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Summary 

Stem-succulent halophytes of the genus Tecticornia (commonly known as samphires; 

sub-family Salicornioideae; family Amaranthaceae, formerly Chenopodiaceae) dominate 

the margins of the numerous ephemeral salt lakes of inland Australia. These are stressful 

environments, often typified by aridity, extreme soil salinity and episodes of overland 

flash floods. Despite the ecological importance of Tecticornia communities to salt lake 

systems of inland Australia, knowledge about their ecophysiology is very limited.  

Studies conducted at the Fortescue Marsh, an ephemeral salt lake in the semi-arid region 

of north-west Australia, revealed that flooding, soil salinity and drought interact and 

jointly determine species distribution and community structure of this halophytic 

vegetation. Based on population size structure and field observations of seedlings in the 

dominant Tecticornia species, it was shown that population renewals are infrequent and 

dependent on specific flooding and post-flooding conditions. A seasonal study revealed 

that Tecticornia medusa, which occurs at the lowest end of the vegetated zone into the 

marsh, is exposed to prolonged submergence during the wet season and extreme 

reductions in soil water potential during the dry season, whilst two other species 

occupying progressively higher elevated sites (T. auriculata and T. indica respectively) 

experience more moderate seasonal fluctuations.  

Glasshouse experiments revealed that differences in the tolerance of Tecticornia species 

to extreme soil salinity and also to the submergence of shoots in low-salinity water (as 

occurs following cyclonic events), are likely to influence patterns of species zonation at 

Fortescue Marsh. At extreme salinity (2000 mM NaCl), T. medusa and T. auriculata 

survived whilst T. indica died, whereas in response to submergence, T. medusa survived 

whilst T. auriculata and T. indica died. These responses were consistent with the 

hypothesis that interspecies differences in tolerances of salinity and flooding contribute 

to species distributions, as inability to tolerate extreme salinity and submergence in T. 

indica and submergence only in T. auriculata, may reduce the competitiveness of these 

species in low elevated marsh habitats dominated by T. medusa.  

Physiological tolerance to salinity in Tecticornia was based on the accumulation in 

succulent stem tissues of Na+ and Cl–, and of the compatible solute glycinebetaine, and 

the maintenance of tissue K+ concentrations above critical levels by increasing the net K+ 

to Na+ selectivity to the shoot. Submergence tolerance in T. medusa was associated with 
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the ability to maintain tissue integrity despite the high mechanical stresses caused by 

water uptake from the surrounding submergence solution due to steep osmotic gradients. 

The relatively weaker succulent tissues of T. auriculata and T. indica ruptured due to 

excessive swelling caused by submergence, leading to mortality. 
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Introduction 
Species belonging to the sub-family Salicornioideae (family Amaranthaceae, formerly 

Chenopodiaceae) are halophytes with their photosynthetic organs modified into succulent 

articulated stems (i.e. stem-succulent halophytes). Stem-succulent halophytes are 

ubiquitous in saline environments including, habitats often subjected to flooding (as 

examples, occurring along coastlines and at seasonally flooded salt lakes) and in highly 

arid saline landscapes. Australia has particularly high diversity in this global group; 40 of 

the approximately 90 species currently recognised as occurring here are from the genus 

Tecticornia (sub-family Salicornioideae; family Amaranthaceae) (Wilson, 1980; 

Kadereit et al., 2006; Shepherd & Wilson, 2007). Much of this diversity is associated 

with the numerous saline lake systems of inland Australia, habitats often supporting an 

endemic flora and at which Tecticornia species tend to predominate (Datson, 2002; 

Shepherd & Wilson, 2007) (Fig. 1.1 shows the widespread distribution of Tecticornia 

species across Australia relative to the more restricted coastal distribution of 

Sarcocornia). Unfortunately, several of these habitats are threatened by changes in land 

use (current study; Timms, 2005). Therefore it has become necessary to improve 

understanding of Tecticornia species and their habitats to contribute information that will 

assist in the management of Australian ephemeral salt lakes.  

Tolerance to salinity and flooding in Tecticornia species 

The salt lakes of inland Australia are harsh environments, characterised by high soil 

salinity in combination with sporadic changes in water availability, where both flooding 

and drought can occur at different times (English, 2004; Barrett, 2006; van Etten & 

Vellekoop, 2009). The majority of vascular plant species are unable to survive in such 

environments because of the deleterious effects of salinity, flooding and drought. 

Tecticornia species are unique in their ability to survive (as perennial species) the highly 

stressful conditions at these ephemeral and seasonal salt lakes. Tecticornia species exhibit 

a high degree of salinity tolerance; low tissue osmotic potentials via the accumulation in 

tissues of Na+ and Cl–, and synthesis of compatible solutes, enables living with the highly 

negative soil water potential (English & Colmer, 2011). Salinity tolerance in Tecticornia 

species is also achieved by the maintenance of adequate selectivity in shoots of K+ over 

Na+ (Short & Colmer, 1999; English & Colmer, 2013). Presumably the harmful effects 

of Na+ and Cl– on metabolism are avoided by



General Introduction Chapter One 

 

4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 The localities of known occurrences of (A) Tecticornia and Sarcocornia species in 

relation to wetland areas, the north-south bioregion divide (see Saintilan, 2009), average annual 

rainfall and (B) the average annual number of tropical cyclones. Species coordinate data were 

accessed through Australia’s Virtual Herbarium (AVH) (http://avh.chah.org.au/), meteorological 

data from the Bureau of Meteorology, Australian Government (http://www.bom.gov.au/) and the 

wetlands map from the Department of the Environment, Australian Government 

(http://www.environment.gov.au/). 
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intracellular compartmentalisation of these ions into vacuoles (Flowers & Colmer, 2008). 

Tecticornia species may also occupy zones close to the water line that become inundated 

by surface water during high rainfall (for example, due to tropical cyclones causing 

overland flash floods; see Fig. 1.1 for the distribution of Tecticornia species in cyclone 

influenced regions of Australia), and therefore show a high degree of tolerance to flooding 

(Pedersen et al., 2006; Rich et al., 2008) and the combined stress of flooding under saline 

conditions (Colmer et al., 2009; English & Colmer, 2011). Adaptations such as the 

production of aerenchymatic adventitious roots borne in anoxic sediments and in the 

water column (i.e. “aquatic” roots also possessing photosynthetic capability) promotes 

the survival of Tecticornia species during floods (Rich et al., 2008). In floods that are 

deep enough to submerge plants, tolerance in Tecticornia involves a dormancy 

(quiescence) growth response allowing the conservation of carbohydrates that can 

become limiting during submergence (Colmer et al., 2009). Furthermore, capability to 

photosynthesise when under water is essential to the survival of submergence in 

Tecticornia as this minimises substrate depletion, but it is also a vital source of otherwise 

limiting internal O2 (Pedersen et al., 2006). Exposure to drought and high temperatures is 

a common factor affecting Tecticornia in the semi-arid landscapes of Australia (English, 

2004) and would be particularly stressful to plants in saline soils as both the matric and 

osmotic components would contribute to a lowering of soil water potential. Presumably, 

Tecticornia species are highly resistant to low water availability given their high degree 

of succulence and xerophytic morphology and ubiquitous occurrence in highly arid saline 

landscapes (see Fig. 1.1 for the distribution of Tecticornia species in relation to average 

annual rainfall). High water use efficiency associated with the C4 carbon fixation pathway 

in Tecticornia indica is also a trait that improves the competitive ability of this species 

relative to C3 species in severely dry situations at ephemeral salt lakes (English, 2004). 

The Fortescue Marsh and dominant Tecticornia species 

Studies that have investigated Tecticornia species and associated habitats have been 

largely restricted to a few salt lakes located in the semi-arid zone of southern and central 

Western Australia (English, 2004; Barrett, 2006; van Etten & Vellekoop, 2009). There is 

a need, however, to improve information on the ecophysiology of other Tecticornia 

species found at different salt lakes of other climatic regions in Australia that may be 

exposed to differing selection pressures (for example, the northern biogeographical 
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region of Australia; Saintilan, 2009; see Fig. 1.1 for approximate boundary of northern 

and southern biogeographical regions).  

Field studies for this thesis were conducted at Fortescue Marsh (species used in 

glasshouse experimentation were also naturally occurring there), an extensive (approx. 

1000 km2), episodic salt lake, situated in the semi-arid interior of sub-tropical north-west 

Australia (Kendrick, 2001) (Fig. 1.2). The outer fringe of Fortescue Marsh supports 

halophytic shrub communities dominated by Tecticornia species, several of which are 

unique to the region and declared rare flora (Shepherd & van Leeuwen, 2011). The 

Fortescue Marsh is currently recognised as a Priority High Ecological Value Aquatic 

Ecosystem (Commonwealth of Australia, 2013), is cited on the list of Directory of 

Important Wetlands of Australia (WA066) (Kendrick, 2001) and recognised as an 

Indicative Place on the Register of the National Estate (Department of the Envionrment, 

Water, Heritage & the Arts 2010).  

Climatic conditions at Fortescue Marsh are characterised by extreme seasonal 

fluctuations. Monsoonal rainfall and occasionally tropical cyclones can affect the 

Fortescue Marsh region during the austral summer months (Sturman, 2006) causing 

floods if rainfall events are sufficiently high. Periods of very low rainfall typically occur 

outside the summer wet season and large soil water deficits may ensue (Roshier et al., 

2001). Droughts may be particularly severe on the outer perimeter of the marsh, whereas 

floods are common in more central regions of the marsh and soil moisture can typically 

persist via capillarity from the shallow saline water table. Spatially varying 

physicochemical conditions across the salt flats including salinity, flooding and drought 

are likely to contribute to the zonation of Tecticornia species at Fortescue Marsh, owing 

perhaps to differences amongst the dominant species in abiotic stress tolerances (as was 

documented for other salt lakes in Australia; English, 2004; Barrett, 2006). Three 

perennial species occurring at the Fortescue Marsh, Tecticornia indica subsp. bidens 

(Nees) K.A. Sheph & Paul G. Wilson (hereafter T. indica), Tecticornia auriculata (Paul 

G. Wilson) K.A. Sheph & Paul G. Wilson and Tecticornia medusa K.A. Sheph & S.J. 

van Leeuwen are dominant within the wider Tecticornia community and occupy discrete 

zones fringing the lake and have emerged as the best options for studies (Shepherd & van 

Leeuwen, 2011) (see Fig. 1.3 for images of species zones). Tecticornia medusa, a recently 

described species (Shepherd & van Leeuwen, 2011) has 
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Figure 1.2. The locations of study sites A () and B () on the northern fringe of the Fortescue Marsh in the Pilbara region of north-west Australia. Within the 

vicinity are located several iron-ore mining operations (). Regional geography and mine locations were adapted from publicly available data at 

www.ga.gov.au and www.dmp.wa.gov.au. 
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Figure 1.3. Photographs of zones (top row) and whole plants (bottom row) of the three most abundant Tecticornia species that grow on the salt flats at Fortescue 

Marsh. Insets show close-ups of the succulent stems. 

Tecticornia indica Tecticornia auriculata Tecticornia medusa
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a restricted distribution in Western Australia and consequently, has a high conservation 

status; Priority Three – Poorly Known Taxa conservation status as defined by 

Department of Parks and Wildlife (DPaW) (formerly the Department of Environment and 

Conservation) Conservation Codes for Western Australian Flora. Tecticornia auriculata 

and T. indica have wider distributions and are not threatened. Mature individuals tend to 

dominate populations with species exhibiting contrasting growth forms. Tecticornia 

medusa has larger diameter succulent cylindrical-shaped stem articles with a lower 

surface area:volume ratio than the other two species and it exhibits profuse branching of 

the crown occurring basally with a branch ascending habit (Fig. 1.3). Tecticornia 

auriculata has cylindrical-shaped succulent stem articles and possesses a crown elevated 

above the ground on a taller branchless main woody stem. Tecticornia medusa and T. 

indica are both C3 species. Tecticornia indica, a C4 species (Carolin et al., 1982; 

Voznesenskaya et al., 2008), has cone-shaped succulent stem articles also with profuse 

branching of the crown occurring basally and showing a branch decumbent habit (Fig. 

1.3). 

Research objectives 

The region surrounding the Fortescue Marsh is rich in iron-ore deposits and consequently, 

mining operations have recently undergone rapid expansion (Fig. 1.2). There is a 

potential, long-term future risk that groundwater drawdown associated with the extraction 

of iron-ore beneath water tables, could result in a cone of groundwater depression that 

extends to the fringes of some areas of the Fortescue Marsh. Strategies are in place to 

minimise groundwater drawdown; for example, by reinjection of extracted pit water into 

local aquifers and environmental monitoring has been established. Declines in water table 

depth, if these did occur, may result in marked changes in species composition at 

ephemeral salt lakes (for example, the association of vegetation composition with 

groundwater depth at Lake Lefroy, Western Australia; Barrett, 2006). Consequently, it 

has become necessary to improve information on the ecophysiology of Tecticornia 

communities occurring at Fortescue Marsh to understand better the environmental 

conditions and plant responses for the species present. Aims of this research were 

therefore to characterise habitats supporting the dominant species at Fortescue Marsh 

(Chapter 3), elucidate factors that control population renewals (Chapter 3) and relate 

halophyte ecophysiology to climatic and soil variables (Chapter 4). Another major 

objective of this research was to elucidate factors that control the distributions of the 
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dominant Tecticornia species, based on the hypothesis that species differ in tolerances to 

salinity (Chapter 5) and submergence (Chapter 6).  

In summary, this research revealed that flooding, soil salinity and drought interact and 

jointly determine the distribution and community structure of Tecticornia species. It is 

also likely that population renewals amongst the dominant Tecticornia species are 

infrequent and are dependent on specific flooding and post-flooding events (Chapter 3). 

A seasonal study revealed that Tecticornia medusa, which occurs at the lowest elevation 

end of the vegetated zone, is prone to prolonged submergence during the wet season and 

extreme reductions in soil water potential during the dry season, whilst the two other 

species occupying progressively higher elevated sites (T. auriculata and T. indica 

respectively) experience more moderate seasonal fluctuations (Chapter 4). Two separate 

glasshouse experiments revealed that differences in the tolerance of Tecticornia species 

to extreme soil salinity (Chapter 5) and also the submergence of shoots in low-salinity 

water (as occurs naturally following flooding events) (Chapter 6), are likely to influence 

patterns of species zonation at Fortescue Marsh. 
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Introduction 

Halophytes are defined by their ability to survive and reproduce in soils at 200 mM NaCl 

and above (Flowers & Colmer, 2008). Obligate halophytes may be distinguished from 

facultative halophytes, the former (sometimes referred to as “euhalophytes”) being 

mostly dicotyledonous species that show optimal growth generally under moderate 

salinities (50–250 mM NaCl) with limits to growth often at very high salinities; the 

facultative halophytes (or “miohalophytes”) comprise species that can tolerate salinity 

but show optimum growth in non-saline water (Glenn & O’Leary, 1984; Rozema, 1991; 

Flowers & Colmer, 2008). The euhalophytes include a particularly high number of 

species from the Amaranthaceae sub-family Salicornioideae (formerly Chenopodiaceae, 

14–16 genera, approx. 90 species; Kadereit et al., 2006). Salicornioid species share the 

distinctive feature of a photosynthetic, succulent stems composed of articulated segments 

or articles; succulent stem-articles in the Salicornioideae are in-fact highly modified fused 

leaves (de Fraine, 1913; James & Kyhos; 1961; Davy et al., 2001; Davy et al., 2006; 

Shepherd & Wilson, 2007); others have considered leaves in the Salicornioideae to be 

usually highly reduced forming small terete tubercles, scales lobes or fleshy rims 

(Kadereit et al., 2006). Known colloquially as samphires or glassworts, these halophytic 

shrubs have colonised a range of saline environments across all continents (except 

Antarctica), from arid inland salt-deserts in sub-tropical and arctic climates to wet 

temperate coastal marshes (Kadereit et al., 2006; Fig. 2.1).  

Stem-succulent halophytes often co-exist in saline habitats alongside other closely related 

halophytic members of the Amaranthaceae, in particular, species belonging to the sub-

families Chenopodioideae and Suaedoideae (Barrett, 2006; Guy et al., 1986; Cantero et 

al., 1998). Amongst other traits, these three lineages generally differ in their gross 

morphology and method of Na+ and Cl– regulation in leaves. Chenopodioideae species 

that sequester Na+ and Cl– in cell vacuoles but partially recrete Na+ and Cl– into salt 

bladders borne on the leaf surface (i.e. ‘recreto-halophytes’, predominantly Atriplex spp.), 

can be distinguished from physiotypes that completely retain Na+ and Cl– in cell vacuoles 

of highly succulent photosynthetic organs that are either slightly modified leaves (i.e. 

“leaf-succulent halophytes” of the Suaedoideae) or succulent articles (i.e. the “stem-

succulent halophytes” of the Salicornioideae) (see Fig. 1.2 for leaf morphological 

differences).  
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Figure 2.1. The localities of known occurrences of Salicornioideae species. Species coordinate data were accessed through the Global Biodiversity Information 

Facility (GBIF) data portal (http://data.gbif.org/). Please note that documented occurrences on the GBIF database lacking coordinate information are not shown. 
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Figure 2.2. Photographs of (A) Tecticornia medusa (Salicornioideae), (B) Suaeda australis 

(Suaedoideae) and (C) Atriplex vesicaria (Chenopodioideae). Sources: T. medusa (own); S. 

australis (http://www.wildseedtasmania.com.au/webgallery/pages/Suaeda_australis.htm) and 

A. vesicaria (http://www.oznativeplants.com/plantdetail/Bladder-Saltbush/Atriplex/vesicaria/ 

zz.html).

The success of stem-succulent halophytes in saline environments is mainly associated 

with their remarkably high tolerance to salinity (as examples; Ayala & O'Leary, 1995; 

Redondo-Gomez et al., 2006; English & Colmer, 2013). Capability in some stem-

succulent halophytes to tolerate flooding further promotes their occurrence in saline 

landscapes; for example, in coastal marshes where plants inhabiting intertidal zones may 

become inundated daily by sea water (Bertness & Ellison, 1987; Pennings & Callaway, 

1992) and at ephemeral inland salt lakes, where infrequent overland flash-floods may 

increase water levels to such extents that plants inhabiting the margins are waterlogged 

or even submerged (Ungar et al., 1979; Pedersen et al., 2006; English & Colmer, 2011). 

Some habitats occupied by stem-succulent halophytes are not only saline, but also prone 

to infrequent rainfall and high temperatures and as such, these plants must tolerate high 

drought stress; for example, in some semi-arid/arid-zone salt deserts (Tug et al., 2012) 

and ephemeral salt lakes (Hansen & Weber, 1975; Riehl & Ungar, 1982; Guy et al., 1986; 

English, 2004). The extreme conditions that stem-succulent halophytes are often exposed 

to in their natural environment would be deleterious to the growth of the majority of other 

higher plants; however, stem-succulent halophytes have evolved highly specialised traits 

that have enabled them to survive and flourish in saline environments subject to wide 

ranges in water availability. This review discusses some of the adaptive traits in stem-

succulent halophytes that provide tolerance to common stressors experienced in their 

natural environments (i.e. salinity, drought and flooding).  
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Succulence and tolerance of low water availability in stem-succulent 

halophytes 

The mature, fully-expanded stem articles of stem-succulent halophytes have a 

constitutive high degree of succulence that is expressed under both saline and non-saline 

conditions (Appendix Table A2.1). Succulence (assessed in terms of the tissue water 

content) in shoot tissues appears similarly high in both Salicornioid and Suaedoid species 

and approximately two times higher than in Chenopodioid halophytes (Appendix Table 

A2.1). Although tissue water contents of succulent halophytes, if expressed on a total dry 

mass basis, appear similar to glycophytes, such values can be misleading as the tissues of 

halophytes comprise a large percentage of ash (up to 50%) due to the accumulation of 

high quantities of inorganic ions, whereas the ash contents of glycophytes are typically 

much less. A comparison of tissue water contents on an ‘organic’ dry mass basis in the 

succulent halophytes to those of some dicotyledonous and monocotyledonous 

glycophytes reveals that succulence is approximately two times higher in the former 

(Appendix Table A2.1). In a radial section, the mature stem articles of succulent 

halophytes consist of an epidermis, a peripherous photosynthetic palisade parenchyma 

(termed chlorenchyma) and a layer of photosynthetically active cells surrounding the 

central vascular bundle (Redondo-Gomez et al., 2005), a thick parenchyma layer 

consisting of highly voluminous thin-walled cells with enlarged vacuoles (James & 

Kyhos, 1961; Carolin et al., 1982; Saadeddin & Doddema, 1986); this specialised water 

storage tissue has been referred to as hydrenchyma (Barcikowski & Nobel, 1984; Eggli 

& Nyffeler, 2009) (Fig. 2.3).  

Droughts causing low water content in soils underlying halophytes may be particularly 

severe, as soil water limitation and salinity are additive due to the combination of a high 

matric potential (due to soil drying) and low (i.e. very negative) osmotic potential (due to 

the concentration of salts dissolved in a low volume of soil water) (Ungar, 1977; Riehl & 

Ungar, 1982; Guy et al., 1986). Succulence is presumably of importance for the tolerance 

of stem-succulent halophytes to droughts, as it serves as a temporary storage of utilisable 

water in such a way to allow the plant to be temporarily independent from external water 

supply, but to retain at least some physiological activity (Eggli & Nyffeler, 2009). The 

dearth of investigations into the response of stem-succulent halophytes to drought and 

combined effects with salinity and the absence of experiments that have assessed the 

ability of stem-succulent halophytes to maintain physiological functioning in 
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photosynthetic tissues at a soil-water potential beyond the threshold for water uptake, 

precludes an assessment for the purpose of this review on the functional significance of 

succulence in Salicornioid halophytes per se. However, analogies to stem-succulent 

halophytes may be drawn from the extensive literature on responses in succulent 

glycophytes to low soil water potentials. 

 

Figure 2.3. Transverse (i.e. radial) sections of succulent stem articles in Tecticornia species 

(Salicornioideae) showing (A) a section through the mid-point of a succulent stem article 

(Tecticornia indica), (B) the chlorenchyma (Tecticornia auriculata) and (C) hydrenchyma 

(Tecticornia medusa). Sources and procedures: (A) is from Voznesenskaya et al., (2008) and were 

hand-held razor cut sections viewed using light stereo microscope; (B) and (C) are hand-held razor 

cut sections viewed with a light microscope (SZH-ILLD, Olympus, Tokyo, Japan) and from own 

unpublished images. Scale bars: (A) 1 cm, (B) 150  μm and (C) 350 μm. 

For succulent glycophytes (i.e. cacti in deserts), it has been observed that a water storage 

reserve in photosynthetic tissues permits stomatal opening to be maintained during 

droughts (and hence CO2 assimilation) and delays the time between reductions in soil 

water potential and leaf water potential (Nobel, 1977). The mobilisation of water from 

internal storage tissues to the peripheral chlorenchyma as photosynthetic organs 

dehydrate also facilitates the maintenance of photosynthesis in desert succulents under 

drying (Barcikowski & Nobel, 1984; Schmidt & Kaiser, 1987). The significance of 

succulence in providing these functions however, is dependent on how efficient stored 

water can be conserved during droughts. In many succulents, this is achieved by the 

expression of leaf xeromorphic traits which help to minimise transpiration. Such 

adaptations include thick epicuticular wax and cuticular layers, low stomatal density and 

sunken stomata (Shields, 1950; Vonwillert et al., 1990; Eggli & Nyffeler, 2009). 

Anatomical studies conducted on some halophytic stem-succulents indicate the presence 
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of at least some of these xero-morphological traits (Flowers & Yeo, 1986). The vertical 

orientation of succulent stems would also reduce interception of radiation at midday 

relative to a leaf at horizontal inclination, helping to reduce the intensity of irradiative 

heat loading (Ball et al., 1988). Numerous succulents also minimise transpirational water 

losses (and thus have a high water use efficiency as assimilation is maintained) by

 

Figure 2.4. The intrinsic water use efficiency (WUE) of photosynthesis expressed as the ratio of 

micromoles of CO2 fixed (A) per mole of H2O water vapour exiting stomata (Gs) in halophytic 

species of the Amaranthaceae with C3 and C4 photosynthetic pathways and selected glycophytes. 

Ranges in WUE for halophytes are minimum and maximum over salinity treatment ranges whilst 

values for glycophytes are under optimal growth conditions. Euhalophytic species are grouped 

according to sub-family i.e. stem-succulent species of the Salicornioideae, leaf-succulent species 

of the Suaedoideae and recreto-halophytes of the Chenopodioideae. Numerical values for data 

given in graphs were extracted with DataThief III (Shareware; version 1.6). Raw data and sources 

are provided in Appendix Table A2.2. 
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utilising crassulacean acid metabolism (CAM) or C4 carbon fixation (Vonwillert et al., 

1990; Ehleringer & Cerling, 2002). Within amaranth halophytes, C4 is prevalent 

particularly amongst leaf-succulent halophytes and  recreto-halophytes (Shomer-Ilan et 

al., 1981; Winter, 1981; Akhani et al., 1997) but with only one occurrence in Salicornioid 

stem-succulents (the only known C4 example being Tecticornia indica; Carolin et al., 

1982; Voznesenskaya et al., 2008). The C4 photosynthetic pathway facilitates adaptation 

to periods of water stress due to higher plant water use efficiency and maintenance of 

higher growth rates when soils are dry than in C3 plants. Indeed, amongst amaranth 

halophytes C4 species are mostly distributed in dry and saline soils whilst occurrences of 

C3 species are highest at (although not restricted to) wetter sites (Shomer-Ilan et al., 1981; 

Winter, 1981; Akhani et al., 1997); these observations also demonstrate that the C4 

mechanism does not confer an advantage over C3 in terms of salinity tolerance, as both 

functional groups inhabit similarly saline soils (for C4 species

 

Figure 2.5. The change in tissue (shoot) water contents expressed on a total dry mass basis at  

salinity concentrations optimal for growth relative to low salinity controls in halophytic species of 

the Amaranthaceae (for each species, minimal and maximal water contents were plotted at 

corresponding salinity). Euhalophytic species are grouped according to sub-family i.e. () stem-

succulent species of the Salicornioideae, () leaf-succulents of the Suaedoideae and () recreto-

halophytes of the Chenopodioideae with best fit lines plotted. R2 values for stem-succulent 

halophytes, leaf-succulent halophytes and recreto-halophytes 0.41, 0.85 and 0.70 respectively. 

Numerical values for data published in graphs were extracted with DataThief III (Shareware; 

version 1.6).  Sources of data are provided in Appendix Table A2.1. 
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due to salts that are concentrated by low soil water or for C3 species in sites with high 

total contents of salt but diluted in higher volumes). Nevertheless, amaranth halophytes 

utilising the C3 photosynthetic pathway generally have higher intrinsic water use-

efficiencies than is typical for glycophytes (Appendix Table A2.2 and Fig. 2.4), so 

probably conservative water use in C3 species is of importance in salinity tolerance 

(Lovelock and Ball, 2002) but may also improve survival under moderate water 

limitation.  

A response often observed in euhalophytes to moderate increases in external NaCl is an 

increase in succulence (as evident by the increases in water content of succulent 

articles/leaves; Appendix Table A2.1 and Fig. 2.5). It has been postulated by some authors 

that succulence and increased cellular vacuolation provides a means of regulating internal 

Na+ and Cl– concentrations, perhaps functioning as a salt toxicity avoidance mechanism 

that could be induced to dilute potentially lethal concentrations of tissue Na+ and Cl– 

(Jennings, 1968; Glenn & O’Leary, 1984). The converse may also be true; in halophytes 

grown at very high salinities it is often observed that a decrease in succulence ensues, 

also concentrating solutes in the cell sap and as a result, may reduce the quantity of NaCl 

that must be taken up from the soil to maintain tissues at a lower osmotic potential than 

the surrounding soil. Lowering of osmotic potential of above-ground tissues via 

dehydration alone however, comes with the inevitable cost of turgor loss if the external 

osmotic potential continues to decrease; depending also on cell wall/tissue elasticity. 

Nonetheless, a high-degree of succulence in halophytes may provide a means by which 

tolerance of extreme salinities is possible, as for a given tissue ion concentration and cell 

wall elasticity, lower cell solute concentrations may be reached by dehydration of tissues 

prior to turgor loss than in a non-succulent species. An additional consequence of salinity-

induced increases in succulence that has been hypothesised is the promotion of foliar CO2 

uptake due to the greater internal surface area of the mesophyll relative to organ surface 

area (Longstreth & Nobel, 1979). However, in the recreto-halophyte Atriplex patula and 

stem-succulent halophyte Salicornia fruticosa, photosynthetic rates were not stimulated 

by increasing succulence, as increasing mesophyll resistance to CO2 compensated for the 

potential stimulatory effects on net photosynthesis of greater mesophyll surface area 

(Longstreth & Nobel, 1979; Abdulrahman & Williams, 1981). Nonetheless, increasing 

succulence and mesophyll area may contribute to the maintenance of high photosynthetic 

rates at moderate salinities. 
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Salinity tolerance in stem-succulent halophytes 

Growth and survival  

Stem-succulent halophytes are tolerant of extremely high salinity (Fig. 2.6). Growth and 

survival of stem-succulent euhalophytes at high salinity levels (1000 mM NaCl and 

above: Black, 1960; Storey & Wyn Jones, 1979; Abdulrahman & Williams, 1981; Glenn 

& O’Leary, 1984; Glenn et al., 1996; Gul et al., 2000; Khan et al., 2001; Khan et al., 

2005; Redondo-Gomez et al., 2006; Gul et al., 2009; Song et al., 2009; Redondo-Gomez 

et al., 2010; English & Colmer, 2013) is superior to that of miohalophytes (Glenn & 

O’Leary, 1984) which generally have tolerance thresholds at relatively lower salinities 

(for example, the mortality of eight 'miohalophytes' beyond approx. 500 mM NaCl; Glenn 

& O’Leary, 1984). The external NaCl concentrations at which stem-succulent

 

Figure 2.6. Relative growth rate of shoots on an ‘organic’ dry mass basis (i.e. the total dry mass 

minus ash or ethanol-soluble dry mass) in euhalophytic species of the Amaranthaceae and in 

selected miohalophytic species. Euhalophytic species are grouped according to Fig. 2.5 except (Χ) 

miohalophytes. Best-fit line R2 values for stem-succulent species, leaf-succulent species, recreto-

halophytes and miohalophytes are 0.84, 0.87, 0.83 and 0.34 respectively. References are as 

follows: stem-succulent halophytes (Glenn & O’Leary, 1984; Naidoo & Rughunanan, 1990; Ayala 

& O'Leary, 1995; English & Colmer, 2013); leaf-succulent halophytes (Yeo & Flowers, 1980; Glenn 

& O'Leary, 1984; Khan et al., 2000a); recreto-halophytes (Glenn & O'Leary, 1984; Glenn et al., 

1996; Bazihizina et al., 2009) and miohalophytes (Glenn & O'Leary, 1984).  



The ecophysiology of stem-succulent halophytes: a review Chapter Two 

 

22 

halophytes can survive do not appear to differ markedly from tolerance threshold levels 

documented for leaf-succulent and recreto-halophytes (Fig. 2.6). However, a greater 

number of studies are needed that define salinity survival thresholds for euhalophytic 

species to unequivocally determine whether salinity tolerances differ between the three 

amaranth sub-families. Although the available evidence suggests that on a whole, salinity 

tolerances amongst amaranth halophytes are similar, at lower taxonomic levels it appears 

that there is considerable variation. This assertion is based on the observation of 

distribution patterns amongst euhalophytes at salt marshes that correlate with soil salinity 

(Ungar et al., 1979; Pennings & Callaway, 1992) and comparative ecophysiological 

studies that have demonstrated varying salinity tolerance thresholds amongst euhalophyte 

species (Glenn et al., 1996; English & Colmer, 2013).  

Osmotic adjustment and Na+ and Cl– accumulation  

Halophytes are characterised by a common set of traits which enable tolerance to high 

salinity. These common traits include (but are not limited to) constitutively high Na+ and 

Cl– concentrations through the controlled uptake of Na+ and Cl– into cells, the subsequent 

compartmentalisation of Na+ and Cl– into vacuoles and the synthesis of compatible 

organic solutes in the cytoplasm to achieve intracellular osmotic equilibrium (Flowers & 

Colmer, 2008). Internal Na+ and Cl– concentrations in the tissues of halophytes are 

typically very high and exceed external NaCl concentrations by a substantial amount, 

reflecting the high capacity for net ion uptake and transport to the shoots in halophytes. 

In accordance with the requirement to maintain osmotic gradients for water uptake and 

the role of Na+ and Cl– as the principal cellular osmotica, it is generally observed that in 

response to increasing external NaCl, concentrations of tissue Na+ and Cl– also increase 

(Appendix Table A2.3 and Fig. 2.7). For a range of halophytic stem-succulent species, 

studies have reported Na+ and Cl– concentrations in shoot tissues in the range of approx. 

150–2500 mM, depending on external salinity (Appendix Table A2.3 and Fig. 2.7). The 

range in tissue ion concentrations reported for stem-succulents appears generally not to 

differ from ion concentrations measured in leaf-succulent and recreto halophytes over 

similar external NaCl concentrations (Appendix Table A2.3 and Fig. 2.7). Nonetheless, 

there appears a tendency at least in some stem-succulents to accumulate extremely high 

Na+ and Cl– concentrations (for example, Salicornia bigelovii and Salicornia utahensis; 

Appendix Table A2.3); highly voluminous cells with large vacuoles (for instance, cells 

of the hydrenchyma in stem-succulents) could possibly provide a higher capacity for ion 

storage than smaller cells. It is also apparent that the ratio of shoot internal:external NaCl 
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in halophytes decreases as external NaCl rises (Appendix Table A2.3 and Fig. 2.7). A 

high internal ion concentration (if within tolerable limits) at low salinity for halophytes 

may improve adaptability in saline environments which are prone to fluctuations in 

salinity, obviating the requirement for continuous osmotic adjustment.  

 

Figure 2.7. The concentrations of Na+ on a tissue water basis in shoots of some halophytes. 

Euhalophytic species are grouped according to Fig. 2.5. Dashed line is 1:1 of x and y.  Best-fit line 

R2 values for stem-succulent halophytes, leaf-succulent halophytes and recreto-halophytes are 

0.72, 0.73 and 0.85 respectively. Sources of data are provided in Appendix Table A2.3. 

There are no data in the literature on ion transport and net ion fluxes to the shoots in stem-

succulent halophytes. However, it is probable that net rates of ion uptake through the roots 

of stem-succulent halophytes are similar to values of 8.5–85 nmol Na+ g−1 dry mass roots 

s−1 (depending on the external salt concentration) reported for other halophytes (Flowers 

& Colmer, 2008). Studies in halophytes have shown that xylem Na+ (Scholander et al., 

1962; Flowers, 1985; Clipson & Flowers, 1987) and Cl– concentrations (Ball, 1988) are 

typically lower than the external NaCl concentration demonstrating that roots are a major 

barrier to the flux of ions to the shoots. In mangroves, but possibly also in many 

halophytes, xylem Cl– concentrations (and presumably Na+) are inversely proportional to 

the shoot transpiration rate such that the accumulation of salt in the shoot does not vary 

with transpiration (Ball, 1988). In this way, rates of ion delivery to the shoot via the xylem 

can be matched (by the regulation of net ion fluxes across the root membranes and/or 

retrieval from xylem ascending the roots, see Flowers & Colmer 2008 for relevant 
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transporters) to the requirements for osmotic adjustment in shoot tissues, independent of 

needs to regulate stomatal conductance in leaves.  

A response observed in halophytes to increases in external NaCl and the concomitant 

accumulation of ions in shoots, is that shoot ion concentrations on a tissue dry mass basis 

typically stabilise at high levels (see references in Appendix Table A2.3). Such ‘saturation 

trends’ in ion concentrations in response to external NaCl indicate limits in these species 

to osmotic adjustment (i.e. the lowering of osmotic potential by the net accumulation of 

solutes). The inability to accumulate ions in proportion with increasing salinity in 

halophytes may indicate the induction of a feedback mechanism arising in ion storage 

within cells of the shoot, for instance, if cells were at maximum capacity for Na+ and Cl– 

vacuolar sequestration. In the absence of an inhibition of net ion fluxes to shoot tissues at 

vacuolar ion capacity, ions being delivered to shoots via the transpiration stream could 

potentially build up to toxic levels in the cytoplasm (or within cell walls) for species 

lacking salt glands. An inability to accumulate sufficient osmotica would impose limits 

to salinity tolerance in halophytes and thus, varying levels of salinity tolerance amongst 

halophyte species may be partially caused by inherent differences in capacities for 

vacuolar ion sequestration. Glenn et al. (1996) revealed that salinity tolerance in Atriplex 

canescens was determined by the capacity for shoot Na+ and Cl– accumulation; however, 

most other studies that have conducted investigations on the comparative physiology of 

salinity tolerance in halophyte species by NaCl dose-response, have not determined 

survival thresholds but rather, have defined growth optima and tolerance to non-lethal 

NaCl concentrations.     

K+ accumulation and selectivity over Na+ 

Halophytes growing in saline conditions are faced with the challenge of maintaining 

adequate concentrations of internal K+. Due to the similar physicochemical properties of 

Na+ and K+ (ionic radius and ion hydration energy), Na+ competes with K+ at sites of 

uptake in the plasma membrane and thus, external Na+ can inhibit the transport of K+ into 

the symplast (Shabala & Cuin, 2008). It is all the more crucial for halophytes to maintain 

adequate levels of internal K+ as high concentrations of Na+ in the cytoplasm (for 

example, if caused by leakage from the vacuole) may outcompete K+ for key enzyme 

binding sites (Shabala & Cuin, 2008). Halophytes have acquired high affinity transport 

mechanisms that allow the selective uptake of K+ in an external solution dominated by 

Na+, an ability which usually prevents tissue K+ deficiency from occurring when growing 
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in saline soils (Flowers & Colmer, 2008). Although tissue K+ is higher in halophytes (for 

example, the Amaranthaceae; Table 2.1) in the absence (or presence of very low levels) 

of external NaCl, when salinity increases beyond low levels, tissue K+ is generally 

maintained at similar concentrations. The maintenance of tissue K+ in halophytes in 

response to increasing external NaCl is achieved by an enhanced net selectivity for K+ 

over Na+ (tissue K+:Na+/external K+:Na+, i.e. SK:Na) (for example, the Amaranthaceae; 

Table 2.1). 

Tissue K+ concentrations reported for a range of halophytes (members of the 

Amaranthaceae) indicate variable tissue K+ concentrations amongst species (11–600 mM 

and 4–205 mM for plants growing in saline and non-saline media respectively), but also 

the trend of increasing SK:Na with increasing salinity (approx. 1–29 and <0.1–5 in saline 

and non-saline media respectively). Despite the low minimal K+ concentrations reported 

for some species of the Amaranthaceae on a bulk tissue water basis (Table 2.1), if 

estimated on a cytoplasmic basis using the assumption that all K+ is partitioned into a 

cytoplasm representing 10% of the cell volume (based on cytoplasm volumes of 

parenchyma cells in Suaeda maritima; Hajibagheri et al., 1984), K+ concentrations for 

the halophytes in Table 2.1 (in saline treatments) would range from approximately 40–

2050 mM. If considering that the optimal K+ concentration in the cytoplasm is 80–120 

mM (Maathuis & Sanders, 1996), for many halophytes in Table 2.1, estimated 

cytoplasmic concentrations would have exceeded cellular K+ requirements. There is a 

paucity of data on directly measured K+ concentrations in the cytoplasm for Amaranth 

halophytes, however, from the few available studies, cytoplasmic K+ concentrations were 

either similar to those of glycophytes (Harvey et al., 1981; Gorham & Jones, 1983) or 

somewhat below (Flowers & Yeo, 1988; Hajibagheri & Flowers, 1989). Nevertheless, 

the large apparent K+ surplus in some Amaranth halophyte species probably indicates that 

K+ is also utilised as an osmoticum stored in the vacuole, as high cytoplasmic 

concentrations may be as inhibitory as Na+ to the activity of some enzymes (Heimer, 

1973; Greenway & Sims, 1974; Flowers & Dalmond, 1992) and protein synthesis (Brady 

et al., 1984). Direct evidence for the utlisation by halophytes of K+ as a vacuolar 

osmoticum comes from it’s detection in the vacuole (Harvey et al., 1981; Matoh et al., 

1987) and tononplast transporters that have affinity for K+ (Shabala & Cuin, 2008).  It is 

also noteworthy from the survey undertaken in Table 2.1, that Atriplex species which 

possess salt bladders that usually have a high capacity for net
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Table 2.1. The concentrations of K+, tissue K+:Na+ and net K+:Na+ selectivity (SK:Na) in shoots on a 

tissue water basis in available halophytic species of the Amaranthaceae. The corresponding Ca2+ 

concentration in the nutrient solution is also specified. Species are listed in alphabetical order and 

grouped according to sub-family i.e. stem-succulent species of the Salicornioideae, leaf-

succulents of the Suaedoideae and recreto-halophytes of the Chenopodioideae. Numerical values 

for data given in graphs were extracted with DataThief III (Shareware; version 1.6). Minimum, 

median (nearest across all studies, given in bold) and maximum NaCl treatment concentrations 

are specified and corresponding tissue parameters. 

