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Abstract

Osmoregulation is essential for the survival ofgsasses in marine and hypersaline environmentsairhe
of this study was to examine ion concentrationfoaf seagrass specig8asidonia australis, P. sinuosa,
Amphibolis antarcticaandA. griffithii) after exposure to salinity changes. Plant fragmesre placed in a
series of aquaria at marine salinity (35) and,rajtee week of acclimation, exposed for 7 days timitias
between 20 and 70. CNa&" and total ion concentration increased with safiiit leaf tissue of the four
seagrasses species. These results were compatedhadte ofP. australisand A. antarcticasamples
collected at three locations at Shark Bay, Westarstralia where higher salinities occurred, randirgn
46-51. Concentrations of 'Kand C& were higher in seagrass tissues from Shark Bay ithahose in
aquarium trials. C| Na" and total ions irP. australisandA. antarcticafrom Shark Bay were lowest at the
highest salinity location. The 'Na' ratio in the aquarium trials (under ambient cdodi) was in the
following order: A. antarctica= A. grifffithii > P. australis> P. sinuosaand C&/Na' ratio was:A.
antarctica= A. grifffithii > P. sinuosa> P. australis.This species order indicates a physiological capaci
to tolerate variation in salinity. Furthermore, sheatios were higher in the locality with highsslinity in
Shark Bay, indicating acclimation and adaptationiaf concentrations to the salinity regime in the

environment.

Keywords: ions concentrationsPosidonia australis; Posidonia sinuosa; Amphibolantarctica,;
Amphibolis griffithii

1. Introduction

1.1. Osmoregulation in seagrasses

Elevated environmental salinities reduce water i@k making it increasingly difficult for plants
to acquire water and nutrients for the environn{eae Touchette, 2007 for a review). The abilityplaints
to tolerate salt is determinate by multiple biocleahpathways that facilitate retention and/or asigon
of water, protect chloroplast functions, and mamfian homeostasis (Parida and Das, 2005). Seagass
have adapted to life in the sea by developing sé\arategies to cope with the physiological seess
imposed by salinity (Touchette, 2007), includingimi@nance of ion homeostasis in order to tolerate

salinity changes.



Osmoregulatory adjustments in seagrasses incluttbesis of compatible solutes: carbohydrates
and free amino acids (Munns, 2002; Touchette 2080)jne and sugars (Tyerman et al., 1984; Pulich,
1986; Koch et al., 2007; Sandoval-Gil et al., 202@14; Marin-Guirao et al., 2013) and changes Ih ce
ultrastructure (Verslues et al., 2006; Sandovaldgil., 2012), but much less is known about change
ion content (Tyerman et al., 1984; Tyerman, 198%riltGuirao et al., 2013; Garrote Moreno et al.,

2014a,b) that enable seagrasses to cope with draddi@r pulsed changes in seawater salinity.

Recent studies in several species of seagrassesohaerved almost a doubling in concentrations
of Na" and Cl at the highest salinities tested under hypersaloralitions (Garrote-Moreno et al., 2014a;
Garrote-Moreno et al., 2015). Marine plants musable to balance Nand Cl fluxes to maintain osmotic
equilibrium while preventing the accumulation oésle toxic ions within the cytoplasm (Touchette, 200
It is likely that seagrasses growing within theptimal salinity range can achieve equilibrium fairl
rapidly. However, plants exposed to waters outdhdsr typical salinity distribution, but within tive
tolerance range, may require additional time (daysveeks) to acclimate (Tyerman et al., 1984). When
salinity changes persist or become more intenseeber, the adverse effects of ionic and osmotesston
metabolism can compromise the productivity and isahof seagrass species (Hasegawa et al., 2000; Zh
2003; Parida and Das, 2005; Touchette, 2007). WBileand N& are sequestered in the cell vacuole
(Touchette, 2007) they also contribute to mainteraof these ions in low concentration in the cyaspi
preventing physiological damage in addition to oBmadjustment (Hajibagheri and Flowers, 1989).
Maintenance of adequate levels of Knd C&® is essential for plant survival in counteractirajirsty
(Maathuis and Amtmann, 1999). Highef/Ka" and C&Y/Na’ ratios are characteristic of more tolerant
salinity species (Maathuis and Amtmann, 1999; Mwatsm et al., 2002, Garrote-Moreno et al., 2014a,
Garrote-Moreno et al., 2015).

