (Goldsmith, 2013), enabling
rehydration of leaves to water potentials as high as -0.1 MPa even when roots are
exposed to very high soil salinities as has been observed under natural field conditions

(Constable, 2014).
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Table 4.4. Estimation of available water use time assuming an evaporation rate of 1 mmol H,O m? s in leaves of the three subspecies of A. marina:
subsp. australasica (Au), subsp. eucalyptifolia (Eu), and subsp. marina (Ma) grown under temperate, wet tropical, and arid tropical climates,
respectively, in salinities ranging from 28 to 49 ppt. Values are means + se (n=5). Superscript letter denoted significant difference among subspecies
acquired through one-way ANOVA with post-hoc Tukey test when P < 0.05. Effects of salinity on leaf physical properties were tested within subsp.
australasica (grey block). For other comparisons, note that effects of subspecies were confounded with environment. Data for Au,e was reproduced
from Nguyen et al. (2016).

Eus Auyg Auyg Augg Mage
Available water use time Source of water | Unit Weat
Mean | se | Mean | se | Mean | se | Mean | se | Mean | se

Extracellular water (domain 1) | Alternative min | Wy < Weat 41° 1 | 43° 3 149 |4 [54® |6 |60° 5

Alternative min | Weoi S Wieat S Wy | 14%° |2 | 9° 2 118> |3 |21 |2 [22¢ |1
Cellular water (domain 2) o

Sail min | Wy < Wieasr < Weoil | 22 5 129 3 | 26 4 | 30 5 |44 7
Total min 77° 6 |81° 3 |93° 4 105ab 11 | 126° | 7
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Water stored in domain 2 was released from cells with dehydration from an
average leaf water potential of -0.8 MPa to the turgor loss point. The cellular water
storage of domain 2, W,, was divided into two components: water storage when jeaf
was less negative (We,s) or more negative (W) than the soil water potentials
measured at the time the PV curves were constructed. On this basis, water sourced
from soil water would most likely contribute to storage in domain 2. Furthermore, as
leaf full hydration and full turgor occurred at leaf water potentials much higher than
those of Y, leaves would be neither fully hydrated nor fully turgid if soil pore water
was the only source of water unless salinity was lowered by rainfall events or roots
near the soil surface accessed flood water of lower salinity. This analysis shows the
importance of spatial and temporal variation in soil salinity, together with access to

alternative water sources, to the water balance of these leaves.

4.5.6. Conclusion

Results of the present supported most of the original four hypotheses. First,
osmotic potentials at full turgor and at the turgor loss point decreased with increase in
soil salinity. The second hypothesis was partially supported. The cellular modulus of
elasticity contributed to conservation of cell hydration at the turgor loss points,
consistent with the second hypothesis. However, elasticity did not increase with
increase in salinity. This apparent lack of sensitivity may reflect the limited range of
salinities in the study, particularly the lack of low salinity. Third, leaf water storage
increased with increasing salinity and evaporative demand as predicted. Finally,
contrary to the fourth hypothesis, extracellular and intracellular leaf water storage

were similarly increased with increase in salinity and evaporative demand.
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CHAPTER 5: SUMMARY DISCUSSION

Reponses of the grey mangrove Avicennia marina (Forssk.) Vierh. to growth
salinity were studied at scales ranging from the growth of whole plants to the function
of individual leaves. The results revealed insights on water transport, storage, and use
along a salinity gradient. The key findings and their implications for future research are

discussed below:

Physiological and anatomical analyses were combined in Chapter 2 to identify
processes underlying growth responses of the mangrove Avicennia marina to salinities
ranging from fresh to seawater conditions. The seedlings failed to grow in 0 to 5%
seawater, whereas maximal growth occurred in 50 to 75% seawater, which, in
physiological terms, indicated that A. marina is an obligate halophyte. Anatomical data
revealed variation in rates of development and composition of hydraulic tissues that
were consistent with salinity-dependent patterns in water use and growth, including a
structural explanation for low stomatal conductance and growth in low salinity. These

results invite questions about the generality of the growth response.

Other mangrove species, such as Ceriops tagal (Smith, 1988), Bruguiera
parviflora, Ceriops australis, C. decandra (Ball, 2002), Rhizophora mangle (Werner &
Stelzer, 1990), and Sonneratia alba (Ball & Pidsley, 1995) , have also been reported to
grow either very poorly or not at all in fresh water. However, Krauss and Ball (2013)
pointed out that these apparent responses to freshwater conditions were confounded
by low nutrient concentrations. This issue was eliminated in the present study, and the
results provided strong evidence that Avicennia marina is an obligate halophyte
(Chapter 2). It would be useful to revisit the growth of other mangrove species under

freshwater conditions.