 
 
Species 

External 
NaCl 
conc. 
(mM) 
(min, 
med,  
max) 

Tissue 
K+ conc. 
(mM) 
(min, 
med,  
max) 

Tissue 
K+:Na+ 

Net 
K+:Na+ 

selectivity 
for shoots 
(SK:Na) 

Ca2+ in 
nutrient 
solution 
(mM) 

Reference 

Stem-succulent halophytesa      

Allenrolfea occidentalis ~2, 540, 
720 

59, 82, 
79 

0.56, 
0.09, 0.11 

0.2, 3, 4 8.3, 
21.3, 
25.6 

Glenn & O'Leary (1984) 

Halocnemum 
strobilaceum 

<0.1, 
680 

68, 4 0.60, 0.04 <0.1, 10.1 4 Pujol et al. (2001) 

Salicornia bigelovii 5, 600 138, 62 0.55, 0.03 1.4, 9 3 Ayala & O'Leary (1995) 

Salicornia brachiata 0, 600 56, 33 0.23, 0.03 <0.1, 3.3 8 Parida & Jha (2010) 

Salicornia 
dolichostachya 

50, 500 73, 32 0.23, 0.06 3.8, 10 2 Katschnig et al. (2013) 

Salicornia europaea ~2, 540, 
720 

123, 83, 
105 

0.44, 
0.05, 0.06 

0.2, 1.7, 
2.2 

8.3, 
21.3, 
25.6 

Glenn & O'Leary (1984) 

Salicornia europaea 0, 510 267, 
192 

1.67, 0.15 <0.1, 28.3 4 Aghaleh et al. (2011) 

Salicornia persica 0, 510 301, 
187 

1.47, 0.14 <0.1, 26.4 4 Aghaleh et al. (2011) 

Salicornia rubra 0, 600, 
1000 

10.6, 
7.3, 6.2 

0.01, 
0.005, 
0.003 

<0.1, 0.9, 
0.92 

4 Khan et al., (2001) 

Salicornia utahensis 0, 600, 
1000 

18.4, 
7.3, 7.1 

0.04, 
0.004, 
0.003 

<0.1, 0.9, 
1.1 

4 Gul et al., (2009) 

Sarcocornia natalensis 0, 500 316, 26 2.8, 0.04 <0.1, 3.3 6 Naidoo & Rughunanan 
(1990) 

Sarcocornia 
vermiculatus 

~2, 540, 
720 

303, 75, 
116 

0.96, 
0.08, 0.12 

0.7, 14.4, 
28.8 

8.3, 
21.3, 
25.6 

Glenn & O'Leary (1984) 

Tecticornia indica 10, 500, 
2000 

175, 50,  
50 

0.44, 
0.06, 0.03 

0.4, 3, 6 10 English & Colmer (2013) 

Tecticornia pergranulata 10, 500, 
2000 

225, 50, 
50 

0.90, 
0.07, 0.03 

0.9, 3.5, 6 10 English & Colmer (2013) 

Tecticornia pergranulata 10, 600, 
800 

125, 25, 
25 

0.31, 
0.02, 0.02 

5.2, 20, 
26.7 

2 Short & Colmer (1999) 

Leaf-succulent 
halophytesb 
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Suaeda aegyptiaca 0, 500 180, 10 3.60, 0.02 <0.1, 3.1 4 Eshel (1985) 

Suaeda fruticosa 0, 600, 
1000 

113, 41, 
25 

0.31, 
0.06, 0.02 

<0.1, 
11.1, 6.2 

4 Khan et al. (2000a) 

Suaeda maritima* 0, 680 198, 40 0.90, 0.05 <0.1, 5.2 8 Flowers (1972) 

Suaeda monoica 0, 500, 
1000 

266, 20, 
30 

3.02, 
0.024, 
0.03 

<0.1, 1.8, 
3.6 

8 Storey & Jones (1979) 

Suaeda salso 10, 600 120, 45 0.60, 0.08 5, 40 1 Song et al. (2009) 

Suaeda torreyana* ~2, 540, 
720 

332, 56, 
34 

1.18, 
0.06, 0.03 

0.5, 2.0, 
1.1 

8.3, 
21.3, 
25.6 

Glenn & O'Leary (1984) 

Recreto-halophytesb       

Atriplex canescens 
subsp. macropoda 

~2, 540, 
720 

270, 
156, 
188 

0.4, 0.12, 
0.13 

0.1, 12.1, 
17.5 

1.5 Glenn et al. (1992) 

Atriplex lentiformis ~2, 540, 
720 

359, 
128, 
205 

0.75, 
0.10, 0.14 

0.3, 3.3, 5 8.3, 
21.3, 
25.6 

Glenn & O'Leary (1984) 

Atriplex nummularia 10, 450, 
670 

180, 70, 
110 

0.60, 
0.11, 0.76  

0.1, 5.3, 
9.3 

9.3 Bazihizina et al. (2009) 

Atriplex patula ~2, 540, 
720 

171, 21, 
68 

0.46, 
0.03, 0.07 

0.2, 1.0, 
2.5 

8.3, 
21.3, 
25.6 

Glenn & O'Leary (1984) 

Atriplex spongiosa 0, 500, 
750 

138, 25, 
35 

6, 0.26, 
0.04 

<0.1, 3.2, 
4.4 

8 Storey & Jones (1979) 

  Atriplex vesicaria 0, 500, 
1000 

600, 50, 
70 

43, 0.04, 
0.04 

0.7, 3.2, 
5.8 

8 Black (1960) 

a, comprehensive list 
b, not comprehensive 
*, calculated based on authors 
data 

  

selectivity of Na+ over K+ (Storey et al., 1983), were not characterised by higher K+:Na+ 

in the leaf tissues than in species without such bladders (i.e. stem succulent and leaf 

succulent morphologies).  

The addition of supplemental Ca2+ (for example, from 0.1 mM to 10 mM Ca2+) to the 

rooting medium has been shown to enhance the plasma membrane net K+ to Na+ 

selectivity (or SK:Na = tissue K+:Na+/external K+:Na+) at the roots of some glycophytes, 

possibly due to its effects on K+ channels (Shabala & Cuin, 2008). In the only 

investigation of effects of supplemental Ca2+ on SK:Na in halophytes in a saline medium 

(Tecticornia spp.; English & Colmer, 2013), results suggested that additions of external 

Ca2+ from 10 mM–40 mM did not improve SK:Na; however, it is unknown whether smaller 

supplemental Ca2+ additions (for example, from 0.1 mM to 10 mM Ca2+)  affect SK:Na in 

halophytes experiencing salinity as observed in glycophytes. Certainly, differences in 

external Na+:Ca2+ with Ca2+ varying from 1 mM–26 mM as a consequence of the 

provision of differing growth media formulas in the selected species, did not contribute 
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to the variation in SK:Na (Table 2.1); linear regression analysis between external Na+:Ca2+ 

and SK:Na revealed no significant correlation (R2 = 0.14). Further studies should assess 

whether inherent interspecies differences in SK:Na and the influence of external Ca2+ 

ranging from 0–10 mM (and other divalent cations) contributes to varying ionic relations 

and salinity tolerances amongst halophytes; however the relevance of these low Ca2+ 

levels to the natural habitats of halophytes which typically contain relatively high soil 

Ca2+ is questionable. However, SK:Na in the cytoplasm and likewise high SNa:K in the 

vacuole, opposed to whole leaves/succulent stem articles is the critical factor in salinity 

tolerance, as it is a low K+:Na+ in the cytoplasm that exerts deleterious effects on 

metabolism (Greenway & Munns, 1980). The low K+:Na+ observed in the bulk shoot 

tissues of halophytes (Table 2.1) would not be tolerated if occurring in the cytoplasm. 

Therefore, the majority of Na+ accumulated in the shoot must be compartmentalised in 

the vacuoles, as key enzymes are not especially resistant to the negative effects of Na+ in 

halophytes, but are inhibited by Na+ to a similar degree as those in glycophytes (Flowers 

et al., 1977). In the few measurements of Na+ and K+ concentrations in the cellular 

compartments of halophytes, data validate the differential Na+ and K+ intracellular 

partitioning model (for example in Suaeda maritima, a cytolsolic K+:Na+ of 0.47 and 

vacuolar K+:Na+ of 0.08; Hajibagheri & Flowers, 1989).  

Compatible organic solutes  

If Na+ and Cl– are to be accumulated in the vacuole, then similar concentrations of solutes 

must be present in the cytoplasm to achieve cellular osmotic balance (Wyn Jones & 

Storey, 1977). Given that the use of Na+, K+ and Cl– as major osmotica in the cytoplasm 

of halophytes is precluded on the basis of their enzyme inhibiting effects, other 

osmotically active solutes compatible with metabolic functioning over a wide 

concentration range in the cytoplasm must fill this role. Halophytes fulfil this requirement 

by synthesising non-toxic organic solutes and accumulating these in the cytoplasm at high 

concentrations. It is energetically expensive to synthesise organic molecules (i.e. per mole 

basis), however, the net cost to metabolism (per gram fresh mass basis) in halophytes is 

small due to the low compartmental volume of the cytoplasm (although, if considering 

the cytoplasm alone, energetic costs in this compartment would be high) (Yeo, 1983; 

Raven, 1985). The uptake and accumulation of abundantly available external Na+ and Cl– 

into vacuoles is energetically less costly to metabolism than would be the case if these 

ions were not utilised as osmotica (i.e. ‘excluded’), but instead, organic solutes were 

synthesised to equivalently high concentrations (Yeo, 1983; Raven, 1985; Munns, 2002). 
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The low energetic cost of salt ‘inclusion’ and low reliance on organic solutes for osmotic 

adjustment in halophytes, compared to the high energetic costs in monocotyledons which 

‘exclude’ salt and rely heavily on organic solutes, is probably a cause of the relatively 

lower growth rates in the latter when exposed to salinity (Yeo, 1983). 

Amongst the numerous different organic solutes synthesised in response to salinity 

amongst halophytic taxa, the methylated quaternary ammonium compound 

glycinebetaine has emerged as the predominant compatible solute within the Amaranth 

(amongst other plant families) halophytes. Amaranth halophytes generally behave as 

exclusive glycinebetaine accumulators and tend to synthesise proline in only minor 

quantities (Tipirdamaz et al., 2006). Evidence for the role of glycinebetaine as a 

compatible solute has arisen from studies that have demonstrated: (i) synthesis and 

accumulation of glycinebetaine in shoots (Table 2.2) at concentrations that would 

contribute significantly to cell osmotic potential if it were confined in the cytoplasm; (ii) 

localisation of glycinebetaine in the cytoplasm (Hall et al., 1978; Matoh et al., 1987), 

including chloroplasts (Robinson & Jones, 1986; Genard et al., 1991) and absence in the 

vacuole (Matoh et al., 1987); and (iii) that glycinebetaine does not inhibit the activity of 

a range of key enzymes in vitro at physiological concentrations (Pollard & Wyn Jones, 

1979). Glycinebetaine synthesis in some Amaranth species has been shown to increase 

proportionally in response to salinity whilst in others, glycinebetaine is at high 

constitutive levels irrespective of external salinity and tissue NaCl (Table 2.2). Given 

these differences, the role of glycinebetaine and mechanisms of its regulation are possibly 

specific to individual species and/or genera. A constitutive high quantity of 

glycinebetaine if measured in whole tissues does not exclude however, the possibility that 

the cytoplasmic solute potential is adjusted by intracellular translocation between the 

vacuole and cytoplasm. Additionally, salinity induced increases in succulence (often 

observed in halophytes at moderate salinity; see discussion above) would reduce the 

relative proportions of the cell volume occupied by the cytoplasm due to increased 

cellular vacuolation, which may further negate the requirement to increase glycinebetaine 

concentrations by synthesis in this compartment at moderate salinity (Hajibagheri et al., 

1984). In response to thermal, drought or salinity stress, glycinebetaine accumulates at its 

site of synthesis in chloroplasts where it protects the thylakoid membrane and 

photosynthetic machinery (Jolivet et al., 1982; Papageorgiou et al., 1991; Murata et al., 

1992; Rhodes et al., 2002; Ashraf & Foolad, 2007). Other known functions of 

glycinebetaine are in the detoxification of reactive oxygen species
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Table 2.2. The concentrations of glycinebetaine and proline in shoots on a tissue water basis in 

available halophytic species of the Amaranthaceae. Species are listed in alphabetical order and 

grouped according to sub-family i.e. stem-succulent species of the Salicornioideae, leaf-succulent 

halophytes of the Suaedoideae and recreto-halophytes of the Chenopodioideae. Numerical 

values for data given in graphs were extracted with DataThief III (Shareware; version 1.6). 

Minimum, median (nearest across all studies, given in bold) and maximum NaCl treatment 

concentrations are specified and corresponding tissue solute concentrations. 

 
 
Species 

External 
NaCl conc. 
(mM) (min, 
med,  max) 

Tissue solute conc. (mM) (min, 
med, max) 

 
 
Reference 

Glycinebetaine Proline  

Stem-succulent halophytesa    

Halocnemum 
strobilaceum* 

0, 680 32, 91 0.15, 0.39 Pujol et al. (2001) 

Salicornia dolichostachya 50, 500 39, 45 na Katschnig et al. (2013) 

Salicornia europaea* 0, 530, 1400 64, 26, 33 na Guy et al. (1984) 

Tecticornia indica 10, 500, 
2000 

30, 15, 90 <0.5 mM English & Colmer (2013) 

Tecticornia pergranulata 10, 500, 
2000 

30, 22, 90 <0.5 mM English & Colmer (2013) 

Leaf-succulent halophytesb     

Suaeda fruticosa 0, 600, 1000 110, 220, 218 na Khan et al. (2000a) 

Suaeda monoica 0, 500, 1000 70, 52, 85 0.7, 0.2, 4.5 Storey & Jones (1979) 

Recreto-halophytesb     

Atriplex griffithii 0, 360 64, 152 na Khan et al. (2000b) 

Atriplex spongiosa 0, 500, 750 13, 33, 45 0.3, 1.2, 2.8 Storey & Jones (1979) 

na, not available 
a, comprehensive list 
b, not comprehensive 
*, calculated based on authors data 

 

which may be generated in the cells of plants exposed to various types of abiotic stress, 

protection of cellular components from dehydration and NaCl injury (‘osmoprotectants’), 

maintenance of enzyme/protein structural specificity and stability, and maintenance of 

membrane structural integrity (Rhodes et al., 2002; Ashraf & Foolad, 2007). Shabala & 

Mackay (2011) further suggested that compatible solutes such as glycinebetaine may play 

a role in ameliorating disturbances to intracellular K+ homeostasis caused by oxidative 

stress. Glycinebetaine concentrations in halophytes are also dependent on adequate 

availability of soil nitrogen; in salt marshes (Patrick & Delaune, 1976 c.f. Colmer et al., 

1996), nitrogen is a limiting nutrient, which could place a major constraint on tissue 

glycinebetaine synthesis and salinity tolerance. Based on this evidence, it is therefore 

apparent that in addition to glycinebetaine participating as a constitutive organic 
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osmoticum and/or osmoregulatory compound, glycinebetaine fulfils additional roles in 

cellular physiology and that tissue levels can be modulated by abiotic stress factors other 

than salinity. 

Flooding tolerance in stem-succulent halophytes 

Flooding poses a significant challenge to the survival of plants, principally as the rate of 

diffusion of gases in water is 104 times slower than in air (Armstrong & Drew, 2002). 

Consequences of poor gas exchange on plants are several-fold. Firstly, aerobic respiration 

in poorly ventilated root systems becomes inhibited as O2 in the soil becomes depleted 

without effective replacement (Wiengweera et al., 1997; Armstrong & Drew, 2002; 

Colmer & Voesenek, 2009). Phytotoxins may also accumulate in anaerobic soils, exerting 

additional negative impacts on root growth and functioning (Ponnamperuma, 1984). 

When floodwaters are deep enough to cause complete submergence, access to O2 is also 

disrupted as uptake of O2 dissolved in the water column is also restricted (Voesenek et 

al., 2006). Likewise, the availability of CO2 to shoots may become limited during 

submergence (Smith & Walker, 1980), impeding potential photosynthetic performance 

and also reducing a vital source of intraplant O2 (Pedersen et al., 2006). The attenuation 

of light in turbid floodwaters can further exacerbate declines in underwater 

photosynthetic activity (Voesenek et al., 2006). Reduced rates of photosynthesis under 

prolonged periods of submergence may eventually lead to substrate starvation (for 

example, 30% reduction in soluble sugars in submerged individuals of T. pergranulata; 

Pedersen et al., 2006). As a result of limitations in the availability of O2 and carbohydrates 

in submerged plants, an ‘energy crisis’ may ensue as the generation of ATP through 

aerobic respiration cannot be sustained (Greenway and Gibbs, 2003; Colmer & Voesenek, 

2009). Despite the constraints to plant survival during flooding, halophytic stem-

succulents are often closely associated with wetland habitats, including coastal mashes 

and inland salt lakes (Langlois & Ungar, 1976; Ungar et al., 1979; English, 2004; 

Groenendijk, 1984; Varty & Zedler, 2008).  

Flooding affecting halophytes at coastal salt marshes is predominantly tidally influenced, 

with the frequency of flooding in particular marsh areas (for example, daily or monthly) 

dependent on the elevation above sea level (Adam, 1990). At inland salt lakes, water 

levels may be non-fluctuating (permanently filled salt lake systems, such as Mono Lake, 

California) or may be non-permanent (Hammer, 1986). Hydrological regimes at 

ephemeral salt lakes in semi-arid and arid environments can be extreme, as flooding 
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events are often highly episodic and driven by infrequent high rainfall events that interrupt 

prolonged droughts (for example, filling of the far inland lakes of arid zone Australia after 

tropical cyclones; Roshier et al., 2001); other salt lakes systems located in regions subject 

to more predictable rainfall can flood seasonally (as examples, salt lakes in Mediterranean 

climates; Hammer, 1986 and winter-spring filling in southern Australian lakes; 

Dedeckker & Geddes, 1980). Flooding regime gradients across the marsh landscape, as 

influenced by topography, often create varying species distributions due to interspecies 

differences in tolerance to flooding (Mahall & Park, 1976; Ungar et al., 1979; Cantero et 

al., 1998; English, 2004; Barrett, 2006; Idaszkin et al., 2011).  

The stem-succulent halophytes demonstrate variable tolerances to flooding, with sensitive 

species being restricted to well drained soils within the marsh (Mahall & Park, 1976; 

Adams & Bate, 1994; Keiffer et al., 1994; Egan & Ungar, 2000; Colmer & Flowers, 

2008), whereas others species survive but nevertheless show diminished performance 

when inundated (Schile et al., 2011; Colmer et al., 2009; English & Colmer, 2011). The 

estuarine halophyte Salicornia stricta, was not adversely affected by artificially applied, 

short duration submergences in floodwater containing 170 mM NaCl, as growth increased 

respective to the drained controls (Langlois & Ungar, 1976). The growth of Salicornia 

virginica when subjected to controlled daily tidal submersion for 1 month in high salinity 

(380 mM NaCl) floodwater was reduced relative to drained controls, nevertheless plants 

survived (Mahall & Park, 1976). Similarly, seedlings of S. perennis ssp. perennis 

transplanted to low-elevation intertidal zones in a salt marsh in south-west Spain survived 

5 months of tidal inundation and soil anoxia (Redondo-Gomez et al., 2007a). In contrast, 

the closely related S. perennis ssp. alpine, showed complete mortality when transplanted 

to a low-elevation marsh habitat; survival increased in seedlings transplanted to higher 

elevated locations of the marsh which were subject to minimal tidal influence (Redondo-

Gomez et al., 2007a). Additionally, mature individuals of S. perennis transplanted to 

tidally submerged low areas of a Central Patagonian salt marsh did not survive (Idaszkin 

et al., 2011).  

Fewer studies have assessed the responses of inland halophytes to flooding; growth of 

Salicornia ramosissima was negatively affected in both short- and long-duration 

submergence treatments (Langlois & Ungar, 1976); and for the annual halophyte 

Salicornia europaea, the effect of submergence in fresh water resulted in the complete 

mortality of plants, whereas seedlings flooded in saline water (170 mM NaCl) all survived 

(Keiffer et al., 1994). The flooding tolerances of inland species of the Australian 
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halophytic genus Tecticornia have also been investigated in some detail with focus on T. 

pergranulata. Studies have revealed tolerance to prolonged submergence (up to 10 

months) at a non-permanent salt marsh in Western Australia (English, 2004). Under 

complete submergence, T. pergranulata exhibits a quiescence (dormancy) growth 

response. The quiescence response of T. pergranulata which lacks aerenchyma in its 

shoots, contrasts to that of emergent wetland species possessing aerenchyma in shoots 

(Musgrave et al., 1972; Voesenek & Blom, 1989) that demonstrate a strongly stimulated 

shoot elongation in response to submergence. The resumption of atmospheric contact in 

emergent wetland species allows access to O2 for longitudinal transport to submerged 

organs and waterlogged roots via aerenchymatic pathways. In species with low shoot 

porosity (as examples, Rumex acetosa; Pierik et al., 2009; Tecticornia pergranulata; 

Colmer et al., 2009), a shoot-elongation response would provide little benefit as gases 

could not diffuse from these tissues to basal portions of the plant (Colmer et al., 2009). 

The quiescence response and the ability to maintain photosynthetically active succulent 

stems in T. pergranulata when submerged, are traits that would presumably improve 

survival in transient or deep floods as substrates could be conserved (Bailey-Serres & 

Voesenek, 2008; Colmer et al., 2009).  

The maintenance of underwater photosynthesis is further crucial to the survival of 

submergence in T. pergranulata (including other non-emergent plants) as it can provide 

a significant source of internal aeration to shoots and adventitious roots (Pedersen et al., 

2006). Stem-succulents would be majorly dependent on endogenously derived O2 supply 

when underwater, as gaseous fluxes from the surrounding floodwater would be inhibited 

by the long diffusion pathways and low surface to volume ratio of the succulent articles. 

In contrast, various wetland species develop thin cuticle layers to reduce resistance to gas 

diffusion under water (Bailey-Serres & Voesenek, 2008). It has not been evaluated in 

submerged stem-succulents whether a gas film surrounding shoot surfaces forms; such an 

adaptation, as documented for other wetland species, would lower the total resistance to 

O2 and CO2 uptake from the water column (Colmer et al., 2011).  

The growth of well ventilated, aerenchymatic adventitious roots is also promoted by 

flooding in T. pergranulata (Pedersen et al., 2006; Rich et al., 2008). The formation of 

these specialised roots which are characteristic of wetland plants in general, facilitates 

plant nutrient acquisition and water uptake when waterlogged (Jackson & Drew, 1984; 

Kozlowski, 1997). Adventitious roots in T. pergranulata that proliferate in the water 
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column (termed aquatic roots) can photosynthesise and presumably also contribute to the 

O2 and carbohydrate status of the plant (Rich et al., 2008).  

When halophytes become waterlogged and/or submerged in saline floodwater, an ‘energy 

crisis’ may be particularly detrimental to their survival, as the regulation of ion transport 

processes such as the exclusion and vacuolar compartmentalisation of Na+ and Cl– and 

high affinity K+ uptake, are dependent on the generation of ATP from the respiration of 

sugars (Yeo, 1983; Colmer & Flowers, 2008). The few studies that have investigated the 

combined effects of salinity and flooding in halophytes show that increases in shoot Na+ 

and Cl- concentrations and reductions in K+ can occur during waterlogging (Galloway & 

Davidson, 1993; Wetson & Flowers, 2010; English & Colmer, 2011). Tecticornia 

pergranulata demonstrated an ability to tolerate the combined stresses of submergence 

and salinity as shoot K+ concentrations on a dry mass basis were maintained equal to 

those in drained controls. Na+ and Cl– concentrations for plants submerged in saline water 

increased on a dry mass basis relative to drained controls, however, ions were diluted 

when expressed on a  fresh mass basis due to a 4-fold increase (relative to drained 

controls) in tissue water content (Colmer et al., 2009). The large increase in succulence 

observed in T. pergranulata was presumably attributed to a high influx of water into these 

solute rich tissues from the surrounding floodwater as a consequence of high osmotic 

gradients.  

Osmotic swelling was also observed in the succulent stems of Sarcocornia perennis when 

submerged, however in contrast to Tecticornia pergranulata, Sarcocornia perennis did 

not survive as stems ruptured and decayed, presumably due to excessive hydrostatic 

pressures within these tissues (Adams & Bate, 1994). At ephemeral salt lakes 

immediately following overland flash floods, the water can be relatively fresh, but as the 

water evaporates it becomes progressively more saline (English, 2004; McCulloch et al., 

2008; Skrzypek et al., 2013). At coastal marshes, waters can also become diluted 

following rainfall if freshwater is discharged into estuaries (Alexander & Dunton, 2002; 

Verity, 2002). Therefore, halophytes that are naturally subjected to floodwater of 

fluctuating salinities should possess adaptive mechanisms which allow them to withstand 

the excessive hydrostatic pressures generated in tissues when shoots become submerged 

in hypo-osmotic floodwaters. Possible adaptations may involve ‘osmoregulation’ in 

response to increases in turgor by solute effluxes; some eukaryotic algae (Wendler et al., 

1983) and higher plants (Tyerman et al., 1989; Zhang et al., 1996) when exposed to hypo-

osmotic external environments, maintain cell volumes by net effluxes of the major 
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osmotica in response to increases in turgor. In fleshy sugar-rich fruits, surface wetting 

following rainfall can cause rupturing due to swelling and excessive tensile stressing of 

the dermal tissue (Considine & Brown, 1981). As the outer epidermis receives the 

accumulated hydrostatic force from expanding internal tissues and serves as a growth 

limiting tensile skin (Considine & Brown, 1981), lower rupturing susceptibility in fruits 

has been associated with stiffer and stronger epidermal tissues (for example, in cracking 

resistant tomato lines; Matas et al., 2004). Given the similarity of the phenomena of 

rainfall induced rupturing in fruits and submergence induced rupturing of shoots in 

succulent halophytes, it is possible that in stem-succulent halophytes, tolerance to osmotic 

swelling during submergence may also be associated with high tensile resistance of the 

epidermis. More research into submergence tolerance in stem-succulent halophytes is 

needed; such studies should elucidate whether submergence tolerance is determined by 

capacity to regulate or resist osmotic swelling in low salinity floodwater solutions, as it 

is hypothesised that this ability is of critical importance to the survival of halophytes in 

flooded environments.  

Concluding remarks 

This review summarises and indentifies crucial knowledge gaps on some key aspects of 

salinity, flooding and drought tolerance relevant to halophytes, with an emphasis on stem-

succulent halophytes. Stem-succulent halophytes are prominent in saline environments 

that can differ widely in water availability, from regularly inundated coastal habitats to 

predominantly arid inland habitats. Stem-succulent halophytes are remarkably tolerant of 

the severe abiotic stresses that characterise these habitats, conditions that inhibit the 

growth of most vascular plant species. Nevertheless, within halophytic stem-succulents, 

species are known to differ in their degrees of tolerance to salinity, flooding and drought. 

Influenced by abiotic gradients that operate across marsh landscapes, interspecies 

variation in tolerance to the key abiotic stressors can contribute to zonation patterns 

amongst halophyte communities. There is a need to increase our current understanding of 

the physiological mechanisms in stem-succulent halophytes conferring tolerance to 

salinity, flooding and drought. Improved information on the physiology of stem-succulent 

halophytes could enhance current efforts to cultivate lands affected by soil salinisation, 

as at least some species exhibit potential for usage as crops (the most promising being the 

cultivation of Salicornia spp. as a biofuel crop; Falasca et al., 2014). Furthermore, 

halophyte communities are becoming increasingly threatened by anthropogenic activities 

affecting their natural environments (Williams, 2002; Timms, 2005). Given the wider 
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ecological significance of halophyte vegetation communities, information that could 

increase understanding of key halophytic species may also provide information necessary 

to the management of some threatened salt marshes.   
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Abstract 

Most studies on the distribution of halophytic vegetation have focused on coastal systems 

with predictable flooding regimes. There is a relative lack of information on ephemeral 

inland salt lakes, particularly in Australia where the largely endemic genus Tecticornia 

(sub-family Salicornioideae; family Amaranthaceae, formerly Chenopodiaceae) is 

dominant. The aims of this research were to elucidate some key environmental factors 

that control community structure and population renewals in Tecticornia species at an 

ephemeral salt lake in the semi-arid sub-tropical north-west of Australia. Two transects 

at different locations were established at Fortescue Marsh, which extended from the low-

elevation interior vegetation fringe to the higher outer margin (approx. 2 m elevation 

change over 2000 m transect length). The abundance of dominant halophytic species and 

physicochemical soil characteristics were determined at sampling relevés positioned at 

intervals along transects. The relationship between species distributions and 

environmental data were explored using Canonical Correspondence Analysis and 

distributions modelled by Generalised Additive Modelling. Also along transects, plots 

were established in the major species zones to determine plant size distributions and some 

allometric relationships, and to monitor the dynamics of populations over a three-year 

period. A distinct zonation pattern was evident for the species Tecticornia medusa, T. 

auriculata and T. indica and these distributions were strongly correlated with 

environmental variables. Species dominance occurred in abiotically extreme habitats, 

with the preference of T. medusa for locations prone to prolonged submergence at the 

deepest end of the vegetated zone, and T. indica for the driest soils of the higher outer 

fringe. In between these two zones, T. auriculata dominated on extremely saline soils and 

avoided submergence by an elevated crown growth form. Populations of all three species 

remained highly stable over a three-year period and were characterised by adult plants 

with a unimodal age-structure, with juveniles and seedlings occurring at low densities. 

Seedling recruitment occurs very infrequently and is highly susceptible to failure, 

depending on sufficient rainfall and, presumably, prolonged soil moisture and reduced 

salinity. These results demonstrate the importance of the interaction of three severe 

abiotic stress factors in defining species distributions and population renewal processes 

at Fortescue Marsh, north-west Australia. I hypothesise that species differ in tolerance to 

flooding, soil salinity and water deficits.  
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Introduction 

The halophyte communities occupying the fringes of salt marshes often display patterns 

of species zonation along physicochemical gradients (typically flooding frequency and 

duration, and salinity) that run perpendicular to the water front (Hammer, 1986). From 

the large body of evidence collected at northern high latitude coastal salt marshes, species 

zonation has been considered to result from trade-offs in plants between tolerance to 

abiotic stresses and competitive ability. It follows that, for a given salt marsh species, the 

upper limit of its distribution is determined principally by competition, whereas the lower 

limit is set by tolerance to the combined stresses of flooding and salinity, as gradients of 

abiotic stress often display monotonicity in these systems (Bertness & Ellison, 1987; 

Adam, 1990; Ungar, 1998; Pennings & Bertness, 2001). This theory may not apply 

universally to salt marshes because at other geographical regions, in particular at mid-low 

latitudes, gradients in abiotic stress are often not consistent across the marsh landscape 

(Pennings & Callaway, 1992; Costa et al., 2003; Pennings et al., 2005; Cui et al., 2011). 

It is further unclear whether this paradigm is applicable to the lesser known ephemeral 

inland salt lakes of arid and semi-arid regions, where low water availability and seasonal 

flooding which often typifies these environments, distinguishes them from their high 

latitude coastal counterparts (Hammer, 1986). 

Inland salt lakes are geographically widespread ecosystems of high ecological 

significance, generally confined to large dry climatic regions (Hammer, 1986). Given 

their prominence in arid and semi-arid environments, salt lakes are typically harsh 

environments characterised by drought and salinity and often subjected to episodic 

flooding: for example, at inland salt lakes in Australia (Roshier et al., 2001), Argentina 

(Cantero et al., 1998), Spain (Comin & Alonso, 1988), southern Africa (Mucina et al., 

1991) and northern America (Ungar et al., 1979). As for coastal salt marshes, vegetation 

communities at inland salt lakes can be dominated by halophytic stem-succulents of the 

sub-family Salicornioideae (for example, Salicornia, Sarcocornia and Tecticornia), 

grasses (for example, Distichlis and Spartina), rushes (for example, Juncus) and reeds 

(for example, Phragmites), with species compositions varying between geographical 

regions. Also similar to coastal marshes, vegetation occurring at inland salt lakes often 

exhibits patterns of species zonation on the lake margins along topographic gradients: for 

example, at inland salt lakes located in south-west Australia (Barrett 2006), central 

Turkey (Tug et al., 2012), central Argentina (Cantero et al., 1998), Ohio, USA (Ungar et 

al., 1979), Saskatchewan, Canada (Tiku, 1975) and southeast Spain (Rogel et al., 2000). 
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Unlike coastal marshes where physical stress gradients typically reduce with increasing 

elevation and distance away from the water front (for example, New England salt 

marshes, Bertness & Ellison, 1987), along salt lake coenoclines one abiotic stress often 

makes place for another. In low rainfall environments, drought stress often prevails at the 

furthermost distances from the lake centre, allowing only drought tolerant species to 

establish (Tiku, 1975; Skougard & Brotherson, 1979; Brotherson, 1987; Tug et al., 2012). 

As in coastal marshes, at lower elevations at inland salt lakes, survival can be dependent 

on plant flooding tolerance as plants may become periodically waterlogged and 

submerged by increased water levels after rainfall; for example, Tecticornia pergranulata 

(Pedersen et al., 2006; Colmer et al., 2009; English & Colmer, 2011). The soils of inland 

salt lakes are often extremely high in salinity, but can also vary across these landscapes 

contributing to patterns of species zonation (Skougard & Brotherson, 1979; Ungar et al., 

1979; Brotherson, 1987; Burchill & Kenkel, 1991; Bouzillé et al., 2001). As an example, 

differences in salinity tolerance between species at an inland salt lake in Ohio, USA 

contributed to the displacement of less tolerant individuals to more benign habitats (Ungar 

et al., 1979). Floristic compositions at inland salt lakes have been attributed to multiple 

factors in addition to soil salinity, including gradients in water table depth, soil K+:Na+ 

ratio, Ca2+:Mg2+ ratio, sodicity, organic matter content, pH and texture, with their relative 

importance as determinants of community structure varying between the systems studied 

(Tiku, 1975; Skougard & Brotherson, 1979; Brotherson, 1987; Burchill & Kenkel, 1991; 

Moustafa & Zayed, 1996; Cantero et al., 1998; Pan et al., 1998; Rogel et al., 2000; 

English, 2004; Barrett, 2006; Sanderson et al., 2008; van Etten & Vellekoop, 2009; Tug 

et al., 2012). Given the ubiquitous occurrence of inland salt lakes in arid and semi-arid 

regions of the world (Hammer, 1986), there are insufficient field studies undertaken to 

make general conclusions with regard to the underlying causes of species zonation. There 

is also a need to improve information on vegetation communities occurring at inland salt 

lakes, as activities that could potentially threaten them are increasing (Williams, 2002; 

Timms, 2005). 

In Australia, ephemeral salt lakes are a prominent landscape feature of the continent’s 

interior, occupying in excess of 100,000 km2 (Timms, 2005). The genus Tecticornia (sub-

family Salicornioideae; family Amaranthaceae, formerly Chenopodiaceae) is a largely 

endemic taxon of halophytic stem-succulent plants in Australia and is closely associated 

with the margins of ephemeral and seasonal inland salt lakes (Datson, 2002; Shepherd & 

Wilson, 2007). The factors influencing the distributions of Tecticornia species on the 
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margins of inland salt lakes in Australia have been previously investigated for only three 

lakes located in the semi-arid zone of southern and central Western Australia (English, 

2004; Barrett, 2006; van Etten & Vellekoop, 2009); these lakes are all contained within 

the Australian southern bioregion (latitudes south of 23°) of salt marshes as classified by 

Saintilan (2009). However, to date, there has been no prior ecophysiological investigation 

of vegetation occurring at inland salt lakes of northern bioregions. The present study was 

undertaken at Fortescue Marsh, an extensive (approx. 1000 km2), episodic salt lake, 

situated in the semi-arid interior of sub-tropical north-west Australia (Kendrick, 2001). 

The outer fringe of Fortescue Marsh supports halophytic shrub communities dominated 

by Tecticornia species, some of which are unique to the region and declared rare flora 

(Shepherd & van Leeuwen, 2011). The main objective of this study was to characterise 

habitats supporting vegetation at Fortescue Marsh and investigate the influence of key 

physicochemical characteristics contributing to species zonation. Information on species’ 

ecological preferences may also provide additional benefit in that habitat criteria for the 

re-vegetation of these salt marsh species in disturbed areas can be identified. An 

additional objective was to investigate the dynamics in population age-structure and 

seedling recruitment over time for the dominant halophytes. Improved information on 

halophyte communities at Fortescue Marsh may be particularly crucial, given the 

potential for impact through altered hydrological regimes due to mining activity within 

the vicinity. 

Methods 

Site description 

The Fortescue Marsh is situated in the Hamersley Basin of the Pilbara region in Western 

Australia (Fig. 3.1). Climatic conditions in the Hamersley Basin are sub-tropical semi-

arid with an average annual rainfall of approx. 300 mm (records retrieved from Marillana 

weather station, approx. 22 km from Fortescue Marsh) (www.bom.gov.au). Annual 

evaporation rate ("Class A" pan evaporation) can exceed 3000 mm yr-1, some 10-fold 

higher than annual rainfall (climate records at Wittenoom weather station) 

(www.bom.gov.au). Monsoonal rainfall and occasionally tropical cyclones affect the 

Hamersley Basin region during the austral summer months (Sturman, 2006); the 

Fortescue Marsh experiences flooding following especially high 



    

 

4
3

 

C
h

ap
ter T

h
ree  

 
     

         H
alo

p
h

y
te co

m
m

u
n

ities at an
 ep

h
em

eral salt lak
e 

 

Figure 3.1. The locations of sites A () and B () on the northern fringe of the Fortescue Marsh in the Pilbara region of north-west Australia. Within the 

vicinity are located several iron-ore mining operations (). Insets showing the locations of the weather station (), water table monitoring piezometers 

() and sampling relevés at site A () and B (). Regional geography and mine locations were adapted from publicly available data at www.ga.gov.au 

and www.dmp.wa.gov.au. 
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rainfall events. Periods of very low rainfall typically occur outside the summer wet 

season.  

Low halophytic shrubs of the genus Tecticornia, commonly known as samphires, form 

the dominant vegetation at Fortescue Marsh. The most abundant species include: 

Tecticornia indica subsp. bidens (Nees) K.A. Sheph & Paul G. Wilson (hereafter T. 

indica), Tecticornia auriculata (Paul G. Wilson) K.A. Sheph & Paul G. Wilson and 

Tecticornia medusa K.A. Sheph & S.J. van Leeuwen. Rarer species include Tecticornia 

halocnemoides subsp. halocnemoides K.A. Sheph & Paul G. Wilson (hereafter T. 

halocnemoides); Tecticornia sp. Christmas Creek K.A. Sheph & T.D.  Colmer et al., KS 

1063 (hereafter T. sp. Christmas Creek); Tecticornia globulifera K.A. Sheph; 

Muehlenbeckia florulenta Meisn.; Eremophila spongiocarpa Chinnock; amongst others. 

For pictures of these species see Appendix Figs. A3.1 and A3.2. The currently known 

distributions of T. medusa, T. globulifera, T. sp. Christmas Creek and E. spongiocarpa 

are restricted to the inland Pilbara region (Shepherd & van Leeuwen, 2011). Fortescue 

Marsh is currently recognised as a wetland of high conservation significance 

(Commonwealth of Australia, 2013). The region is also rich in iron-ore deposits with 

several mining operations present in the region (Fig. 3.1).  

Sampling methods 

In 2008 two sites were selected on the northern shore of Fortescue Marsh 20 km apart 

(Fig. 3.1). At both sites, three major vegetation zones were identified dominated by the 

species T. medusa, T. auriculata and T. indica. Duplicate 3 m x 10 m permanent 

monitoring plots were delineated in the three species zones at both sites (Fig. 3.1).  

Piezometer pipes were installed in these plots to 1.5 m below ground and extending 0.5 

m above ground (Fig. 3.1). Using capacitance water level recorders (Odyssey, Dataflow 

Systems, Christchurch, NZ) water table levels and surface water depths were measured 

continuously over a three year period. To obtain population age-structure data on the three 

dominant species, plant heights and the length, width and heights of plant crowns were 

measured for all individuals contained within permanent monitoring plots in November 

2008 and 2011. Crown volume for the three species was estimated assuming an ellipsoid 

shape, using the following formula: 

                                             𝑉 =
4

3
𝜋𝑎2𝑏                                                              
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Where: V, crown volume; a, mean of crown length and width in horizontal plane; b, crown 

length in vertical plane. Seedling recruitment in the T. auriculata zone of site A that 

occurred after heavy rainfall in February 2011 (see example in Appendix Fig. A3.2F) was 

also monitored, by recording seedling densities and heights at intervals of several months 

in quadrats placed under adult plants (n = 3) and on open ground between shrubs (n = 3) 

(quadrats of differing areas ranging from 0.175–0.54 m2).   

In June 2011 an approx. 2000 m linear transect was established at each site, running 

roughly perpendicular to the vegetation fringe, originating at the interior vegetation fringe 

and extending through the samphire communities. Twenty-three 80 m2 sampling plots 

(relevés) were established along each transect at intervals spaced 50–100 m apart (Fig. 

3.1), with stratification of relevé positioning according to landscape and vegetation 

heterogeneity. Elevation was measured at relevé positions using a high precision laser 

level system coupled with a differential GPS unit. The percent canopy cover of individual 

species in relevés was determined utilising a line-intercept method. A 5 m line marked at 

1 m intervals was overlaid above plant height at random and plant crowns or bare ground 

intercepting marks was noted. Each relevé was sub-sampled 10 times. The relative species 

coverage was calculated as the percentage of the total number of marks intercepted by a 

single species.  

Soil sampling was conducted simultaneously with plant distribution measurements. After 

the removal of salt crusts, a single core of soil was sampled in each relevé at 20–30 cm 

below ground, a depth deemed appropriate due to the more limited influence of recent 

flooding or drought and the abundance of plant roots in this horizon. Soil gravimetric 

water content was determined after drying soil at 105°C; values were corrected for the 

crystal water of gypsum (CaSO4.2H2O) to enable comparison with non-gypsiferous soils. 

The crystal water of gypsum and corresponding gypsum content were estimated by the 

differential water loss method (Artieda et al., 2006). Electrical conductivity (EC) and pH 

were measured on 1:5 soil:water extracts using air-dried soil. Na+ and K+ were also 

measured on dilutions of these 1:5 soil:water extracts using a flame photometer (Model 

PFP7, Jenway/Barloworld Scientific, Essex, UK). EC, Na+ and K+ values determined on 

a 1:5 soil:water basis were converted to estimates on a corrected gravimetric soil water 

content and saturated water content basis, by correcting for the different volumes of water 

in each and assuming the full dissolution of solutes in water. The soil saturated water 

content was determined by preparing saturated pastes (Rhoades, 1996), and the saturation 
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percentage further assumed to quantify the soil clay fraction (Stiven & Khan, 1966). Soil 

organic matter content was determined by mass loss on ignition (Davies, 1974). 