1.2.Seagrasses in hypersaline environments

The extensive and diverse seagrass communitieg) aldestern Australia’s coastline may be
attributed to the general suitability of the coaghjch boasts a variety of habitats and a rangeopfical
and temperate species available for colonizatibmktan, 1997, Carruthers et al., 200Posidonia
australisandP. sinuosadominate protected habitats in Western Australith someAmphibolisand other
species in small area8mphibolis antarcticaand P. australisare Australian endemic seagrasses, widely
distributed across southern Australia and reachiyr northern tropical limit near Shark Bay on the

western coast (Walker, 1985).

Knowledge of salinity thresholds of seagrass speisecrucial to understanding and predicting
their capacity to withstand chronic changes innégliregimes, such as hypersaline discharges from
desalination plants, and prevent or reduce the ¢tbat this industry may cause some Australiagises
species. Species ¢fosidoniaand Amphibolisusually inhabit sublittoral environments with vestable
salinity regimes but in Shark Bay (Fig. 1), thegabccur in areas with naturally elevated salinitys

unusual for increased salinity to be maintainedaatonstant high value in the shallow sedimentary



environments with which seagrasses are associatethdhis respect Shark Bay provides an almosjumi
environment for study. Although there are someatems in surface salinity, bottom salinity remains
relatively constant on a seasonal basis (Loganl.etl@74) and on a longer time span, no significant
differences in the spatial pattern of salinity disitions were observed by Smith and Atkinson (9983
Shark Bay, Western Australia, consists of two gufisre than 200 km long; open to the Indian Ocean at
their northern ends. The restriction on seawateulkation imposed by broad, shallow shoals actbss
northern ends of the gulfs combined with the higte rof evaporation in the arid, subtropical climate
results in a gradient in salinity from north to gouSalinity reaches almost double that of seawssnity

at the southern ends of the gulfs, where evapaoraticeeds precipitation by a factor of 10, and wlibere

is a persistent gradient in salinity which increaem oceanic (35) to almost twice that of seawgt@) in

the southern sections of the bay (Logan et al.419mith and Atkinson, 1983; Hetzel et al., 20)ark
Bay has a remarkable and diverse seagrass flaita 1®ispecies recorded, including some species tfhem
temperate gener&osidoniaand Amphibolis(Walker et al., 1988). The occurrence of seagspgsies is
influenced by the prevailing salinity, allowing indlual species to be examined along the gradiént o
salinity at the upper limit of their tolerance tlisity. Extensive seagrass meadows cover mucheof/ast
area of Shark Bay (surface area 13,006)kiforming the biggest seagrass banks in the wdray are
dominated byA. antarctica,which covers 3700 kmapproximately 85% of the area covered by seagsass
with smaller areas d?. australis(200 knf) (Walker, 1985). Earlier studies showed a positiverelation in
distribution, biomass and in situ productivity Af antarcticawith increasing salinity, up to an optimum
growth rate at 42, and then decreasing as theitydliicreased, as well as at lower oceanic conaéotrs
(Walker, 1985; Walker et al., 1988).

1.3. This study — aims

The aim of this study was to examine changes iceoinations and ratios of NaCd?, K* and Cl
in leaf tissue of four SW Australian seagrass sgm€l. australisHook.f., P. sinuosaCambridge and Kuo,
A. antarctica(Labill.) Sonderet Ascherson and. griffithii den Hartog) over a range of salinities (20-70) in
aquarium conditions. These ion concentrations weea compared for two of these specRsaustralis
and A. antarcticafrom three locations in Shark Bay with naturallgwated salinity (Monkey Mia (46),
Denham (46.35) and Nanga (51), where the occurrehseagrass species is influenced by the pregailin

salinity.
2. Materials and methods
2.1 Plant sampling and experimental mesocosmogaesi