In Chapter 2, the absence of seawater prevented proper development of xylem
conduits of A. marina, thus, constraining water uptake and limiting leaf gas exchange
and plant growth. Many possibilities could be explored. One hypothesis is that A.
marina may have evolved a requirement for Na+, in which Na+ partially replaces the
roles of K+ in cellular functions. This is suggested by Downton’s observations that
potassium concentrations are 19 times higher than sodium concentrations in leaves of

A. marina grown in fresh water (Downton, 1982). With an increase in salinity to
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seawater, K+ concentrations on a bulk leaf water basis fell from 300 to 60 mM while
Na+ increased from 20 to 947 mM. Under sodium deficiency, if potassium were to
substitute imperfectly for sodium, then signals for, say, xylem differentiation or

generation of turgor required for cell expansion could be impaired.

In Chapter 3, the pressure-volume relationships in field grown leaves of the
mangrove, Avicennia marina, exhibited three domains dominated successively by 1)
the presence and consumption of extracellular water, 2) variable turgor and loss of
intracellular water, and 3) osmotic behavior of flaccid cells and plasmolysis.
Visualization of leaf lamina with reference to the three-domain PV curve revealed a
cascade of water storage compartments that operated over different ranges of
hydration. When leaves were fully hydrated, extracellular water storage occurred in
multiple sites, including hollow trichomes and novel structures named “cisternae”. This
extracellular water in the leaf could enable transient water use without substantive
turgor loss when other factors, such as high soil salinity, constrain rates of water

transport.

Is extracellular water storage a common feature in mangroves? Leaf morphology
is diverse among mangroves. Species differ in leaf size, tissue composition, the
presence of trichomes and glands, etc. It would be useful to extend the study to other
species of mangroves that differ in leaf structure and complexity. PV curve analyses
can be used to identify and quantify extracellular water storage in different species.
Further anatomical analyses could examine the diversity in the sites and structures
involved in extracellular water storage among mangrove species. Finally, there is much
to be learnt about how water is absorbed by leaves, distributed to storage systems,

and accessed during leaf dehydration.

In Chapter 4, leaf turgor loss points were shown to correlate with soil water salinity.
Cellular osmotic adjustment was likely to maintain water supply from roots under the
most severe conditions. Leaves, however, could not be fully hydrated or fully turgid
with only water supplied from deep roots. These results indicated that different water
sources, for example, surface water of lower salinity, or dew and rainfall, play an
important role in plant function and growth, potentially enabling greater duration of
higher stomatal conductance and hence also assimilation rates when water supply

from the roots is constrained by high soil salinities. It would be exciting to expand the
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study to test the generality of these findings among other mangrove species that differ

in leaf anatomy, salt tolerance and distribution along salinity gradients.
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Supplement S3.1. Reanalysis
of the data set from Figure
3.1, assuming domain 1
represented a “plateau
effect”. (a) Relative water
content, calculated without
extracellular water, (RWC-, %)
as a function of leaf water
potential in absolute value
(|Wieaf], MPa) with the fully
hydrated status (100% RWC)
set at B (open diamond).
Open dots indicate
extracellular water (RWDy-).
(b) Inverse leaf water
potential in absolute value
(11/Wiearl,  MPa™) as a
function of relative water
deficit, calculated without
extracellular water (RWD-,%).
For reference, the full data set
in Figure 3.1b, including the
extracellular water, is plotted
in the inset graph. Point ¢
(open circle) is the turgor loss
point and |W,°| =5 MPa as in
Figure 3.1b. With the changes
excluding extracellular water
in RWD calculation, the
equation for the linear
regression between |1/Wesf]
and RWD- after c was reached
was y = -0.003x + 0.2313 (r? =
0.98). Thus, the y intercept at
point d, |1/W,'®°| = 0.2314 so
|W.'%|=4.32 MPa.



Supplement S3.2. Link to movie showing diffusion of fluorescein across an abaxial leaf
surface when W, = -0.1 MPa and trichomes were full of water (see Figure 3.4 for
further details).

http://onlinelibrary.wiley.com/doi/10.1111/pce.12788/full

Supplement S3.3. Link to movie showing absorption of fluorescein by draining
trichomes when W,;s = -0.25 MPa (see Figure 3.4 for further details).

http://onlinelibrary.wiley.com/doi/10.1111/pce.12788/full
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