Data analyses 

Environmental variables were (abbreviations in brackets): distance along transects (DIS); 

change in elevation from first lowest marsh relevé (ELV); flooding duration (presence of 

surface water) (FLD); soil saturation percentage (SSP); soil gravimetric water content 

(SWC); soil EC, Na+ and K+ levels on a 1:5 soil:water basis (EC1:5, Na1:5, and K1:5), 

estimated on saturated paste basis (ECe, Nae, and Ke) and estimated on a soil water basis 

(ECsw, Nasw, and Ksw); soil K+:Na+ ratio (K/Na); pH on a 1:5 soil:water basis (pH1:5); soil 

gypsum content (GYP) and soil organic matter content (ORG). Species used in statistical 

analyses were (abbreviations in brackets): T. medusa (Te med); T. auriculata (Te aur); T. 

indica (Te ind); T. halocnemoides (Te hal); M. florulenta (Mu flo) and E. spongiocarpa 

(Er spo). The species T. globulifera, T. sp. Christmas Creek were not included in the 

statistical analyses as they contributed < 2% of total cover and could potentially distort 

the ordination (ter Braak & Smilauer, 1998). FLD was not included in the multivariate 

analyses as only 12 out of the 46 relevés were measured, however, elevation was 

considered a proxy for FLD given the high correlation between the two parameters (Table 

3.2). 

Species abundance and environmental data were combined for both transects to form a 6 

x 46 (species x relevés) and 17 x 46 (environmental variables x relevés) matrix. Plant 

communities were initially classified by two-way indicator species analysis using the 

software TWINSPAN for Windows (Version 2.3; Hill & Šmilauer, 2005). To visualise 

the similarity of relevés in ordination space, the species data matrix was subjected to an 

unconstrained ordination by non-metric multidimensional scaling (NMDS) following the 

recommendations of Minchin (1987). Detrended correspondence analysis (DCA) was 

also applied to the species data, revealing a gradient length in species turnover units of 

3.3; this indicated that application of the unimodal ordination method canonical 

correspondence analysis (CCA) (ter Braak & Šmilauer, 1998) was appropriate for 

exploration of species-environment relationships in these data. Species data were 

log10(𝑥 + 1) transformed. Variation explained due to location at sites A or B was 

partialled-out in the CCA analysis by assigning site A or B as a covariate (0/1 as dummy 

variables). The significance of the 2nd canonical axis in explaining species-environment 

relationships was determined by calculating a second partial CCA, assigning the sample 
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scores of the first constrained axis as an additional covariable (Lepš & Šmilauer, 2003). 

Monte Carlo permutation testing (9999 permutations) was performed to assess the 

marginal and conditional (by automatic forward selection) effects of explanatory 

variables on the species data. Significant explanatory variables were submitted to 

Generalised Additive Modelling (GAM) as predictors in species-response curve fitting. 

GAMs were fitted using a logistic link function assuming a Poisson distribution. Cubic 

smooth spline functions were specified and model complexity restricted to a maximum 

three degrees of freedom (df). GAMs selected were based on highest parsimony (lowest 

Akaike Information Criterion, AIC) as compared to the null model. 

NMDS was performed in R (version 2.14, R Foundation for Statistical Computing, 

Vienna, AT) using the vegan package (version 2.07; Oksanen et al., 2013) and CCA, 

Monte Carlo permutation testing and GAM model fitting carried out using CANOCO 

(version 4.5, Biometris-Plant Research International, Wageningen, NL). Spearman’s rank 

correlation, Pearson’s product moment correlation, analysis of variance (ANOVA) and 

other regression modelling were performed using the SigmaPlot software package 

(version 12.0, Systat Software, Chicago, IL, US). Standardized major axis regression 

(SMA) slopes in Fig. 3.4 were compared using (S)MATR (version 2.0; Falster et al., 2006). 

Results 

Community composition 

Species of the genus Tecticornia comprised the major perennial species within the 

halophytic plant communities and formed 90% of the total plant cover. The three most 

abundant species observed were T. medusa, T. auriculata and T. indica (86% total plant 

cover). T. indica was present at highest densities (51% total plant cover), while T. 

auriculata and T. medusa formed sparser stands (26 and 9% total plant covers, 

respectively). Other halophytic species were less abundant with M. florulenta and E. 

spongiocarpa representing 8 and 2% of total plant cover, respectively, and T. 

halocnemoides, T. globulifera and T. sp. Christmas Creek combined representing 4% of 

the total plant cover (see Appendix Fig. A3.3 for abundances along transects). 

Environmental gradients  

Spearman’s rank correlation revealed a high degree of monotonic inter-correlation 

amongst environmental variables (Table 3.1). Elevation along the marsh ‘flat’ and 

distance from the unvegetated interior were major determinants of edaphic conditions, 
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namely soil water content, saturation percentage, pH, salinity and Na+ and K+ 

concentrations (Table 3.1). Flooding events were also longer in duration closer to the 

central unvegetated flats of the marsh; for example, the longest duration flooding event 

of the low marsh (0.1–0.3 m above the first relevé) was 100 days (measured in the 2011 

wet season), opposed to 16 days in the high marsh (1.1–2.1 m above the first relevé). 

Table 3.1. Spearman’s rank correlation matrix of environmental variables combined from data 

measured along two transects at Fortescue Marsh. Values are Spearman’s rank correlation 

coefficients (rs). The shade of cells indicates the significance level for monotonic relationships 

between variables. For definitions of abbreviations, see methods under heading “Data analyses”. 

n = 46 for all variables, except n = 16 for FLD (flooding duration). 
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Marsh ‘flat’ soils were high in salinity, with a mean EC1:5, ECe and ECsw of 9.8, 88 and 

191 dS m-1 respectively, and ranged from extremely saline (ECe 187 dS m-1) to non-saline 

(ECe 1.2 dS m-1) (soil classifications according to Bennett et al., 2009). EC1:5 correlated 

positively with elevation and distance from the unvegetated centre whilst the correlation 

of the latter two with ECe and ECsw were relatively weaker (Table 3.1). Soil Na+ and K+ 

concentrations were highly correlated with EC1:5, ECe and ECsw (Table 3.1), with Nae and 

Ke ranging from 1600 and 877 mM to 5.2 and 6.8 mM. Soil pH also correlated positively 

with elevation and distance (Table 3.1), ranging from neutral (6.6–7.3) to alkaline (8.5–

9.0). Soil clay content as inferred from soil saturation percentage (SSP) reduced 3.5 fold 

across the elevation gradient (Table 3.1). Outside flooding events, the water table was at 

approximately 1 m below ground in the low marsh, whereas in the higher marsh, the water 

table was > 1.5 m below ground (Table 3.1).  Groundwater towards the marsh interior is 

hypersaline (approx. 189 dS m–1) with Na+ and Cl– as the major ions (approx. 1.5 and 

approx. 2.0 M, respectively). 

Species-environment ordination 

Due to the low number of species present, a relatively simple pattern of species 

assemblages was distinguishable. TWINSPAN classification produced three major 

vegetation communities; community 1 dominated by T. indica was associated with the 

less common T. halocnemoides and E. spongiocarpa; community 2 dominated by T. 

auriculata was associated with M. florulenta; and T. medusa formed a discrete zone in 

community 3 (Appendix Table A3.4). The NMDS suggested a final solution with two 

dimensions; the NMDS 2D stress value was 0.0839 and the correlation between 

calculated dissimilarities and ordination distance for the first two axes was r = 0.97. The 

TWINSPAN vegetation types superimposed on the NMDS biplot revealed a clustering 

pattern that supported the TWINSPAN analysis, with clustering of T. indica (community 

1) evident on the right, T. auriculata (community 2) in the middle and T. medusa 

(community 3) on the left (Fig. 3.2A).  

For the partial CCA, Monte-Carlo permutation testing revealed that the first and second 

partial canonical axes were highly significant in explaining species-environment 

relationships. The first CCA axis explained 52% (eigenvalue = 0.65) of the species-

environment relation, whereas axis 2 explained a further 24% (eigenvalue = 0.31).  

Environmental variables with the highest significance along the first CCA axis were DIS, 

ELV, SWC and EC1:5, whilst for the second axis it was pH1:5, ECe, Nae and ECsw (Fig. 
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3.2B, Table 3.2). The marginal effects for 13 of the environmental variables were 

significant as obtained by Monte-Carlo permutation testing (Table 3.2). Automatic 

forward selection revealed that DIS, pH1:5, Na1:5, Nae and ELV were sufficient predictors 

of species variation (Table 3.2). 

The CCA triplot revealed two dominant gradients along axes 1 and 2 which related to 

patterns in the species abundance data (Fig. 3.2). Along axis 1, community 1, 2 and 3 

samples were separated whilst on the axis 2 there was segregation of community 1 and 2 

samples (Fig. 3.2). The maximum abundance of T. medusa occurred at the extreme 

negative end of the ELV and DIS gradients and on the positive end of the SWC, EC1:5, 

SSP, Na1:5 and K1:5 gradients (Fig. 3.2). Community 1 samples were distributed entirely 

on the negative side of the first axis (Fig. 3.2). The distribution of community 2 samples 

in ordination space, overlaid the negative and positive sides of the first axis, overlapped 

partially with community 1 samples and was scattered discretely of community 3 samples 

(Fig. 3.2). Thus, community 2 samples were associated with environments that were 

intermediate along the numerical range of axis 1 environmental correlates, and that 

 

Figure 3.2. (A) Non-metric multidimensional scaling (NMDS) ordination and (B) partial canonical 

correspondence analysis (CCA) of the most abundant species at Fortescue Marsh. (A) The Bray-

Curtis dissimilarity measure was used to visualise the similarity between sampling relevés. 

Confidence ellipses are shown. (B) CCA triplot with biplot scaling showing sampling plot scatter, 

species points () (weighted averages of sample scores) with environmental variables projected 

as vector arrows. Symbols for sampling relevés in (A) and (B) pertain to TWINSPAN vegetation 

communities (Appendix Table A3.4): community 1, T. indica, T. halocnemoides, E. spongiocarpa; 

community 2, T. auriculata, M. florulenta; and community 3, T. medusa. See methods for 

acronyms.  
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Table 3.2. Ranking of environmental variables according to their marginal and conditional effects on variation in species abundances obtained by 

automatic forward selection. Inter-set canonical correlation coefficients are reported on left (values with the two highest correlations on the first two 

axes are underlined).  λ1 are canonical eigenvalues independent of additional variables and λA are increases in canonical eigenvalues after stepwise 

partialling-out the higher ranking variables. P values and corresponding F statistic are reported for Monte Carlo permutation testing of all canonical axes. 

See methods for acronym definitions of variables. 

 Canonical correlation coefficients  Marginal Effects  Conditional Effects 

Variable Axis 1 Axis 2 Axis 3 Axis 4  λ1 P F  Variable λA P F 

DIS -0.84 -0.3 0.06 -0.03  0.56 0.0001 16.81  DIS 0.56 0 16.81 

ELV -0.78 -0.29 0.15 -0.09  0.5 0.0001 14.44  pH1:5 0.18 0.001 5.88 

SWC 0.79 0.08 0.08 0.09  0.47 0.0001 13.23  Na1:5 0.13 0.002 4.86 

EC1:5 0.63 0.3 0.29 0.08  0.37 0.0001 9.68  Nae 0.09 0.009 3.7 

SSP 0.66 -0.18 0.11 0.15  0.35 0.0001 9.01  ELV 0.06 0.045 2.44 

Na1:5 0.58 0.25 0.38 0.04  0.34 0.0001 8.88  SSP 0.01 0.661 0.6 

K1:5 0.54 0.24 -0.06 -0.12  0.25 0.0005 6.04  ORG 0.03 0.311 1.16 

pH1:5 -0.32 -0.6 -0.12 -0.11  0.24 0.0003 5.93  ECsw 0.03 0.364 1.07 

ECe 0.29 0.54 0.32 -0.04  0.23 0.0002 5.67  K/Na 0.02 0.44 0.89 

Nae 0.28 0.45 0.41 -0.05  0.22 0.0008 5.16  SWC 0.01 0.874 0.33 

ECsw 0.3 0.47 0.34 0.01  0.21 0.001 5.01  ECe 0.01 0.663 0.58 

Nasw 0.27 0.38 0.45 0  0.2 0.001 4.82  Nasw 0.02 0.536 0.78 

K/Na -0.28 -0.31 0.08 0.2  0.11 0.041 2.49  Ke 0.01 0.901 0.28 

Ke 0.16 0.39 -0.03 0  0.09 0.105 1.93  Ksw 0.02 0.451 0.92 

Ksw 0.11 0.34 -0.07 0  0.06 0.267 1.3  K1:5 0.03 0.444 0.93 

ORG -0.08 -0.13 0.18 0.25  0.05 0.312 1.18  EC1:5 0.02 0.452 0.9 

GYP 0 0.25 -0.08 -0.18  0.04 0.453 0.911  GYP 0.01 0.728 0.52 
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shared a higher degree of habitat similarity with community 1 samples than with 

community 3 samples (in relation to correlates of axis 1). Samples belonging to 

communities 1 and 2 were also well separated along CCA axis 2, with the T. auriculata 

and M. florulenta assemblage clustering within the positive range of this ordination axis 

and T. indica and E. spongiocarpa samples scattered on the negative side (Fig. 3.2). 

Community 2 samples were associated with the direction of maximum change in values 

of ECe, ECsw, Nae, Nasw, Ke and Ksw whilst community 1 samples were associated with 

the direction of maximum change in values of K/Na and pH1:5 (Fig. 3.2). Therefore, the 

T. indica–T. auriculata coenocline was principally determined by pH and salinity (ECe 

and ECsw). 

Species-environment response models 

Figure 3.3 presents examples of species distributions along environmental gradients 

selected based on their significance in the CCA ordination. Analysis of deviance tests 

revealed that the majority of the fitted GAM models (76%) provided significantly 

improved regressions over the null models (see F and P values in Appendix Table A3.5). 

GAM modelled species responses generally supported interpretations obtained by CCA 

(Fig. 3.2) and further allowed quantitative descriptions of habitat properties. Species 

abundances according to elevation followed unimodal response patterns, with overlap at 

the tails and discrete species peak abundances evident (Fig. 3.3A). The gradation 

sequence from the low marsh to the high marsh defined by the ranking of species peak 

abundances (excluding E. spongiocarpa and T. halocnemoides) was as follows (peak 

abundances for elevation in brackets): T. medusa (0.15 m), M. florulenta (0.69 m), T. 

auriculata (1.14 m), T. indica (1.73 m) (Fig. 3.3A). The low–high elevation sequence of 

the three dominant species was also conserved in response to soil moisture contents, with 

T. indica peaking in drier soils and T. medusa peaking in wetter soils (Fig. 3.3B). T. 

auriculata experiences highest Nasw and lowest pH, whilst T. indica experiences lowest 

Nasw and highest pH (Figs. 3.3C and 3D).  

Height and allometrics of the dominant Tecticornia species 

One-way ANOVA revealed an overall difference in median plant heights across species 

and transects (P < 0.001) (Table 3.3). Post-hoc analysis revealed differences in plant 

heights between T. medusa, T. auriculata and T. indica, with T. auriculata being the 

tallest plants. Allometric relationships of plant height-crown volume and height-crown 
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projected area followed power functions. Comparisons of standard major axes lines on 

log10 transformed data using (S)MATR revealed that species did not share a common

 

 

Figure 3.3. Examples of abundance response curves according to the GAM procedure. Predictors 

were selected on the basis of their high correlations in positive and negative directions with CCA 

axes 1 and 2 and for their significant marginal effects obtained by forward selection (see Table 

3.2), and were as follows: (A) elevation, (B) soil gravimetric water content, (C) soil water Na+ 

concentration and (D) soil pH. GAM curves determined as insignificant are not illustrated. For 

significance of GAM regression models consult Appendix Table A3.5.  

slope (P < 0.001). Post-hoc testing showed that slopes between T. auriculata and T. 

medusa were significantly different for both plant height relationships (P < 0.001) and 

that slopes between T. indica and T. auriculata were significantly different for the plant 

height-crown volume relationship (P < 0.001), but not significantly different for plant 

height-crown projected area (Fig. 3.4). Lower crown volume in relation to plant height in 

T. auriculata is due to its growth habit of possessing an elevated crown on a taller 

branchless main stem (mean branchless stem length = 20 cm). T. medusa and T. indica 

A B

C D
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both have profuse branching of the crown occurring basally, with the former showing a 

branch ascending habit, whilst the latter showing a branch decumbent habit.  

Table 3.3. The median height for three dominant species at Fortescue Marsh. Numbers in brackets 

indicate inter-quartile distances for plant heights (non-bold type) and the number of individuals 

in the population sample (bold-type). Letters indicate significant differences (P < 0.05) for Dunn’s 

multiple comparison procedure following global significance (P < 0.001) revealed by Kruskal-

Wallis ANOVA on ranks.  

 

 

Figure 3.4. Plant height (A)-crown volume and (B)-crown projected area relationships for the 

three dominant Tecticornia species at Fortescue Marsh. Values are pooled from quadrats at both 

transects for measurements undertaken in 2008 and 2011. Data were log10 transformed and the 

line-of-best-fit applied by SMA.  R2 values and 𝛼 and β in the SMA equations in the form log 𝑦 =

α +β log 𝑥 where, 𝛼 is the intercept and β is the slope, are as follows: T. indica, (A) 0.56, –5.31, 

4.83 and (B) 0.62, –8.44, 7.16, T. auriculata, (A) 0.62, –8.44, 7.16 and (B) 0.62,–6.30, 5.15 and T. 

medusa (A) 0.84, –2.12, 3.94 and (B) 0.73,–2.11 and 3.05. The insets illustrate predicted power 

function relationships in the form 𝑦 = 10𝛼𝑥𝛽.  

 

A B

Transect 
Year of 
survey 

T. medusa T. auriculata T.  indica 

 Median plant height (cm) 

Transect A 2008 24 (10, 593) a-  54 (18, 327) b-  35 (17, 502) cd 

2011 35 (10, 738) df   60 (15, 311) be   45 (15, 343) g–  

Transect B 2008 43 (22, 85) cg 65 (17, 188) e-  34 (12, 453) df 

2011 50 (19, 103) g-    70 (15, 143) e-  40 (13, 341) cg  
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Population structure and dynamics  

For both surveys undertaken in 2008 and 2011 height distributions for the three dominant 

species were unimodal and asymmetric (P > 0.05, Shapiro-Wilk normality test) (Fig. 3.5). 

Middle-sized individuals dominated the height distribution and juvenile age-cohorts were 

present in low densities (see below for recruitment) (Fig. 3.5). There were no major shifts 

in size structure of Tecticornia populations at the conclusion of 3 years of monitoring, 

with the exception of recent recruitment of T. medusa at transect B, 6 months following 

the recession of floodwaters in May 2011 (Fig. 3.5F). The median heights of plants in the 

2011 survey were higher than 2008, with the exception of T. auriculata at both transects 

and T. medusa at transect A (Table 3.3). The recession of floodwaters in mid-February 

2011 at T. auriculata permanent monitoring plots led to a recruitment event that 

eventually failed: in June 2011, 7% of seedlings had survived beneath plants whilst 44% 

had survived in bare patches, but in November there was 100% mortality (Table 3.4).

 

Table 3.4. The density and height of T. auriculata seedlings in plots dominated by older T. 

auriculata plants at transect A (Fig. 1). Seedlings were monitored for 8 months following a 

flooding event that occurred in February 2011. Values are the means (n = 3; mean quadrat values 

with quadrats of differing areas ranging from 0.175–0.54 m2) ± s.e. Different letters indicate 

significant differences (P < 0.05) for Fisher’s LSD test.  

 

 

 

 

Discussion 

Species zonation at Fortescue Marsh 

The effects of severe abiotic stress (especially salinity and flooding) at inland salt lakes 

are deleterious to the growth of the majority of vascular plants, hence these environments 

support relatively low numbers of perennial species (Hammer, 1986). The species present 

are specialist halophytes, tolerant of the extreme conditions that typify 

Date Between older plants Beneath older plant canopy 

                                   Seedling density (seedlings m-2) 

March 2011 185 ± 77 b 765 ± 204 a 

June 2011   82 ± 80 b 54 ± 12 b 

November 2011 0 c 0 c 

                                  Seedling height (cm) 

March 2011 17 ± 4 a 22 ± 4 a 

June 2011 31 ± 9 a 33 ± 3 a 
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Figure 3.5. The height frequencies for three dominant Tecticornia species at Fortescue Marsh. 

Populations were surveyed once in late 2008 (solid bars) and subsequently in late 2011 (striped 

bars). Data are pooled for two quadrats per species at each transect. Weibull curves (quadratic) 

were fitted to the height distributions; solid lines represent the 2008 survey and dashed lines 

represent the 2011 survey. 

salt lakes. In Australia, the ubiquitous presence of Tecticornia species at inland salt lakes 

has been attributed to their high salinity tolerance (Short & Colmer, 1999; English      & 

Colmer, 2013) and ability in some species to withstand flooding (Pedersen et al., 2006; 

Colmer et al., 2009; English & Colmer, 2011). Tecticornia communities at the study sites 

on the northern fringes of Fortescue Marsh consist of relatively discrete vegetation zones 

situated at low, middle and high elevations on the marsh, each zone dominated by T. 

medusa, T. auriculata and T. indica respectively. T. medusa forms dominant stands 

furthest towards the central marsh which at higher elevations grade into T. auriculata 
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stands, the latter coexisting alongside narrower zones of M. florulenta. On the upper part 

of the marsh, T. auriculata are replaced by dense low scrub of T. indica, coexisting 

alongside the patchier E. spongiocarpa. Habitats occupied by the halophytic perennials 

at Fortescue Marsh vary from episodically flooded to predominantly arid and from 

extreme to moderate soil salinity. Species’ distributions are highly correlated with 

environmental factors and the relative importance of individual predictors of community 

structure varies depending on spatial and topographic position in the landscape. The 

constrained ordination analysis in the present study suggested that two major 

environmental gradients were highly correlated with species compositional change at 

Fortescue Marsh: one which was strongly dependent on topographic position; and a 

second gradient which was principally related to the salinity (NaCl as the predominant 

salt) of soil water and the soil pH. Across the 2 km marsh spatial profile, the low, middle 

and high vegetated zone contained physically extreme conditions being, prolonged 

submergence, extreme soil salinity and limited soil water availability respectively, and 

accordingly, interspecies differences in tolerances to these stresses appear to restrict the 

distribution of Tecticornia species occurring at Fortescue Marsh. This notion is also in 

accordance with the paradigm generated from the numerous ecological studies conducted 

on vegetation communities at coastal marshes, which states that along abiotic stress 

gradients, the stressful boundaries of species are determined by limits of their tolerance 

(Bertness & Ellison, 1987; Adam, 1990; Ungar, 1998; Pennings & Bertness, 2001).  

Due to the aridity of the climate and intermittent flooding that characterises Fortescue 

Marsh, it is dissimilar to many coastal marsh systems (particularly of northern high 

latitudes) (for example, Bertness & Ellison, 1987), as levels of abiotic stress (flooding, 

salinity and soil water deficit) do not decrease monotonically further away from the marsh 

centre. Therefore, in contrast to northern coastal marshes, the involvement of abiotic 

factors in contributing to niche differentiation between Tecticornia species is perhaps 

quite high throughout the Fortescue Marsh, and may also, by virtue of similarity in 

climate and environment, be broadly representative of semi-arid and arid inland salt lakes 

in general. Below I describe in detail patterns of community composition as related to 

environmental gradients and identify potential mechanisms generating these spatial 

distributions of Tecticornia species at Fortescue Marsh. 

Variation in species composition with micro-elevation change 
Across the elevation gradient there existed a flooding gradient that varied from short 

duration partial-submergence in the high marsh to prolonged standing water resulting in 
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complete submergence of plants in the low marsh. Flooding occurs almost seasonally 

during the austral summer at Fortescue Marsh due to monsoonal rainfall (Sturman, 2006). 

Tropical cyclones may also affect the Hamersley Basin region; these irregular events 

would cause longer and deeper flooding of the marsh. Summers with very low rainfall 

can also occur; for example during the exceptionally dry summer of 2009/2010, no 

flooding events were recorded at the study sites in Fortescue Marsh. Despite the absence 

of long term water level records at the Fortescue Marsh, floods that were observed in the 

summers of 2008/2009 and 2010/2011 most likely represented typical scenarios given 

that rainfall deposited during these periods was typical for the region (www.bom.gov.au).  

T. medusa dominated the low marsh bordering the unvegetated central flats on highly 

saline, clay rich soils which experienced episodic but prolonged flooding that was deep 

enough to submerge dominant age-cohorts for up to 2 months (i.e. flooding depths >30 

cm). In contrast, T. auriculata and T. indica occupied positions at progressively higher 

elevations subject to very transient floods and depths were not sufficient to fully submerge 

the dominant age-cohort of either species. In T. auriculata dominated areas, individuals 

exhibited a growth form of an elevated crown on a taller branchless main stem that 

perhaps reflected a submergence ‘avoidance’ type of morphology. Keeping the main 

crown above the water during the shallow and short duration floods that occur in these 

habitats would aid survival in T auriculata as complete submergence of shoots is 

deleterious for this species (Chapter 6). 

While all three species were exposed to differing periods of waterlogging and partial-

submergence, only T. medusa experienced prolonged complete submergence of its 

basally branching crown. At a salt lake in central Argentina, differing periods of flooding 

were also associated with species zonation (Cantero et al., 1998) and in coastal marshes, 

the effects of flooding in contributing to community structure are well known (Ungar, 

1998; Bertness & Ellison, 1987; Adam, 1990; Pennings & Bertness, 2001). Submergence 

tolerance in T. medusa is most likely associated with the expression of flooding tolerance 

traits similar to those of the closely related species T. pergranulata,  which is highly 

tolerant of both soil waterlogging (English & Colmer, 2011) and submergence (Pedersen 

et al., 2006). Submergence tolerance in T. pergranulata is dependent on a suite of 

adaptive traits which include an aerenchymatic adventitious root system (Rich et al., 

2008) (see Appendix Fig. A3.1C left inset for adventitious roots formed in T. medusa); a 

capacity for some underwater photosynthesis in shoots when completely submerged 

(Pedersen et al., 2006) and substrate conservation via a ‘quiescence’ response (Colmer et 
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al., 2009). Recent research revealed the physiological basis for the remarkable persistence 

of T. medusa in flood-prone habitats and furthermore, the possible limiting factors that 

prevent T. auriculata and T. indica from also colonising these areas (Chapter 6). This 

work should further be augmented by studies on the ecophysiology of these species in 

response to seasonal variations in other stress factors.  

At Fortescue Marsh, evaporation from the lake sediments dominates the hydrological 

budget because the Pilbara climate is characterised by high temperatures and low rainfall. 

Low rainfall periods typically occur outside the summer wet season, during which lake 

surface water evaporates, the water table declines and the marsh surface and upper profile 

soils dry out, especially towards the higher elevated outer marsh margins where the 

profile substantially dries. Presumably soil water gradients occur, principally due to 

varying extents of groundwater discharge and capillarity to upper profile soils and the soil 

water holding capacity. In low-elevation zones, transport of groundwater to the upper soil 

layers by capillary rise and evaporation may occur more freely as water tables are 

shallower (approx. 1 m below ground in T. medusa zones), soils are fine-textured and 

vegetation cover is lower (Thorburn et al., 1992). On higher positioned ground, deeper 

water tables, freer draining coarse-textured surface soils and possibly the presence of 

hardpan layers within the soil (pers. obs.), may impede the connectivity of groundwater 

with upper horizons. T. indica dominated in these areas at Fortescue Marsh, which is also 

consistent with observations of T. indica occurring on the outer margins and low-relief 

sandy dunes at salt lakes in the Australian southwest (English, 2004; Barrett, 2006;). 

Although it is likely that all species will share a high degree of drought tolerance as in 

principle, the physiological adaptations in halophytes that permit the uptake of saline 

water of low osmotic potential by osmotic adjustment, would also allow access to soil 

water in drier soils, it is possible that differences in tolerance of extreme soil water deficits 

may account for distribution patterns. Drought tolerance in the high-marsh habitat may 

be especially critical during the seedling establishment phase because, surface soils dry 

more rapidly than deeper soils after wetting of the profile. T. indica is a member of a clade 

within Tecticornia which utilises the C4 photosynthetic pathway, whereas all other 

species are C3, and C4 may confer an advantage for plants in the dry upper slopes at 

Fortescue Marsh (Carolin et al., 1982; Voznesenskaya et al., 2008). C4 carbon fixation 

facilitates adaptation to periods of water stress due to higher plant water use efficiency 

and maintenance of higher growth rates when soils are dry than in C3 plants. Perhaps the 

larger sized individuals of T. indica are capable of surviving the severe water deficits in 
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the upper soil layers during the dry season by utilising water from deeper in the profile. 

Indeed, field observations in the current study revealed that T. auriculata possessed a 

large proportion of lateral roots with a less pronounced tap root, whereas in T. indica, the 

lateral roots were relatively less abundant and the tap root larger (see Appendix Fig. A3.4 

for images of root morphologies in the three dominant Tecticornia species). It is uncertain 

whether T. indica possesses additional features consistent with xerophytes and to what 

extent the degree of drought tolerance in other species at Fortescue Marsh is comparable. 

For example, a dimorphic, plastic root-system architecture (i.e. having both a deep tap 

root and shallow feeder roots) would further permit access to moisture that is available 

only at shallower soil depths, typically following low rainfall events (Lambers et al., 

2008). The presumed high degree of drought tolerance in T. indica, further implores the 

question of why this species is limited to saline soils on the marsh flats and not in arid 

non-saline soils. At low salinity levels, dicotyledonous halophytes exhibit stimulation in 

growth (Flowers & Colmer, 2008), therefore, it may be hypothesised that T. indica is 

competitively inferior to glycophytes in the absence of salinity; furthermore, in at least 

some xero-halophytes under soil water deficits, performance is significantly reduced in 

the absence of NaCl compared to drought combined with NaCl (Martinez et al., 2005).  

Variation in species composition with soil salinity 

The total amount of salt in the surface soil (i.e. the EC1:5) will reflect a balance between 

the dynamics of salt removal (for example, leaching, plant removal) and salt influx (for 

example, evaporative and capillary transport from groundwater, aeolian deposition, root-

zone accumulation) (Malek et al., 1990; Thorburn et al., 1992; Alvarez-Rogel et al., 1997; 

Yihdego & Webb, 2012). Soil salinity is further modified by changes in soil water content 

(ECsw) as salt becomes concentrated in drying soils and salt becomes diluted in wetting 

soils. At Fortescue Marsh salinity varies markedly across the landscape. The low and 

middle topographic positions were generally highest in salinity (ECsw, ECe and EC1:5), 

perhaps reflecting a combination of a shallower hypersaline water table (see Table 4.1, 

Chapter 4 for groundwater salinity) exposed more freely to evaporation and the increased 

capillarity but reduced leaching of clays (Malek et al., 1990; Thorburn et al., 1992; 

Alvarez-Rogel et al., 1997; Yihdego & Webb, 2012). It was apparent that T. auriculata 

was more dominant than T. indica and T. medusa at the extreme soil salinities (ECe and 

ECsw) of the middle vegetated zone. Salinity is known to be a major influence on 

community structure at other salt marshes. At an inland salt lake in Ohio, the perennial 

halophytic stem succulent Salicornia europaea was found growing at the most extreme 
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soil salinities, whilst the leaf succulent Atriplex triangularis (Amaranthaceae) and non-

succulent grass Hordeum jubatum (Poaceae) were distributed in medium and low salinity 

zones respectively (Ungar et al., 1979). At a Mediterranean climate salt marsh, the 

perennial stem-succulent Arthrocnemum subterminalis (Amaranthaceae) was dominant 

at the extremely saline soils of the high marsh as it was better able to tolerate extreme 

salinity than its competitor Sarcocornia pacifica (formerly known as Salicornia 

virginica), also a perennial stem-succulent (Pennings & Callaway, 1992). In the present 

study T. auriculata was found dominant on soils up to 2700 mM Na+ (Nasw) (presumably 

near 1:1 ratio with Cl–) and at these extreme salinities, the performance of T. indica can 

be affected. For example, there was reduced survival of T. indica in comparison to T. 

pergranulata at 2000 mM NaCl (English & Colmer, 2013). Tolerance of extreme salinity 

in T. auriculata may be associated with a high capacity for osmotic adjustment (i.e uptake 

and vacuolar compartmentalisation of ions, compatible solute synthesis) and selectivity 

for the uptake for K+ over Na+ (Flowers & Colmer, 2008). Indeed, T. auriculata was 

present in habitats characterised by a low soil K+:Na+ ratio whilst T. indica tended to 

occupy soils with higher K+:Na+. Although Tecticornia species share a high degree of 

salinity tolerance, interspecies differences in tolerance to extreme salinity exist (English 

& Colmer, 2013), thus it is possible that superior tolerance of extreme salinity in T. 

auriculata may promote its occurrence in the most saline sites.  

Population structure and dynamics 

The temporal dynamics and spatial variability of soil water availability play a major role 

in determining seedling recruitment at Fortescue Marsh. Tecticornia are similar to other 

halophytes (Ungar, 1978) in that seed germination is suppressed under high salinity, 

requiring the leaching of surface soil salts during rainfall to enable germination (English, 

2004). In T. medusa zones, seedling establishment was successful in its early stages (8 

months post-flooding) after a wetting of the playa following a flooding event in 2011 (see 

the high proportion of juveniles in the population height spectra, Fig. 5F), however, in 

response to the same flooding event, numerous seedlings of T. auriculata emerged, but 

did not survive longer than 8 months. A combination of faster soil drying (relative to 

lower elevated zones) and possibly a higher concentration of NaCl in the upper soil profile 

during the wet-dry season transition, may have caused the higher mortality of seedlings 

of T. auriculata. Whereas conditions promoting seed germination occur almost seasonally 

at Fortescue Marsh following wetting of the soil profile after seasonal rains, conditions 

that favour long-term establishment are probably quite rare, as indicated by the similarly 
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low densities of juveniles in the population age structures for the three dominant species. 

The likelihood of long-term seedling establishment most likely depends on avoidance of 

intolerable conditions of severe abiotic stress, as it appears that halophytes are most 

susceptible to abiotic stress in the juvenile stages of their life cycle. For example, survival 

of Tecticornia pergranulata following germination is enhanced when the duration of low 

salinity during the establishment phase increases (English & Colmer, 2013). Additionally, 

the mortality of seedlings of Salicornia europaea at a North American salt lake was 

attributed to reduced soil water availability and a simultaneous increase in salinity (Ungar, 

1979); although periods of drought in this study were realtively shorter in comaprison to 

Fortescue Marsh. At Fortescue Marsh, it is most likely that a prolonged period of rainfall 

and low salinity post-germination would be required for the establishment of larger and 

hardy shrubs. Whether the three vegetation communities are subject to the same 

recruitment events is uncertain; the possibility that recruitment events vary in time 

between species zones according to different sized flooding events, suggests that 

distributions may also be dynamic spatially. However, the current data at Fortescue Marsh 

show that demographical structures are similar between species zones, suggesting the 

contrary. Further research is required to understand the dynamics of halophyte 

populations in similar environments. 

Conclusions 

Levels of abiotic stress at the landscape level are consistently high throughout Fortescue 

Marsh, which adult halophyte plants tolerate remarkably well but which poses a major 

constraint on recruitment, potentially limiting the extent of species boundaries at the 

extreme ends of abiotic gradients. The distribution of halophytes at Fortescue Marsh is 

closely related with gradients in flooding and soil water contents that vary monotonically 

across the marsh landscape and soil salinity, expressed by the concentration of NaCl in 

soil water, which tends to reach extreme levels in the middle marsh. The spatial ranges of 

Tecticornia distributions may therefore be constrained by their tolerance limits to 

flooding, extreme salinity and drought. Stress tolerance of Tecticornia species should also 

be investigated in controlled environment studies (as examples; salinity dose response, 

prolonged submergence and water drawdown experiments) and in the field (for example, 

reciprocal transplantation experiments and responses to seasonal dynamics). An 

additional benefit of these findings is that it may inform future decisions related to land 

rehabilitation and management of inland salt marshes given the potential for disturbance 

of these ecosystems from mining and pastoral activities. 
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Abstract 

Stem-succulent halophytes are the dominant vascular plant type at inland salt lakes of 

Australia, however little is known of their physiology under field conditions. This study 

investigated the seasonal ecophysiological responses of dominant stem-succulent species 

(Tecticornia medusa, T. auriculata and T. indica) at Fortescue Marsh, a salt lake in semi-

arid north-west Australia. Tecticornia medusa occurred on highly saline (ECsw up to 181 

dS m-1), low elevation flats, exposed to naturally occurring floods that completely 

submerged the dominant size-cohort for up to 7 weeks. Tecticornia medusa was also 

affected by severe reductions in soil water potential of the top 50 cm (down to –12 MPa), 

due to a combination of concentrating of ions and matric effects. Tecticornia auriculata 

and T. indica were dominant at higher elevations characterised by lower salinity (ECsw 

up to 133 and 83 dS m-1 respectively), higher soil water potential (down to –9 and –3 MPa 

respectively) and shorter floods (up to 2 weeks) that only partially submerged the 

dominant size cohort. Plants maintained growth and transpiration (measured in T. 

auriculata and T. indica only), despite the low soil water potential, by the osmotic 

adjustment of succulent shoot tissues. Reductions in tissue osmotic potential occurred 

initially by the passive dehydration of succulent tissues, followed by the regulated uptake 

and presumed vacuolar compartmentalisation of Na+ and Cl–. The species maintained 

high, but variable, levels of the compatible solute glycinebetaine in succulent tissues. 

During a severe dry period, plant water-use rates were reduced relative to, but still 

correlated with, potential evapotranspiration; the reduced water use per plant was likely 

due to reduced succulent stem area during this period. Higher net selectivity of K+:Na+ in 

T. medusa relative to the other two species may provide selective advantage in highly 

saline soils. In waterlogged soil with shoots partially submerged, T. medusa contained 

high sugar concentrations in emergent succulent stems and maintenance of 

photosynthesis demonstrated that plants were in good health; the production of 

aerenchymatic adventitious roots would have contributed to flooding tolerance. These 

results demonstrate that Tecticornia species at Fortescue Marsh are highly tolerant of 

salinity in combination with soil water deficits and flooding occurring seasonally; 

however, species differences in tolerances to these conditions may determine species 

distributions. 
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Introduction 

Inland salt lakes are geographically widespread (Williams, 2002). Salt lake environments 

would be physiologically stressful to the majority of higher plants, in part due to high 

salinity, periodic sediment anoxia and exposure to high light intensity and temperatures 

(Hammer, 1986). At ephemeral salt lakes, flooding events due to seasonal rainfall may 

be prolonged (as examples, at inland marshes in Western Australia, Pedersen et al., 2006; 

van Etten & Vellekoop, 2009; and in southern Africa, McCulloch, 2008), depending on 

climatic conditions, hydraulic connectivity to the groundwater, and features of the 

surrounding catchment that influence surface water drainage onto and run off from these 

low-lying basins. Particularly for ephemeral inland salt lakes occurring in large dry 

climatic regions where annual evaporation can greatly exceed precipitation, large soil 

water deficits can occur outside of the wet season placing further constraints on plants 

(Hammer, 1986).  

Specialised halophytic stem-succulents of the sub-family Salicornioideae (family 

Amaranthaceae, formerly Chenopodiaceae) often form the dominant vegetation occurring 

at inland salt lakes. While several studies conducted in controlled environments have 

demonstrated tolerances of halophytic stem-succulents to salinity (Chapter 5; Redondo-

Gomez et al., 2006; English & Colmer, 2013) and flooding (Chapter 6; Colmer et al., 

2009; English & Colmer, 2011) none have investigated responses to soil drying. There is 

a further need to assess the ecophysiological responses of halophytic stem-succulents in 

relation to the interaction of co-occurring abiotic stressors at inland-salt lakes and how 

these vary over time as defined by weather conditions, soil properties and location within 

the landscape. This need for an improved understanding of inland salt lakes and 

associated vegetation has added urgency given that these ecosystems are threatened by 

anthropogenic change; in particular, inland salt lakes may be sensitive to the altering of 

hydrological regimes which could affect the natural variability in soil water status, 

flooding and salinity, thus potentially, adversely affecting vegetation health and 

performance (Williams, 2002). It is desirable therefore, to also identify suitable indicators 

of plant stress for species occurring at inland salt lakes, for the purpose of environmental 

monitoring and the timely detection of potential adverse impacts on vegetation as a 

consequence of human activities. 

Information on habitats supporting stem-succulent halophytes at inland salt lakes (several 

examples are considered below) shows that salinity, periodic inundation and soil water 
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deficit pose the main challenges to plant performance, with the severity of these stresses 

often correlated with topographic position within the landscape but also differing for 

various geographical regions. Most studies conducted at inland salt lakes however have 

focused on the influence of substrate salinity on stem-succulent halophytes. At inland salt 

lakes in south-western Australia, Tecticornia species were found on soils of varying 

salinities in the landscape (Barrett, 2006; van Etten & Vellekoop, 2009). The annual 

halophytic stem-succulents Salicornia europaea and S. rubra at inland salt lakes in North 

America (Ungar, 1967; Tiku, 1975; Ungar, 1977; Ungar et al., 1979) and S. europaea and 

Halocnemum strobilaceum at a large hypersaline lake system in central Turkey (Tug et 

al., 2012), were dominant on the most saline soils. Notable exceptions where the influence 

of seasonal flooding regimes have been investigated were at a salt basin in central 

Argentina, where the habitat preference for Sarcocornia perrenis was in saline low 

elevation sites affected by periodic inundation (Cantero et al., 1998), and at an ephemeral 

salt lake in south-western Australia, where Tecticornia pergranulata occupied frequently 

inundated zones (surviving up to 10 months of complete submergence) subject to extreme 

soil salinity during dry periods and T. doleiformis and T. indica inhabited the less saline 

and less flooded dune slopes and crests (English, 2004). Apart from these latter two 

exceptions (Cantero et al., 1998; English, 2004), little is known of seasonal substrate 

salinity and flooding regimes affecting halophytes at other ephemeral inland salt lakes 

due to a lack of time course measurements on lake water levels and substrate properties.  