Fragments of rhizome with intact connected shootkraots were collected from a shallow bed at
1-1.5 m depth located at Woodman Point®(83 112) near Perth, in October- November 201Blants
were brought to The University of Western AustrgiRerth, Australia) in coolers from the samplinge si
and transplanted within 4 hours. The mesocosmsistedsof six 200 L aquaria in a constant tempeeatur

facility at UWA with constant temperature, kept2af C. Increased salinity treatments were produced by



adding marine salt to seawater and the lower $pkvéas obtained by diluting seawater with distilledter.
Salinity levels were maintained within £1.5 throogi the experiment (here salinity is measured and
reported according to the practical salinity scaléke light regime was adjusted to 12:12 h (lighitk)l with
additional overhead fluorescent lights. Independénpumps were installed to maintain proper aenaii
each aquarium. The parameters of illumination diaace and photoperiod), water temperature andrwate
refill were kept constant during all experimentabgess, so salinity was the only introduced vaeaditer

the acclimation period. The species tested havédasithermal optima in the warm temperate rangesyTh
inhabit areas where mean water temperatures heather restricted annual range (Cambridge et 8811
Walker and Cambridge, 1995). After one week acdiiomaperiod, plant fragments were exposed for 7
days to 20, 35 (ambient salinity, control treatped®, 50, 60 and 70 fd?. australisandP. sinuosaand

20, 35 (ambient salinity, control treatment), 49, &d 70 forA. antarctica.Due to the scarcity oA.
griffithii at the sampling sites, the salinity treatmentstlfis species were restricted to 20, 35 (control

treatment) and 70.

P. australiswas collected at three locations at Shark Bay s88tekm north of Perth: Monkey
Mia (46), Denham (47) and Nanga (51) at approxitga&ten depthA. antarcticawas only found at two of
the three stations, Monkey Mia and Nanga (Fig\Water samples were measured at each site for analys
of background salinity with a refractometer. Thenpkes were collected by snorkling in the morning an
then kept in coolers until processing within a feaurs at Denham, using the same techniques as the

aquarium samples (described in 2.2).
2.2 Plant response measurements

Total surface area (énshoot') and number of leaves per shoot was measurechaepéicates for
P. australisandP. sinuosa.

Leaf ion cations (Ng K*, Ca?) and anions (CJ concentrations were determined on six samples
(replicates) per salinity and species using anctmmomatograph (Metrohm 850 ProflIC AnCat- MCS with
chemical suppression and conductimetric detectiéagh sample consisted in two leaf poolsHosidonia
and ten forAmphibolis employing the basal third of photosyntheticalkweloped tissue randomly selected
for aquarium or locality on Shark Bay. Each sangfl®.05 g dw of dried (80°C for 24h) and groundesf |
material, previously cleaned of epiphytes and dnsih freshwater to remove attached salts (Bil&Y,5).
The samples were suspended in 15 ml of a 3.5 mM $Hd@ition made with ultrapure water, stirred for 30
minutes and centrifuged at 5000 rpm for 5 minuié® supernatant was filtered through 0.45 pum féiea
transferred through a Sep-Pak C-18 column to dotlex organic matter before it was analyzed initime

chromatograph (Marin-Guirao et al., 2013).

2.3 Statistical analysis



Leaf ion concentration (foA. antarcticg was analyzed using one-way ANOVA with salinity the
single factor. lons concentration and ratios irvésaofP. australisandP. sinuosawere analyzed with a
two-factor ANOVA with salinity and seagrass specis the factors, followed by Tukey post hoc
comparisons. For the two-way ANOVA, Tukey tests paning salinity treatments were done after pooling
the two species for each salinity treatment ifrtfeén salinity effect was significant and the inttian term
between salinity and seagrass species was ndte linteraction term was significant, one-way ANOVA
followed by Tukey tests were done among salinigatments for each seagrass species separatelyl (Soka
and Rohlf, 1998; Quinn and Keough, 2002). Homoggmai variance was evaluated with Cochran’s test
(Underwood, 1997). Differences were consideredifggmt at p< 0.05.

3. Results

There were significant differences in number of/Esaper shoot and total surface between species for
P. australisandP. sinuosasampled from Woodman Point and betw&eraustralisfrom Shark Bay and
Woodman Point (Fig. 2). Fd?. australis leaf area and number of leaves per shoot in SBaykplants
were higher than those in aquaria (leaf area 1@8.86, 68.63+4.79, number of leaves per shoot
3.33+0.16, 2.68+0.14, respectively).

Mean values of CINa;, and C4* measured ifP. sinuosacontrol plants were, respectively, 12.6, 17.7
and 27.8% higher than . australis(Fig.3). Nd and Clconcentration increased with increased salinity in
both seagrasses by the end of the experiment fisagmi interaction between salinity and seagraggisg;
Fig.3, Tablel). If we compare CGind N& concentration irP. australisbetween control salinity and the
highest salinity tested (70) these ions increas®8 4nd 67.6% respectively, and 38.8 and 44.4%Pfor
sinuosa In contrast, the lowest concentrations of botisiwere measured at the highest salinity location i

Shark Bay (Monkey Mia > Denham > Nanga).

K* concentration at the end of the experiment waidw the highest salinity treatment (70) than in
the rest of treatments for both species (significgai@raction between salinity and seagrass spe@as3,
Tablel).P. australisdecreased 34.7% at the highest salinity tested amedpwith control salinity and this
decrease was 8.3% f@. sinuosaln contrast to the aquarium trials, the highestcemtration of K was

found at the highest salinity location in Shark Bgnga > Denham = Monkey Mia).

Ca'? concentration at the end of the experiment ineeasith increased salinity, and that increase was
steeper foP. australis(14.4%) than foP. sinuosa(1.1%), (significant interaction between salinityda
seagrass species; Fig. 3, Table 1)?@ancentration foP. australisin Shark Bay was lower at the highest

salinity location (Nanga < Denham = Monkey Mia) bwras higher than in aquarium conditions.

Total ion concentration at the end of the expenimigcreased (more than 30%) with increased swlinit
to a similar extent in both species with no sigrfit interaction between salinity and seagrassepé€gig.
5, Table 1). However, total ion concentration dasesl with increased salinity at locations in SHaly

(Nanga < Denham < Monkey Mia).



The ratio K/Na" at the end of the experiment decreased with iseaalinity, from 0.5 to 0.1 fd?.
australis(61.3%) and foP. sinuosd34.7%), (significant interaction between saliratyd seagrass species;
Fig. 3, Table 1). There was a small but significdetrease foP. australisfrom the lowest salinity to 50
then a more pronounced decrease from 50 to 70.eTlwes a similar decrease over the plants With
sinuosabut showed a marked decrease at 35. This rati@ased at 40 and 50 and then it decreased
greatly (i.e 70 was lower than 35, 35 lower thara@@ 60 , 20 and 60 lower than 40 and 50). In SBagk
this ratio was higher at the highest salinity (NanrgMonkey Mia, Nanga = Denham, Denham = Monkey
Mia).

Similar results were observed for the'@ida’ ratio at the end of the experiment; the ratio dased
with increased salinity, 29.7% fd?. australisand 26.6% forP. sinuosa with no significant interaction
between salinity and seagrass species; (Fig. 3leTap The decrease was gradual, and significant
differences were only found between the lowest @) the highest salinity treatments (60 and 740). |
Shark Bay we observed differences between the losaity location and the other two (Nanga =

Denham > Monkey Mia).