Species of the genus Tecticornia (sub-family Salicornioideae; family Amaranthaceae, 

formerly Chenopodiaceae), comprises perennial halophytic shrubs with succulent 

articulated stems and are largely endemic to Australia, commonly found inhabiting the 

margins of salt lakes (Datson, 2002; Shepherd & Wilson, 2007). The present study was 

undertaken at Fortescue Marsh, a periodically flooded inland salt lake situated in the 

semi-arid interior of sub-tropical north-west Australia (Kendrick, 2001). The vegetated 

outer fringe of Fortescue Marsh is dominated by Tecticornia species, several of which are 

unique to the region, some being declared rare flora (Shepherd & van Leeuwen, 2011). 

Tecticornia medusa K.A. Sheph & S.J. van Leeuwen, Tecticornia auriculata (Paul G. 

Wilson) K.A. Sheph & Paul G. Wilson and Tecticornia indica subsp. bidens (Nees) K.A. 

Sheph & Paul G. Wilson (hereafter T. indica) are the dominant species on the lake margin 

and are structured into distinct habitat zones which vary in soil salinity and flooding 

durations (Chapter 3). In a glasshouse study, T. medusa exhibited higher tolerance to 

complete submergence than T. auriculata and T. indica, due to an ability to avoid 
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excessive osmotic swelling and rupturing of succulent stems (Chapter 6). Flooding 

tolerance in T. medusa would be further dependent on suites of adaptive traits according 

to the type of stress, whether waterlogging or submergence (Colmer & Voesenek, 2009); 

for example, the production of adventitious roots such as in T. pergranulata (Rich et al., 

2008). Tecticornia species exhibit high salinity tolerance and as for other stem-succulent 

halophytes, this is mainly associated with an ability to maintain favourable water potential 

gradients by the regulated accumulation of Na+ and Cl–, maintenance of net K+ to Na+ 

selectivity and synthesis of compatible solutes such as glycinebetaine (Chapter 5; English 

& Colmer, 2013; Short & Colmer, 1999). Thus, varying degrees of salinity and flooding 

tolerances amongst T. medusa, T. auriculata and T. indica may contribute to the 

distribution of species in soils of differing salinities and flood durations at Fortescue 

Marsh. 

Although halophytes are ubiquitous in flooded-saline habitats, few studies have evaluated 

the tolerance of halophytes to these stresses as they occur in the field and moreover, such 

investigations conducted at inland-salt lakes are even rarer (literature summarised by 

Colmer & Flowers, 2008). In addition, critical aspects yet to be understood in the 

ecophysiology of halophytes is tolerance to a dynamic environment, where at inland salt 

lakes, fluctuating water tables and rainfall may lead to marked changes in soil water and 

salinity status over seasons (English, 2004). It is further vital to investigate plant 

ecophysiology under complex ecological settings where numerous stress factors interact; 

at inland salt lakes, flooding, high salinity, high temperatures and water deficits can either 

co-occur in various combinations simultaneously or in sequences over time due to 

changing seasonal conditions, and thus, halophytic vegetation would be exposed to an 

increased severity of abiotic stresses as compared with individual and often constant 

treatment conditions typically administered in controlled glasshouse experiments. An 

additional issue of particular importance is that mechanisms of stress tolerance in 

perennials as elucidated from glasshouse experimentation, often suffers from the 

shortcoming that young plants were used; however, it is possible that mature-aged 

individuals in the field may differ markedly in their responses to abiotic stress (for 

example, in trees; Carter et al., 2006). The current study investigated over a 2-year period 

the comparative ecophysiology of mature T. medusa, T. auriculata and T. indica shrubs 

in response to seasonal changes in atmospheric conditions, soil salinity, soil water content 

and water table levels, including flood events, at Fortescue Marsh.   
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Methods 

Site description 

Fortescue Marsh is an extensive (978 km2) ephemeral inland salt lake situated in the 

Hamersley Basin of the Pilbara region in north-west Australia, approx. 110 km NNW of 

Newman and lying between the Chichester and Hamersley Ranges (Fig. 4.1). The 

Fortescue Marsh is currently recognised as being of high conservation significance 

(Kendrick 2001; Department of the Envionrment, Water, Heritage and the Arts 2010; 

Commonwealth of Australia, 2013). The region is rich also in iron-ore deposits with 

several mining operations present in the region (Fig. 4.1). Tecticornia medusa, T. 

auriculata and T. indica, the three focus species for this study, are the dominant plant 

species at Fortescue Marsh. T. medusa has a currently known distribution restricted to the 

inland Pilbara region (Shepherd and van Leeuwen, 2011). T. auriculata and T. indica 

have colonised wider regions and are found at both coastal and inland habitats across the 

Australian continent (Western Australian Herbarium, 2013). 

Climatic conditions in the Hamersley Basin are semi-arid sub-tropical with an average 

annual rainfall of approx. 300 mm (records retrieved from Marillana weather station, 

approx. 22 km from Fortescue Marsh) (www.bom.gov.au). Annual evaporation rate 

("Class A" pan evaporation) can exceed 3000 mm yr–1, some 10-fold higher than annual 

rainfall (climate records at Wittenoom weather station) (www.bom.gov.au). The 

Hamersley Basin region is influenced by sub-tropical low pressure systems originating 

off the north-west coast during the austral summer months between November and April 

(Sturman, 2006). Tropical cyclones associated with these weather systems regularly make 

landfall and will occasionally travel far enough inland to affect the Hamersley Basin 

region, occurring with a frequency of approximately twice per decade 

(www.bom.gov.au). The most common type of summer rainfall is associated with sub-

cyclone intensity tropical lows which cause isolated thunderstorms and monsoons 

(Sturman, 2006).  

The Fortescue Marsh floodplain is relatively flat with elevation tending to increase 

sharply towards the ranges that border the northern and southern fringe of the marsh. 

Water flows into the marsh from the surrounding hills via a vast network of ephemeral 



 

 

 

Figure 4.1. The location of the study site () on the northern fringe of the Fortescue Marsh in the Pilbara region of north-west Australia. Within the vicinity of 

the study site are located several iron-ore mining operations (). Inset showing the locations of monitoring plots () and weather station (). Regional 

geography and mine locations were adapted from publicly available data at www.ga.gov.au and www.dmp.wa.gov.au. 
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surface creeks and the upper Fortescue River. The major body of the marsh is an alluvial 

plain dominated by saline red-brown clay-loams and calcrete outcrops, which grade into 

colluvium and sheetwash deposits towards the flanking hills (Marnham & Morris, 2003). 

Calcrete deposits and red-brown hardpan layers are commonly found underlying the soils 

and on the marsh surface a platy crust of fine clay forms (personal observation). 

Groundwater towards the marsh interior is hypersaline (approx. 189 dS m–1) with Na+ 

and Cl– as the major ions (approx. 1.5 and approx. 2.0 M, respectively) (Table 4.1).  

Monitoring was conducted between June 2009 and June 2011 at a site selected on the 

northern fringe of the marsh. Duplicate 20 m x 20 m permanent monitoring plots 

(approximately 100 m separated) were delineated in each of the three species zones (Fig. 

4.1). Plant tissues and soil cores were sampled randomly within plots (at each visit within 

a 48 h period) in June and October 2009, February, May and September 2010, and January 

and June 2011. 

Environmental and soil physicochemical factors  

Climatic data. An automated weather station (EasiData Mk 4, Environdata, Warwick, 

Queensland, AU) was installed within the T. indica zone towards the outer marsh (Fig. 

4.1) to record climatic parameters hourly. The data collected were relative humidity, 

ambient air temperature, wind direction, wind speed, rainfall and solar radiation. 

Reference evapotranspiration (ETo) was calculated by the Penman-Monteith method 

using the public domain software, ETo calculator (Land and Water Digital Media Series, 

Food and Agricultural Organisation of the United Nations, Version 3.1). 

Water table levels. Capped piezometers 2.4 m in length (30 mm Ø PVC tubes with slits 

at regular intervals) were installed in monitoring plots (one per plot) to a depth of 1.5 m 

below-ground extending 90 cm above-ground. In T. auriculata plots, piezometers were 

installed to a depth of 50 cm below-ground due to the presence of an impenetrable 

hardpan layer. Capacitance water level probes (Odyssey, Dataflow Systems, 

Christchurch, NZ) fitted to piezometers recorded depths of the water table and surface 

water, when within the recording depths. 

Soil sampling and analyses. Duplicate cores of soil were sampled in each plot at 10–50 

cm below ground, a depth deemed appropriate due to the abundance of plant roots in this 

horizon, and avoiding the upper 10 cm (including soil crust) in which soil water and 

salinity fluctuated strongly. Samples were immediately sealed into water-tight plastic 
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bags. Wet weights of soil were recorded. Soils were dried at 50°C, crushed and passed 

through a 2 mm sieve prior to further analyses. Soil gravimetric water content was 

determined after drying sub-samples at 105°C; values were corrected for the crystal water 

of gypsum (CaSO4.2H2O) to enable comparison with non-gypsiferous soils. The crystal 

water of gypsum and corresponding gypsum content were estimated by the differential 

water loss method (Artieda et al., 2006). Corrected gravimetric water contents were 

converted to a volumetric basis using measured values for soil bulk density. Soil bulk 

density was determined using a ring sampler to remove a soil core of known volume at 

10–50 cm below ground (values were expressed on a crystal water of gypsum corrected 

105°C dry mass basis) (Blake & Hartge, 1986).  

Sub-samples of air-dried sieved soil were extracted in water (1:5 soil:water) (Rayment 

and Higginson, 1992), and the electrical conductivity (EC) (Eutech Cybernetics CON-

100 Portable TDS/Conductivity Meter), pH and Na+ and K+ concentrations determined. 

Na+ and K+ concentrations in 1:5 soil:water extracts were determined by flame 

photometry (Model PFP7, Jenway/Barloworld Scientific, Essex, UK). EC values and Na+ 

and K+ concentrations determined on a 1:5 soil:water basis were converted to estimates 

on a corrected gravimetric soil water content basis, by correcting for the different volume 

of water and assuming the full dissolution of solutes in soil water. As an objective of this 

study was to assess plant osmotic relations in response to seasonal trends soil water 

availability, and since plant shoot solute concentrations would not have been effected by 

soil water changes occurring immediately prior to sampling, on two occasions when 

sampling followed recent rainfall then soil water contents were adjusted. The volume of 

rainfall that had fallen on the day and six days prior to sampling in May 2010 (4.4 mm) 

and September 2010 (38.4 mm) giving a particular increase in soil water content was 

subtracted from the measured soil volumetric water contents, assuming that drainage was 

equal to the rainfall and evaporation, plant water-use and run-off were null (Ward et al., 

2008). The soil saturated water content was determined by preparing saturated soil pastes 

(Rhoades, 1996) and the saturation percentage further used to estimate the soil clay 

fraction (Stiven & Khan, 1966); on this basis approximate soil textures were assigned. 

The soil matric potential was estimated based on soil bulk density, soil textural 

assignments and measured soil volumetric water contents using the program SOILPAR 

(Research Institute for Industrial Crops, Version 2.0). A linear equation was derived from 

the relationship between EC and the osmotic potential of prepared NaCl solutions 

measured using a conductivity meter (Eutech Cybernetics CON-100 Portable 
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TDS/Conductivity Meter) and freezing-point depression osmometer (Fiske® Model 210, 

Fiske® Associates, Norwood, MA, USA), which was used to convert the estimated EC 

of soil water (ECsw) to osmotic potential. Soil water potential was estimated as the sum 

of soil matric potential and the soil water osmotic potential. Estimated NaCl 

concentrations in soil water did not exceed the maximum solubility of NaCl (6 M). 

Plant ecophysiological parameters 

Plant tissue sampling. At each sampling, a small number of branches were removed 

from three adult plants per plot between 9:00–12:00 hours, sealed in bags and kept on ice 

for 4–9 hours prior to processing at the laboratory. A different sample of individuals was 

selected for harvests each time. Plant tissues harvested from T. medusa in June 2009 were 

from partially submerged plants, the tissues harvested being on stems emergent above the 

flood water. Branches were rinsed briefly in DI water to remove surface salts and blotted 

dry. Younger-expanding (1st–3rd article from the tip) and fully-expanded (4th–9th article 

from the tip) succulent tissues were harvested from branches and fresh masses recorded, 

plunged into liquid N2 and then stored at –80°C. Tissues were lyophilised and ground 

prior to chemical analyses. A set of fresh tissue samples were also taken, placed in cryo-

vials, frozen in liquid N2 and stored at -80oC.     

Sap osmotic potential. Fresh tissues that had been frozen were thawed at room 

temperature whilst retained in their sealed vials. Sap was expressed using a stainless steel 

press and 20 μL was analysed immediately using a freezing-point depression osmometer 

(Fiske® Model 210, Fiske® Associates, Norwood, MA, USA). 

Na+, Cl– and K+. Ions were extracted from lyophilised and ground tissues in 0.5 M HNO3 

(Munns et al., 2010). Na+ and K+ were measured using a flame photometer (Model PFP7, 

Jenway/Barloworld Scientific, Essex, UK) and Cl– using a Chloridometer (Chloridometer 

50cl, SLAMED Laboratory Instruments, DE). Reliability of the methods was confirmed 

by the inclusion of a plant reference tissue of known ion concentrations. 

Glycinebetaine, proline, fructose, glucose and sucrose. Tissues (previously lyophilised 

and ground) were double extracted in 80% (v/v) ethanol under reflux at 80°C. The dry 

mass of the insoluble fraction was recorded, after drying the pellet at 60°C. The 

supernatants were combined and passed through a 0.22 μm filter (Pall Gelman Acrodiscs; 

Pall Gelman Laboratory, Ann Arbor, MI, USA). High performance liquid 

chromatography (HPLC) was used to determine concentrations of glycinebetaine, 
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proline, fructose, glucose and sucrose in ethanol extracts using a method adapted from 

Slimestad & Vågen (2006). The HPLC system (Waters Corporation, Milford, MA, USA) 

consisted of a 600E pump, 717plus auto-sampler, 996 photo-diode array detector (PDA) 

and an evaporative light scattering detector (ELSD) (Alltech 500, Deerfield, IL, USA). 

Samples in the auto-injector were held at 5ºC, the ELSD drift tube held at 85ºC and eluent 

nebulisation with high purity N2 gas at a flow rate of 2.6 L min–1. The mobile phase 

solvent was a mix of vacuum filtered 30% Milli-Q® water and 70% acetonitrile (HPLC 

grade), sparged with He gas with the flow rate maintained at 1 mL min–1. Separation was 

achieved at 22ºC on a Prevail ES Carbohydrate column (250 x 4.6 mm i.d. with 5 µm 

packing) (Alltech) with a pre-column insert used in-line prior to the analytical column. 

The UV absorption spectrum at 195 nm in the PDA was used for quantification of 

glycinebetaine and proline. Empower™ software (Waters, Version 2.0) was used for data 

acquisition and processing. Recoveries of glycinebetaine, fructose, glucose and sucrose 

from lyophilised Tecticornia shoot tissues ‘spiked’ with known concentrations of these 

solutes were >80%. No adjustments were made to the data presented. Reference samples 

of a standard tissue prepared from Tecticornia shoot tissues (an even mix of the three 

species) were also included to check for consistency during running of various batches of 

extracts. 

Osmotic contributions of tissue inorganic and organic solutes. Osmotic potential 

equivalents of solutes (π) (Eqn. 4.1) were calculated according to Lang (1967): 

                                                           𝜋 = −𝑀𝑅𝑇ϕ                                               Eqn. 4.1  

Where: M is the molar concentration of the solute on a tissue water basis (mol m–3); R, 

the universal gas constant (MPa m−3 mol−1 K−1); T, temperature (°K); and Φ, 

dimensionless osmotic coefficient, assumed to equal 0.96 for Na+, Cl– and K+ (based on 

1.5 M NaCl solutions in water at 25 °C; after Lang, 1967) and 1 for glycinebetaine and 

total sugars (Robinson & Jones, 1986). For Figures 4.4C and D, the following 

assumptions were applied: (i) vacuolar and cytoplasmic volumes 90% and 10% of the 

protoplasm volume (Yeo, 1981); (ii) absolute vacuolar compartmentalisation of Na+ and 

Cl– (Matoh et al., 1987); (iii) localisation of 10 mM total tissue K+ in the cytoplasm (i.e. 

equating to a cytoplasmic concentration of 100 mM) and the remainder in the vacuole 

(fixed across salinity levels) (Maathuis & Sanders, 1996) and (iii) absolute cytoplasmic 

compartmentalisation of glycinebetaine (Hall et al., 1978), glucose, sucrose and fructose.  
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Total carotenoids and chlorophylls. Fully-expanded tissues were extracted in ice-cold 

methanol for 5 hours in darkness at 4°C and the supernatant collected. Concentrations of 

total carotenoids and chlorophylls a and b were determined spectrophotometrically 

(model 1601, Shimadzu, Tokyo, JP) by measuring the absorbance of the extracts at 470 

nm, 652.4 nm and 665 nm respectively and applying the equations of Wellburn (1994). 

Betacyanins. The betacyanin compound amaranthine was confirmed as the major 

betalain pigment in the shoot tissues of the three species by HPLC-PDA (high 

performance liquid chromatography-photo-diode array detector) and HPLC-MS (mass-

spectrometry) (unpublished results; Sperl & Schweiggert, 2012; the author extends his 

gratitude to Ralf Schweiggert and Elena Sperl of the University of Hohenheim for 

undertaking these HPLC analyses). For seasonal measurements, fully-expanded tissues 

were extracted in 100 mM MES buffer solution (pH 5.5) for 3 hours in darkness at 4°C 

and the supernatant collected. Betacyanin (BC) concentrations were determined 

spectrophotometrically (model 1601, Shimadzu, Tokyo, JP) by measuring absorbance at 

538 nm and content calculated using the molar extinction coefficient and molecular 

weight of amaranthine (ε = 60,000 L/mol cm in H2O; λ = 538 nm; MW = 727 g/mol) as 

reported by Kugler et al., (2004): 

                                      BC (mg L–1) = A x DF x MW x 1000/ε x L          Eqn. 4.2 

Where, BC is the total betacyanin content; A is the absorption at 538 nm; DF is the 

dilution factor and L the path length of the 1 cm cuvette; MW is the molecular weight; 

and ε is the mean molar extinction coefficient.  

The length increase of tagged succulent stems. Six succulent stems per plant (six adult 

plants per species) that were tagged in June 2009 were measured for length changes at 

sampling periods. At the time of tagging, the lengths and hence ages of tagged succulent 

stems were similar within species and did not have additional succulent stems branching 

at the nodes nor any woody-non succulent tissues. Succulent stems were selected at 

random within the plant crown. The lengths of succulent and woody non-succulent tissues 

along these tagged stems were also measured at each sampling event.  

Sap flow (i.e. water flux in xylem) in woody stems of T. indica and T. auriculata. Sap 

flow measurements were made with the heat ratio method (Burgess et al., 2001) using 

sap flow heater and sensor probe sets (HRM-30 sensors, ICT International, Armidale, 

AU) connected to data loggers (SL5 Smart Logger, ICT International). Continuous 
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measurements (every 30 min) were conducted between October 2009 and June 2011 

(excluding periods of equipment failure and probe re-installation). Two to four adult 

plants were measured for the two species measured, varying due to instances of 

equipment failure, in T. indica and T. auriculata. Risk of equipment submergence during 

the prolonged monitoring period prevented measurements on T. medusa. Probes were 

moved three times to different individuals (May 2010, September 2010 and March 2011) 

during the measurement period to avoid the potential effects of wounding development. 

Heat pulse velocities were corrected to account for the effects of probe misalignment and 

wounding using equations in Burgess et al. (2001). The raw data were numerically filtered 

for outliers to reduce noise. Corrected heat pulse velocities were converted to sap flow 

velocities using algorithms based on the volume fractions of wood and water in the 

sapwood according to Barrett et al. (1995). Volumetric sap flow was derived as the 

product of sap velocity and cross-sectional area of conducting sapwood. The under-bark 

sapwood was discriminated from the heartwood by staining flat stem sections with methyl 

orange; conducting sapwood was further confirmed by assessing xylem vessels in thin 

stem cross-sections for tylose blockage under a light microscope (see Appendix Figs. 

A4.1 for example images of sections). As the sapwood area diameters in the woody stems 

of the Tecticornia species were thin, only a single point measurement within the sap wood 

was possible. For T. auriculata, probes were inserted into the main stems whilst in T. 

indica probes were inserted into secondary woody branches as in the latter species, the 

crown branches basally.  

Gas exchange in succulent stems of T. medusa. On the fully-expanded succulent stems 

of T. medusa in June 2009, gas exchange measurements were performed using a LI-COR 

6400 (LI-COR Biosciences, Inc., Lincoln, NE, USA) to assess for possible effects of 

flooding. Plants chosen for measurements were growing in two contrasting soil 

conditions, one set growing in permanent monitoring plots with the soil waterlogged and 

shoots partially-submerged in 15 cm of water (plants were 30–50 cm in height and 

emergent stems were chosen for measurements) and the other set in a nearby location 

growing in soil where the top 30 cm of soil was drained (date of measurement was June 

2009). A cuvette with a transparent underside was supplied with a quantum flux of 1500 

μmol m−2 s−1, from the top with a red-blue LED light source and from the bottom with 

light from a portable halogen bulb. Cuvette CO2 concentration was 390 μmol mol−1 and 

water vapour concentration approximated that of ambient air, which varied between 17 

mmol mol−1 and 23 mmol mol−1. As the configuration did not permit the direct 
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measurement of succulent stem surface temperature, it was calculated from an energy 

balance computation based on the air temperature in the chamber and further accounting 

for light incident on the bottom and top of the succulent stem (LI-COR manual, 2005); 

estimated succulent stem surface temperatures varied between 27°C and 29°C. The gasket 

of the cuvette was modified to with slits to allow the cylindrical stems to pass through 

and inert butyl sealent (Terostat® VII) was used to prevent gas leakages. Measurements 

were completed between 11:00 and 13:00. Net photosynthesis, transpiration and stomatal 

conductance were expressed on a total surface area basis of succulent stems. The 

succulent stems of T. medusa are approximately cylindrical, therefore, the surface area of 

stems enclosed within the chamber was estimated by measurement of length and average 

diameter (taken from three points). 

Statistical analyses 

Two-way repeated measures analysis of variance (RMANOVA) with a Holm-Sidak post 

hoc test were performed for multiple comparisons within species and time. Results were 

reported as significant where P < 0.05. Analyses were conducted using the Sigma Plot 

software package (Systat Software, Inc., Version 11.2).   

Results 

Environmental and soil physicochemical factors  

Water table levels. Two flooding events affected T. medusa zones during the monitoring 

period. In the first event, surface water was present for a period of 16 weeks from May 

2009 and was associated with the local discharge of water onto the marsh from 

groundwater storage ponds at a nearby mine site; the dominant age cohort of T. medusa 

was completely submerged for 11.5 weeks, then partially-submerged for 3.5 weeks and 

then followed by 4 weeks waterlogging in the top 10 cm of soil (Fig. 4.2A). The salinity 

of surface water in June 2009 was 4.8 dS m–1. A second, natural flooding event due to 

rainfall occurred in early February 2011, which lasted 12 weeks, causing submergence of 

the dominant T. medusa age cohort for 7 weeks, then partial submergence for 5 weeks 

and then followed by 2 weeks waterlogging in the top 10 cm of soil. The salinity of lake 

water in March 2011 was 17.2 dS m–1 and increased to 32.4 dS m–1 when measured at 

one of the few remaining pools 3 months later. After August 2009, the water table level 
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Figure 4.2. (A) Seasonal trends in water table levels (mean; n = 2) and (B–D) edaphic properties of 

the 10–50 cm soil layer beneath vegetation zones dominated by () T. medusa, () T. auriculata  

and () T. indica on the northern fringe of Fortescue Marsh (mean ± s.e; n = 4). (A) Note, the 

absence of data indicates: for T. auriculata and T. indica water table levels receded below 

piezometer installation depths; and for T. medusa, due to equipment failure. Dashed lines 

indicated the mean height of all plants within monitoring plots. (B) Volumetric soil water content. 

Note, in June 2009 as soils beneath T. medusa were waterlogged, water content was estimated 

on the assumption of complete filling of soil pore volume for a clay soil i.e. the soil water content 

at saturation. (C) Soil electrical conductivity (EC) estimated in soil water (ECSW) (solid line with 

symbols) and measured in 1:5 soil:water extracts (EC1:5) (dashed line). (D) The estimated soil 

water potential.  

in the T. medusa zone receded gradually until levels reached stability at 90 cm below 

ground in late May 2010 (Fig. 4.2A). Within T. auriculata and T. indica zones, the water 

table was below the depth of piezometer installation (0.5 and 1.5 m below ground 

respectively) for the majority of the monitoring period (Fig. 4.2A). T. auriculata and T. 

indica zones were unaffected by flooding in 2009, but after the 2011 rainfall event, water 
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table levels increased  transiently, with surface water present in T. auriculata and T. indica 

zones for 16 and 13 days respectively (Fig. 4.2A). 

Soil water content. On average, soil water content (10-50 cm depth) was highest below 

T. medusa (37% v/v) and 29% and 51% lower beneath T. auriculata and T. indica 

respectively (Table 4.1). Soils below T. medusa were waterlogged in June 2009, after 

which soils dried 59% by February 2010, remaining at these low levels for the remainder 

of 2010 and thereafter increasing again 1.41-fold by June 2011 (Fig. 4.2B). 

Table 4.1. Soil physicochemical parameters of the 10–50 cm soil layer underlying T. medusa, T. 

auriculata and T. indica zones and selected groundwater chemical properties beneath the T. 

medusa zone at a location on the northern shore at Fortescue Marsh. Values were pooled and 

averaged across sampling time points (see methods for sampling times) (i.e, n=7) except for soil 

gypsum content and bulk density which were determined for soils sampled at a single time point 

(gypsum in February 2010 and bulk density in June 2011) and values pooled and averaged across 

different plots within species zones (i.e., n=2). n.a = not available.  

Parameter 
Species zone 

T. medusa T. auriculata T. indica 

              Soil physicochemical properties 

Gypsum content (% mass) 5.1 ± 0.008 6.3 ± 0.68 5.4 ± 0.53 

Bulk density (g cm3) 1.11 ± 0.07 1.25 ± 0.006 1.33 ± 0.003 

Salinity, ECsw (dS m–1) 111.1 ± 7.9 95.7 ± 11.5 60.3 ± 7.9 

Water content (% volume) 36.6 ± 4.8 26.1 ± 1.8 17.9 ± 1.2 

pH in 1:5 soil: water extracts 8.1 ± 0.3  8.6 ± 0.2 8.8 ± 0.1 

Na+ concentration in soil water (mM) 2251 ± 765 2179 ± 547 1301 ± 720 

K+ concentration in soil water (mM) 197.2 ± 8.2  186.6 ± 30.8 147.7 ± 51.7 

Soil K+:Na+ 0.094 ± 0.043 0.100 ± 0.037  0.186 ± 0.189 

                Groundwater chemical properties 

Salinity (dS m-1) 189.0 ± 2.4   n.a n.a 

Na+ concentration (mM) 1519 ± 35 n.a n.a 

Cl– concentration (mM) 2033 ± 46 n.a n.a 

Osmotic potential (MPa) –12.1 ± 0.2   n.a n.a 

In contrast to T. medusa, seasonal changes in soil water status were moderate beneath T. 

auriculata and T. indica. For T. auriculata and T. indica, soils dried by 24% and 26% 
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respectively between June 2009 and May/September 2010, subsequently increasing in 

moisture in June 2011 for T. auriculata and T. indica by 1.57- and 1.42-fold (Fig. 4.2B). 

Soil salinity. On average, the estimated salinity of soil water (ECsw) was highest in soils 

underlying T. medusa (111 dS m–1) and 14% and 46% lower beneath T. auriculata and T. 

indica respectively (Table 4.1). Seasonal changes in ECsw were most extreme in soils 

below T. medusa, increasing by 5.03-fold in May/September 2010 from 32.6 dS m–1 in 

the waterlogged soils of June 2009, thereafter, decreasing 66% by June 2011 (Fig. 4.2C). 

In contrast, beneath T. auriculata, ECsw increased 1.76-fold in February/May 2010 from 

74 dS m–1 in June/October 2009, subsequently decreasing 61% by June 2011 (Fig. 4.2C). 

The ECsw underlying T. indica was highest in February 2010–January 2011 at 75 dS m–1 

and 43% and 69% lower in June 2009 and June 2011 respectively (Fig. 4.2C).  

Seasonal trends in ECsw reflected a combination of changes in the EC1:5 (i.e. the total 

amount of salt in the soil) of soils (Fig. 4.2C) and the soil water content (resulting in the 

dilution or concentration of salts) (Fig. 4.2B). Fluctuations in EC1:5 were higher beneath 

T. medusa than in soils underlying the other species (Fig. 4.2C). In T. medusa soils EC1:5 

increased 2.36-fold between June 2009 and May 2010 and reduced by 43% between 

January 2011 and June 2011 (Fig. 4.2B); soil water content reduced 60% between June 

2009 and May 2010 whilst it increased 1.20-fold between January 2011 and June 2011 

(Fig. 4.2C), thus contributions to changes in ECsw were influenced more by EC1:5 than 

soil water content underlying T. medusa. For T. auriculata and T. indica soils, 

contributions to ECsw of changes in EC1:5 and soil water content were similar; for 

example, for soils between June 2009 and February 2010 underlying T. auriculata and T. 

indica, EC1:5 increased by 1.22- and 1.27-fold and soil water content reduced by 21% and 

26 %. However for T. indica between January 2011 and June 2011, EC1:5 reduced by 69% 

whilst soil water content did not change (Figs. 4.2B and 4.2C).  

Seasonal Na+ concentrations on a soil water basis were highly correlated with ECsw (R2 

values for soils supporting T. medusa, T. auriculata and T. indica were 0.97, 0.98 and 

0.93 respectively) and ranged between 822–4419, 1586–3291, 547–1996 mM for soils 

underlying T. medusa, T. auriculata and T. indica respectively (for simplicity, as these 

estimated concentrations were below the solubility threshold of NaCl in water which is 

6.14 M, all Na+ is assumed to be in soil solution) (Table 4.1). However, it is possible that 

other anions present in the soil solution that form lower solubility compounds could have 

led to sodium precipitation at lower soil water contents; for example, precipitation 
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Na2SO4 in sulphate dominated lakes (Hammer, 1978). K+ concentrations on a soil water 

basis did not differ between T. medusa and T. auriculata zones (192 mM averaged across 

sampling time points, if all K+ were in solution – although some adsorption onto clay 

particles would be expected so actual values may have been lower), but were both higher 

than in T. indica soils (148 mM) (Table 4.1). Soil water K+:Na+ did not differ between 

species zones (Table 4.1). 

Estimated soil water potential.  On average, the estimated soil water potential was 

lowest in T. medusa soils (–6.3 MPa), and 1.06- and 1.94-fold higher in T. auriculata and 

T. indica soils respectively (Fig. 4.2D). Soil water potential in October 2009 was similar 

(–3 MPa) between the three species but by February 2010, had reduced to –9.5 MPa under 

T. medusa and T. auriculata and to –5 MPa below T. indica. For the  

remainder of 2010, the soil water potential underlying T. medusa and T. auriculata was 

approximately –9.5 MPa and –4 MPa beneath T. indica. In January 2011, the soil water 

potential began to increase and by June 2011, the soil water potential had returned to 

similar levels as in October 2009 (Fig. 4.2D). 

Plant ecophysiological parameters  

Sap osmotic potential of succulent stems. The sap osmotic potential (πsap) in fully-

expanded succulent stem tissues in June and October 2009 (–5.6 to –6.2 MPa) was similar 

in the three species, thereafter the values declined between October 2009 and May 2010 

to –9.4 MPa in T. medusa and T. auriculata, and –7.3 MPa in T. indica (Fig. 4.3A). The 

reduction in πsap between October 2009 and February 2010 for the three species occurred 

due to tissue dehydration, as tissue water content declined by 20–30% whilst tissue solute 

content did not change (Figs. 4.3B–4.3D). πsap was maintained at similar levels between 

February 2010 and May 2010 by the net accumulation of solutes on a dry mass basis 

(increasing by 30%, 66% and 24% in T. medusa, T. auriculata and T. indica respectively) 

coupled with increases in tissue water content (by 23%, 68% and 23% in T. medusa, T. 

auriculata and T. indica respectively) (Figs. 4.3B–4.3D). Tissue πsap increased in June 

2011 to –8.0, –8.7 and –5.7 MPa in T. medusa, T. auriculata and T. indica respectively 

(Fig. 4.3A). Seasonal trends in πsap in younger-expanding tissues were linearly correlated 

with πsap in fully-expanded tissues (R2 values for T. medusa, T. auriculata and T. indica 

were 0.82, 0.62 and 0.70 respectively) and on average 0.5 MPa higher (more positive) 

than fully-expanded tissues for T. medusa and T. auriculata, but similar for T. indica (data 

not shown). 
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Figure 4.3. (A) The osmotic potential of sap (πsap) expressed from fully-expanded succulent stem 

tissues in T. medusa (), T. auriculata () and T. indica () at Fortescue Marsh (mean ± s.e; n = 

6). (B–D) Seasonal changes in πsap (solid lines) of fully-expanded tissues (i.e. same as Fig. 4.2A), 

and changes relative to June 2009 in total tissue solute contents (the sum of Na+, Cl–, K+, 

glycinebetaine, fructose, glucose and sucrose, mmol g–1) (dashed lines) and tissue water content 

(dotted lines) on an EtOH-insoluble dry mass basis in fully-expanded tissues for (B) T. medusa, (C) 

T. auriculata and (D) T. indica (mean ± s.e; n = 6).  

The contribution of solutes to the sap osmotic potential in succulent stems. The three 

species accumulated Na+ and Cl– as the dominant osmolytes in younger-expanding and 

fully-expanded succulent stem tissues, contributing together 60–96% of πsap across the 

sampling period. The contributions of other solutes (K+, glycinebetaine, fructose, glucose 

and sucrose) to the πsap were on average <13% when expressed on a whole tissue level 

(Figs. 4.4A and 4.4B). The contributions of glycinebetaine and three soluble sugars to the 

πsap were <7% when expressed on a whole cell level, however if in the cytoplasm, these 

solutes would have contributed 27–67% and 5–20% to the osmotic potential needed in 

the cytoplasm to balance that of the vacuole (πvacuole) assumed to contain Na+, Cl– and K+ 

(for assumptions see methods) (Fig. 4.4C and 4.4D). 
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Figure 4.4. (A, B) The percentage contributions of Na+, Cl– and other measured solutes (K+, 

glycinebetaine, fructose, glucose and sucrose) to the osmotic potential of sap (πsap), and the 

contributions of glycinebetaine and three soluble sugars if in the cytoplasm to matching the 

assumed vacuolar osmotic potential (i.e. πvacuole), in (A, C) younger-expanding and (B, D) fully-

expanded tissues in T. medusa, T. auriculata and T. indica. Values are a means across sampling 

dates (i.e. n = 7). 

Inorganic ions on a tissue water basis in succulent stems. Regression analyses revealed 

similar seasonal trends between combined Na+ and Cl– concentrations and πsap in 

succulent tissues; R2 values for younger-expanding tissues were 0.52, 0.49 and 0.60 and 

in fully-expanded tissues were 0.60, 0.45 and 0.41 in T. medusa, T. auriculata and T. 

indica respectively. In T. medusa, Na+ and Cl– concentrations in fully-expanded tissues 

increased 1.9-fold between June 2009 and September 2010, thereafter these declined 

again between September 2010 and June 2011 (Figs. 4.5A and 4.5B). In the fully-

expanded tissues of T. auriculata and T. indica, Na+ and Cl– were 1.3-fold higher in 

September 2010 relative to June 2009, thereafter reducing in 2011 (Figs. 4.5A and 4.5B).  
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Figure 4.5. Concentrations of (A) Na+, (B) Cl– and (C) K+, on a tissue water basis, and (D) K+:Na+ 

(calculated from A and C) in fully-expanded succulent stem tissues in T. medusa (), T. auriculata 

() and T. indica (), sampled at different times at Fortescue Marsh (mean ± s.e; n = 6).  

Seasonal trends in Na+ and Cl– concentrations in younger-expanding stem tissues were 

correlated with concentrations in fully-expanded tissues (for Na+, R2 values were 0.51, 

0.34 and 0.60 and for Cl–, were 0.69, 0.63 and 0.43 for T. medusa, T. auriculata and T. 

indica respectively) and on average, Na+ and Cl– were 126 and 163 mM lower in 

concentration in expanding tissues than in fully-expanded tissues (data not shown). T. 

medusa had on average 2.6-fold higher K+ concentrations in fully-expanded stem tissues 

(112 mM) than in T. auriculata (44 mM) and 3-fold higher K+ than T. indica (30 mM) 

(Fig. 4.5C). As the relative difference in tissue Na+ concentrations between T. medusa 

and the other two species was less compared to K+, tissue K+:Na+ was on average 2.5-

fold higher in T. medusa than in the other species (Fig. 4.5D). In addition, for all three 

species tissue K+:Na+ was on average 1.4-fold higher in younger-expanding than in fully-

expanded tissues (data not shown). In T. medusa, K+ concentrations in fully-expanded 
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tissues were correlated with Na+ concentrations (R2 = 0.42); between June 2009 and 

September 2010 K+ increased 1.7-fold, further decreasing 2.53-fold in June 2011 (Fig. 

4.5C). Tissue K+ in T. auriculata and T. indica did not differ between months, apart from 

2-fold higher K+ in February 2010 in the former two species relative to all other months 

(Fig. 4.5C).  

Glycinebetaine and soluble sugars on a tissue water basis in succulent stems. T. 

medusa soluble sugar concentrations (fructose + glucose + sucrose) in fully-expanded 

succulent stem tissues varied over time whilst in T. auriculata and T. indica sugars were 

temporally stable (Fig. 4.6A). Between June 2009 and September 2010, tissue sugars 

declined from 122 to 19 mM, thereafter increasing to 79 mM in June 2011 (Fig. 4.6B). 

For T. medusa, younger-expanding tissues on average were 1.38-fold lower in sugars than 

fully-expanded tissues, whilst in T. auriculata and T. indica there was no difference 

between different aged tissues (data not shown). For T. medusa, fructose and glucose 

where the major sugars (average concentrations across time points and tissue categories 

were 27 and 25 mM) compared to sucrose which was lower (average of 10 mM), whilst 

in T. auriculata, tissue concentrations fructose, glucose and sucrose were relatively 

similar (averages of 7, 8 and 5 mM respectively) (data not shown). For T. indica, tissue 

concentrations of fructose were highest (17 mM) whilst glucose and sucrose were lower 

(averages of 8 and 6 mM respectively) (data not shown). 

 

Figure 4.6. Concentrations of (A) total soluble sugars (fructose + glucose + sucrose) in younger-

expanding (dotted lines) and fully-expanded (solid lines) succulent stem tissues and (B) 

glycinebetaine in fully-expanded succulent stem tissues in T. medusa (), T. auriculata () and 

T. indica (), sampled at different times at Fortescue Marsh (mean ± s.e; n = 6). 
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Concentrations of glycinebetaine on average across younger-expanding and fully-

expanded succulent stem tissues were similar in T. medusa and T. auriculata (135 and 

117 mM respectively) but higher than T. indica (72 mM). Glycinebetaine concentrations 

in the younger-expanding and in the fully-expanded stem tissues of T. medusa were both 

highest in May 2010 and January 2011 (Fig. 4.6B). Glycinebetaine was stable between 

months in the fully-expanded stem tissues of T. auriculata and T. indica, but in younger-

expanding stem tissues peaked in February 2010 and January 2011 (Fig. 4.6B). Levels of 

proline in Tecticornia shoot tissues were below the detection limit of approx. 0.5 mM on 

a tissue water basis (equivalent to 4 μmol g–1 dry mass). 

Pigments on an EtOH-insoluble dry mass basis in succulent stems. Betacyanins in 

fully-expanded succulent stem tissues were on average 77, 620 and 408 μg g–1 (EtOH-

insol. DM) in T. medusa, T. auriculata and T. indica respectively. The ratio of betacyanins 

: total chlorophyll increased between February and September 2010 by 14.8-, 3.5- and 

10.3-fold in T. medusa, T. auriculata and T. indica respectively. For T. medusa the 

September 2010 betacyanin : total chlorophyll peak was due to a combination a 2.25-fold 

total chlorophyll reduction (from 545 to 242 μg g–1 EtOH-insol. DM) and 6.3-fold 

betacyanin accumulation (from 39 to 245 μg g–1 EtOH-insol. DM) relative to February 

2010, whilst in T. auriculata and T. indica, total chlorophylls remained stable but 

betacyanins increased 3.8- (from 305 to 1157 μg g–1 EtOH-insol. 

 

4. 7. The ratio of (A) betacyanins : total chlorophyll (chlorophylls a and b) and (B) carotenoids : 

total chlorophyll in fully-expanded succulent stem tissues in T. medusa (), T. auriculata () and 

T. indica (), sampled at different times at Fortescue Marsh (mean ± s.e; n = 6).  
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DM) and 5.3-fold (from 155 to 813 μg g–1 EtOH-insol.DM) (Fig. 4.7A). The ratio of 

betacyanins : total chlorophyll decreased between September 2010 and June 2011 due to 

a combination of increases in total chlorophyll and betacyanin reduction for the three 

species (Fig. 4.7A). The ratio of total carotenoids : total chlorophylls in fully-expanded 

succulent stem tissues was on average 2.9-fold higher in T. medusa than T. auriculata and 

T. indica due to lower total chlorophylls in the former, as total carotenoids were similar 

between the species (720 μg g–1 EtOH-insol. DM averaged across species and time 

points). Seasonal trends in total carotenoids : total chlorophylls were correlated with 

trends in betacyanins : total chlorophyll for the three species; R2 values were 0.85, 0.52 

and 0.78 for T. medusa, T. auriculata and T. indica respectively).  Total carotenoids : total 

chlorophylls increased between February and September 2010 by 3.4-, 1.3-, and 2.3-fold 

for T. medusa, T. auriculata and T. indica respectively, thereafter showing a reducing 

trend by June 2011 (Fig. 4.7B).  