Similar results were found for Thnd N& concentrations i\. antarcticaas salinity increased. At the
end of the experiment these concentrations incdeasth increased salinity in a rather gradual manne
35.7% and 22.7% respectively respect control treatr(Fig. 4, Table 1), with the concentration lotveis
20 and becoming progressively higher at highenisiagls. K concentrations if\. antarcticaat the end of
the experiment showed highest value at 60 thaovatahd high salinities (Fig. 4, Table 1). In Sh&y
CI', Na" and C&? concentration were higher at the lower salinityalilon (Monkey Mia > Nanga). A slight
decrease with increased salinity (6.7%) was fowrdXd? in A. antarcticaat the end of the experiment,
with 45, 60 and 70 being significantly lower thaf and 35 (Fig. 4, Table 1). No significant diffeces
were observed between both locations in Shark Batal ion concentration iA. antarcticaat the end of
the experiment increased with increased saliniy9%), with 35 and 45 displaying significantly hegh
concentrations than 20, 60 and 70 higher valuas #b and 45, (Fig. 5, Table 1). Total ion concitn
was higher at the locality with lower salinity (Mkey Mia > Nanga). Both KNa" and CA%Na'" ratios in
A. antarcticaat the end of the experiment decreased with isegtaalinity (6.1% and 4.7% respectively),
(Fig. 4, Table 1). Despite the limited sample $@eA. griffithii, our results show that, for ambient salinity
(85) CI, Na', K*, Ca? concentration and ¥Na and CH/Na' ratios were similar té\. antarctica(Fig. 4,
Table 1).

4. Discussion

This study found that GINa" and total ion concentration increased with sali(®0-70) in leaf tissue
of the four seagrasses species in aquarium congdjtgmilar to other species of seagr&&soceanicaand
Cymodocea nodosg@Marin-Guirao et al., 2013; Garrote-Moreno et aD15), Thalassia testudinurand

Halodule wrightii (Garrote-Moreno et al., 2014b). Suggesting thauamilation of ions is important in



osmotic adjustment. Our plants also followed thmesgattern of ion concentration as in these preskou

reported studies: C+ Na" > K> Cd? for both aquarium and Shark Bay samples.

These ion concentrations were then compared forafatbese specie®,. australisandA. antarctica
from three locations in Shark Bay with naturallgweted salinity [Monkey Mia (46), Denham (46.35)an
Nanga (51)], where the occurrence of seagrassespiecinfluenced by the prevailing salinity. In t@st to
the aquarium trials, concentrations of, ®la” and total ions irP. australisandA. antarcticafrom Shark
Bay were lowest at the highest salinity locatiorafilya, 51). K and C&* were higher in seagrass tissues
from Shark Bay than in those in aquarium trialse Ki/Na' ratio in the aquarium trials (under ambient
conditions) was in the following ordeA. antarctica= A. grifffithii > P. australis> P. sinuosaand
Ca?/Na’ ratio was:A. antarctica= A. grifffithii > P. sinuosa> P. australis.This species order indicates a
physiological capacity to tolerate variation inisgy (Maathuis and Amtmann, 1999; Muramatsu et al.
2002; Garrote-Moreno et al. 2014b; Garrote-Moreial.e 2015). Furthermore, these ratios were higer
the locality with highest salinity in Shark Baydinating acclimation of ion concentrations to tladirsty
regime in the environment. Our results showed gewdifice in ion ratio, which indicate that antarctica
would have a better salinity tolerance tHanaustralis and this in fact reflected by their distribution
Shark Bay, wherd\. antarcticapenetrates further thaP. australisinto higher salinity waters along the

permanent north-south salinity gradient (WalkeB3;9Nalker et al. 1988).

The participation of ions in adjusting osmotic putal (¥,) also varies among species. Althoughor
other important measures in osmoregulation wasmredsured in this study, the clear lineal relatigmsh
found between the ionic concentrations and salinitjicates the involvement of ions in osmotic fagon
in these species. IR. oceanicaonly CI was demonstrated to participate in osmotic adjestnfMarin-
Guirao et al., 2013; Garrote-Moreno et al., 2018)levin C. nodosahe percentage of ion participation in

Y, was clear as it increased in all hypersaline dwrd (37-59.5) (Garrote-Moreno et al., 2015).