The length increase of tagged succulent stems. The tagged succulent stems of the three 

species showed two periods of growth; firstly between October 2009 and February/May 

2010 when total stem lengths increased by 164, 85 and 55 mm in T. medusa, T. auriculata 

and T. indica respectively and subsequently between January 2011 and June 2011 when

 

 

Figure 4.8. The cumulative increase in length of tagged succulent stems (A) and the percentage 

(by length) of senesced tissue on these stems in T. medusa (), T. auriculata () and T. indica 

(), measured at different times at Fortescue Marsh. The original lengths of tagged succulent 

stems were (mm): 112 ± 8, 46 ± 5 and 53 ± 7 mm. Values are the means (n = 6) ± s.e.  

stems increased by 340, 210 and 172 mm respectively (Fig. 4.8A). Growth slowed in the 

three species between February and January 2011 (Fig. 4.8A). The proportion of 
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senescent tissue along tagged succulent stems increased in T. medusa from 0 to 80% 

during the monitoring period, whilst in T. auriculata and T. indica senescent tissue (i.e. 

woody, non-succulent portion) increased from 6 and 4% in June 2009 to 40 and 65% in 

2010 (Fig. 4.8B). 

Sap flow (i.e. water flux in xylem) in woody stems of T. indica and T. auriculata. Total 

daily sap flow in T. auriculata and T. indica remained high until February and March 

2010 respectively, thereafter declining in accordance with potential evapotranspiration 

until June 2010 (Fig. 4.9B). For the period October 2009 to June 2010, linear regression 

analysis revealed a positive correlation between total daily sap flow and potential 

evapotranspiration (R2 values of 0.30 and 0.66 for T. auriculata and T. indica 

respectively). Total daily sap flow for the remainder of 2010 was low, despite the increase 

in evaporative demand in late 2010 (Fig. 4.9B); despite the low sap flow rates, there was 

a significant positive correlation (R2 values of 0.49 and 0.41 for T. auriculata and T. indica 

respectively) between sap flow and potential evapotranspiration for the period June 2010 

to December 2010. Sap flow increased sharply in January 2011 following the high rainfall 

during this period, thereafter decreasing in accordance with potential evapotranspiration; 

the R2 between total daily sap flow and potential evapotranspiration for the period March 

2011 to June 2011 was 0.59 and 0.69 for T. auriculata and T. indica respectively (Fig. 

4.9B). 

Comparison of diurnal patterns of sap flow suggests that drought stress was not more 

severe in February 2010 (Fig. 4.9D) than October 2009 (Fig. 4.9C), despite the estimated 

soil water potential in the upper 50 cm declining by 3 and 4 MPa in T. auriculata and T. 

indica soils during this period (Fig. 4.2D). Solar radiation and vapour pressure deficit 

(VPD) were similar in October and February (Fig. 4.9C, 4.9D). Drought-stressed plants 

usually show midday and/or afternoon declines in transpiration but such reductions in sap 

flow rates were not evident for either species. Average total daily sap flow (± s.e) for the 

selected time sequences were 1.28 ± 0.12 and 1.44 ± 0.06 m3 m-2 d-1 for T. auriculata and 

T. indica in October 2009 respectively and 1.36 ± 0.05 and 1.29 ± 0.07 m3 m-2 d-1 in 

February 2010, indicating no differences in water use between the two contrasting 

periods. 
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Figure 4.9. (A) Total daily rainfall at the Fortescue Marsh and (B) Potential evapotranspiration and 

total daily sap-flow based on sapwood cross sectional area of T. auriculata and T. indica (mean ± 

s.e; n = 2–4 depending on installation period, see methods). Note, data are unavailable during 

December 2010 for T. auriculata and February 2011 for T. indica due to equipment failure. Diurnal 

sap flow traces in T. auriculata and T. indica and vapour pressure deficit and solar radiation for 

(C) 24–28 October 2009 and (D) 24–28 February 2010. The two periods were chosen for sap flow 

comparisons as they differed in soil water potential (lower in February than October) but not in 

solar radiation or VPD. Diurnal traces presented were taken from a single plant. 

Gas exchange in succulent stems of T. medusa. To assess for the possible effects of 

waterlogging and partial shoot submergence on gas-exchange in T. medusa, in June 2009 

measurements were undertaken comparing adult plants growing in partially submerged 

and drained conditions. The capacity for net photosynthesis in fully-expanded succulent 

stems was 3.67-fold lower in T. medusa plants growing in waterlogged soil with shoots 

partially submerged (emergent stems measured) than in soil with the upper 30 cm of the 

profile drained (Table 4.2). Stomatal conductance was 2.08-fold lower in waterlogged 

than in drained plants, however internal CO2 was 1.7-fold higher in waterlogged plants, 
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suggesting non-stomatal limitations to net photosynthesis in waterlogged plants (Table 

4.2). Concentrations of total sugars in the emergent, fully-expanded succulent stems of 

plants growing in waterlogged and drained soil were 122 and 45 mM respectively. 

Table 4.2. Gas-exchange parameters of fully-expanded succulent stems of adult T. medusa plants 

growing in soil with the top 30 cm of the profile drained (i.e. drained) and in waterlogged soil with 

shoots partially-submerged in 15 cm of water (emergent stems measured) (mean ± s.e; n = 6). 

Measurements were undertaken at Fortescue Marsh in June 2009.  

Soil condition 
Net photosynthesis 

(μmol m–2 s–1) 

Transpiration 

(mmol m–2 s–1) 

Stomatal conductance 

to water vapour 

(mmol m–2 s–1) 

 

Internal CO2 

(μmol mol–1) 

 

Water use 

efficiency 

(μmol mol–1) 

Drained 6.6 ± 0.9 0.8 ± 0.1 27 ± 4 123 ± 17 247 ± 16 

Waterlogged 1.8 ± 0.4 0.5 ± 0.1 13 ± 3 207 ± 16 137 ± 13 

Discussion  

Tecticornia medusa, T. auriculata and T. indica occupy zones characterised by 

contrasting soil physicochemical properties at an ephemeral salt marsh in the semi-arid 

north-west of Australia. During a two year field-study Tecticornia species were exposed 

to dynamic and occasionally severe abiotic conditions, including drought, high levels of 

salinity and periods of partial inundation. Tecticornia medusa, the lowest-elevation 

species bordering the central unvegetated playa experienced an episodic but prolonged 

up to 7 weeks (i.e. flooding depths >30cm) (Fig. 4.2). After surface waters subsided in 

the T. medusa zone in June 2009, soil water potential declined (reaching as low as –12 

MPa in May 2010) due to the combined effects of soil drying and the influx of salts from 

the hypersaline water table (see Table 4.1 for groundwater chemical properties) by 

evaporation and capillarity (Fig. 4.2). By contrast, at median and high elevations occupied 

by T. auriculata and T. indica respectively, flooding was below the height of dominant 

age-cohorts and shorter in duration (Fig. 4.2). Soil water potential beneath T. auriculata 

and T. indica also reduced during the 2010 dry-period reaching as low as –8 and –6 MPa 

respectively (Fig. 4.3). Reductions in soil water potential beneath the three species were 

attributed to a combination of soil drying (due to combined reductions in the soil matric 

potential and osmotic potential, the latter caused due to the concentration of salts) and 
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salt influxes; however, salt influxes in the upper soil were much higher in the T. medusa 

zone relative to the other species (Fig. 4.2), perhaps due to shallow water tables being 

exposed more freely to evaporation, the increased capillarity of fine-textured surface 

soils, low vegetation cover in these zones (Malek et al., 1990; Thorburn et al., 1992; 

Alvarez-Rogel et al., 1997) and the absence of hardpan layers within the soil (unlike 

underlying some areas in the T. auriculata zone; pers. obs). Increases in soil water 

potential between January 2011 and June 2011 were attributed to a combination of soil 

wetting (i.e. increased soil matric and osmotic potentials) and the leaching of salts (Fig. 

4.2).  

The three species maintained low tissue sap osmotic potential (πsap) by the accumulation 

in tissues of high inorganic ion concentrations (Na+ and Cl– contributing 32–55% and 26–

47% to πsap respectively) and compatible organic solutes, characteristic for 

dicotyledonous halophytes (Flowers & Colmer, 2008). πsap in succulent stem tissues were 

on average lowest in T. medusa (–8.1 MPa) and T. auriculata (–8.1 MPa), whilst higher 

in T. indica (–6.3 MPa) (Fig. 4.3), in accordance with the relatively lower soil water 

potential underlying T. medusa and T. auriculata. Tissue πsap in the three species was 

generally maintained lower than the soil water potential despite considerable reductions 

in the soil water potential (for example, in February and May 2010); however reductions 

in soil water potential in May and September 2010 were presumably very near the 

threshold for water uptake for T. medusa as soil water potential and tissue osmotic 

potential were similar (Fig. 4.3). Favourable shoot-soil osmotic potential gradients would 

have allowed plants to utilise soil water held in the 10–50 cm soil layer and prevented 

against cell water losses, thus facilitating the maintenance of positive cell turgor and 

growth of stems between October 2009 and May 2010 (see Fig. 4.8A). Presumably, 

tolerance of a reduction in the soil water potential of surface soils also involves ability to 

access some water from below these depths (i.e. by drought avoidance); for example, a 

dimorphic, plastic root-system architecture (i.e. having both deep tap roots and shallow 

feeder roots) would further permit access to water that is available only at lower soil 

depths (Lambers et al., 2008) (for pictures of root systems see Appendix Fig. A3.4).  

During the exceptionally dry summer of 2009/2010, tissue πsap reduced in the three 

species, initially in February 2010 by the passive dehydration and hence concentration of 

solutes in fully-expanded succulent tissues (Fig. 4.3). πsap in succulent tissues was 

maintained at these lowered levels in May 2010 by osmotic adjustment i.e. the lowering 

of osmotic potential by the net accumulation of solutes on an EtOH-insoluble dry mass 
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basis (Hsiao et al., 1976) (Fig. 4.3). Net increases in solutes (predominantly Na+ and  Cl–

) in May 2010 were coupled with the increase of tissue water, leading to a recovery in 

tissue water status in T. medusa and T. indica and higher than previous tissue water in T. 

auriculata (Fig. 4.3), thus, species were able to conserve/increase tissue succulence 

during the prolonged dry period. Therefore, stomatal opening could be maintained during 

this period of heightened water stress, as a  high degree of succulence acts as a ‘buffer 

system’ and delays the time between reductions in soil water potential and succulent stem 

water potential (Nobel, 1977). Indeed, during the summer of 2009/2010 T. auriculata and 

T. indica did not show midday and/or afternoon reductions in sap flow; total daily sap 

flow also remained high being coupled with estimated evaporation rates (Fig. 4.9), 

indicating that water potentials in succulent stems were probably not low enough to 

induce stomatal closures and limit water use. Thus, succulence in Tecticornia not only 

permits the high dilution capacity for inorganic osmotica in large vacuolar volumes 

(Flowers et al., 1977), but further functions as a desiccation avoidance mechanism as in 

the non-halophytic succulents (Lambers et al., 2008).   

It is well known that halophytes regulate the entry of Na+ and Cl– according the 

requirements for cellular osmotic adjustment in response to salinity (Chapter 5; Flowers 

et al., 1977; Short & Colmer, 1999; Flowers & Colmer, 2008; English & Colmer, 2013) 

and more recent observations have established that halophytes regulate tissue ions in 

response to soil drying independent of external NaCl changes (Martinez et al., 2005; Ma 

et al., 2012). At inland salt lakes, Salicornia europaea (Riehl & Ungar, 1982) and T. 

pergranulata (English, 2004) also maintained favourable tissue water potentials by the 

accumulation of Na+ and Cl– in drying soils; although periods of low soil water potential 

were greater in the latter study. Since increases in tissue Na+ and Cl– for T. medusa, T. 

auriculata and T. indica at Fortescue Marsh were 34%, 27% and 46% lower than the 

respective soil salinity increases between October 2009 and May 2010, it is probable that 

net Na+ and Cl– accumulation was a coordinated osmotic adjustment response to lowering 

soil water potentials; if lowering of sap osmotic potential were achieved by tissue 

dehydration alone, inevitably a loss of tissue turgor would ensue, depending on cell 

wall/tissue elasticity.  

Succulent stems of the three species increased in length during the summers of 2009/2010 

and 2010/2011, but growth ceased during the intermitting period despite favourable water 

relations (Fig. 4.8). Na+ and Cl– concentrations in fully-expanded tissues were also 

highest in the intermitting period (Fig. 4.5A, 4.5B), suggesting that growth reductions in 
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the three species could have been a consequence of ion toxicity in tissues and amounts of 

ions in excess of the ability to further compartmentalise these extra ions. An additional 

indicator of stress occurring in Tecticornia tissues was elevated betacyanins, which 

increased during the intermitting period; the biosynthesis of these pigments is induced by 

high salinity under controlled conditions in other halophytes, with a purported function 

in the scavenging of reactive oxygen species (Wang et al., 2007; Wang et al., 2008). Stem 

growth for the three species increased again in 2011 when the salinity reduced following 

the high rainfall earlier in the summer (Fig. 4.8); this also corresponded with increases in 

tissue chlorophyll and reductions in betacyanins suggesting a reduction in salinity stress. 

Sap flow rates were also low in T. auriculata and T. indica between May 2010 and 

December 2010, but still correlated highly with evaporative demand; reductions in whole 

plant photosynthetic succulent stem area in T. auriculata and T. indica may have 

contributed to low sap flow rates during this period as it was observed that large amounts 

of succulent stem had senesced (Fig. 4.8). One consequence of increasing salinity in stem-

succulent halophytes is that older stem tissues will often senesce at a higher rate (English 

& Colmer, 2013). Thus, growth was probably not limited in the three species during the 

intermitting period by an ineffective osmotic adjustment, as symptoms of stress indicated 

high ion concentrations in tissues. Given that soil salinity is higher in T. medusa and T. 

auriculata zones, sensitivity to extreme salinity may be a factor that excludes T. indica 

from establishing in these soils given that it showed signs of stress at relatively more 

moderate salinities in the present study (and T. indica is sensitive to extreme salinity; 

Chapter 5 and English & Colmer, 2013). 

The three species maintained tissue K+ concentrations (ranging from 21–162 mM) across 

a range of external soil water salinities whilst the external K+ concentration remained 

relatively stable; K+ contributed on average 4–17% to the πsap in the three species (Fig. 

4.5) and if at the lower tissue concentrations K+ was preferentially located in the 

cytoplasm it was likely present at levels required for, or surplus to, cytoplasmic metabolic 

processes. Although K+ functions as a macronutrient within an optimal concentration 

range in the cytoplasm of 80–120 mM (Maathuis & Sanders, 1996), higher cytoplasmic 

concentrations may be as inhibitory as Na+ to the activity of some enzymes (Heimer, 

1973; Greenway & Sims, 1974; Flowers & Dalmond, 1992). If K+ was partitioned in the 

cytoplasm (at 10% of cell volume), estimated concentrations (210–1620 mM) would be 

expected to impart deleterious effects on enzyme functioning. Thus given that K+ 

exceeded these likely metabolic requirements by 2–14 fold, the majority of K+ 
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accumulated by Tecticornia species beyond the amounts needed for the cytoplasm was 

probably stored in the vacuole for the purpose of osmotic adjustment to external 

conditions. K+ concentrations in the younger-expanding and fully-expanded stem tissues 

of T. medusa were on average 2.3- and 3-fold higher than in T. auriculata and T. indica 

respectively. Tissue K+ concentrations were also positively correlated with Na+ 

concentrations in T. medusa¸ thus, the ratio of tissue K+:Na+ was maintained at 

consistently higher levels relative to T. auriculata and T. indica. High shoot K+:Na+ in T. 

medusa was maintained by higher net K+ selectivity over Na+ (SK:Na) to the shoots (i.e. 

tissue K+:Na+/external K+:Na+) relative to T. auriculata and T. indica, being on average 

3.5- and 2.3-fold higher than in T. medusa than T. auriculata and T. indica respectively. 

T. medusa is therefore distinct from the other two species as it relies less heavily on Na+ 

but utilises relatively higher cellular concentrations of K+ for osmotic adjustment; this 

difference is unlikely to be explained by a higher cytoplasmic volume (as for the higher 

leaf K+:Na+ ratios found in monocotyledons; Flowers & Colmer, 2008) as K+ 

concentrations would have been surplus to metabolic requirements even at a 1:1 

cytoplasm:vacuole ratio. Higher SK:Na in T. medusa may confer adaptive advantage in the 

highly saline soils characterising T. medusa zones, as at increasing vacuolar Na+ 

concentrations, the tonoplast is more susceptible to leakage of  Na+ to the cytoplasm and 

therefore, increased cytoplasmic Na+ could out-compete K+ for enzyme binding sites 

(Maathuis et al., 1992). Further work should be conducted to assess the relationship 

between differences in SK:Na and salinity tolerance in halophyte species.  

Net photosynthesis in fully-expanded succulent stems of waterlogged T. medusa although 

positive, was also reduced relative to plants growing in drained soils (Table 4.2). The 

lower assimilation rate in waterlogged T. medusa was not due to the reduced stomatal 

conductance observed, as internal CO2 was higher than in drained plants. Despite these 

low photosynthetic rates, soluble sugars were highly elevated in waterlogged T. medusa 

compared to drained plants. The slow shoot growth (Colmer et al., 2009; English & 

Colmer, 2011) and the reduced growth of lateral roots due to oxygen deficiency 

(Galloway & Davidson, 1993) that usually accompanies waterlogging, would have 

created a reduced demand for carbohydrates from source tissues. Aerenchymatic 

adventitious roots that emerged from the basal woody stems of T. medusa when flooded 

(Appendix Figs. A4.2 images of adventitious roots) would have represented a major sink 

for assimilates; but given that adventitious roots are known to possess photosynthetic 

capability in T. pergranulata (Rich et al., 2008), assimilates might also have been 
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endogenously produced in these roots. The observation that soluble sugars were highly 

elevated in the fully-expanded stem tissues of waterlogged T. medusa relative to plants in 

drained soils, suggests that feedback inhibition of the photosynthetic pathways via a 

‘sugar sensing’ mechanism opposed to an impairment of photosynthetic efficiency may 

have caused reductions in photosynthesis under waterlogging in T. medusa (cf. Colmer 

& Greenway, 2005). Further evidence that T. medusa adult shrubs were reasonably 

healthy following waterlogging was the observation that succulent stems grew between 

June 2009 and May 2010 (Fig. 4.8A). 

Glycinebetaine was the major organic solute (contributing 1.3–11.2% to πsap) in these 

species (soluble sugar concentrations were relatively low and contributed 0.3–4.3% to 

πsap) (Fig. 4.7), consistent with the widespread occurrence of this methylated quaternary 

ammonium compound in halophytic taxa (Rhodes & Hanson, 1993) and the closely 

related species T. pergranulata (English & Colmer, 2013). The absence (i.e. below the 

detection limit) of proline in the tissues of T. medusa, T. auriculata and T. indica is further 

consistent with earlier measurements of other Tecticornia species (English & Colmer, 

2011) and agrees with findings of Tipirdamaz et al. (2006) that halophytic species of the 

Amaranthaceae generally behave as exclusive glycinebetaine accumulators. Tissue 

glycinebetaine concentrations were on average highest in T. medusa and T. auriculata 

(135 and 117 mM respectively) and lowest in T. indica (72 mM), possibly reflecting the 

higher concentrations of this solute required to balance the vacuolar osmotic potential of 

the former two species or alternatively, interspecies differences in the relative volume of 

vacuole to cytoplasm. Glycinebetaine was a major organic osmoticum in the present 

Tecticornia species assuming it was partitioned in cytoplasm (Rhodes & Hanson, 1993) 

as presumably, the high tissue Na+ and Cl– concentrations (Fig. 4.3) would have only been 

tolerated by intracellular compartmentalisation into the vacuoles (Wyn Jones & Gorham, 

2002). Glycinebetaine did not, however, correlate positively with tissue concentrations of 

Na+ and Cl– (Fig. 4.2) (for example, unlike Spartina alterniflora; Colmer et al., 1996) so 

biosynthesis of glycinebetaine was not modulated according only to requirements for 

intracellular osmoregulation (for example, similar to Suaeda fruiticosa; Khan et al., 

1998). Glycinebetaine concentrations showed considerable seasonal variation 

independent of changes in tissue Na+ and Cl–, with the highest fluctuations evident in the 

younger-expanding tissues of all three species and in T. medusa, with seasonal trends 

relatively more stable in T. auriculata and T. indica (Fig. 4.7). Thus, in addition to 

participating in cytoplasmic osmotic regulation due to its quantitative significance as an 
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osmoticum, glycinebetaine levels were probably also regulated to fulfil additional roles 

in cellular physiology, perhaps in response to other stress factors; for example, the 

protection of photosynthetic machinery against thermal stresses (Jolivet et al., 1982; Chen 

and Murata, 2008), as supported by the maximal glycinebetaine concentrations during the 

summer in the Tecticornia species (February 2010 and January 2011 in T. auriculata and 

T. indica and January 2011 in T. medusa). Younger growing stem tissues had higher 

concentrations of glycinebetaine and K+ and lower concentrations of Na+ and Cl– than in 

fully-expanded tissues in all three species. Differing ratios of these solutes with tissue age 

may reflect an increase in the vacuole:cytoplasm volume ratio with succulent stem 

maturity; or alternatively, a preference for differing organic osmotica in mature tissues 

and/or a higher exclusion of Na+ and Cl– from younger metabolically active growing 

tissues (Weber et al., 1977). 

In conclusion, at Fortescue Marsh, T. medusa, T. auriculata and T. indica species were 

tolerant of extreme reductions in the soil water potential (caused by a combination of soil 

drying and increases in soil salts) and increases in salinity, as illustrated by favourable 

shoot osmotic potentials maintained by solute increases in drying soil, continued water 

use in T. auriculata and T. indica during the dry periods and growth outside of high stress 

periods. The tolerance of extreme salinity by Tecticornia species at Fortescue Marsh is 

remarkable, even in comparison with other halophytes, but possibly represents the 

tolerance limits of the these species given the reduced stem growth observed when soil 

salinity increased. The reduced stem growth in T. indica at relatively lower salinity than 

T. medusa and T. auriculata suggests that this species may not be able to tolerate the 

higher soil salinities at lower elevated sites on the marsh. Key traits were observed in T. 

medusa that would promote its occurrence in low elevated saline sites subject to 

prolonged inundation; higher SK:Na for shoots in T. medusa is hypothesised to increase 

tolerance to high salinity whilst the ability to maintain at least some assimilation during 

soil waterlogging and partial shoot submergence and capacity for aerenchymatic 

adventitious root formation would enhance survival. It is expected that a reduction in 

groundwater levels on the marsh would impose greater constraints on the availability of 

water to Tecticornia species, therefore, mining operations within the vicinity should 

continue to ensure that water table drawdown is minimised. 
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Abstract 

Three stem succulent halophytes, Tecticornia medusa K.A. Sheph & S.J. van Leeuwen, 

Tecticornia auriculata (Paul G. Wilson) K.A. Sheph & Paul G. Wilson and Tecticornia 

indica subsp. bidens (Nees) K.A. Sheph & Paul G. Wilson (hereafter T. indica), occupy 

habitats of varying soil salinity at an Australian ephemeral inland salt marsh, so it was 

questioned whether these distributions are associated with interspecies differences in 

tolerance to extreme soil salinity. A salinity dose-response experiment was conducted to 

compare tolerances of the three species up to 2000 mM NaCl; treatments lasted 16 weeks. 

The three species showed similar shoot and root relative growth rates on an ‘organic’ dry 

mass basis between 10 and 1200 mM NaCl, with highest growth in all species occurring 

in the range 10–600 mM NaCl. Mechanisms of salinity tolerance did not differ between 

the three species and involved the osmotic adjustment of succulent stem tissues by the 

accumulation of Na+ and Cl–, and the compatible solute glycinebetaine, and the 

maintenance of non-limiting tissue K+ concentrations by increasing the net K+ to Na+ 

selectivity to the shoot. By contrast, 2000 mM NaCl exceeded the tolerable limits for T. 

indica as all six replicates died, whilst in T. medusa and T. auriculata, individuals 

survived but showed highly diminished growth rates. 2000 mM NaCl was likely near the 

threshold for tolerance in T. medusa and T. auriculata, as osmotic potentials of succulent 

stems were similar to that of the external medium and thus would have been at incipient 

water stress; tissue water content had declined markedly. Growth at extreme salinity was 

presumably limited by the capacity for vacuolar Na+ and Cl– uptake to provide sufficiently 

low tissue osmotic potentials for turgor driven growth. The observation that tissue sugar 

concentrations were not reduced at high salinity, suggested that declines in growth would 

not have been caused by substrate limitation when compared to plants at low salinity. 

These findings imply that all three species are highly tolerant of moderate salinity (50–

250 mM NaCl) and thus other factors would likely contribute to species compositions in 

moderately saline soils at their field location. However, the lower NaCl tolerance 

threshold in T. indica suggests that this species would be competitively inferior to T. 

medusa and T. auriculata in extremely saline soils.  
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Introduction 

Halophytic vegetation that occurs along coastlines and the margins of salt lakes is 

typically segregated into distinct species zones. Edaphic factors underlying species zones 

often exhibit gradients across a marsh, correlating with topographical position and 

distance away from the water front (Hammer, 1986). Abiotic factors at salt marshes 

known to affect the performance of plants include flooding, drought and salinity and have 

thus been implicated as key mechanisms in generating halophyte zonation patterns 

(Ungar, 1998; Pennings & Bertness, 2001). Interspecific differences in tolerance to 

salinity have been found to cause halophyte zonation along salinity stress gradients (as 

examples; Ungar et al., 1979; Pennings & Callaway, 1992); however, at some salt 

marshes soil salinity as a determinant of species distributions can play a less dominant 

role to factors such as interspecific competition, founder effects and selective herbivory 

(Costa et al., 2003; Pennings et al., 2003).  

Tolerance of most dicotyledonous halophytes to salinity involves cellular osmotic 

adjustment to overcome the highly negative soil water potential, achieved by the 

controlled uptake of Na+ and Cl– into the cells with subsequent compartmentalisation in 

the vacuole and synthesis of organic solutes in the cytosol (Flowers & Colmer, 2008; 

Munns & Tester, 2008). Halophytes generally maintain favourable levels of tissue K+ 

because of a high net K+ to Na+ selectivity at cell membranes. Despite the broad definition 

of halophytes as plants that can survive to reproduce in soils at 200 mM NaCl and above 

(Flowers & Colmer, 2008), differences exist amongst halophytes in their performance 

under salinity (Storey & Wyn Jones, 1979; Glenn & O'Leary, 1984;  Liu et al., 2006; 

Flowers & Colmer, 2008; Song et al., 2009; English & Colmer, 2013). Growth reductions 

in halophytes in response to high salinity have been attributed to several causes, including 

reduced carbon fixation, growth patterns that shift the balance between respiration and 

photosynthesis (Pearcy & Ustin, 1984; Redondo-Gomez et al., 2010), a fall in cellular 

turgor pressure (Clipson et al., 1985), toxicity due to a build-up of Na+ and/or Cl– in the 

cytoplasm, nutrient imbalances (Ayala & O'Leary, 1995), oxidative stress (Aghaleh et al., 

2011) and the increased energetic costs at higher salinity associated with organic solute 

synthesis (Munns, 2002) and regulation of ion transport (Yeo, 1983). Therefore, to 

elucidate factors that may contribute to halophyte distributions in the field, it is necessary 

to explore whether variation in salinity tolerances exists among the halophytes from the 

communities in question. 
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The genus Tecticornia (sub-family Salicornioideae; family Amaranthaceae, formerly 

Chenopodiaceae) are perennial halophytic shrubs with succulent articulated stems and are 

largely endemic to Australia, commonly found in saline habitats near coastlines and 

inland salt lake margins (Datson, 2002; Shepherd & Wilson, 2007). Fortescue Marsh is a 

periodically flooded inland salt lake situated in the semi-arid interior of sub-tropical 

north-west Australia (Kendrick, 2001). The vegetated outer fringe of Fortescue Marsh is 

dominated by Tecticornia species, several of which are unique to the region, some being 

declared rare flora (Shepherd & van Leeuwen, 2011). Tecticornia medusa K.A. Sheph & 

S.J. van Leeuwen, Tecticornia auriculata (Paul G. Wilson) K.A. Sheph & Paul G. Wilson 

and Tecticornia indica subsp. bidens (Nees) K.A. Sheph & Paul G. Wilson (hereafter T. 

indica) are the dominant species on the lake margin and are structured into distinct habitat 

zones. Tecticornia medusa is common in locations prone to prolonged soil submergence 

at the deepest end of the vegetated zone, and the C4 species T. indica occurs in the driest 

soils of the higher outer fringe. In between these two zones, T. auriculata is dominant on 

extremely saline soils (measured at 10–50 cm soil depth as 2700 mM NaCl on a soil water 

basis) and appears to avoid the damaging effects of submergence on succulent tissues by 

possessing a crown that is elevated above the water surface (Chapter 3). These field 

observations were consistent with a controlled environment study which revealed 

tolerance to submergence in Tecticornia medusa and sensitivity in T. auriculata and T. 

indica (Chapter 6). Although the three Tecticornia species presumably share a high 

degree of salinity tolerance and would thus face scenarios in the field of direct 

competition, the apparent association of the three species with different salinity levels in 

their habitat also suggests that species may vary in their tolerance of extreme salinity 

levels present under field conditions.   

Previous studies demonstrated high levels of tolerance of extreme salinity (2000 mM 

NaCl) in the closely related species T. pergranulata, whilst in T. indica mortality was 

high under extreme salinity (English & Colmer, 2013). There is a need, however, to 

improve information on the ecophysiology of other Tecticornia species found at different 

salt lakes of other climatic regions in Australia that may be exposed to differing selection 

pressures (Saintilan, 2009). Also considering the increasing threats imposed on salt lakes 

in Australia by human activity (Williams, 2002; Timms, 2005), in particular the alteration 

of hydrological regimes that could affect natural variability in soil water status and 

salinity, it is important to broaden understanding on the ecophysiology of Tecticornia 

species in response to salinity to ensure their protection. Furthermore, given that plant 
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zonation at salt marshes has often been attributed to differences in soil salinity (Ungar et 

al., 1979; Pennings & Callaway, 1992), it is surprising that so few studies have tested this 

hypothesis by conducting controlled experiments assessing the comparative physiology 

of the various species of interest. The current study investigated tolerances to extreme 

salinity (up to 2000 mM NaCl) in T. medusa, T. auriculata and T. indica. Growth, solute 

concentrations and gas exchange in the succulent stems in response to 10–2000 mM NaCl 

were measured for established plants in drained sand culture for 85 days. 

Methods 

Plant culture and experimental design  

Germination and plant growth. Seeds of the three species were collected from plants at 

Fortescue Marsh, which is situated in the Hamersley Basin of the Pilbara region in north-

west Australia, approximately 110 km NNW of Newman. The three study species are 

described in Shepherd & Wilson (2007) and Shepherd & van Leeuwen (2011). Three 

different parental plants from similar locations for each of the species were selected as 

seed donors; seedlings grown from each parental accession formed one or two different 

replicates (depending on measurement, see below) in the experiment. Branches of parent 

plants were retained as voucher specimens and are available at the Western Australian 

Herbarium, Department of Parks and Wildlife, Perth: T. indica subsp. bidens, May 2008, 

KS1091, KS1092, KS1093; T.  auriculata subsp. auriculata, May 2008, KS1074, 

KS1075, KS1076; T. medusa, May 2008, KS1080, KS1081, KS1082. Seeds were 

germinated on filter paper moistened in half-strength nutrient solution (see below for full-

strength composition) in Petri-dishes at 35°C light/5°C dark (12 h/12 h). This condition 

facilitates the germination of Tecticornia species (Malcolm, 1964); a prior test to 

determine germination rates for the three focus species at 35°C light/5°C dark (12 h/ 12 

h) and 20°C/12°C (day/night) confirmed that the higher diurnal temperature fluctuation 

significantly improves germination rates (data not shown). Two weeks after radicals had 

emerged, seedlings were carefully transplanted into seedling trays containing washed 

fine-grain sand and were kept moist by sub-irrigation with full-strength nutrient solution.  

Treatment imposition. After 9 weeks of establishment, a selection of uniform seedlings 

was then transplanted into free-draining 200 mm high pots containing 4.5 kg of washed 

fine-grain sand over a 40 mm gravel base and grown for a further 7 weeks prior to the 

imposition of NaCl treatments. The experimental design comprised three species × eight 

NaCl treatments × three/six replicates (three replicates were used for tissue solute 



Chapter Five The response of stem-succulent halophytes to extreme salinity 

 

105 

measurements whilst six replicates were used for growth and photosynthesis 

measurements) in a completely randomised block design. The NaCl treatments were 10, 

150, 300, 450, 600, 900, 1200 and 2000 mM NaCl. Plants were 18 weeks old at the 

beginning of treatment imposition (i.e. on the day the step-up phase began). Treatments 

up to 900 mM NaCl were imposed by stepping-up in 100 mM increments per day. The 

1200 and 2000 mM NaCl treatments were also imposed by stepping up in continuous 100 

mM NaCl daily increments, apart from when 900, 1200 and 1500 mM NaCl levels were 

attained, plants were provided 3 days additional time to enable osmotic adjustment prior 

to further increases in salinity. Therefore, plants attained the 1200 and 2000 mM NaCl 

treatments 15 and 29 days after stepping-up commenced. Pots were watered every two 

days with nutrient solution (containing the relevant NaCl concentration) at twice the 

volume that was retained in the sand when at field (i.e. pot) capacity, so that leaching 

prevented the accumulation of salt. Plants were grown in a naturally-lit, temperature-

controlled glasshouse with average day and night temperatures of 19.9 ± 4.1 °C and 15.0 

± 2.3 °C, and an average photosynthetically active radiation (PAR) at midday during the 

experimental period of 791 µmol m–2 s–1. 

Nutrient solution. During early seedling growth and for the low salinity control, plants 

were watered with nutrient solution that contained 10 mM Na+ and 18.6 mM Cl–; some 

NaCl was supplied as the growth of dicotyledonous halophytes in the absence of NaCl 

can be inhibited to abnormally-low levels (Flowers & Colmer, 2008). NaCl was added to 

the nutrient solution to attain NaCl treatment levels (see above). The nutrient solution had 

previously been used in experiments on Tecticornia species (English & Colmer, 2011; 

English & Colmer, 2013) (mM): Na+, 10; K+, 10; NH4
+, 0.2; Ca2+, 10; Mg2+, 1.0; NO3

–, 

1.4; Cl–, 18.6; SO4
2–, 10; HPO4

2–, 0.5; Fe-EDTA, 0.05; H2BO3
–, 0.00625; Mn2+, 0.0005; 

Zn2+, 0.00005; Cu2+, 0.000125; and Mo2+, 0.000125. The pH was adjusted to 6.5 with 

KOH. 

Plant physiological measurements 
Gas-exchange. On the fully-expanded succulent stems between 106 and 111 days after 

treatment imposition, gas exchange measurements were performed using a LI-COR 6400 

(LI-COR Biosciences, Inc., Lincoln, NE, USA) (one replicate block per day). A cuvette 

with a transparent underside was supplied with a quantum flux of 1500 μmol m−2 s−1, 

from the top with a red-blue LED light source and from the bottom with light from a 

portable halogen bulb. Cuvette CO2 concentration was 390 μmol mol−1 and water vapour 

concentration approximated that of ambient air, which varied between 10 and 15 mmol 
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mol−1. Measurements were completed between 10:00 and 15:00. As the configuration did 

not permit the direct measurement of succulent stem surface temperature, it was 

calculated from an energy balance computation based on the air temperature in the 

chamber and further accounting for light incident on the bottom and top of the succulent 

stem (LI-COR manual, 2005); estimated succulent stem surface temperatures varied 

between 23°C and 30°C. The gasket of the cuvette was modified with slits to allow the 

cylindrical stems to pass through, and inert butyl sealant (Terostat® VII) used to prevent 

gas leakages. Net photosynthesis (A), transpiration (E), stomatal conductance to water 

vapour (Gs) and intercellular CO2 concentration (Ci) were expressed on a succulent stem 

surface area. Intrinsic water use efficiency (WUE) was calculated as A/Gs. The stem 

articles of T. auriculata and T. medusa are approximately cylindrical, therefore, volume 

and surface area were estimated by measurement of article length and average diameter 

(measured at three points at apical, middle and basal positions of the article in a single 

radial plane) for articles enclosed within the chamber, and the formula for cylinder surface 

area applied. The stem articles of T. indica approximate the shape of a truncated cone 

therefore, the basal and widest apical diameter of T. indica was measured and surface area 

(Eqn. 5.1) calculated as: 

 

𝑆𝐴 = 𝜋(𝑅 +  𝑟) √(𝑅 − 𝑟)2 + ℎ2 Eqn. 5.1 

 

Where: SA, article surface area; h, article length; R, the apical cone radius; r, the basal 

radius (Weisstein, 2013). 

Chlorophyll fluorescence. Chlorophyll fluorescence was measured in T. auriculata and 

T. indica using a portable fluorometer (PAM-2000, Walz, Germany). Measurements of 

Fv/Fm were conducted on fully-expanded stems at midday after dark adaption for 30 mins 

using the dark leaf clip (Walz, Germany) wrapped with Al foil. 

Destructive harvesting. Plants were harvested on the day that stepping up of NaCl levels 

commenced (an initial harvest of three pots of each species) and on days 112–117 after 

the highest salinity level was reached (one replicate block per day). The entire shoot was 

excised at the sand surface and was then rinsed briefly in DI water to remove surface 

salts, blotted dry and the fresh mass measured. Immediately after, approximately 5 g fresh 

mass of fully-expanded succulent tissues (4th–9th article from the tip) were harvested from 

branches and fresh masses recorded, plunged into liquid N2 and then stored at –80°C. A 

set of additional fresh tissue samples was also taken, placed in cryo-vials, frozen in liquid 
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N2 and stored at -80oC. Fully-expanded tissues were lyophilised and ground prior to 

chemical analyses whereas the remaining shoot tissue was oven-dried. Roots were 

washed free from the sand in tap-water and oven-dried. The relative growth rate (RGR) 

of shoots was calculated on an EtOH-insoluble dry mass basis using the following 

formula (Eqn. 5.2): 

RGR =   [In (final mass)  −  In (initial mass)]/time Eqn. 5.2 

 

Where: ln is the natural logarithm. 

EtOH-insoluble dry mass was determined by measuring the dry mass of the remaining 

debris from samples after extraction under reflux in 80% ethanol (details given below in 

measurement of ‘glycinebetaine, proline, fructose, glucose and sucrose’). Expression of 

values on an EtOH-insoluble dry mass basis removes the contribution of high ion 

concentrations in the tissues which can contribute to a significant proportion of the total 

dry mass in succulent halophytes (Flowers & Colmer, 2008). Halophytic roots contain 

comparatively lower inorganic ions than shoots, so root RGRs were determined on a total 

dry mass basis.   

Sap osmotic potential. Tissues that had been frozen were thawed at room temperature in 

their sealed vials. Sap was expressed using a stainless steel press and 20 μL was analysed 

immediately using a freezing-point depression osmometer (Fiske® Model 210, Fiske® 

Associates, Norwood, MA, USA). 

Na+, Cl– and K+. Na+, Cl– and K+ were extracted from lyophilised and ground tissues in 

0.5 M HNO3 (Munns et al., 2010). Na+ and K+ were measured using a flame photometer 

(Model PFP7, Jenway/Barloworld Scientific, Essex, UK) and Cl– using a Chloridometer 

(Chloridometer 50cl, SLAMED Laboratory Instruments, Germany). Reliability of the 

methods was confirmed by the inclusion of a plant reference tissue of known ion 

concentrations. 

Glycinebetaine, proline, fructose, glucose and sucrose. Tissues (previously lyophilised 

and ground) were double extracted in 80% (v/v) ethanol under reflux at 80°C. The dry 

mass of the insoluble fraction was recorded, after drying the pellet at 60°C. The 

supernatants were combined and passed through a 0.22 μm filter (Pall Gelman Acrodiscs; 

Pall Gelman Laboratory, Ann Arbor, MI, USA). High performance liquid 

chromatography (HPLC) was used to determine concentrations of glycinebetaine, 
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proline, fructose, glucose and sucrose in ethanol extracts using a method adapted from 

Slimestad and Vågen (2006). The HPLC system (Waters Corporation, Milford, MA, 

USA) consisted of a 600E pump, 717plus auto-sampler, 996 photo-diode array detector 

(PDA) and an evaporative light scattering detector (ELSD) (Alltech 500, Deerfield, IL, 

USA). Samples in the auto-injector were held at 5ºC, the ELSD drift tube held at 85ºC 

and eluent nebulisation with high purity N2 gas at a flow rate of 2.6 L min–1. The mobile 

phase solvent was a mix of vacuum filtered 30% Milli-Q® water and 70% acetonitrile 

(HPLC grade), sparged with He gas with the flow rate maintained at 1 mL min–1. 

Separation was achieved at 22ºC on a Prevail ES Carbohydrate column (250 x 4.6 mm 

i.d. with 5 µm packing) (Alltech) with a pre-column insert used in-line prior to the 

analytical column. The UV absorption spectrum at 195 nm in the PDA was used for 

quantification of glycinebetaine and proline. Empower™ software (Waters, Version 2.0) 

was used for data acquisition and processing. Recoveries of glycinebetaine, fructose, 

glucose and sucrose from lyophilised Tecticornia shoot tissues ‘spiked’ with known 

concentrations of these solutes were >80%. No adjustments were made to the data 

presented. Reference samples of a standard tissue prepared from Tecticornia shoot tissues 

(an even mix of the three species) were also included to check for consistency during 

running of various batches of extracts. 