K*/Na" and C&%Na’ ratios for P. australis were slightly higher for Shark Bay than for the
corresponding salinity in the aquartdowever, in aquaria these ratios decreased witteased salinity,
whereas in Shark Bay these ratios were highereahigihest salinity location (Nanga, Fig.3). JustoasP.
australis, A. antarcticaatios in Shark Bay for #¥Na" were higher than in aquaria and for€@ida’, much
higher in Shark Bay (Nanga) than in aquarium caoowid (Fig. 4). High salinity competes with the Wata
of other ions, especially’Kand C&?).

The responses of these species under aquariumtiomsdiocused solely on the effects of changes in
salinity for adult shoots, after an acclimationiperand a week of exposure. Walker and McComb (1990
compared the effect of salinity variations on thievgh of A. antarcticaseedlings, both in situ and in
aquaria, and found that its tolerance was similabdth cases. Sensitivity to salinity variationsl aons
concentration may differ in seedlings (Pujol et 2001), different plant tissues (Birch, 1975; Yel&hao,
2003; Garrote-Moreno et al., 2014b), time of expesiminutes to hours to days; Flowers et al., 1977;
Tyerman, 1982; Touchette, 2007), exposure and exg@eriod (Marin-Guirao et al., 2013).



The ion concentrations @&. antarcticaandP. australiscollected in Shark Bay are the result of plants
fully acclimatized to the prevailing hypersalinendadions (described in Walker, 1985, Walker and
McComb, 1990, Hetzel et al., 2015). In contrast, llypersaline brines discharged by desalinationtpla
present a more complex situation, so that it maybeopossible to extrapolate the results obtainetthis
study to the tolerance of seagrasses exposed &alabrine discharge. However, the constant salinity
fluctuations, de-oxygenated water and slightly kigtemperatures associated with brines have bemsmsh

to cause physiological stress in seagrass spdgasdate-Moreno et al., 2014a).

The differences in ion concentration shown in thigk could also be the result of selection for leigh
tolerance to consistently hypersaline conditiongfeBences in genetic structure between Shark Bay a
open coast populations exist fr australis(Sinclair et al., 2014), and there are well-docutedrinstances
of seagrasses showing differences in behavior lestvaifferent populations, which have adapted to the
local conditions (Benjamin et al., 1999; Kamermanhsil., 1999; van Katwijk et al., 1999; Vermaatkt
2000; Fernandez-Torquemada and Sanchez Lizaso; 3@bhier et al., 2012). Most of these differences
have consisted of growth and survival responsesXample, Fernandez-Torquemada and Sanchez Lizaso
(2011) observed greater shoot growth and survieslpie salinity variations for both populations and
individuals of Cymodocea nodosdrom the Mar Menor lagoon (42-47) compared to dafrom
Mediterranean near-shore coast (37-38). On the didwed, Sghaier et al., (2012) observed that tmeian
leaf production ofZ. nodosan the Ghar El Melh Lagoon (Tunisia) was approxiehaten times higher in a
channel with more stable salinity (37-39) than desthe lagoon (37-45). Similarly, Kamermans et al.
(1999) and van Katwijk et al. (1999) observed #sttiarineZostera marinandividuals did not tolerate an

increase in salinity as well as individuals fromnarine population.

In conclusion, C| Na and total ion concentration increased with safi(0-70) in leaf tissue of the
four seagrasses species in aquarium conditiorsritrast to the aquarium trials, concentration€lgfNa’
and total ions irP. australisandA. antarcticafrom Shark Bay were lowest at the highest salilatation
(Nanga, 51). K and C&” were higher in seagrass tissues from Shark Bayithéhose in aquarium trials.
The K'/Na" ratio in the aquarium trials (under ambient cdodg) was in the following ordes. antarctica
= A. grifffithii > P. australis> P. sinuosaand C4%Na' ratio was:A. antarctica= A. grifffithii > P. sinuosa
> P. australis. This species order indicates a physiological cdpaw tolerate variation in salinity.
Furthermore, these ratios were higher in the lgcalith highest salinity in Shark Bay, indicating
acclimation of ion concentrations to the saliniégime in the environment. So, we can conclude ttiet
differences observed in this work between Shark &ay aquaria conditions were due to the adaptation
different population of the same species to thebitats and an ion acclimation of these speciels thigir
environment.