Osmotic contributions of tissue inorganic and organic solutes. Osmotic potential 

equivalents of solutes (π) (Eqn. 5.3) were calculated according to Lang (1967): 

                                                       𝜋 = −𝑀𝑅𝑇ϕ                                                   Eqn. 5.3  

Where: M is the molar concentration of the solute on a tissue water basis (mol m–3); R, 

the universal gas constant (MPa m−3 mol−1 K−1); T, temperature (°K); and Φ, 

dimensionless osmotic coefficient, assumed to equal 0.96 for Na+, Cl– and K+ (based on 

1.5 M NaCl solutions in water at 25 °C; after Lang, 1967) and 1 for glycinebetaine and 

total sugars (Robinson & Jones, 1986). For Table 5.1 under the heading “estimated 

contributions of solutes to πvacuole (%)”, the following assumptions were applied: (i) 

vacuolar and cytoplasmic volumes 90% and 10% of the protoplasm volume (Yeo, 1981); 

(ii) absolute vacuolar compartmentalisation of Na+ and Cl– (Matoh et al., 1987); (iii) 

localisation of 10 mM total tissue K+ in the cytoplasm (i.e. equating to a cytoplasmic 

concentration of 100 mM) and the remainder in the vacuole (fixed accross salinity levels) 

(Maathuis & Sanders, 1996) and (iii) absolute cytoplasmic compartmentalisation of 

glycinebetaine (Hall et al., 1978), glucose, sucrose and fructose.  
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Statistical analyses  
One-way and two-way analysis of variance (ANOVA) was performed on data that were 

either untransformed, or when not satisfying the prerequisite for normality in distribution 

(the Shapiro-Wilk test) and homogeneity of variance, were log10(𝑥 + 1) transformed. 

When overall significant differences in the ANOVAs for effects of species (two-way 

ANOVA), NaCl treatment (one and two-way ANOVAs) and the species x salinity 

interaction (two-way ANOVA) were obtained (P < 0.05), multiple comparisons were 

tested for significant differences (P < 0.05) using the Holm-Sidak method. These analyses 

were conducted using the Sigma Plot software package (Systat Software, Inc., Version 

11.2). 

Results 

Growth and photosynthesis 

The RGR of shoots (EtOH-insoluble dry mass) and roots (dry mass). Shoot RGRs in 

the three species were highest at salinities ranging between 10 and 600 mM NaCl, and 

declined as external salinity increased from 600 to 2000 mM (Fig. 5.1A). In comparison 

with plants at 600 mM NaCl, shoot RGRs at 1200 mM declined in T. medusa, T. 

auriculata and T. indica, by 36, 21 and 35 %, respectively. Relative to 600 mM NaCl, 

shoot RGRs declined at 2000 mM NaCl by 69 and 58% in T. medusa and T. auriculata 

respectively, whilst in T. indica all plants had died by 28 days after reaching 2000 mM 

NaCl (Fig. 5.1A). Shoot RGRs were similar amongst the three species at 10–600 mM 

NaCl; however, at 600–2000 mM NaCl, shoot RGRs in T. medusa were 12–25% lower 

than in T. auriculata (Fig. 5.1A). Shoot RGRs in T. indica were similar to T. auriculata 

at 900 mM NaCl, but similar to T. medusa at 1200 mM NaCl (Fig. 5.1A).        

Root RGRs in the three species were also highest at 10–600 mM NaCl, and declined at 

1200 and 2000 mM (Fig. 5.1B). In comparison to plants at 600 mM NaCl, root RGRs at 

1200 mM in T. medusa, T. auriculata and T. indica declined by 27, 32 and 42%, 

respectively. Relative to 600 mM NaCl, root RGRs declined at 2000 mM NaCl by 56 and 

66% in T. medusa and T. auriculata, respectively (Fig. 5.1B). For T. medusa, root RGRs 

were 7–31% higher than T. auriculata at 10–2000 mM NaCl, whilst 5–27% higher than 

T. indica at 10–1200 mM NaCl (Fig. 5.1B). Root RGRs in T. auriculata and T. indica 

were similar at 300–600 mM NaCl however, in comparison to T. auriculata at 900 and 

1200 mM NaCl, T. indica root RGRs were 14% lower (Fig. 5.1B). 
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Figure 5.1. Relative growth rate of shoots on a (A) fresh mass and (B) EtOH-insoluble dry mass 

basis, (C) roots on a total dry mass basis and (D) the shoot mass fraction (EtOH-insoluble shoot 

dry mass/root dry mass) of () Tecticornia medusa, () T. auriculata and () T. indica grown in 

drained sand culture at 10–2000 mM NaCl for 16 weeks. All replicates of T. indica in the 2000 mM 

NaCl treatment had died by 28 days, hence RGRs are not plotted. The initial fresh mass (g) of 

shoots (EtOH-insoluble) were: T. medusa, 2.8; T. auriculata, 15.5; T. indica, 11.2.The initial dry 

mass (g) of shoots (EtOH-insoluble) and roots (total dry mass) respectively, were: T. medusa, 0.15, 

0.05; T. auriculata, 0.65, 0.43; T. indica, 0.39, 0.22. Values are the means (n = 6) ± s.e. Results of 

two-way ANOVA for overall effects of species and NaCl treatment in (A–D), and the species x NaCl 

treatment interaction in (A) and (C) were significant (P < 0.05).  

Photosynthetic responses in succulent stems.  A and Gs of T. medusa and T. auriculata 

declined with increasing external salinity, however in T. indica, A and Gs  remained 

constant with increasing salinity (Figs. 5.2A and 5.2B). Ci in T. medusa declined with 

increasing external salinity up to 2000 mM NaCl, whilst in T. auriculata, Ci declined with 

increasing salinity up to 1200 mM, but at 2000 mM NaCl, values were similar to 10 mM 
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NaCl (Fig. 5.2C). In T. indica, Ci was similar at 10 and 1200 mM NaCl (Fig. 5.2C). WUE 

increased with salinity in T. medusa and T. auriculata, whilst in T. indica values did not 

differ across salinities (Fig. 5.2D). WUE overall in T. indica was higher than the other 

two species (Fig. 5.2D), consistent with the known status of T. indica as a C4 species 

(Voznesenskaya et al., 2008), whilst WUE in T. medusa was lowest. Overall between 10 

and 1200 mM NaCl, A, Gs and Ci in T. medusa, T. auriculata and T. indica were highest, 

intermediate and lowest respectively. 

Chlorophyll fluorescence in succulent stems of T. auriculata and T. indica.  Fv/Fm in 

T. auriculata and T. indica did not change between 10 and 1200 mM NaCl, however for 

T. auriculata at 2000 mM NaCl Fv/Fm was 25% lower than at 10 mM NaCl (Fig. 5.2E).  

Tissue solutes 

Sap osmotic potential of succulent stems. The sap osmotic potential (πsap) in fully-

expanded succulent stem tissues of the three species declined as external osmotic 

potential (πexternal) reduced (Fig. 5.3A). The difference between πsap and πexternal reduced 

with increasing salinity for the three species, with πsap being maintained lower than the 

πexternal by aprox. 3-to-1 MPa between 10 and 1200 mM NaCl. At 2000 mM NaCl in T. 

medusa and T. auriculata, πsap was approximately equal to πexternal (Fig. 5.3A). 

In T. medusa and T. auriculata, the reduction in πsap between 10 and 900 mM NaCl was 

due to solute accumulation, as the total concentration of solutes on an EtOH-insoluble 

dry mass basis increased by 160% and 120%, but were only diluted by 40% and 30% 

increases in tissue water content (Figs. 5.3B and 5.3C). Between 900 and 2000 mM NaCl, 

the reduction in πsap in T. medusa and T. auriculata was due to a 0.6- and 0.5-fold 

reduction in tissue water content whilst tissue solutes did not change (Figs. 5.3B and 

5.3C). For T. indica, the decline in πsap between 10 and 600 mM NaCl was due to 1.2-

fold solute accumulation, whilst dilution by tissue water uptake increased by only 0.4-

fold (Fig. 5.3D). Further declines in the πsap of T. indica between 600 and 1200 mM NaCl 

were due to both a 0.2-fold increase in tissue solutes and a 0.4-fold reduction in tissue 

water content (Fig. 5.3D).     
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Figure 5.2. (A) Net photosynthetic rate (A), (B) transpiration rate (E), (C) stomatal conductance 

(Gs), (D) intercellular CO2 concentration (Ci), (E) intrinsic water use efficiency (net 

photosynthesis/stomatal conductance; WUE) and (F) maximum quantum efficiency of 

photosystem II (PSII) photochemistry (Fv/Fm) in fully-expanded succulent stems of () 

Tecticornia medusa, () T. auriculata and () T. indica in response to 10–2000 mM NaCl. Note, 

for (F) data were available for T. auriculata and T. indica only. Values are the means (n = 6) ± s.e. 

Results of two-way ANOVA for overall effects of species and NaCl treatment in (A–F), and the 

species x NaCl treatment interaction in (A), (B), (C) and (D) were significant (P < 0.05).

0

5

10

15

20

0 500 1000 1500 2000

A
(μ

m
ol

m
-2

 s-
1 )

NaCl treatment (mM)

A

0

1

2

3

4

0 500 1000 1500 2000

E
(m

m
ol

m
-2

 s-
1 )

NaCl treatment (mM)

B

0

50

100

150

200

250

300

0 500 1000 1500 2000

G
s 

(m
m

ol
m

-2
 s

-1
)

NaCl treatment (mM)

C

0

50

100

150

200

250

300

0 500 1000 1500 2000

C
i (

μm
ol

m
ol

-1
)

NaCl treatment (mM)

D

0

50

100

150

200

250

300

0 500 1000 1500 2000

W
U

E
 (μ

m
ol

m
ol

-1
)

NaCl treatment (mM)

E

0.45

0.60

0.75

0.90

0 500 1000 1500 2000

Fv
/F

m

NaCl treatment (mM)

F



Chapter Five The response of stem-succulent halophytes to extreme salinity 

 

113 

 

 

Figure 5.3. (A) The osmotic potential of sap (πsap) expressed from fully-expanded succulent stem 

tissues in () Tecticornia medusa, () T. auriculata and () T. indica in response to 10–2000 mM 

NaCl. (B–D) Changes in πsap (solid lines) of fully-expanded tissues (i.e. same as Fig. 5.2A), and 

changes relative to 10 mM NaCl in total tissue solute contents (the sum of Na+, Cl–, K+, 

glycinebetaine, fructose, glucose and sucrose, mmol g–1) (dashed lines) and tissue water content 

(mL g–1) (dotted lines) on an EtOH-insoluble dry mass basis in fully-expanded tissues for (B) T. 

medusa, (C) T. auriculata and (D) T. indica. Values are the means (n = 3) ± s.e. Results of two-way 

ANOVA for overall effects of species and NaCl treatment in (A) were significant (P < 0.05) whilst 

not significant in (A) for the species x NaCl treatment interaction. Results of one-way ANOVA for 

overall effects of NaCl treatment on changes relative to 10 mM NaCl in tissue water and solutes 

contents in (B–D) were significant (P < 0.05). 

The three species accumulated Na+ and Cl– as the dominant osmolytes in fully-expanded 

succulent tissues, contributing together 37–95% of πsap across the salinity range (Table 

5.1). The contribution of K+ to the πsap would have been 18–26% at 10 mM NaCl, but 

reducing to <8% at higher external salinities. The contributions of glycinebetaine and 

total soluble sugars to the πsap were 0.7–5.3% when expressed on a whole cell level, 
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however if in the cytoplasm, these solutes would have contributed 24–61% and 8–31% 

to the osmotic potential needed in the cytoplasm to balance that of the vacuole (πvacuole) 

assumed to contain Na+, Cl– and K+ (for assumptions see methods) (Table 5.1).  

Table 5.1. For fully-expanded succulent stem tissues, the percentage contributions of Na+, Cl–, K+, 

glycinebetaine and total soluble sugars (fructose + glucose + sucrose) to the osmotic potential of 

sap (πsap), the contribution of glycinebetaine and total soluble sugars if in the cytoplasm to 

balance vacuolar osmotic potential (i.e. πvacuole), in Tecticornia medusa, T. auriculata and T. indica 

grown in drained sand culture at 10–2000 mM NaCl for 16 weeks. Note, for brevity the full range 

of external NaCl treatments are not specified. For assumptions and calculations, see methods. 

Values are the means (n = 3). n.a = not available. 

NaCl 

treatment 

(mM) 

Estimated contributions 

of solutes to πsap (%) πsap 

accounted 

for (%) 

Estimated contributions 

of solutes to match 

πvacuole (%) 

Balance of 

πvacuole 

accounted 

for (%) Na+
 Cl– K+ 

Glycine-

betaine 

Total 

soluble 

sugars 

Glycine-

betaine 

Total soluble 

sugars 

T. medusa 

10 21 16 25 3.3 1.4 66 48 21 69 

450 46 39 3.5 2.7 1.7 93 28 18 46 

900 42 35 1.6 2.8 1.7 83 32 19 51 

1200 47 48 2.0 2.9 1.9 102 27 17 44 

2000 44 41 2.9 3.1 1.8 92 32 18 50 

T. auriculata 

10 23 29 26 5.3 2.1 86 61 24 85 

450 35 35 7.9 3.5 2.7 84 40 31 71 

900 42 39 4.6 4.8 1.6 92 50 17 67 

1200 43 37 2.0 4.3 1.4 88 47 15 62 

2000 44 37 2.0 3.9 0.8 88 42 9 51 

T. indica 

10 34 29 18 4.7 1.4 87 52 16 68 

450 40 39 4.2 2.5 1.0 87 27 11 38 

900 39 36 2.4 2.7 0.7 81 32 8 40 

1200 42 34 2.8 3.0 0.9 83 24 10 34 

2000 n.a n.a n.a n.a n.a n.a n.a n.a n.a 

Inorganic ions on a tissue water basis in succulent stems. Regression analyses revealed 

similar trends between combined Na+ and Cl– concentrations and πsap in
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fully expanded succulent tissues; R2 were 0.67, 0.91 and 0.88 in T. medusa, T. auriculata 

and T. indica, respectively. Tissue Na+ and Cl– concentrations in fully-expanded stem 

tissues increased to similar levels in the three species between 10 and 1200/2000 mM 

NaCl. Between 150 and 900 mM NaCl, overall tissue Na+ and Cl– concentrations were 

similar in T. medusa and T. auriculata but approx. 22% lower in T. indica (Figs. 5.4A 

and 5.4B).  

  

Figure 5.4. Concentrations of (A) Na+, (B) Cl– and (C) K+, on a tissue water basis, and (D) SK:Na (i.e. 

tissue K+:Na+/external K+:Na+) in fully-expanded succulent stem tissues in T. medusa (), T. 

auriculata () and T. indica () grown in drained sand culture at 10–2000 mM NaCl for 16 weeks. 

Values are the means (n = 3) ± s.e. Results of two-way ANOVA for overall effects of species, NaCl 

treatment and the species x NaCl treatment interaction in (A–D) were significant (P < 0.05).
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Tissue K+ concentrations in the three species were highest at 10 mM NaCl, reducing at 

1200–2000 mM external NaCl by 71–85% in T. medusa and T. auriculata and at 1200 

mM in T. indica by 60% (Fig. 5.4C). Tissue K+ concentrations in T. auriculata between 

150 and 900 mM external NaCl were on average 2.4-fold higher than in T. medusa and 

T. indica. Tissue K+:Na+ values in the three species reduced more sharply with increasing 

external NaCl than tissue K+ concentrations due to increasing tissue Na+ concentrations 

over the salinity range, but began to stabilise after 300 mM NaCl (data not shown). There 

was an overall increase in net K+ to Na+ selectivity to the shoot (i.e. tissue K+:Na+ / 

external K+:Na+) between 10 mM and 1200/2000 mM NaCl for the three species (Fig. 

5.4D). 

Glycinebetaine and soluble sugars on a tissue water basis in succulent stems. Tissue 

glycinebetaine concentrations in T. medusa, T. auriculata and T. indica increased by 

approx. 1.6–2.3-fold in the three species between 10 and 1200/2000 mM NaCl (Fig. 

5.5A). Across salinity treatments, glycinebetaine concentrations were similar in T. 

medusa and T. indica but 1.3–2.4-fold higher in T. auriculata (Fig. 5.5A). 

  
Figure 5.5.  Concentrations of (A) glycinebetaine and (B) total soluble sugars (fructose + glucose + 

sucrose) on a tissue water basis in fully-expanded succulent stem tissues in T. medusa (), T. 

auriculata () and T. indica () grown in drained sand culture at 10–2000 mM NaCl for 16 weeks. 

Values are the means (n = 3) ± s.e. Results of two-way ANOVA for overall effects of species and 

NaCl treatment in (A) and (B) and the species x NaCl treatment interaction in (B) were significant 

(P < 0.05).  

Tissue total soluble sugar (fructose + glucose + sucrose) concentrations increased by 2.5-

fold in T. medusa at 2000 mM NaCl compared to 10 mM NaCl, whilst in T. auriculata 

and T. indica (at 1200 mM NaCl) there was no overall change (Fig. 5.5B). Tissue sugars 

0

50

100

150

200

0 500 1000 1500 2000

Ti
ss

ue
 w

at
er

 
gl

yc
in

eb
et

ai
ne

 (
m

M
)

NaCl treatment (mM)

A

0

25

50

75

100

0 500 1000 1500 2000

Ti
ss

ue
 w

at
er

 to
ta

l 
so

lu
bl

e 
su

ga
rs

 (m
M

)

NaCl treatment (mM)

B



Chapter Five The response of stem-succulent halophytes to extreme salinity 

 

117 

on average across salinity treatments were 50–63% lower in T. indica than the other two 

species (Fig. 5.5B). For T. medusa, fructose and glucose where the major sugars (average 

concentrations across salinity treatments of 17.3 and 14.7 mM respectively) compared to 

sucrose which was lower (average of 7.3 mM), whilst in T. auriculata, sucrose was higher 

(average of 21.2 mM) than glucose and fructose (averages of 14.8 and 11.5 mM 

respectively) (data not shown). In T. indica, tissue concentrations of fructose, glucose and 

sucrose were relatively similar (averages of 7.4, 5.9 and 4.6 mM respectively) (data not 

shown). Levels of proline in Tecticornia shoot tissues were below the detection limit of 

approx. 0.5 mM on a tissue water basis for all treatment and species combinations. 

Discussion 

The present study showed that shoot and root growth in T. medusa, T. auriculata and T. 

indica were highest at 10–600 mM NaCl (Fig. 5.1). Maximum shoot RGRs of 0.033 g g–

1 d–1 (EtOH-insoluble dry mass) for the three species in the present study, are similar to 

maximum ‘organic’ or ‘ash-free’ shoot RGRs measured previously in T. indica and in the 

closely related T. pergranulata (Short & Colmer, 1999; English & Colmer, 2011; English 

& Colmer, 2013). ‘Organic’ (or ‘ash-free’) RGRs at optimal salinity vary considerably 

amongst ‘euhalophytes’ (i.e. species that are dependent on salt for optimum growth) of 

the Amaranthaceae; as examples, 0.03–0.081 g g–1 d–1 in a selection of nine species of 

differing genera grown for 35 d (Glenn & O'Leary, 1984), 0.059 g g–1 d–1 in Atriplex 

nummularia (a perennial leaf-succulent) grown for 21 d (calculated from their data; 

Bazihizina et al., 2012), 0.18 g g–1 d–1 in Suaeda maritima (an annual leaf-succulent) 

grown for 56 d (Yeo & Flowers, 1980), 0.08 g g–1 d–1 in Salicornia dolichostachya (an 

annual stem-succulent) grown for 42 d (Katschnig et al., 2013),  0.125 g g–1 d–1 in 

Salicornia bigelovii (an annual stem-succulent) grown for 40 d (Ayala & O'Leary, 1995) 

and 0.064 g g–1 d–1 in Salicornia virginica (perennial stem-succulent) grown for 50 d 

(Ownbey & Mahall, 1983). In comparison to these rates, it can be concluded that RGRs 

available for Tecticornia are at the lower end of the range for euhalophytes of the 

Amaranthaceae. However, due to the insufficient size of the data set on ‘organic’ RGRs 

in euhalophytes, it cannot be concluded with any certainty what may be the underlying 

causes of RGR variations and whether differences are due to inherent (i.e. genetic) 

variation, or as a consequence of different experimental conditions (for example, the 

duration of exposure to salinity and the age of the plants). Factors that may contribute to 

inherent variation in RGRs amongst euhalophytes could be plant growth habit (whether 

annual or perennial), morphological type (whether leaf/stem succulent) the nutrient status 
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of the species natural habitat, however, these suggestions are purely speculative as such 

investigations have not been conducted for euhalophytes. The general pattern of slower 

growth in euhalophytes at optimal salinity compared to glycophytes under non-saline 

conditions, is thought to arise as a trade-off due to the inherently high energetic costs 

involved in organic solute synthesis (Munns, 2002) and ion regulation (Yeo, 1983) and is 

also consistent with the general observation that plants of stressful, resource-limiting 

environments have lower RGR than plants of favourable environments (Lambers et al., 

2008).  

Mortality of all T. indica individuals (n=6) was observed at 2000 mM NaCl after 28 d 

and therefore, this salinity level exceeds the tolerance limits of this species. The finding 

in the present study that T. indica was sensitive to 2000 mM NaCl but grew at 1200 mM 

NaCl supports a similar finding by English & Colmer (2013) that two out of three T. 

indica individuals did not survive exposure to 2000 mM NaCl but all grew at 1500 mM 

NaCl and below. The response of T. indica to extreme NaCl differed to those of T. medusa 

and T. auriculata both of which survived 2000 mM NaCl for the duration of the 

experiment (16 weeks), as did T. pergranulata in a similar experiment (English & 

Colmer, 2013). Survival and growth of euhalophytes at high salinity levels (2000 mM for 

two species in the present study and approx. 1000 mM NaCl for other euhalophytic 

species of the Amaranthaceae: Black, 1960; Storey & Wyn Jones, 1979; Abdulrahman & 

Williams, 1981; Glenn & O'Leary, 1984; Glenn et al., 1996; Gul et al., 2000; Khan et al., 

2001; Khan et al., 2005; Redondo-Gomez et al., 2006; Redondo-Gomez et al., 2007b; 

Gul et al., 2009; Song et al., 2009; Redondo-Gomez et al., 2010) is superior to that of 

‘miohalophytes’ (plants that can tolerate salinity but show optimum growth in non-saline 

water; Glenn & O'Leary, 1984) which generally have tolerance thresholds at relatively 

lower salinities (for example, the mortality of eight 'miohalophytes' beyond approx. 500 

mM NaCl; Glenn & O'Leary, 1984). However, due to a lack of studies that have 

investigated the tolerances of euhalophytes to extremely high salinity, it cannot be 

determined whether tolerances to 2000 mM NaCl as demonstrated in Tecticornia is 

common amongst other euhalophytic genera. From the only available study where 

responses of another euhalophytic species from a different genus to such salinity levels 

have been assessed, it was demonstrated that 11 out of 16 accessions of the leaf-succulent 

halophyte Atriplex canescens survived approx. 2000 mM NaCl (Glenn et al., 1996).  

The three species maintained favourable osmotic gradients for tissue water uptake up to 

1200 mM NaCl by the accumulation in tissues of high Na+, Cl– and K+ (Figs. 5.3 and 5.4). 
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High tissue Na+ and Cl– concentrations would have only been tolerated by intracellular 

compartmentalisation of these ions into the vacuoles (Wyn Jones & Gorham, 2002) and 

sufficient osmotic balance by compatible solutes in the cytoplasm. High concentrations 

of K+ in the cytoplasm can be as damaging to enzyme functioning as NaCl (Heimer, 1973; 

Greenway & Sims, 1974; Flowers & Dalmond, 1992), so presumably some K+ would 

also have been in the vacuoles. If all K+ were in the cytoplasm, the concentrations (407–

4076 mM if cytoplasm 1/10th of the whole cell volume) would have exceeded nutritional 

requirements for K+ (80–120 mM; Maathuis & Sanders, 1996) which do not differ 

between halophytes and glycophytes (Flowers & Colmer, 2008). Tissue concentrations 

of K+ were much lower when the Tecticornia species were exposed to high concentrations 

of external NaCl; i.e. as the external K+:Na+ decreased (Fig. 5.4). However, Tecticornia 

maintained relatively similar K+:Na+ in succulent stem tissues as external NaCl increased 

beyond 300 mM NaCl, achieved by maintaining (T. auriculata) or increasing (other two 

species) apparent SK:Na (Figs. 5.4D and 4E). Maintenance of high SK:Na along with high 

K+:Na+ in the cytoplasm is critical to salinity tolerance to avoid the deleterious effects of 

deficiency in K+; salt sensitive species can suffer from reduced K+ in the presence of high 

external Na+ concentrations (Greenway & Munns, 1980; Shabala & Cuin, 2007).     

Glycinebetaine was the major organic solute in the tissues of the three species (Fig. 5.5A) 

consistent with its widespread occurrence in halophytic taxa of the Amaranthaceae 

(Tipirdamaz et al., 2006). If glycinebetaine were partitioned into the cytoplasm assumed 

at 1/10th of the whole cell volume, it would have contributed 24–61% to the cytoplasmic 

osmotic potential required to balance the vacuolar osmotic potential (Table 5.1), 

consistent with the notion that glycinebetaine may function as a compatible osmoticum 

(Rhodes & Hanson, 1993). Glycinebetaine concentrations were stable between 10 and 

approx. 450 mM NaCl beyond which the concentrations increased (Fig. 5.5A), 

presumably in response to increases in intracellular NaCl concentrations (Colmer et al., 

1996), although for Tecticornia growing in the field, additional environmental factors 

such as temperature may also modulate glycinebetaine concentrations (Chapter 4). 

Glycinebetaine concentrations were highest in T. auriculata (102 mM, tissue water basis) 

and lowest in T. medusa and T. indica (62 and 52 mM, respectively), possibly reflecting 

differences in their relative volumes of vacuole to cytoplasm as differences between 

species did not correspond with tissue ion concentrations. 

In the present study, the growth of shoots and roots in the three Tecticornia species 

declined between 600 and 2000 mM NaCl (Fig. 5.1). Reduced cellular turgor pressures 
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in succulent stems may have contributed to growth declines above 600 mM NaCl, due to 

the convergence of tissue osmotic potentials with the external osmotic potential i.e. 

diminishing osmotic potential gradients (Fig. 5.3). The three species were unable to 

accumulate solutes in succulent stems (predominantly Na+ and Cl–) in excess of levels 

that were present at 600 mM NaCl (Figs. 5.3B–3D); osmotic gradients for tissue water 

entry were thereafter achieved by reducing tissue succulence (Figs. 5.3B–3D), but such 

responses to increasing salinity would inevitably lead to turgor loss with probable 

negative impacts on extension growth and increased rates of senescence in older succulent 

stem tissues. Shoot ion accumulation on a dry mass basis followed hyperbolic saturation 

trends with increasing external NaCl (steady state for ion accumulation at >600 mM 

NaCl), which perhaps indicates that a down-regulation of net ion fluxes into the succulent 

stem tissues occurred at the higher salinity levels. The induction of such a feedback 

mechanism (for example, regulation of net ion fluxes across the roots, retrieval from 

xylem ascending the roots; Flowers & Colmer, 2008) could have arisen as cells of the 

succulent tissues were at maximum capacity for Na+ and Cl– vacuolar sequestration; in 

the absence of an inhibition of net ion fluxes to the succulent stems, ions being delivered 

to shoots via the transpiration stream would potentially build up to toxic levels in the 

cytoplasm. The limitation imposed by an insufficient capacity for shoot ion accumulation 

was illustrated by the responses of T. medusa and T. auriculata at 2000 mM NaCl. At this 

salinity, internal and external osmotic potentials were similar, so plants were probably 

near the threshold for water uptake (Fig. 5.3). However, the inconsistency of this finding 

with the observation in the field that T. medusa and T. auriculata were growing in soils 

higher than 2000 mM NaCl (Chapters 3 & 4), may be explained by age differences as 

plants in the field were older (several years) than the glasshouse grown individuals 

(several months). It is possible that these mature-aged plants in the field with large 

extensive root systems were able to preferentially access soil water of low salinity beyond 

the monitored depths; enabling tolerance to higher salinity in a portion of the root zone 

(c.f. Bazihizina et al., 2009; Bazihizina et al., 2012). The present conclusion for 

Tecticornia that limits of salinity tolerance were determined by the capacity for Na+ and 

Cl– accumulation in shoot tissues was similar to findings in Atriplex canescens which 

showed that the degree of salinity tolerance amongst different genotypes of this species 

was correlated with capacity for shoot Na+ accumulation (Glenn et al., 1996).  

For T. indica, root growth was affected more by increasing salinity than shoot growth, as 

can be interpreted from the trend of increasing shoot mass fraction over the salinity range, 
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whereas in T. medusa and T. auriculata, there was no overall effect of extreme salinity 

on the shoot mass fraction (Fig. 5.2C). Therefore, whole plant growth reductions as a 

function of salinity would not have occurred due to an increase in the proportion of below-

ground non-assimilatory biomass, however, a reduction in succulent stem assimilatory 

surface area could have contributed. Although not quantified in the present study, it was 

observed that a large amount of older succulent tissues had senesced in the 1200 and 2000 

mM NaCl treatments, probably due to a greater cumulative salt load than equivalent aged 

tissues at lower salt treatments; therefore, lower photosynthetic (i.e. succulent stem) 

surface area was possibly a key component of the growth reduction through its negative 

effect on net carbon assimilation. An additional possibility was that increased energetic 

costs associated with maintenance respiration in tissues loaded with high concentrations 

of NaCl may have contributed to growth reductions (Yeo, 1983) however, it has generally 

been observed that there is no clear increase in respiration of halophytes at increasing 

salinity (Flowers & Colmer, 2008).   

For T. indica, growth rate reductions were not correlated with net photosynthesis (A) 

which remained stable as a function of increasing salinity, whereas in T. medusa and T. 

auriculata, growth reductions above 600 mM NaCl were mirrored by reductions in A 

(Fig. 5.2A). However, the concentrations of soluble sugars in succulent tissues did not 

change (T. auriculata and T. indica) or increased (T. medusa) at high salinity (Fig. 5.5B, 

comparing sugar concentrations at 1200/2000 mM and 10 mM NaCl). Therefore, despite 

declining A in T. medusa and T. auriculata, RGRs were apparently not limited by an 

inadequate supply of assimilates to growing tissues. A reduction in demand from sinks 

such as apical growth regions due to lower turgor-driven expansion (see earlier in this 

Discussion) may have kept substrates at these apparent non-limiting levels, but perhaps 

alternatively, RGR reductions were controlled by a feed-forward mechanism i.e. the 

initial sensing and anticipation of resource limitation (perhaps due to reductions in A or 

via a root signal in response to external NaCl directly) which would then trigger a 

reduction in RGR and sink activity (Lambers et al., 2008). However, to my knowledge 

such hypotheses have not been tested for any halophytes. Lowered photosynthetic rates 

at high external salinities have been observed in a wide range of euhalophytic species and 

were in some cases linked to growth reductions (Abdulrahman & Williams, 1981; 

Redondo-Gomez et al., 2007b; Redondo-Gomez et al., 2010; English & Colmer, 2013), 

whilst in others they were not (Ayala & O'Leary, 1995; Redondo-Gomez et al., 2006). 

Declining rates of A were closely matched by reductions in Ci and Gs up to 2000 mM 
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NaCl in T. medusa and up to 1200 mM NaCl in T. auriculata, indicating stomatal 

limitation of the CO2 diffusion pathway with consequent limitations of low Ci on A (Fig. 

5.2). For T. auriculata at 2000 mM NaCl, however, when A was very low the succulent 

stems had Ci equivalent to levels at low salinity when A was higher, an observation that 

indicated probable non-stomatal limitations on A in this species at 2000 mM NaCl (Fig. 

5.2). Lower Fv/Fm indicated that a reduction in the maximum potential quantum 

efficiency of photosystem II at 2000 mM NaCl may have contributed to lowered A in T. 

auriculata (Fig. 5.2F), presumably due to the injury of tissues by excessive desiccation 

of cells and/or due to the presence of high concentrations of ions in the cytoplasm 

(Lovelock & Ball, 2002).  

Reductions in Gs may have been caused by increasing water stress experienced in shoot 

tissues and/or possibly being directly regulated in accordance with external NaCl levels 

affecting roots via the phytohormone absicic acid transported from the roots. At 10 to 600 

mM NaCl in T. medusa and T. auriculata, it was plausible that mediation of Gs was 

elicited by a root signal and not cell turgor status because tissue water content increased 

(Figs. 5.3B–5.3D) (Kefu et al., 1991). Cell turgor status may have contributed to Gs 

regulation at higher salinities when tissues became increasingly dehydrated, possibly also 

via the involvement of absicic acid synthesised and translocated within the shoot 

(Wilkinson & Davies, 2002). Intrinsic water use efficiency (WUE) increased with salinity 

in T. medusa and T. auriculata as the relative decline in Gs was greater than the decline 

in A (Fig. 5.2). Increasing WUE with decreasing Gs is a common observation in 

euhalophytes in response to increasing salinity (Ayala & O'Leary, 1995; Glenn & Brown, 

1998; Nieva et al., 1999; Redondo-Gomez et al., 2006; Redondo-Gomez et al., 2007b; 

Redondo-Gomez et al., 2010; English & Colmer, 2013). The three species were also 

typical of most other halophytes in that they had higher inherent WUEs than is typical for 

glycophytes (Lovelock & Ball, 2002). High WUEs in halophytes that also increase 

proportionally with external salinity, would improve tolerance of the physiological 

drought stress imposed by high concentrations of external NaCl by allowing greater 

productivity per unit water expended. However, WUE increasing in proportion with 

external salinity in halophytes would probably not function as a mechanism by which 

shoot ion accumulation would reduce, as has been suggested for non-halophytes 

(Greenway & Munns, 1980). Studies with halophytes indicate that shoot ion 

accumulation is not coupled with transpiration, as ion concentrations in the xylem 

decrease hyperbolically with increase in the volume flux of water, such that the overall 
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flux of ions to the shoot may not change (Ball, 1988). In the present study, transpiration 

and stomatal conductance decreased linearly (T. medusa and T. auriculata) or remained 

stable (T. indica) throughout the salinity range (Fig. 5.2B), whilst shoot ion 

concentrations on an EtOH-insoluble dry mass basis followed hyperbolic trends (Figs. 

5.3B–5.3D), suggesting that reduced transpiration would not have decreased shoot ion 

entry. Interestingly, T. indica did not respond to increases in salinity by reductions in Gs, 

however it maintained a high WUE by an inherently low Gs (Fig. 5.2). The ability of T. 

indica to maintain similar growth to the other species but with inherently lower water 

usage rates (owing to C4 photosynthesis; Carolin et al., 1982; Voznesenskaya et al., 2008) 

is a trait potentially of selective advantage in the dry outer margins of semi-arid inland 

salt lakes (see also English & Colmer, 2013), however, would not confer superior salinity 

tolerance compared with the other two species (both C3 photosynthesis) given the 

similarity in growth. Higher water use rates in T. medusa and T. auriculata were 

congruent with their abundance in wetter parts of an inland salt marsh (Chapter 3). 

In conclusion, the present study demonstrated that three Tecticornia species dominant at 

Fortescue Marsh are highly tolerant of salinity, this being achieved by osmotic adjustment 

through the uptake of Na+ and Cl– with presumed compartmentalisation of these ions the 

vacuole, the accumulation of the compatible solute glycinebetaine in the cytoplasm to 

provide osmotic counter balance to the vacuole, and adequate tissue K+ status through 

high apparent net SK:Na to shoots. However, the three species differed in their degree of 

tolerance at the most extreme salinity level tested of 2000 mM NaCl; a contrast evident 

because of the death of T. indica but survival with moderate growth of both T. medusa 

and T. auriculata. A range of factors could have contributed to the growth reductions 

observed in the three species at high salinity (>600 mM NaCl), however, an insufficient 

capacity for ion uptake and compartmentation at the cellular level to allow further osmotic 

adjustment for maintenance of high turgor potentials would have contributed to 

reductions in growth at 2000 mM in T. medusa and T. auriculata. The ability to tolerate 

extreme salinity in T. medusa and T. auriculata may allow these species to exploit highly 

saline soils with only minimal competition from T. indica; however, due to equal 

tolerances in the three species to moderate salinity, factors other than salinity would likely 

determine species compositions in moderately saline soils in the field.   
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Abstract  

The low-elevation limit distribution of halophytes in salt marshes may be influenced by 

tolerance of submergence. This research compared the submergence tolerances and 

abilities to resist osmotic swelling and rupturing in submerged shoots of three stem-

succulent species in the genus Tecticornia (sub-family Salicornioideae; family 

Amaranthaceae, formerly Chenopodiaceae) which exhibit a zonation pattern at an 

Australian ephemeral inland salt marsh. Plants were submerged in low (10 mM NaCl) or 

high salinity (250 mM NaCl) solution for up to 30 days. Growth and changes in the 

succulence and physical integrity of stems, osmotic potential and tissue solute 

concentrations, were evaluated. The histological characteristics and the tensile properties 

of succulent stems were also assessed. All three species responded to submergence with 

increases in succulence and less negative tissue osmotic potential. In T. auriculata and T. 

indica, osmotic swelling resulted in catastrophic rupturing of succulent stems. 

Contrastingly, the succulent tissues of T. medusa swelled less and remained mostly intact 

despite similar tissue osmotic potentials to the other species at submergence onset. Ability 

to resist strain of the surface layer in T. medusa was associated with higher tensile strength 

of the dermal tissue. Despite a net dilution of tissue Na+ and Cl– concentrations on a tissue 

water basis during submergence, on an ethanol-insoluble dry mass basis ions increased; 

overall increases were higher in T. auriculata and T. indica than in T. medusa. When 

submerged in low salinity, tissue succulence was generally higher indicating increased 

water entry, with also tissue rupturing occurring earlier and final injury greater compared 

with in high salinity. These findings imply that adaptation to extreme hyper-osmotic 

stress is critical for submergence tolerance in succulent halophytes. Tolerance of 

submergence in T. medusa is presumably a prerequisite for successful establishment in 

the flooded zones at ephemeral inland salt marshes. 
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Introduction 

Salt marshes are characterised by conditions of soil salinity and flooding which result in 

stressful environments deleterious to the growth of the majority of higher plants (Adam, 

1990; Ungar, 1991; Colmer & Flowers, 2008). Some terrestrial halophytes grow in these 

flooded, saline marsh soils (as examples; Langlois & Ungar, 1976; Groenendijk, 1984; 

Varty & Zedler, 2008), whereas other halophytes are sensitive to flooding (Mahall & 

Park, 1976; Adams & Bate, 1994; Keiffer et al., 1994; Egan & Ungar, 2000). Although 

conspicuous in flooded habitats, the majority of research conducted on halophytes has 

assessed tolerances to salinity only (summarised by Flowers & Colmer, 2008), whereas 

the potentially large physiological responses to flooding, which are well-known from 

non-saline species and systems (Bailey-Serres & Voesenek, 2008; Colmer & Voesenek, 

2009) should also be assessed to gain a fuller understanding of the ecophysiology of 

halophytes (Colmer & Flowers, 2008).  

At inland salt lakes, inundation can occur seasonally or even episodically, and often 

affects vegetation for prolonged periods (for example, at inland marshes in Western 

Australia; Pedersen et al., 2006; van Etten & Vellekoop, 2009); this is in contrast to 

coastal marshes where flooding may occur daily as a consequence of tidal action (Adam, 

1990). Since variations in flooding regime gradients across the marsh landscape may 

influence the distributions of species within halophyte communities (Mahall & Park, 

1976; Ungar et al., 1979; Cantero et al., 1998; English, 2004; Idaszkin et al., 2011), it is 

necessary to improve understanding on the tolerance of halophytes to submergence.  

Tolerance to high osmotic gradients for tissue water entry from surrounding floodwaters 

during submergence is a key issue which has received little attention in studies of 

halophytes. Osmotic swelling was observed in the succulent stems of submerged 

Sarcocornia perennis and as a result, individuals did not survive as stems ruptured and 

decayed, presumably due to excessive hydrostatic pressures within these tissues (Adams 

& Bate, 1994). Increases in tissue succulence were observed in Tecticornia pergranulata 

when submerged, however in contrast to Sarcocornia perennis (Adams & Bate, 1994), 

the succulent stems of Tecticornia pergranulata had increased considerably in volume 

but apparently without rupture (Colmer et al., 2009). High osmotic gradients for water 

entry into the tissues of submerged halophytes occur as shoots contain high 

concentrations of  Na+ and Cl–; these ions are utilised as osmotica in the vacuoles (Flowers 

& Colmer, 2008). In addition, for halophytes occurring at coastal (Alexander & Dunton, 
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2002; Verity, 2002) and inland salt marshes (English, 2004; McCulloch et al., 2008) 

submergence can occur with seawater levels of salinity, or in more diluted waters during 

overland floods (for example, 15% seawater; English, 2004). The shoots of halophytes 

may therefore, on occasions, be exposed to extreme osmotic gradients at salt marshes 

when submerged, which would present substantial turgor-related challenges to the cells. 

Consequently, flooding-tolerant halophytes are hypothesised to possess adaptive 

mechanisms which allow them to withstand the potentially adverse affects of 

submergence-induced osmotic swelling.  

The genus Tecticornia (sub-family Salicornioideae; family Amaranthaceae, formerly 

Chenopodiaceae) (commonly referred to as samphires in Australia), are perennial 

halophytic plants with succulent articulated stems. Tecticornia species are largely 

endemic to Australia, with much of the diversity within this group associated with the 

numerous inland saline lake systems (Datson, 2002; Shepherd & Wilson, 2007). In 

common with other species and salt marshes (for example, at salt marshes inland; Ungar 

et al., 1979; Cantero et al., 1998; and along coastlines: Mahall & Park, 1976; Idaszkin et 

al., 2011), it is typical that the spatial organisation of Tecticornia communities occurring 

at inland salt lakes in Australia exhibit patterns of species zonation (Barrett, 2006; 

English, 2004; English & Colmer, 2011). Tolerance of submergence would be required 

for the persistence of halophytes in the low elevated, flooding prone regions at salt lakes; 

however, this capacity in Tecticornia has only been evaluated for a single species, T. 

pergranulata. Tecticornia pergranulata can survive prolonged periods of submergence 

(for example, survival of 10 months submergence; English, 2004) and is well-adapted to 

flooded environments (Pedersen et al., 2006; Rich et al., 2008; Colmer et al., 2009; 

English & Colmer, 2011). There is a need for information on the submergence tolerances 

of other Tecticornia species of different regions and their comparative physiologies. 

The present study was undertaken to compare the submergence tolerances of Tecticornia 

species occurring at the Fortescue Marsh, an episodic salt lake in the semi-arid interior of 

north-western Australia. Tecticornia indica subsp. bidens (Nees) K.A. Sheph & Paul G. 

Wilson (hereafter T. indica), Tecticornia auriculata (Paul G. Wilson) K.A. Sheph & Paul 

G. Wilson and Tecticornia medusa K.A. Sheph & S.J. van Leeuwen are dominant on the 

lake margins at Fortescue Marsh and form a zonation pattern along an elevation gradient 

that is directional across the marsh flat. At lower topographic positions, T. medusa forms 

discrete zones which experience longer and deeper floods whilst in contrast, T. auriculata 

and T. indica inhabit higher elevated zones prone to shorter and shallow floods (Chapters 
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3 & 4). These observations, together with a preliminary submergence test in a glasshouse 

trial in which the succulent stem articles of T. auriculata ruptured whereas in T. medusa 

these tissues remained intact (T. indica was not assessed in the preliminary experiment), 

indicate that these Tecticornia species may differ in tolerances to submergence. 

Submergence experiments were conducted in a glasshouse to test the hypothesis that: T. 

medusa exhibits superior submergence tolerance relative to T. auriculata and T. indica, 

due to an ability to resist osmotic swelling and rupturing of succulent stems. Swelling and 

rupturing of succulent stems during submergence, also in relation to tissue osmotic 

relations, were assessed for the three species by measuring tissue water content, article 

volumes and solute changes over time. Swelling in stems due to submergence was related 

to anatomical characteristics and physical strengths of these tissues.  

Methods 

Plant culture and experimental design  

Germination and plant growth. Seeds of the three species were collected from plants at 

Fortescue Marsh, which is situated in the Hamersley Basin of the Pilbara region in north-

west Australia, approximately 110 km NNW of Newman. The species are described in 

Shepherd and Wilson (2007) and Shepherd and van Leeuwen (2011). Seeds were 

germinated on filter paper moistened in half-strength nutrient solution (see below for full-

strength composition) in transparent plastic containers at 35°C light/5°C dark (12 h/12 h) 

(Malcolm, 1964). Seedlings were transplanted into seedling trays which were kept moist 

by sub-irrigation with full-strength nutrient solution and grown initially for 4 months. 

Plants were then transplanted to larger pots (150 mm high, 80 mm diameter) containing 

washed fine grain sand and grown for a further 5 weeks with watering every 2 d with full-

strength nutrient solution. Watering volume was twice that retained in the sand when at 

field (i.e. pot) capacity so that leaching prevented the accumulation of salts. 

The salinity of the nutrient solution was, five weeks after transplanting, stepped up to 250 

mM NaCl in 50 mM increments every 2 d, and plants were grown in these conditions for 

a further 3–5 weeks also with flushing as above every 2 d. The concentration of 250 mM 

NaCl was used in the nutrient solution since maximum growth of these species occurs in 

the range 150 – 600 mM (data not shown) and this level of salinity was of relevance to 

substrate concentrations in the field and resulted in concentrations of Na+ and Cl– in shoot 

tissues at approximately 40% of levels measured in tissues sampled at their field location 

(data not shown). 
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Nutrient solution. During early seedling growth, plants were watered with nutrient 

solution that contained 10 mM Na+ and 18.6 mM Cl–; some NaCl was supplied as the 

growth of dicotyledonous halophytes in the absence of NaCl can be inhibited (Flowers & 

Colmer, 2008). The same nutrient solution, adjusted to 250 mM NaCl, was used to irrigate 

plants after the step-up phase, and during the experiment proper. The nutrient solution 

had previously been used in experiments on other Tecticornia species (English & Colmer, 

2011) (mM): Na+, 10; K+, 10; NH4
+, 0.2; Ca2+, 10; Mg2+, 1.0; NO3

–, 1.4; Cl–, 18.6; SO4
2–

, 10; HPO4
2–, 0.5; Fe-EDTA, 0.05; H2BO3

–, 0.00625; Mn2+, 0.0005; Zn2+, 0.00005; Cu2+, 

0.000125; and Mo2+, 0.000125. The pH was adjusted to 6.5 with KOH. 

Experimental design. Plants were 24–26 weeks old at the start of the treatments. The 

experimental design comprised non-submerged controls and two submergence treatments 

(10 mM or 250 mM NaCl in artificial lake water submergence solution, see below for 

composition) with two periods of submergence (15 d followed by 15 d recovery or 30 d 

continuous submergence). The non-submerged controls continued to be watered every 2 

d with nutrient solution containing 250 mM NaCl. Pots de-submerged at 15 d were 

drained and irrigated every 2 d as in the non-submerged controls, for the final 15 d. There 

were three replicates of each treatment in a completely randomised block design.  

Submergence solution. The submergence solution was a modified form of the nutrient 

solution, without N or P to avoid algal growth (Colmer et al., 2009). Concentrations of 

the ions were (mM): Na+, 10; K+, 10; Ca2+, 10; Mg2+, 1.0; Cl–, 20; SO4
2–, 10; Fe-EDTA, 

0.05; H2BO3
–, 0.00625; Mn2+, 0.0005; Zn2+, 0.00005; Cu2+, 0.000125; and Mo2+, 

0.000125. Additional NaCl was added to this base solution in the 250 mM treatment. The 

pH of the solution was at 7.7 (Colmer et al., 2009) and was also at air equilibrium. The 

osmotic potentials (MPa) of the 10 mM and 250 mM NaCl submergence solutions 

(containing also the other ions listed above) were, respectively:  –0.14 MPa and –1.12 

MPa. 

Imposition of treatments. Pellets of slow-release fertilizer (Osmocote® Plus Native 

Gardens) were implanted into the sand of pots to be submerged (0.75 g per pot) as these 

did not receive any additional nutrients when underwater, but not in drained pots which 

continued to receive nutrients during irrigation. Pots assigned to submergence treatments 

were closed at the bottom, and then waterlogged with hypoxic (N2 flushed) 250 mM NaCl 

nutrient solution. Pots were sealed at the top with an inert butyl sealent (Terostat® VII) 

to prevent the infiltration of water from the submergence column into the rooting solution. 
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The submergence experiment was conducted using an aquarium system (for further 

details see Colmer et al., 2009). The submergence solution in tanks was circulated 

continuously and air-saturation confirmed by periodic measurements of dissolved O2 

concentration. Submergence solution pH was also monitored and adjusted accordingly to 

pH 7.7 and the electrical conductivity also remained constant (daily evaporative losses 

were small and replaced with deionised water). The leachate of the pot rooting medium 

was checked at destructive harvests and remained at a constant salinity. When pots were 

opened at harvests, a strong smell of reduced sulphide was detected indicating that pots 

were anoxic. Plants were raised in a naturally lit, temperature controlled glasshouse with 

average day and night temperatures of 23.1 ± 1.1°C and 15.6 ± 1.4 °C, and an average 

photosynthetically active radiation (PAR) at midday during the experimental period of 

1009 µmol m–2 s–1. 

Physiological measurements  

Sampling and measurement procedures. In summary, the following measurements 

were taken:  

(i) Shoot (height, branch lengths and dry mass) and root growth (dry mass). Plant 

destructive sampling occurred after 30 d of treatments. 

(ii) A time-course of: volume changes and rupturing of succulent articles on tagged stems 

of the same plants between 0–30 d (i.e. repeated measures); and on a second batch of 

plants, tissue water content and hydrenchymous cell transverse areas between 0–15 d 

involving the consecutive destructive samplings of different plants.  

(iii) A time-course of changes in shoot osmotic potential, Na+, Cl– and sugar 

concentrations between 0–15 d involving consecutive destructive samplings of different 

plants on the same second batch as in (ii). 

(iv) Whole tissue and cellular morphological characteristics, and tissue physical 

resistances in fully-expanded stem articles in plants grown under drained conditions (i.e. 

non-submerged). 

The lengths and volumes of succulent articles and stems.  Changes in the lengths of 

primary branches and the main stem were measured. On these stems, volumes and surface 

areas of the 6th and 7th succulent stem articles (i.e. fully-expanded articles) from the tip 

were determined. The stem articles of T. auriculata and T. medusa are approximately 

cylindrical, therefore, volume and surface area were estimated by measurement of article 
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length and widest mid-point diameter (in a single plane), and the formula for cylinder 

volume applied. The stem articles of T. indica approximate the shape of a truncated cone. 

Therefore, the basal and widest apical diameter of T. indica was measured and article 

volume (Eqn. 6.1) and surface area (Eqn. 6.2) calculated as: 

 

𝑉 =  
𝜋ℎ (𝑅2 + 𝑅𝑟 +  𝑟2)

3
 

  Eqn. 6.1 

 

𝑆𝐴 = 𝜋(𝑅 +  𝑟) √(𝑅 − 𝑟)2 + ℎ2   Eqn. 6.2 

Where: V, article volume; SA, article surface area; h, article length; R, the top cone radius; 

r, the bottom cone radius (Weisstein, 2013). Article dimensions were measured using 

digital callipers (to the nearest 0.01 mm). Articles were also noted for the occurrence of 

rupturing (i.e. breakage of the dermal layer/cuticle).  

Tissue punch strength. The force (F) required to penetrate the dermal layer from the 

inside at the mid-point of fully-expanded succulent articles with a cylindrical punch (A, 

Ø 2.5 mm) was determined using a penetrometer (Instron 5566, Instron, Norwood, MA, 

USA). The displacement speed was set at 0.5 mm min–1. The absolute punch strength, 

F/A (N m–2), and punch strength adjusted to epidermal radial thickness (T), (F/A)/T (N 

m–2 m–1), at the point of testing, were determined from the force-displacement plot (see 

example in Fig. 6.4D). The absolute punch strength has been regarded as a measurement 

of resistance to crack propagation in leaves (Edwards et al., 2000). 

Histological and anatomical studies. Hand sections were taken at the mid-point of fully-

expanded articles (three sections on different articles), stained with toluidine blue and 

observed with a light microscope (SZH-ILLD, Olympus, Tokyo, Japan). Digital images 

were analysed using the software ImageJ 1.45s (NIH, 2012). Hydrenchymous cell 

transverse area was measured along a stem radius (40–50 cells sampled per section) from 

the outer-side of the central vascular cylinder to the epidermis. Thicknesses (in radial 

direction) of the central vascular cylinder (half its diameter), hydrenchyma, chlorenchyma 

and epidermis (cuticle + epidermal cell layer) were measured. The surface area of 

epidermal cells at the cuticle (50 cells per peel) and the stomatal density (20–30 stomates 

per peel) was determined from epidermal peels. 

Na+, Cl– and K+. Na+, Cl– and K+ were extracted from freeze-dried fully-expanded 

articles in 0.5 M HNO3 (Munns et al., 2010). Na+ and K+ were measured using a flame 
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photometer (Model PFP7, Jenway/Barloworld Scientific, Essex, UK) and Cl– using a 

Chloridometer (Chloridometer 50cl, SLAMED Laboratory Instruments, Germany). 

Reliability of the methods was confirmed by the inclusion of a plant reference tissue of 

known ion concentrations. 

Total soluble sugars and the EtOH-insoluble fraction. Freeze-dried fully-expanded 

articles were double extracted in 80% (v/v) ethanol under reflux at 80°C. The dry mass 

of the insoluble fraction was recorded, after drying the pellet at 60°C. Total soluble sugars 

(hexose equivalents) in the extracts were determined by spectrophotometry (UV–vis 

model 1601, Shimadzu Corporation, Kyoto, Japan) using Anthrone reagent (Yemm & 

Willis, 1954). Tissue samples spiked with glucose confirmed reliability of the assay. 

Sap osmotic potential. Fresh fully-expanded articles that had been frozen were thawed 

at room temperature whilst retained in their sealed vials. Sap was expressed using a 

stainless steel press and 20 μL was analysed immediately using a freezing-point 

depression osmometer (Fiske® Model 210, Fiske® Associates, Norwood, MA, USA).  

Statistical analyses  

Two-way repeated measures analysis of variance (RMANOVA) (Figs 6.3A, 6.3B, 6.4A 

and 6.4B only) and ANOVAs with a Holm-Sidak post hoc test were performed for 

multiple comparisons within species, treatments and time. Results were reported as 

significant where P < 0.05. Hyperbolic saturation or decay curves were fitted to the data 

on submergence responses and linear or quadratic curves to the responses in non-

submerged controls. Analyses were conducted using the Sigma Plot software package 

(Systat Software, Inc., Version 11.2).   

Results 

Growth responses and visual changes during submergence 

Visual changes. There were visible differences in the health of succulent stems amongst 

the three species due to the effect of submergence at both salinities. Visual 
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Figure 6.1. Observations on the three Tecticornia species during 15 d submergence in 10 mM 

NaCl. Tecticornia medusa showed considerably less (A) tissue rupturing and (B) hydrenchymous 

cells remained intact. Tecticornia auriculata with (C) intact swollen stem articles and (D) 

hydrenchymous cells during early (4 d) submergence, later developing (E) surface lesions (plant 

in foreground with arrows pointing to lesions). (F) Ruptured flaccid articles had lysed 

hydrenchymous cells (arrows indicate lysed cells). (G) Decayed tissues of T. auriculata after 15 d 

submergence. (H) T. indica also developed ruptured articles and drooping of succulent stems. 

Scale bars: micrographs, 250 μm; whole plants, 3 cm; whole plants insets, 1 cm. Note: 15 d after 

submergence, tissue rupturing in T. auriculata was 42% higher in 10 mM NaCl compared to 250 

mM NaCl, whilst in T. medusa and T. indica there was no difference between submergence 

treatments. Additionally, photos (C), (E) and (G) were of plants when underwater whilst the rest 

were taken when in air. 
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responses observed in submerged plants were similar at both salinities, apart from the 

overall extent of rupturing in T. auriculata which was 42% less in 250 mM NaCl 

compared to 10 mM NaCl (compare Fig. 6.4A and 6.4B). Therefore, the visual effects on 

plants submerged for 15 d in 10 mM NaCl are presented in Figure 6.1 (submergence in 

250 mM NaCl is not shown). Below are described visual responses observed in plants 

submerged at both salinities. The shoots of submerged T. medusa differed little in 

appearance to those prior to submergence (compare Figs. 6.1A and 6.1B). By contrast, T. 

auriculata deteriorated due to article swelling followed by rupturing, leading to 

decomposition of the succulent tissues during submergence (Fig. 6.1G–J). Cross sections 

of rupturing T. auriculata stems showed apparent lysis of hydrenchymous cells (Fig. 

6.1M). Submerged T. indica also showed rupturing of succulent stems (Fig. 6.1N, 6.1O), 

although the overall extent of rupture was less for T. indica than for T. auriculata (see 

Figs. 6.4A and 6.4B).  

Shoot ethanol-insoluble dry mass and root dry mass. Submergence for 30 d, in both 

salinity treatments, inhibited shoot (Fig. 6.2A) and root (Fig. 6.2B) dry mass production 

in all three species. Submerged T. auriculata and T. indica lost shoot and root dry mass, 

whilst T. medusa showed no significant losses of dry mass, but growth was very small 

(Fig. 6.2A, 6.2B). There were no significant differences between salinity levels (Fig. 

6.2A, 6.2B).  

Elongation of succulent stems.  No stem elongation response to submergence was 

evident in the three Tecticornia species; compared to the non-submerged controls, stem 

growth was inhibited by submergence (Fig. 6.2C, 6.2D). The stems of T. auriculata 

decreased in length due to the deterioration of apical stem articles whilst in T. medusa 

and T. indica there was no reduction in length.  

Changes in succulence and rupturing of stems  

Stem succulence.  The stem articles of the three species responded to submergence at 

both salinities with rapid increase in succulence, as shown by the time trends of article 

volume increase (Fig. 6.3A, 6.3B), water uptake into the tissues (Fig. 6.3C, 6.3D) and 

increases in the  radial  area of  the  hydrenchymous  cells (Fig. 6.3E, 6.3F). Early  rapid  

increases  in stem succulence gradually slowed, reaching a quasi steady-state at 10 d of 

submergence at both salinities (Fig. 6.3). Increases in succulence were fastest for T. 

auriculata and slowest for T. medusa and the absolute magnitude of the increases also 

greatest in T. auriculata and least in T. medusa (Fig. 6.3). Rates of net water uptake 
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Figure 6.2. (A) Shoot (EtOH-insoluble dry mass) and (B) root (total dry mass) relative growth rates 

(RGR) and the change in (C) main and (D) branch lengths (mm d–1) of the three Tecticornia species 

when grown for 30 d in non-submerged or submerged treatments. Negative values indicate that 

plants lost dry mass and decreased in length during the experiment. The initial dry mass (g) of 

shoots (EtOH-insoluble) and roots (total dry mass) respectively, were: T. medusa, 0.61, 0.52; T. 

auriculata, 1.34, 1.24; T. indica, 1.25, 1.39. Values are the means (n = 3) ± s.e. 

during the first 24 h of submergence on a stem surface area basis were 10, 24 and 15 mL 

m–2 h–1 for T. medusa, T. auriculata and T. indica, respectively (means of both salinities) 

(calculated from Fig. 6.3A and 6.3B data). When net water uptake ceased, stem 

succulence was 4.5 fold higher in T. auriculata than T. medusa (means of both salinities 

and the three succulence measures) (Fig. 6.3). Tissue succulence changes were also higher 

in T. indica than in T. medusa (means of both salinities and for article volumes and tissue 

water content) (Fig. 6.3). 

There were significant effects of salinity on the responses of stem succulence within 

species. For T. medusa and T. indica in the 250 mM NaCl treatment, article volumes were 

20% lower than in the 10 mM NaCl treatment (mean of all time points) (Fig. 6.3A, 3B), 

whereas for T. auriculata there was no significant salinity interaction. Hydrenchymous 

cell radial areas in T. medusa and T. auriculata were also lower when submerged in 250 

mM NaCl (Fig. 6.3E, 6.3F). 

 

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

T. medusa T. auriculata T. indica

R
G

R
sh

oo
t(

g
g-

1 d
-1

) 

Drained
Sub. 10 mM NaCl
Sub. 250 mM NaCl

A

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

T. medusa T. auriculata T. indica

R
G

R
ro

ot
(g

g-
1 d

-1
) 

Drained
Sub. 10 mM NaCl
Sub. 250 mM NaCl

B

-4
-3
-2
-1
0
1
2
3
4

T. medusa T. auriculata T. indica

C
ha

ng
e 

in
 m

ai
n 

st
em

 le
ng

th
 

(m
m

 d
-1

)

Drained 
Sub. 10 mM NaCl
Sub. 250 mM NaCl

C

-4
-3
-2
-1
0
1
2
3
4

T. medusa T. auriculata T. indica

C
ha

ng
e 

in
 s

id
e 

st
em

 le
ng

th
 

(m
m

 d
-1

)

Drained 
Sub. 10 mM NaCl
Sub. 250 mM NaCl

D



Chapter Six Submergence tolerance in stem-succulent halophytes 

 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. The change over 15 d in succulence of fully-expanded stem articles of T. medusa 

(triangles), T. auriculata (squares) and T. indica (circles) when grown in non-submerged (open 

symbols, dashed lines) or submerged treatments (closed symbols, solid lines). Succulence 

measures were (A, B) article volume, (C, D) tissue water content and (E, F) hydrenchymous cell 

radial areas. Note; cell areas were not measured for T. indica or in non-submerged plants at 

intermediate time points. Initial volumes (mm3), tissue water contents (mL g–1 EtOH-insoluble dry 

mass) and hydrenchymous cell radial areas (µm2) were, respectively; T. medusa, 199 ± 15, 18.6 ± 

0.8 and 19900 ± 700; T. auriculata, 70 ± 4, 14.4 ± 0.9 and 13100 ± 700; T. indica, 220 ± 17 and 

15.3 ± 1. Values are the means (n = 3) ± s.e., except for T. auriculata in (A) after day 10 (n = 0) and 

in (C) at 15 d (n = 1), as rupturing reduced the number of replicates with intact stem articles.
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Rupturing. Tecticornia medusa had substantially fewer ruptured articles when 

submerged at both salinities, as compared with T. auriculata and T. indica (Fig. 6.4A, 

4B). Submerged T. indica also showed less rupturing than T. auriculata at both salinities 

(Fig. 6.4A, 6.4B). There was no significant effect of submergence salinity level on article 

injury for T. medusa or for T. indica. By contrast, in T. auriculata more articles ruptured 

when submerged in low salinity compared to high salinity (Fig. 6.4A, 6.4B). Article 

rupturing for T. auriculata occurred when article surface area had 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. (A, B) The percentage of tagged, 

succulent stem articles that had ruptured during 30 d submergence in T. medusa (triangles), T. 

auriculata (squares) and T. indica (circles). Values are the means (n = 3) ± s.e. No tagged articles 

ruptured in non-submerged controls hence data are not plotted. (C) Articles ruptured in both 

submergence treatments as a function of the relative change in article surface area (i.e. data from 

6.3A and 6.3B vs data from 6.4A and 6.4B). (D) An example force-displacement plot relationship 

for the dermal layer in succulent articles of T. medusa (solid line) and T. auriculata (dashed line); 

plants were raised in non-submerged conditions. Horizontal dashed lines indicate the punch 

strength and work to punch is the area under the curve (values given in Table 6.1). The curve is 

the mean of n = 4. Tecticornia indica was not measured. 
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expanded 1.3–1.8 times; for T. indica and T. medusa, rupturing occurred when article 

surface area expanded 0.5–0.9 and 0.2–0.5 times respectively (Fig. 6.4C). 

Physical characteristics of succulent stems when grown in air 

Epidermal characteristics of fully-expanded succulent stem articles of non-

submerged plants. As determined from force-displacement plots (example given in Fig. 

6.4D), for plants grown under non-submerged conditions, the resistance of the whole 

epidermis at the point of testing to outwards penetration by a punch (i.e. the punch 

strength)  was  33%  higher  in T. medusa  than  in  T. auriculata  (Table 6.1). The  punch 

strength per unit epidermal thickness at the point of testing (i.e. the adjusted punch 

strength) was similar between T. medusa and T. auriculata, as epidermal thickness 

was33% fold higher in T. medusa. The epidermal cells of T. medusa were also 

approximately 33% and 67% smaller in surface area than those of T. auriculata and T. 

indica, respectively (Table 6.1). The area of radial epidermal cell walls per unit surface 

Table 6.1. Succulent stem article physical and anatomical characteristics of three Tecticornia 

species. Tissue thicknesses were not measured (n.d.) in T. indica. Plants were grown in non-

submerged conditions with nutrient solution containing 250 mM NaCl. Full-length articles were 

measured. Values are the means (n = 3) ± s.e. Values followed by different letters indicate 

significant differences (P < 0.05) across species for the Holm-Sidak test.  

Parameter 

Species 

T. medusa T. auriculata T. indica 

Epidermal characteristics 

Punch strength (MN m–2) 0.36 ± 0.02a 0.27 ± 0.02b  n.d 

Adjusted punch strength (MN m–2m–1) 7.4 ± 0.5a 7.5 ± 0.4a n.d 

Epidermal thickness (µm)  48 ± 2a 36 ± 0.1b  n.d. 

Epidermal cell size (µm2) 1222 ± 66a 1824 ± 11b 3604 ± 516c 

Epidermal cell density (number mm–2) 1005 ± 41a 753 ± 25b 387 ± 50c 

Stomatal density (no. mm–2) 70 ± 3a 104 ± 10b 48 ± 4c 

Anatomy of the succulent articles 

Article surface area:volume ratio   0.73 ± 0.01a    1.25 ± 0.02b 0.62 ± 0.01c 

Succulent article radius (µm) 2600 ± 200a 1600 ± 90b n.d. 

Central cylinder radius (µm) 381 ± 13a 321 ± 9b  n.d. 

Hydrenchyma thickness (µm) 1640 ± 125a 995 ± 90b n.d. 

Chlorenchyma thickness (µm)  421 ± 14a 321 ± 12b n.d. 
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area would thus have been highest in T. medusa assuming similar cell wall thicknesses 

among the species. Stomatal density was also highest in T. auriculata, intermediate in T. 

medusa and lowest in T. indica (Table 6.1). 

Dimensions of major tissue types within fully-expanded succulent stem articles of 

non-submerged plants. The surface area:volume ratio of fully-expanded succulent 

articles was highest in T. auriculata, intermediate in T. medusa and lowest in T. indica 

(Table 6.1). T. medusa articles were 63% wider at the mid-point relative to T. auriculata; 

also relative to T. auriculata the central cylinder was 19% wider, the hydrenchyma 65%, 

and the chlorenchyma 31% (Table 6.1).  

Changes in tissue solute concentrations and the osmotic potential in 

succulent stem articles prior to any rupturing  

Inorganic ions on a tissue water basis in succulent stems.  Concentrations of Na+, Cl– 

and K+ on a tissue water basis at quasi steady-state for tissue water uptake during 

submergence (i.e after 10 d), reduced in all species relative to day 0 in both salinities 

(Appendix Fig. A6.1 for time-trends of tissue ions on a water basis). 

Inorganic ions on an EtOH-insoluble dry mass basis. On an EtOH-insoluble dry mass 

basis in the non-ruptured full-length stem articles, Na+ and Cl– concentrations increased 

in the three species during submergence at both salinities relative to day 0 (Fig. 6.5). 

Relative Na+ and Cl– concentrations in T. auriculata increased to higher levels during 

submergence in both salinities compared to T. medusa (Fig. 6.5). Tecticornia indica ion 

concentrations were similar to T. auriculata, except for Na+ in 250 mM NaCl 

submergence treatment which was similar to T. medusa (Fig. 6.5). For T. auriculata, 

tissue Na+ and Cl– increased to higher levels when submerged at 250 mM NaCl compared 

to 10 mM NaCl (Fig. 6.5B, 6.5D), whilst in T. medusa, salinity of the submergence 

solution had no significant effect on tissue Na+ and Cl–. In contrast, tissue ions were 

significantly lower for T. indica submerged at higher salinity compared to low salinity 

(Fig. 6.5). There was not net change in tissue K+ concentrations (EtOH-insol. DM) at 

quasi steady-state for tissue water uptake during submergence for the three species; the 

average K+ concentration (± s.e.) in fully-expanded articles for the three species was 3 ± 

0.05 mmol g–1 EtOH-insoluble DM basis. 
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Figure 6.5. The relative change over 15 d in (A, B) Na+ and (C, D) Cl– concentrations (EtOH-insoluble 

dry mass basis) in succulent stem articles in T. medusa (triangles), T. auriculata (squares) and T. 

indica (circles) when grown in non-submerged (open symbols, dashed lines) or submerged 

treatments (closed symbols, solid lines). The initial values for Na+ and Cl– concentrations (mmol 

g–1 EtOH-insoluble dry mass) were, respectively; 10.7 ± 0.3 and 8.3 ± 0.4 for T. medusa; 8.6 ± 0.5 

and 7.3 ± 0.7 for T. auriculata; and 8.8 ± 0.6 and 7.4 ± 0.6 for T. indica. Values are the means (n = 

3) ± s.e., except for; T. auriculata at 15 d in the 10 mM NaCl treatment (n = 2). 

There were positive linear relationships between the combined tissue Na+, Cl– and K+ 

concentrations (EtOH insol. DM) with the tissue water content of stem articles (EtOH 

insol. DM) during submergence at both salinities for all species, R2 values as follows: T. 

medusa, 0.72; T. auriculata, 0.77; and T. indica, 0.75. Analysis of covariance 

(ANCOVA) (performed in the R statistics program version 2.14) revealed that the slope 

of the linear trend for T. medusa was also significantly lower to that in T. auriculata and 

T. indica (the latter two species being similar). Intercept and slope values for fitted linear 

regressions are as follows: T. medusa, 5.0, 0.94; T auriculata, -17.7, 2.1, 7.16; and T. 

indica, -22.6, 2.2 (see Appendix Fig. A6.2 for scatter plots and regressions). 
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Sap osmotic potential of succulent stems. Trends in the combined Na+, Cl– and K+ 

concentrations on a tissue water basis in the non-ruptured full-length stem articles (i.e. 

data in Appendix Fig. A6.1) correlated linearly with changes in the πsap (i.e. πsap data in 

Fig. 6.6) during submergence at both salinities for all species, R2 and slope values 

(regression forced through the origin) are as follows: T. medusa, 0.56, –341.7; T. 

auriculata, 0.77, –352.7; and T. indica, 0.80 and –362.5.  The sap osmotic potential (πsap) 

in succulent stem articles (that had previously obtained their maximum lengths) reduced 

over time during submergence (in both salinities), with trends reaching quasi steady-state 

by 10 d (Fig. 6.6). πsap was lowest (i.e. more negative) during submergence for T. medusa 

(in both salinities), whilst in T. auriculata and T. indica the increase in πsap was greater 

(Fig. 6.6). πsap for T. indica was intermediate between T. auriculata and T. medusa when 

submerged at low salinity (Fig. 6.6A), but similar to T. auriculata at high salinity (Fig. 

6.6B). For T. auriculata and T. indica, πsap was lower when submerged in higher salinity 

however, not in T. medusa (Fig. 6.6).  

 

Figure 6.6. The change over 15 d in the sap osmotic potential (πsap) of succulent stem articles in 

T. medusa (triangles), T. auriculata (squares) and T. indica (circles) when grown in non-submerged 

(open symbols, dashed lines) or submerged treatments (closed symbols, solid lines). The dotted 

line is πexternal. Values are the means (n = 3) ± s.e., except for T. auriculata at 15 d in the 10 mM 

NaCl submergence treatment (n = 2). 

Succulent tissues were hyper-osmotic relative to the osmotic potential of the submergence 

solutions (πexternal) (Fig. 6.6). Stem article bulk turgor pressures after 10 d submergence, 

calculated as the difference between πsap and πexternal at the quasi steady-state (Considine 

& Kriedemann, 1972), were higher in T. medusa than in T. auriculata and T. indica at 

both salinities (Table 6.2). Estimated bulk turgor pressures were also lower for all three 
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species in the 250 mM NaCl, compared with in the 10 mM NaCl, submergence treatment 

(Table 6.2). 

Table 6.2. The calculated bulk turgor pressure of fully-expanded succulent stem articles in the 

three Tecticornia species at quasi steady-state for tissue water (after 10 d) during submergence. 

Values are the means (n = 6, average of 10 and 15 d) ± s.e., except for; T. auriculata in the 10 mM 

NaCl submergence treatment (n = 5, average of 10 and 15 d). Values followed by different letters 

indicate significant differences (P < 0.05) across species for the Holm-Sidak test.  

Submergence 

treatment 

Bulk turgor pressure (MPa)  

T. medusa T. auriculata T. indica 

10 mM NaCl 2.0 ± 0.1a 1.4 ± 0.1b 1.6 ± 0.1b 

250 mM NaCl 1.3 ± 0.1a 0.8 ± 0.1b 0.8 ± 0.1b 

 

Due to the increases in ion concentrations over time during submergence (i.e. data in Fig. 

6.5), the measured osmotic potential gradient between the succulent tissues and external 

solution (i.e. πgradient) was lower (i.e. more negative) than the predicted osmotic potential 

gradient through dilution by water uptake alone in T. medusa, T. auriculata and T. indica 

respectively by 0.37, 0.42 and 0.74 MPa submerged in low salinity and 0.37, 0.71 and 

0.57 MPa submerged in high salinity.  

Total soluble sugars on an EtOH-insoluble dry mass basis. The concentrations of total 

soluble sugars declined significantly over time in the non-ruptured full-length stem 

articles of all three species submerged in both salinity treatments (Fig. 6.7). Soluble 

sugars reduced at a slower rate during submergence in T. medusa than in T. auriculata 

and T. indica, the latter two species showing faster declines until day 4, thereafter 

remaining at stable basal levels (Fig. 6.7). Despite the slower rate of decline in T. medusa, 

after 15 d of submergence (both salinities), sugars were at similar levels amongst the three 

species (Fig. 6.7). Species did not differ significantly in sugar concentrations over the 15 

d due to differences in salinity. 
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Fig. 6.7. The change over 15 d in the concentration of total soluble sugars in succulent stem 

articles, expressed as hexose equivalents (EtOH-insoluble dry mass basis) for T. medusa 

(triangles), T. auriculata (squares) and T. indica (circles) when grown in non-submerged (open 

symbols, dashed lines) or submerged treatments (closed symbols, solid lines). Values are the 

means (n = 3) ± s.e., except for; T. auriculata at 15 d in the 10 mM NaCl treatment (n = 2). 

 

Recovery following de-submergence 

Recovery. In T. auriculata and T. indica the remaining tissues wilted soon after de-

submergence, whereas in T. medusa the succulent tissues remained hydrated after de-

submergence. For the three species, shoots did not resume growth within the 15 d 

following de-submergence. However, the roots of T. medusa grew when de-submerged, 

as RGR was zero under continued submergence but 0.01 g g–1 d–1 in recovery 

treatments (means of both salinities). By contrast, root RGR’s did not differ 

significantly between continued submergence and recovery treatments in T. auriculata 

and T. indica (Table 6.3).  

Discussion 

Submergence tolerance in halophytic stem-succulents 

Differences among the species in submergence tolerances were apparent. When 

submerged in 10 mM and 250 mM NaCl, the articulated stems of T. auriculata and T. 

indica increased markedly in succulence, which had severe detrimental effects on the 

structural integrity of these tissues. By contrast, increases in succulence were moderate 

in T. medusa during submergence and stems were resistant to rupturing. Shoot and root 

growth ceased in all three species when submerged, but T. medusa did not lose biomass
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Table 6.3. Growth responses of T. medusa, T. auriculata and T. indica when non-submerged, 

submerged, and de-submerged. Plants in the recovery treatment were submerged for 15 d in 10 

mM NaCl or 250 mM NaCl, then de-submerged for a further 15 d. Continuing submergence in 10 

mM NaCl or 250 mM NaCl and non-submerged controls (250 mM NaCl in roots) lasted for 30 d. 

The initial dry mass of shoots and roots are given in Fig. 6.2 caption. Values are the means (n = 3) 

± s.e. Values followed by different letters indicate significant differences (P < 0.05) across 

treatments and within species for the Holm-Sidak test. 

Species 

Control Continuing submergence  De-submerged 

Non-

submerged 
10 mM NaCl 250 mM NaCl 10 mM NaCl 250 mM NaCl 

 Shoot relative growth rate (RGR),  EtOH-insoluble dry mass basis, (mg g–1 d–1) 

T. medusa 55 ± 7a      7 ± 2b      4 ± 2b   15 ± 11b  10 ± 3b 

T. auriculata 35 ± 4a –25 ± 4b  –20 ± 3b –20 ± 7b –16 ± 4b 

T. indica 34 ± 6a –12± 5b    –9 ± 3b   –5 ± 7b –12 ± 4b 

 Root relative growth rate (RGR),  total dry mass basis, (mg g–1 d–1) 

T. medusa 27 ± 2a –1.9 ± 4b     0.4 ± 0.8b      5 ± 1b    10 ± 2c 

T. auriculata 28 ± 1a       –11 ± 2b –11 ± 3b    –7 ± 3b –1.4± 4b 

T. indica 40 ± 10a –11 ±  2b –10 ± 2b    –7 ± 2b –1.7 ± 4b 

 

whereas T. auriculata and T. indica had losses of shoot and root tissues. The submergence 

growth response in T. medusa was similar to the quiescence response of the submergence 

tolerant T. pergranulata (Colmer et al., 2009). 

Sugars on a shoot tissue ethanol-insoluble dry mass basis declined in all three species to 

low levels when submerged (after 15 d) however, the rate of depletion was lowest in T. 

medusa. The cessation of growth in T. medusa would have enabled the conservation of 

carbohydrates which would have otherwise been diverted for metabolic processes 

associated with growth and cell wall synthesis (Bailey-Serres & Voesenek, 2008). Owing 

to high losses of sugar sources due to shoot decomposition in T. auriculata and T. indica, 

sugar depletion rates in remaining intact tissues were perhaps accelerated due to the need 

to draw from a smaller total pool.  
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Tecticornia medusa is the second species documented in the genus Tecticornia to be 

tolerant of submergence. Previous research on T. pergranulata showed survival over 56 

d of artificially applied submergence (Colmer et al., 2009) and even survival of 10 months 

of submergence in the field has been observed (English, 2004). Studies on other 

halophytic stem-succulent species of the Salicornioideae indicate variable tolerances to 

submergence within this sub-family. The estuarine halophytes Salicornia stricta, 

Salicornia ramosissima (Langlois & Ungar, 1976) and Salicornia virginica (Mahall & 

Park, 1976) survived artificial tidal submergence. Sarcocornia perennis also survived 

daily periods of tidal inundation for 5 months at a coastal salt marsh, however the closely 

related Sarcocornia perennis ssp. alpine did not survive in this habitat (Redondo-Gomez 

et al., 2007a).  

The current study revealed that T. auriculata and T. indica were sensitive to submergence 

in 10 mM and 250 mM NaCl as their succulent shoot tissues ruptured due to excessive 

water uptake and remaining shoot tissues wilted following de-submergence; no recovery 

growth was evident. In Sarcocornia perennis submerged in fresh-water, mortality of 

individuals was also attributed to the swelling, rupturing and decomposition of succulent 

stem articles (Adams & Bate, 1994). In T. auriculata, submergence in 250 mM NaCl 

reduced article rupturing and delayed onset compared to 10 mM NaCl, presumably as 

shoot-submergence solution osmotic gradients were less. Interestingly, it also seems that 

sensitivity to submergence in other stem-succulent halophytic plants reduces at higher 

salinity. Submergence in fresh water of the annual halophyte Salicornia europea resulted 

in 100% mortality of plants, whereas seedlings submerged in saline water (170 mM NaCl) 

all survived (Keiffer et al., 1994; “high water treatment” in this other manuscript was 

referred to as waterlogging and not by the more informative term “submergence” i.e. 

water level above plant height). Similarly for Sarcocornia perennis exposed to 

submergence for 6 weeks, plant mortality was highest when submerged in fresh water, 

whereas at higher salinities (600–1286 mM NaCl) there was no mortality (Adams & Bate, 

1994). Together, these studies in Sarcocornia perennis, T. auriculata and T. indica 

demonstrate that when submerged, the solute rich tissues of stem-succulent halophytic 

plants can be susceptible to rupturing through excessive water uptake when tissues are 

hyper-osmotic relative to the surrounding floodwater. Accordingly, halophytic species 

adapted to flooded environments must possess mechanisms that enable them to withstand 

these steep osmotic gradients.  
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The rupturing of succulent articles during submergence 

Tecticornia medusa demonstrated greater ability to resist article volume expansion during 

submergence, despite the higher bulk turgor pressures in this species relative to T. 

auriculata and T. indica. Greater resistance to crack propagation of the dermal tissue of 

T. medusa was also confirmed by the penetrometer test, which indicated a significantly 

higher force to puncture than for epidermis of T. auriculata. Greater resistance to dermal 

rupturing in T. medusa was associated with a thicker epidermis, as the punch strengths 

adjusted for epidermal thicknesses were similar in T. medusa and T. auriculata. Densities 

of epidermal cells were also higher in T. medusa than T. auriculata and T. indica, and 

consequently, higher cell wall area:surface area ratios of the branches in T. medusa would 

also have imparted greater mechanical strength to the epidermis (Considine & Brown, 

1981; Khanal et al., 2011). Analogies can be drawn between succulent stem volume 

expansion during submergence and the volume expansion of wetted fleshy sugar-rich 

fruits following rainfall. For fully-matured fruits that undergo secondary expansion 

following the infiltration of water via surface wetting, the general notion is that the outer 

epidermis receives the accumulated hydrostatic force from expanding internal tissues and 

serves as a growth limiting tensile skin (Considine & Brown, 1981). The phenomenon of 

fruit rupturing associated with rainfall during ripening, has been attributed to swelling 

and excessive tensile stressing of the dermal tissue (Considine & Brown, 1981). Lower 

rupturing susceptibility in fruits has been associated with stiffer and stronger epidermal 

tissues (for example, in cracking resistant tomato lines; Matas et al., 2004). Higher tensile 

resistance of the epidermis would have rendered the succulent tissues of T. medusa less 

susceptible to mechanical failures during submergence than those of T. auriculata and T. 

indica.  

For T. auriculata, the epidermis of succulent stems ruptured extensively during 

submergence, as the relatively weaker enclosing skin in this species was less resistant to 

surface area expansion (i.e. increased strain). Lysis of internal cells followed crack 

propagation, presumably as the tensile strength of the epidermis was compromised, thus 

restricting less the expansion of hydrenchymous cells. T. indica was less susceptible to 

submergence induced rupturing than T. auriculata; this was a surprising observation since 

T. auriculata is distributed in habitats at lower elevation relative to T. indica which are 

more flooding-prone. T. auriculata adult shrubs in the field potentially ‘avoid’ 

submergence stress due to a tall growth form that elevates the crown above the water line. 

This contrasts to T. medusa which occupies the lowest elevated habitats, which 
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demonstrates a basally branching growth form and as a result, tissues of the latter will 

remain for prolonged periods underwater (Chapters 3 & 4). 

Water uptake during submergence 

The three species accumulated Na+ and Cl– as the major osmotica in succulent stems and 

tissue solute concentrations were higher than those of the surrounding submergence 

solution. As solute gradients favoured water influx into these tissues from the surrounding 

solution, tissue water uptake during submergence was osmotically driven, hence, causing 

turgor-driven volume expansion of succulent articles and internal hydrenchymous tissue. 