Acknowledgements

We thank Maryann Evetts for her support and assistaluring this project, Renae Hovey, Andrea Zavala
Perez at UWA for field and technical assistancénducollection and experiments. A.G. was suppohed

an FPI grant from Universidad de Alicante.



References

Benjamin, K. J., Walker, D. I., McComb, A. J., Kub,1999. Structural response of marine and estiari
plants of Halophila ovalis (R.Br.) Hook. f. to loierm hyposalinity. Aquatic Botany 64, 1-17.

Birch, W.R., 1975. Some chemical and calorific mndigs of tropical marine angiosperms compared with
those of other plants. J. Appl. Ecol. 12 (1), 2Q12:2

Cambridge, M.L., Breeman, A.M., van den Hoek, C91l9Temperature responses and distribution of
AustralianCladophoraspecies (Cladophorales: Chlorophyta). Aquatic Bp#0, 73-90.

Carruthers, T.J.B., Dennison, W.C., Kendrick, GWaycott, M., Walker, D.I., Cambridge, M.L., 2007.
Seagrasses of south—-west Australia: A conceptuathegis of the world's most diverse and extensive
seagrass meadows. Journal of Experimental Mariol@y and Ecology 350, 21-45.

Ferndndez-Torquemada,Y., Sanchez Lizaso, J.L.,.2B&%ponses of two Mediterranean seagrasses to
experimental changes in salinity. Hydrobiologia 689-33.

Flowers, T.J., Troke, P.F., Yeo, A.R., 1977. Thechamism of salt tolerance in halophytes. Annu. Rev.
Plant Physiol. 28, 89-121.

Garrote-Moreno, A, Fernandez-Torquemada, Y, Santimso, J.L., 2014 a. Salinity fluctuation of the
brine discharge affects growth and survival of skagras€ymodocea nodoséarine Pollution Bulletin
81, 61-68.

Garrote-Moreno, A, McDonald, A, Shermand, T.D., &@z-Lizaso, J.L., Heck Jr, K.L., Cebrian, J.,
2014b. Short-term impacts of salinity pulses onidaratios of the seagrass@ébalassia testudinurand
Halodule wrightii Aquatic Botany 120, 315-321.

Garrote Moreno, A., Sandova@Gil, J.M., Ruiz, J.M., MarinGuirao, L., Bernardeattsteller, J., Garcia
Mufioz, R., Sanchetizaso, J.L., 2015. Plant water relations and i@mmbeostasis of Mediterranean
seagrasse$’psidonia oceanicand Cymodocea nodo¥an response to hypersaline stress. Mar Biol. 162,
55-68.

Hajibagheri, M.A., Flowers, T.J., 1989. In: Lauctii, Luttge, U. (Eds.), Salinity: Environment —aRts —
Molecules., pp. 423-449.

Hasegawa, P.M., Bressan, R.A., Zhu, J.K., Bohted,, 2000. Plant cellular and molecular responses
high salinity. Annu Rev Plant Physiol Mol Biol 5463-499.

Hetzel, Y., Pattiaratchi, C., Lowe, R, Hofmeister, 2015. Wind and tidal mixing controls on stiiatifion
and dense water outflows in a large hypersaline bageophys. Res. Oceans, 120,
doi:10.1002/20153C010733.

Kamermans, P., Hemminga, M.A., de Jong., D. J.91%gnificance of salinity and silicon levels for
growth of a formerly estuarine eelgraZogtera marina population (Lake Grevelingen, the Netherlands).
Mar. biol. 133, 527-539.

Kirkman, H., 1997 Seagrasses of Australidustralia: State of the Environment Technical &aferies
(Estuaries and the Sea), Department of the EnviemnCanberra.

Koch, M.S., Schopmeyer, S.A., Kyhn-Hansen, C., MaddC.J., Peters, J.S., 2007. Tropical seagrass
species tolerance to hypersalinity stress. AquaiBBp14—-24.