Stem volume expansion during submergence was initially rapid but gradually slowed 

down despite the remaining osmotic gradients for tissue water entry – presumably this 

was due to convergence of bulk tissue and external (i.e. submergence solution) water 

potentials. Initial rates of succulence increase in T. medusa and T. indica were slower 

than for T. auriculata, even though osmotic gradients were similar amongst the species 

at treatment onset. In T. medusa, greater thicknesses of the epidermal and hydrenchymous 

tissues in succulent articles would have contributed to a slower article volume expansion. 

There is also the possibility that lower stomatal densities in T. medusa may have also 

contributed to lower water permeability during submergence, as evidence from berries 

and cherries indicates that stomata represent possible sites of preferential water uptake 

when submerged (Weichert & Knoche, 2006; Khanal et al., 2011); it is not known 

whether stomata remain open, or close, when submerged. Lower surface area:volume 

ratios of fully-expanded succulent articles in T. medusa and T. indica would have 

contributed to the lower relative water uptake rates in these two species compared to T. 

auriculata on a whole article basis. Permeability to water and gasses during submergence 

should be addressed in future research on submergence tolerance in Tecticornia.   

Although ions decreased in succulent tissues on a tissue water basis with time during 

submergence, on an ethanol-insoluble dry mass basis, Na+ and Cl– increased in tissues. 

Dilution of Na+ and Cl– by the increased tissue water content was a major determinant of 

the changes in ion concentrations on a tissue water basis, but some Na+ and Cl– net uptake 

also apparently occurred. By contrast, tissue water K+ concentration was diluted, without 

net uptake or loss. An increase in Na+ and Cl– but stability of K+ on an ethanol-insoluble 

dry mass basis was also observed for Tecticornia pergranulata submerged in 10–800 mM 

NaCl (Colmer et al., 2009). In the present study, Na+ and Cl– increases with time during 

submergence contributed to higher water uptake than would have otherwise occurred in 
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the absence of ion increases, as the predicted shoot-floodwater osmotic potential gradients 

were lower than the measured for the three species. Accumulation of Na+ and Cl– in the 

succulent tissues during submergence indicates perhaps surprisingly, that these species 

do not ‘osmoregulate’ in response to increases in turgor by solute effluxes; unlike some 

eukaryotic algae (for example, Acetabularia mediterranea; Wendler et al., 1983) and 

higher plants (for example, the roots of Nicotiana tabacum; Tyerman et al., 1989) when 

exposed to hyper-osmotic external environments, which maintain cell volumes by net 

effluxes of the major osmotica in response to increases in turgor. The time trends of Na+ 

and Cl– accumulation on a dry mass basis in the present experiment appeared to follow 

saturation trends and were highly correlated with water uptake; this could either indicate 

that Na+ and Cl– entry was passive and occurred with the osmotic mass flow of water from 

the floodwater or active Na+ and Cl– influx was down-regulated at quasi steady-state and 

perhaps part of a turgor-volume maintenance response. It is unlikely that ion delivery 

occurred via xylem flow from the roots by positive root pressure as occurs for some 

submerged hydrophytes (for example; Pedersen & Sand-Jensen, 1993), as shoot pressure 

most likely exceeded root pressure for plants in the current study. Further work is needed 

to investigate Na+ and Cl– fluxes in the aboveground tissues of submerged halophytes, as 

such processes would have major consequences for osmotic regulation given Na+ and Cl– 

are the major osmotica. 

The severity of submergence stress is greatest in plants with higher tissue solute 

concentrations exposed to lower salinity submergence as hydrostatic forces experienced 

at low salinity would be greater (see earlier Discussion and references under the heading 

“Submergence tolerance in halophytic stem-succulents”). For T. medusa, submergence 

induced osmotic stress is likely to be more severe under field conditions than tested in the 

present study, as tissue Na+ and Cl– concentrations are usually very high at their field 

location due to extremely saline soil; for example, in T. medusa tissue πsap was –8 MPa 

prior to a flooding event that submerged individuals in floodwater of –0.8 MPa (Chapter 

4). For other halophytes occupying estuarine (Alexander & Dunton, 2002; Verity, 2002) 

and inland salt marshes (English, 2004; McCulloch et al., 2008), exposure to low-salinity 

submergence may also occur especially after high rainfall. For example, at an inland salt 

lake in southwest Australia, T. pergranulata with tissue πsap of –8 MPa was submerged 

following rainfall in floodwater with an osmotic potential of –0.2 MPa (English, 2004). 

Therefore, tolerance of submergence-induced osmotic stress for halophytic species of 
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similar environments should be further investigated, and also under levels of hyper-

osmotic stress that would occur in field situations. 

Conclusions 

When submerged, the three species increased markedly in succulence over time due to 

solute gradients which favoured water uptake into the succulent stem tissues. The 

succulent stems of T. auriculata and T. indica were sensitive to swelling as faster rates of 

water uptake and higher overall volume changes led to rupturing of the article surfaces 

and lysis of cells of the internal tissues. Therefore, prolonged submergence is potentially 

a selective stress factor that prevents T. auriculata and T. indica from invading low-lying 

habitats subjected to longer and deeper flooding events. In contrast, the succulent stems 

of T. medusa were able to withstand similarly high osmotic gradients for water entry and 

resist rupturing, due to higher physical resistances of dermal tissues to expansion. Further 

work is needed to investigate cell turgor relations and the tissue biophysical properties of 

succulent halophytes of wetland environments in relation to submergence induced 

hyperosmotic stress. 
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Research objectives 

The aims of this research were to characterise habitats supporting Tecticornia species at 

an ephemeral salt lake in north-west Australia (the Fortescue Marsh) and elucidate some 

factors that control their spatial distribution, ecophysiological responses to salinity and 

flooding stresses and selected aspects related to population maintenance. This 

information is required in order to understand the ecophysiology of these stem-succulent 

halophytes and to assist managers to predict possible future impacts on the Tecticornia 

species as a result of climate- and/or anthropogenically-induced hydrological changes at 

Fortescue Marsh. The approach focused on the three most dominant species, Tecticornia 

medusa, T. auriculata and T. indica and was based on a combination of characterisation 

of vegetation and seasonal monitoring of plant parameters and soil dynamics at Fortescue 

Marsh. Key indicators of plant health in the field were assessed, including: branch growth, 

rates of sap-flow, osmotic adjustment, compatible solute and ion concentrations in tissues, 

and the induction of stress pigmentation. Glasshouse experimentation was also conducted 

to ascertain species tolerances to extreme salinity and submergence in order to provide 

insights regarding the underlying causes of the varying species distributions in the field. 

An area of particular interest on submergence tolerance in Tecticornia was the ability in 

these salt-accumulating succulent halophytes to cope with swelling caused by extreme 

gradients for the osmotic entry of water into shoot tissues. 

Key findings and further discussion 

Soil physicochemical gradients at Fortescue Marsh are consistent with the general pattern 

observed at coastal and inland salt marshes of flooding intensity and salinity being 

greatest at the low elevated interior whilst soil water availability is lowest on the high 

elevated marsh fringes (Chapter 3 and Fig. 7.1). Ecological characteristics at inland salt 

marshes generally differ in a fundamental aspect to many coastal marshes (particularly 

northern temperate marshes; Bertness & Ellison, 1987), as there is no tidal influence and 

levels of abiotic stress do not decrease monotonically further away from the marsh centre, 

however, stressors are quite high throughout the vegetated zone. Particularly for low 

latitude arid and semi-arid zone inland salt marshes, the more elevated sites may be 

characterised by soil water deficits and soil salinity, the latter caused by the build up of 

salts in soils of the upper profile via delivery from the water table due to the high 

evaporation rates (Malek et al., 1990; Cantero  
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Figure 7.1. Schematic representations of species zonation and soil physicochemical sequence along an elevation gradient at Fortescue Marsh. 
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et al., 1998; Pan et al., 1998; Yihdego & Webb, 2012); Fortescue Marsh is consistent 

with this pattern indicative of inland salt lakes of arid and semi-arid regions.  

Tecticornia communities at the study sites on the northern fringes of Fortescue Marsh 

exhibited a relatively distinct zonation pattern across the marsh flat (Chapter 3 and Fig. 

7.1). Species distributions were correlated with soil physicochemical gradients and the 

relative importance of individual edaphic properties varied depending on spatial and 

topographic position in the landscape (Chapter 3). Highest species dominance occurred 

in abiotically extreme habitats, with occurrence of T. medusa for flooding prone low 

elevated sites, whilst for T. auriculata and T. indica at progressively higher elevations 

subject to more irregular flooding in soils that were either extremely saline (T. auriculata) 

or extremely dry (T. indica) (Fig. 7.1). The observation of niche differentiation in 

abiotically extreme habitats at Fortescue Marsh led to the hypothesis that this was caused 

by interspecific differences in tolerances to flooding, salinity and drought.  

Controlled experiments revealed that differing tolerances to submergence (Chapter 5) and 

salinity (Chapter 6) amongst the three dominant Tecticornia species may contribute to the 

varying distributions in the field. Tecticornia medusa tolerated submergence due to an 

ability to withstand osmotic swelling of succulent stem tissues, whereas T. auriculata and 

T. indica were submergence sensitive as tissues ruptured due to excessive submergence-

induced swelling. Greater ability to resist stem tissue swelling and rupture in T. medusa 

was associated with having epidermal tissues of relatively higher tensile strength. The 

three species exhibited similar tolerances to moderate salinity (10–1200 mM NaCl), 

however responses differed at extreme salinity (2000 mM NaCl). At extreme salinity T. 

indica did not survive, which was in contrast to T. medusa and T. auriculata which 

survived extreme salinity, albeit with highly depreciated growth rates. The findings that 

T. medusa was tolerant of submergence and T. medusa and T. auriculata of extreme 

salinity, was consistent with their habitats at Fortescue Marsh.  

A glasshouse experiment on tolerances amongst the three Tecticornia species to soil water 

limitation and its potential role in explaining field zonation was beyond the scope of this 

research. However, as photosynthesis in T. indica operates via the C4 pathway (Carolin, 

1982) it is possible that the increased water use efficiency in this species may promote its 

occurrence in the drier sites. Nevertheless, results of the ecophysiological monitoring 

conducted at Fortescue Marsh demonstrated all three Tecticornia species were capable of 

tolerating large reductions in the soil water potential of the upper soil profile (where the 
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majority of roots were distributed) (Chapter 4). Continuous whole plant water-use 

measurements using sap-flow probes installed into woody stems demonstrated that T. 

auriculata and T. indica were able to maintain high transpiration rates despite lowering 

soil water potential; this was achieved by the osmotic adjustment of tissues. In both 

species, water-use declined to low levels after a prolonged phase of drought combined 

with high salinity, and was probably due to plants having a lower photosynthetic 

succulent stem area during this period. Presumably, plants also access water from the 

phreatic zone and/or capillary fringe helping to maintain water use when water 

availability in surface soils is limiting. Germination occurs after wetting of the soil profile 

following the recession of floods on the marsh; however, long-term establishment of 

seedlings is dependent on prolonged periods of rainfall and adequate soil moisture in the 

upper profile post-flood to enable seedling growth (Chapter 3). On the high elevated 

fringes of the marsh where drying of surface soils post-flood would be expected to occur 

more rapidly due to the low influence of deep water tables, seedling establishment may 

be dependent on rapid downwards growth of roots to ensure contact with the drying front. 

It should be ascertained in future studies whether the more conservative water use in T. 

indica does indeed provide superior drought tolerance relative to other Tecticornia 

species and to what extent species exhibit root plasticity in the event of droughts. 

It is also quite probable that biotic interactions in addition to differential tolerances to 

abiotic stresses contribute to determination of the field distributions of Tecticornia 

species. For instance, at intermediate environments that are within the species tolerance 

limits (for example, in the moderately saline soils at the T. auriculata and T. indica 

border), interspecific competition opposed to the exclusion of species due to less 

tolerance of abiotic stresses, may be a dominant factor in determining species 

compositions. For a more complete understanding of factors contributing to the 

distribution of Tecticornia species, it will be necessary to elucidate the contribution of 

competitive interactions between species (as an example, possible allelopathic effects). 

Although there is a paucity of information on the plant ecology of ephemeral, inland salt 

lakes in Australia, available evidence suggests that determinants of community structure 

at these systems are similar to those occurring at Fortescue Marsh. English (2004) 

concluded that the zonation of Tecticornia species at an ephemeral salt lake in the south-

west of Australia was determined principally by frequency and duration of flooding 

opposed to gradients in soil salinity, and noted the potential significance of low water 

availability in sites dominated by T. indica. At Lake Lefroy, also a south-west Australian 
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salt lake, differences in water table depth were associated with marked changes in species 

composition and soil characteristics (Barrett, 2006). For inland salt marshes occurring on 

other continents, it has also been observed that soil salinity, flooding intensity and water 

availability correlate with the distributions of various species of halophytes (Tiku, 1975; 

Skougard & Brotherson, 1979; Ungar et al., 1979; Brotherson, 1987; Burchill & Kenkel, 

1991; Moustafa & Zayed, 1996; Cantero et al., 1998; Pan et al., 1998; Rogel et al., 2000; 

Sanderson et al., 2008; Tug et al., 2012). At a north American salt lake, species with 

relatively low salinity tolerance (Hordeum jubatum and Atriplex triangularis) were 

unable to establish on low elevated extremely saline soils dominated by the highly salt 

tolerant species Salicornia europaea (Ungar et al., 1979). Salicornia europaea did not 

survive reciprocal transplantation into the higher elevated less saline soils dominated by 

H. jubatum and A. triangularis, and thus for this particular system, it was concluded that 

the upper and lower limits to species distributions were determined principally by 

competition and salinity tolerance, respectively (Ungar et al., 1979). In general, the power 

of environmental factors in explaining species patterns is dependent on empirically 

determined levels of tolerance to the relevant abiotic stressors, for which in all of these 

studies such data are absent (notable exceptions above are: Ungar et al., 1979 and English, 

2004). As such, descriptive studies that characterise species habitat preferences for any 

ecological system based on a species-environment correlation should be considered as 

exploratory investigations; i.e., data that lead to the generation of hypotheses that attempt 

to explain the underlying causes of species-environment relationships, with experimental 

work then designed to test these hypotheses.  

Directions for future research related to the assessment of mining impacts at 

Fortescue Marsh   

An increasing number of Australian inland salt lakes face encroachment by human 

activities. There is a need, therefore, for future research to focus on the adaptability to a 

changing environment of the species of flora and fauna in these habitats; one particular 

need is to assess risks associated with hydrological changes in the surrounding area and 

to ascertain to what extent plant performance is constrained by a reduction in groundwater 

beyond those that occur naturally due to seasonal cycles. At Fortescue Marsh, there is a 

potential, long-term risk that if groundwater abstraction associated with mining activities 

in the surrounding region leads to a cone of groundwater depression that extends to the 

marsh fringes, it could impact on Tecticornia species. Despite comprehensive measures 
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in place to mitigate these risks (as examples, groundwater re-injection and monitoring), 

it is still necessary to predict whether species distributions and health will potentially be 

affected by groundwater drawdown. Tecticornia indica dominates the outer fringing zone 

of the marsh alongside the less abundant Eremophila spongiocarpa (Chapter 3) and due 

to their proximity to mining activities, are presumably at greatest risk of negative impacts. 

Future studies should be conducted with particular emphasis on the potential for negative 

impacts as a result of hydrological changes in the fringing species zone. Chapter 4 results 

indicated the possibility that salinity and moisture status of the upper soil layers in the 

fringing zone were influenced by groundwater when in close proximity to the surface 

following rains, albeit to a lesser extent than in the low elevated central region of the 

marsh inhabited by T. medusa. An assessment of the full impact of seasonal changes in 

groundwater levels on soil properties in the upper horizon was not possible, as 

groundwater depths in the fringing zone were not measured (due to significant depth) and 

the duration of study was not sufficient for characterisation of the expected diversity in 

natural drying and wetting cycles. Results of sap flow monitoring (Chapter 4) suggested 

that groundwater usage in T. indica and T. auriculata might be important during droughts; 

future work should establish the degree of groundwater dependency for Tecticornia 

species. The current work provided baseline information on habitat characteristics and 

the influence of key environmental variables on the distribution and physiological 

responses of dominant Tecticornia species at Fortescue Marsh. There is a need to expand 

on this information and to establish the relationships between groundwater and vegetation 

at Fortescue Marsh. Longer-term monitoring would be required to document the 

amplitude of natural variation that exists and plant responses; modelling of climate 

records and flooding trends could also provide insights. Such data would be valuable in 

forming predictions on vegetation impacts of groundwater drawdown at Australian salt 

lakes and enable detection of altered hydrological regimes beyond those occurring 

naturally due to climatic variation. 

The results of ecophysiological monitoring at Fortescue Marsh in this thesis suggest that 

there may be suitable indicators of plant stress for Tecticornia species. Such health 

indicators could be used for the purpose of environmental monitoring and the timely 

detection of potential adverse impacts on Tecticornia species as a consequence of climate 

change or land use impacts. The red/violet pigment betacyanin has emerged as an 

indicator that could be potentially useful in determining levels of stress for Tecticornia 

species in the field. Betacyanin concentrations were up-regulated in Tecticornia species 
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in response to a prolonged period of high soil salinity and low water availability in the 

field (Chapter 4) and thus, it may be possible to assess large-scale changes in the health 

status of Tecticornia shrubs by the detection of betacyanins using remote sensing 

techniques (examples on the use of remote sensing to detect colour changes in vegetation: 

Steddom et al., 2003; Lamb et al., 2004; Zarco-Tejada et al., 2005). The current research 

also achieved the use of sap-flow measurements taken with the heat ratio method (Burgess 

et al., 2001) for the first time in Tecticornia species (Chapter 4). Given the sensitivity of 

plant water use to changes in soil water availability in surface soils, and also to 

groundwater status given that plants most likely access part of their water from this 

source, sap-flow maeasurements undertaken using the heat ratio method are also a 

potential tool to be utilised for functional monitoring of Tecticornia species.  

Concluding remarks 

Studies conducted at the Fortescue Marsh, an ephemeral salt lake in the semi-arid region 

of north-west Australia, revealed that flooding, soil salinity and drought interact and 

jointly determine community structure of halophytic vegetation. The occurrence of floods 

impacts low elevated regions of the marsh periodically; tolerance of submergence in T. 

medusa is critical to its survival in these habitats. Seedling recruitment is dependent on 

the rarely occurring sequence of conditions of flooding, followed by the maintenance of 

high soil moisture post-flooding. Salinity reaches extremely high levels at low elevated 

regions of the marsh during dry periods and tolerance of extreme salinity in T. medusa 

and T. auriculata permits establishment and persistence in these zones. Tecticornia 

species are further tolerant of marked seasonal changes in salinity and demonstrate 

adaptability to severe reductions in the soil water potential. Physiological mechanisms of 

salinity tolerance in Tecticornia species are similar to those documented for other 

succulent halophytes and involves the osmotic adjustment of tissues through the uptake 

of Na+ and Cl–, presumed sequestration of Na+ and Cl– in the vacuole and cellular balance 

provided by glycinebetaine in the cytoplasm. Limits to salinity tolerance are presumably 

determined by the capacity for Na+ and Cl– uptake and compartmentation. Submergence 

tolerance in low salinity water of T. medusa was dependent on an ability to withstand 

osmotic swelling by having epidermal tissues with superior tensile strength. In all, 

Tecticornia species are highly adapted to the harsh physical conditions at Fortescue 

Marsh and possess an array of adaptive features that enable survival in drought and 

flooding prone saline environments. Future research should continue to elaborate in this 
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remarkable genus on their physiological bases for survival in the hostile Australian salt 

lake environments. 
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Chapter 2 Appendix: The ecophysiology of stem-succulent 

halophytes: a review 

Table A2.1. The tissue (shoot) water contents expressed on a total dry mass basis and where 

obtainable, on a ‘organic’ dry mass basis in available halophytic species of the Amaranthaceae 

and some selected glycophytes. The ‘organic’ dry mass was determined as the total dry mass 

minus the ash/ethanol soluble dry mass. Halophytic species are listed in alphabetical order within 

sub-families i.e. stem-succulent species of the Salicornioideae, leaf-succulents of the 

Suaedoideae and recreto-halophytes of the Chenopodioideae (species with salt bladders or 

glands borne on the leaf surface). Water contents are specified at low salinity (i.e. <10 mM NaCl) 

and at the salinity at which tissue water contents were highest for halophytes. Numerical values 

for data published in graphs were extracted with DataThief III (Shareware; version 1.6).  

Species 

External 
NaCl 
conc. 
(mM) 

Tissue water 
content  
(mL g-1 total 
DM) 

Tissue water 
content 

(mL g-1 ‘organic’ 
DM) 

Reference 

Stem-succulent halophytesa     

Allenrolfea occidentalis* ~2, 180 4.8, 5.4 6.6, 7.9 Glenn & O'Leary (1984) 

Halocnemum 
strobilaceum 

0, 340 8.7, 9.1 na Pujol et al. (2001) 

Salicornia bigelovii* 5, 200 9.0, 12.6 18.0, 22.8 Ayala & O'Leary (1995) 

Salicornia brachiata* 0, 200 7.4, 16.2 na Parida & Jha (2010) 

Salicornia dolichostachya* 50, 300 10.8, 12.0 10.9, 15.3 Katschnig et al. (2013) 

Salicornia europaea* ~2, 180 8.3, 11.5 11.2, 23.7 Glenn & O'Leary (1984) 

Salicornia europaea 0, 170 8.5, 9.8 na Aghaleh et al. (2011) 

Salicornia persica 0, 85 7.8, 8.8 na Aghaleh et al. (2011) 

Salicornia rubra 0, 400 7.9, 12.2 na Khan et al. (2001) 

Salicornia utahensis 0, 400 7.0, 10.8 na Gul et al. (2009) 

Sarcocornia natalensis* 0, 300 6.5, 8.1 7.7, 13.5 Naidoo & Rughunanan 
(1990) 

Sarcocornia vermiculatus* ~2, 360 2.2, 3.5 2.5, 4.6 Glenn & O'Leary (1984) 

Tecticornia indica 10, 500 na 12.0, 21.3 English & Colmer (2013) 

Tecticornia pergranulata 10, 500 na 12.5, 24.1 English & Colmer (2013) 

Tecticornia pergranulata* 10, 400 7.1, 9.0 10.6, 24.2 Short & Colmer (1999) 

Leaf-succulent halophytesb     

Suaeda aegyptiaca 0, 125 9, 16 na Eshel (1985) 

Suaeda fruticosa* 0, 200 6.6, 8.7 9.4, 14.2 Khan et al. (2000a) 

Suaeda maritima* 0, 170 9, 10.2 na Flowers (1972) 

Suaeda monoica* 0, 500 3.4, 8.2 na Storey & Jones (1979) 

Suaeda salso* 10, 100 10.7, 11.8  na Song et al. (2009) 

Suaeda torreyana* ~2, 720 1.7, 4.5 2.0, 5.9 Glenn & O'Leary (1984) 

Recreto-halophytesb     

Atriplex canescens subsp. 
macropoda* 

~2, 180 3.7, 3.9 na Glenn et al. (1992) 
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Atriplex griffithii 0, 360 6.3, 3.5 6.9, 5.7 Khan et al. (2000b) 

Atriplex lentiformis* ~2, 540 1.6, 2.4 1.8, 3.2 Glenn & O'Leary (1984) 

Atriplex patula* ~2, 360 3.3, 5.1 3.9, 6.6 Glenn & O'Leary (1984) 

Atriplex spongiosa* 0, 150 6.6, 8.8 na Storey & Jones (1979) 

Thin-leaved glycophytesb     

Brassica nigra* 0, 180 2.6, 6.6 2.8, 9.4 Glenn & O'Leary (1984) 

Helianthus annuus* 0, 180 3.4, 5.1 3.6, 5.5 Glenn & O'Leary (1984) 

Hibiscus palustris* 0, 180 2.7, 3.0  3.6, 4.0 Glenn & O'Leary (1984) 

Phragmites australis* 0, 180 4.5, 2.0 5.2, 2.4 Glenn (1987) 

Pisum sativum* 0, 100 12.3, 14 na Flowers (1972) 

    Triticum aestivum 0, 200 6.3, 3.1 na Colmer et al. (1995) 

na, not available 
a, comprehensive list 
b, not comprehensive 
*, calculated based on authors 
data 
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Table A2.2. The intrinsic water use efficiency (WUE) of photosynthesis expressed as the ratio of 

micromoles of CO2 fixed (A) per mole of H2O water vapour exiting stomata (Gs) in available 

halophytic species of the Amaranthaceae with C3 and C4 photosynthetic pathways and selected 

glycophytes. Ranges in WUE for halophytes are minimum and maximum over salinity treatment 

ranges whilst values for glycophytes are under optimal growth conditions. Halophytic species are 

listed in alphabetical order and grouped according to sub-family i.e. stem-succulent species of 

the Salicornioideae, leaf-succulents of the Suaedoideae and recreto-halophytes of the 

Chenopodioideae. Numerical values for data given in graphs were extracted with DataThief III 

(Shareware; version 1.6). 

Species 
WUE (A/Gs)  
(μmol mol-1) 

Photosynthetic 
pathway 

Reference 

Stem-succulent halophytesa   

Arthrocnemum fruticosum* 90–120 C3 Nieva et al. (1999) 

Arthrocnemum 
macrostachyum* 

22–100 C3 Redondo-Gomez et al. (2010) 

Arthrocnemum perenne* 70–100 C3 Nieva et al. (1999) 

Salicornia bigelovii* 16–47 C3 Ayala & O'Leary (1995) 

Salicornia europaea* 23–35 C3 Lv et al. (2012) 

Salicornia virginica* 62–83 C3 Pearcy & Ustin (1984) 

Sarcocornia fruticosa* 33–50 C3 Redondo-Gomez et al. (2006) 

Tecticornia indica 96–135 C4 English & Colmer (2013) 

Tecticornia pergranulata 57–72 C3 English & Colmer (2013) 

Leaf-succulent halophytesb    

Suaeda splendens* 29–73 C4 Redondo-Gómez et al. (2008) 

Recreto-halophytesb    

Atriplex halimus* 116–147 C4 Gale & Poljakoff-Mayber 
(1970) 

Atriplex lentiformis* 76–96 C4 Meinzer & Zhu (1999) 

Atriplex nummularia* 80–85 C4 Bazihizina et al. (2009) 

Atriplex portulacoides* 33–53 C3 Redondo-Gomez et al. (2007b) 

Atriplex prostrata* 44–74 C3 Wang et al. (1997) 

Thin-leaved glycophytesb    

Gossypium hirsutum* 63 C3 Brugnoli & Lauteri (1991) 

Helianthus annuus 31 C3 Fredeen et al. (1991) 

Nicotiana tabacum* 55 C3 Sade et al. (2010) 

Solanum tuberosum 18 C3 Liu et al. (2006) 

Spinacia oleracea* 41 C3 Downton et al. (1985) 

a, comprehensive list 
b, not comprehensive 
*, calculated based on authors data 
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Table A2.3. The concentrations of Na+and Cl– in shoots on a tissue water basis in available 

halophytic species of the Amaranthaceae. Species are listed in alphabetical order and grouped 

according to sub-family i.e. stem-succulent species of the Salicornioideae, leaf-succulents of the 

Suaedoideae and recreto-halophytes of the Chenopodioideae. Numerical values for data given in 

graphs were extracted with DataThief III (Shareware; version 1.6). Minimum, median (nearest 

across all studies, given in bold) and maximum NaCl treatment concentrations are specified and 

corresponding tissue ion concentrations. 

 
 
Species 

External 
NaCl conc. 
(mM) (min, 
med,  max) 

Tissue ion conc. (mM) (min, med, 
max) 

 
 
Reference 

Na+ Cl–  

Stem-succulent halophytesa    

Allenrolfea occidentalis* ~2, 540, 720 105, 888, 736 na Glenn & O'Leary (1984) 

Halocnemum 
strobilaceum* 

0, 680 114, 1045 114, 672 Pujol et al. (2001) 

Salicornia bigelovii* 5, 600 250, 2100 na Ayala & O'Leary (1995) 

Salicornia brachiata* 0, 600 246, 1066 na Parida & Jha (2010) 

Salicornia dolichostachya 50, 500 321, 574 266, 631 Katschnig et al. (2013) 

Salicornia europaea* ~2, 540, 720 280, 1557, 
1777 

na Glenn & O'Leary (1984) 

Salicornia europaea* 0, 510 160, 1255 na Aghaleh et al. (2011) 

Salicornia persica* 0, 510 205, 1303 na Aghaleh et al. (2011) 

Salicornia rubra 0, 600, 1000 1030, 1535, 
1878 

971, 1732, 
1933 

Khan et al. (2001) 

Salicornia utahensis 0, 600, 1000 414, 1850, 
2537 

339, 1873, 
2382 

Gul et al. (2009) 

Sarcocornia natalensis 0, 500 113, 609 198, 514 Naidoo & Rughunanan 
(1990) 

Sarcocornia vermiculatus* ~2, 540, 720 316, 953, 988 na Glenn & O'Leary (1984) 

Tecticornia indica 10, 500, 
2000 

400, 800, 1950 250, 550,  
1650 

English & Colmer (2013) 

Tecticornia pergranulata 10, 500, 
2000 

250, 700, 1950 450, 550, 
1550 

English & Colmer (2013) 

Tecticornia pergranulata* 10, 600, 800 400, 1200, 
1600 

667, 1670, 
2200 

Short & Colmer (1999) 

Leaf-succulent halophytesb     

Suaeda aegyptiaca 0, 500 50, 600 0, 450 Eshel (1985) 

Suaeda fruticosa 0, 600, 1000 370, 713, 1391 204, 793, 
1673 

Khan et al. (2000a) 

Suaeda maritima* 0, 680 220, 860 40, 730 Flowers (1972) 

Suaeda monoica 0, 500, 1000 88, 843, 978 23, 624, 744 Storey & Jones (1979) 

Suaeda salso 10, 600 200, 550 150, 500 Song et al. (2009) 

Suaeda torreyana* ~2, 540, 720 281, 997, 1072 na Glenn & O'Leary (1984) 

Recreto-halophytesb     

Atriplex canescens subsp. 
macropoda*  

~2, 540, 720 676, 1281, 
1406 

na Glenn et al. (1992) 

Atriplex lentiformis* ~2, 540, 720 478, 1232,  
1478 

na Glenn & O'Leary (1984) 

Atriplex nummularia 10, 450, 670 300, 650, 850 210, 400, 650 Bazihizina et al. (2009) 

Atriplex patula* ~2, 540, 720 373, 763, 946 na Glenn & O'Leary (1984) 
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Atriplex spongiosa 0, 500, 750 23, 598, 933 5, 341, 626 Storey & Jones (1979) 

  Atriplex vesicaria 0, 500, 1000 14, 1200, 1820 5, 900, 1200 Black (1960) 

na, not available 
a, comprehensive list 
b, not comprehensive 
*, calculated based on authors data 
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Chapter 3 Appendix: The distribution and population dynamics of stem-succulent halophytic shrubs (Tecticornia 

spp.) at an ephemeral salt lake in the semi arid-zone of north-west Australia  

 

Figure A3.1. Photographs of the most abundant Tecticornia species that grow on the salt flats at Fortescue Marsh. Photographs are of large plants with insets 

showing close-ups of the succulent stems and in (C) on the left, also showing adventitious roots that have formed on T. medusa during a recent flood and are 

now exposed. 
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Figure A3.2. (A, B) Photographs of other abundant perennial species growing on the Fortescue Marsh, with insets showing close-ups of leaves. (C) Crustaceous 

lichens can form mats covering the marsh soil surface and geophytic grasses that sprout following the recession of floodwaters in the wet season. (D) The T. 

indica zone during the dry season in September-the red colouration in shoots is due to the accumulation of betacyanin pigments. (E) Waterlogging in the T. 

medusa zone after floodwaters receded that submerged these plants. (F) Following rainfall and the recession of floodwater, Tecticornia seedlings germinate 

and emerge in abundance.   
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Figure A3.3. Kite diagrams showing the distributions of the most abundant perennial halophytes 

along two transects (A and B) established on the salt flats at Fortescue Marsh. Transects were 

situated along a topographical gradient which extended from the unvegetated interior to the 

periphery of the ephemeral lake (see Fig. 3.1, Chapter 3).  
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Figure A3.4. Photographs showing partially intact roots systems in excavated plants of the three 

dominant Tecticornia species at Fortescue Marsh. Note the pronounced tap-root in T. indica and 

abundance of lateral roots in T. auriculata.  
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Table A3.1. Two-way ordered table generated by TWINSPAN. Relevé numbers are arrayed across the top row by staking digits. Species names and numbers are arrayed 

on the left column. The patterns of 0/1 numbering along the right column and bottom row represent species and sample classifications respectively. Lines bisecting 

the table indicate the first division of species and relevés. The clustering dendogram representing species divisions is also illustrated. Species abbreviations: Te med = 

T. medusa, Te aur = T. auriculata, Te ind = T. indica, Te hal = T. halocnemoides, Mu flo = M. florulenta, Er spo = E. spongiocarpa. 

1 1 2 3 2 2 2 2 3 4 4 4 4 4 4 4 1 1 1 1 1 1 1 3 3 3 1 3 3 3 2 2 2 2 2

1 2 6 0 0 1 2 3 9 0 1 2 3 4 5 6 9 0 3 4 8 6 7 8 9 3 7 8 5 4 5 6 8 9 3 4 5 6 7 2 7 1 4 5

1 Te ind – – – 2 5 5 5 5 5 5 5 5 5 5 5 5 3 5 4 5 2 4 3 4 4 4 3 3 – – – – – – – – – – – – – – – – 0 0

4 Te hal – – – – – – – – – 2 2 2 – – – – 3 2 3 2 – – – – – – – – – – – – – – – – – – – – – – – – 0 0

6 Er spo – – – – 3 – – – – – – 2 3 – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – 0 0

3 Te aur 2 4 – – 2 – – – 2 – – – – – – – 4 4 4 2 4 5 5 5 5 5 4 3 5 5 5 5 – 4 2 2 2 3 3 – – – – – 0 1

5 Mu flo 5 3 3 3 – – – – – – – – – – – – – 1 4 2 – – – – – – – – – – – – 2 2 – – – – – – – – – – 0 1

2 Te med – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – 4 4 4 3 5 5 5 4 5 3 1 2 1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 1

0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 1 1
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Table A3.2. The statistical results of fitting GAM regression models to species-environment data. 

Predictors were selected for their significant marginal effects obtained by forward selection (see 

Table 2, Chapter 3). AIC is Akaike Information Criterion. See methods for acronym definitions of 

predictors.  

 

 

Response 
 

Te ind  Er sp  Te hal  Te aur  Mu flo  Te med 

Predictor: DIS             

Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0) 
Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  399.09  33.39  79.42  252.15  186.84  69.92 
F  27.46  20.16  2.91  30.84  18.63  122.04 
P  < 1.0e-6  < 1.0e-6  0.046  < 1.0e-6  < 1.0e-6  < 1.0e-6 
AIC  483.85  40.21  99.61  293.15  234.26  79.21 
Predictor:  ELV             
Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0) 
Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  517.89  5.91  81.69  376.01  141.42  117.26 
F  18.68  20.65  2.25  14.39  33.72  26.37 
P  < 1.0e-6  <1.0e-6  0.097  2.0e-6  < 1.0e-6  < 1.0e-6 
AIC  625.57  13.90  105.08  440.68  171.54  150.17 
Predictor:  SWC             
Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,1.0) 
Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  634.21  44.99  75.76  538.06  395.73  180.34 
F  14.55  10.16  3.66  4.66  2.48  44.07 
P  < 2.0e-6  < 5.5e-5  0.021  0.007  0.076  < 1.0e-6 
AIC  751.30  55.47  94.52  644.44  526.15  208.23 
Predictor: EC1:5             
Selected model  S(X,1.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,1.0) 
Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  710.02  49.08  90.55  462.16  366.71  300.34 
F  28.05  8.18  1.12  8.16  3.46  17.61 
P  < 4.0e-6  0.0003  0.3528  0.0002  0.0262  0.0001 
AIC  789.06  60.71  116.64  547.69  483.29  342.88 
Predictor:  SSP             
Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,1.0)  S(X,3.0)  S(X,3.0) 
Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  881.86  60.98  86.57  663.72  319.93  259.09 
F  6.30  3.53  1.60  4.21  6.05  7.62 
P  0.0015  0.0247  0.2052  0.0462  0.0019  0.0004 
AIC  1045.86  78.83  111.43  720.77  407.39  339.45 
Predictor:  Na1:5             
Selected model  S(X,1.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0) 
Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  751.19  53.61  79.10  568.96  336.24  239.94 
F  27.27  5.84  3.08  5.49  5.05  12.70 
P  < 1.0e-5  0.0023  0.0389  0.0078  0.0047  < 1.0e-5 
AIC  826.24  67.74  98.50  653.71  431.66  292.15 
Predictor:  K1:5               
Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0) 
Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  752.82  47.61  79.10  604.74  362.27  282.22 
F  8.53  8.54  3.08  2.18  3.65  10.00 
P  0.0002  0.0002  0.0389  0.0917  0.0208  0.0001 
AIC  912.57  59.15  98.50  742.62  475.46  337.48 
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Table A3.2 continued. 

 

 

 

Response  Te ind  Er sp  Te hal  Te aur  Mu flo  Te med 

Predictor:  pH1:5             
Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,1.0)  S(X,3.0)  S(X,3.0) 

Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 

Fitted model deviance  780.51  23.09  86.71  588.29  285.59  384.97 

F  7.95  15.78  1.45  7.33  8.94  2.98 

P  0.0003  < 1.0e-6  0.2442  0.0098  0.0001  0.0437 

AIC  944.63  33.51  113.92  662.24  354.89  477.73 

Predictor:   ECe             

Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0) 

Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  804.28  65.99  94.54  399.26  375.92  388.14 
F  6.71  1.98  0.64  11.82  3.01  3.35 
P  0.0009  0.1349  0.4045  0.0000  0.0424  0.0306 
AIC  987.22  90.99  123.47  473.41  501.41  468.93 
Predictor:  Nae             

Selected model  S(X,1.0)  S(X,1.0)  S(X,1.0)  S(X,1.0)  S(X,1.0)  S(X,1.0) 

Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  871.14  73.39  89.02  430.64  393.54  380.24 
F  6.06  1.10  1.52  6.80  2.72  3.48 
P  0.0018  0.3511  0.2269  0.0004  0.0639  0.0236 
AIC  1045.44  101.83  111.70  540.22  518.55  462.31 
Predictor: ECsw             

Selected model  S(X,1.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,1.0) 

Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 

Fitted model deviance  710.02  49.08  90.55  462.16  366.71  300.34 

F  28.05  8.18  1.12  8.16  3.46  17.61 

P  < 4.0e-6  0.0003  0.3528  0.0002  0.0262  0.0001 

AIC  789.06  60.71  116.64  547.69  483.29  342.88 

Predictor: Nasw             

Selected model  S(X,3.0)  S(X,3.0)  S(X,3.0)  S(X,1.0)  S(X,3.0)  S(X,3.0) 

Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  947.07  69.57  87.78  504.73  308.81  312.04 
F  13.64  1.44  2.33  16.44  6.46  7.91 
P  0.0006  0.2473  0.1116  0.0002  0.0012  0.0003 
AIC  1040.13  97.29  105.54  557.82  394.71  371.72 
Predictor:  K/Na             

Selected model  S(X,1.0)  S(X,3.0)  S(X,3.0)  S(X,1.0)  S(X,3.0)  S(X,3.0) 

Null deviance  1264.52  84.31  101.44  723.95  516.66  488.07 
Fitted model deviance  1169.71  79.97  82.38  611.21  444.43  259.94 
F  1.17  0.281  1.34  6.37  0.765  6.81 
P  0.3267  0.1720  0.2692  0.0118  0.4822  0.0001 
AIC  1398.53  121.95  116.65  676.40  698.02  340.27 
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Chapter 4 Appendix: Ecophysiology of three halophytic stem-

succulent species (Tecticornia spp.) subject to seasonal changes in 

salinity and water availability at an ephemeral salt lake 

 

Figure A4.1. Example transverse sections of woody stems in (A) T. auriculata and (B) T. indica that 

were assessed for the sap wood-heart wood boundary in determination of water conducting sap 

wood area for scaling of heat pulse velocity sap flow measurements (refer to methods). The heart 

wood, which contains tylose occluded xylem vessels (white arrows), is clearly discriminated in 

both species from the open xylem vessels of the sap wood (black arrows). The dashed lines 

indicate the approximate heart wood-sap wood boundary. Sections were observed with a light 

microscope (SZH-ILLD, Olympus, Tokyo, JP). (B–D) Scale bars, 200 μm.  

  

A B
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Figure A4.2. (A) Adventitious roots of Tecticornia medusa that formed during a recent flooding 

event and now exposed to air after the water receded. These roots emanated from nodes on 

woody stems of the shoot and would have grown through the water column into the lake 

sediment. (B) A transverse hand section from an adventitious root of T. medusa showing 

aerenchyma in the cortex (arrow indicating gas space lacunae). 
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Chapter 6 Appendix: Submergence tolerance in stem-succulent 

halophytes is associated with resistance to the osmotic swelling and 

rupturing of shoot tissues 

 

Figure A6.1. The change over 15 d in (A, B) Na+, (C, D) Cl– and (E, F) K+ concentrations on a tissue 

water basis in succulent stem articles in T. medusa (triangles), T. auriculata (squares) and T. indica 

(circles) when grown in non-submerged (open symbols, dashed lines) or submerged treatments 

(closed symbols, solid lines). Values are the means (n = 3) ± s.e., except for; T. auriculata at 15 d 

in the 10 mM NaCl treatment (n = 2). 
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Figure A6.2. The tissue water content as a function of the combined Na+, Cl– and K+ concentrations 

(EtOH-insoluble dry mass basis) in succulent stem articles of T. medusa (triangles), T. auriculata 

(squares) and T. indica (circles), both submergence salinities inclusive from day 2 onwards. R2 

values for T. medusa, T. auriculata and T. indica were 0.72, 0.77 and 0.75 respectively. The 

relationship between x and y was statistically significant (P < 0.05). 
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