Logan, B.W., Read, J.F., Hagan, G.M., Hoffman,BPgwn, R.G., Woods, P.J. and Gebelein, C.D., 1974.
Evolution and diagenesis of Quaternary carbonag@eseces, Shark Bay Western Australia. Am. Assoc.
Pet. Geol. Mere., 22: 358 pp.

Maathuis, F.J.M., Amtmann, A., 1999 Kutrition and NAtoxicity: the basis for cellular ®*Na" ratios.
Ann. Bot. 84, 123-133.

Marin-Guirao, L., Sandoval-Gil, J.M., Bernardeaueier, J., Ruiz, J.M., Sanchez-Lizaso, J.L., 2013.
Responses of the Mediterranean seagPassdonia oceanic#o hypersaline stress duration and recovery.
Mar Environ Res 84, 60—75.

Munns, R., 2002. Comparative physiology of salt esader stress. Plant Cell Environ 25, 239-250.

Muramatsu, Y., Harada, A., Ohwaki, Y., Kasahara, Yakagi, S., Fukuhara, T., 2002. Salt-tolerant
ATPase activity in the plasma membrane of the neasingiospernZostera marina.. Plant Cell Physiol
43, 1137-1145.

Parida, S.K., Das, A.B., 2005. Salt tolerance alithity effects on plants. Ecotoxicol Environ S&, 824—
349.

Pujol, J.A., Calvo, J.F., Ramirez-Diaz, L., 200&e& germination, growth, and osmotic adjustment in
response to NaCl in a rare succulent halophyte Bontheastern Spain. Wetlands 21, 256-264.

Pulich, W.M., 1986. Variations in leaf soluble amimcids and ammonium content in subtropical
seagrasses related to salinity stress. Plant RI8&i@83-286.

Quinn, G.P., Keough, M.J., 2002. Experimental Deségnd Data Analysis for Biologists. Cambridge
University Press, Cambridge, UK, 537 pp.

Sandoval-Gil, J.M., Marin-Guirao, L., Ruiz, J.MQ12. Tolerance of Mediterranean seagrad3esifonia
oceanicaand Cymodoceanodosd to hypersaline stress: water relations and ostealgncentrations. Mar
Biol 159, 1129-1141.

Sghaier, Y.R., Zakhama-Sraieb, R. And Charfi-Chekha, F., 2012. Seasonal variation@fmodocea
nodosain The Ghar El Melh Lagoon (Tunisia), with refecento insolation, temperature and salinity
effects. Bull. Inst. Natn. Scien. Tech. Mer de Satebd, Vol. 39, 117-125.

Sinclair, E. A., Krauss, S.L., Anthony, J., HoveR,, Kendrick, G.A., 2014. The interaction of
environment and genetic diversity within meadowslaf seagrasBosidonia australiPosidoniaceae).
Mar Ecol Prog Ser, 506, 87—98.

Smith, S.V. and Atkinson, M.A., 1983. Mass balaméecarbon and phosphorus in Shark Bay. Limnol.
Oceanogr., 28, 625-639.

Sokal, R.R., Rohlf, F.J., 1998. Biometry. W. H. ém&an and Company, New York, USA, pp. 887.

Touchette, B.W., 2007. Seagrass-salinity interastioPhysiological mechanisms used by submersed
marine angiosperms for a life at sea. JEMBE 35@;2%5b.

Tyerman, S.D., 1989. Solute and water relationsesfgrasses. In: Larkum AWD, Mc Comb AJ, Sheperd
SA (eds) Biology of seagrasses: a treatise on thkdy of seagrasses with special reference to the
Australian Region. Elsevier, Amsterdam, pp. 723=759

Tyerman, S.D., 1982. Stationary volumetric elastiodulus and osmotic pressure of the leaf cells of
Halophila ovalis Zostera capricorniandPosidonia australisPlant Physiol. 69, 957-965.



Tyerman, S.D., Hatcher, A.l., West, R.J., Larkum\WAD., 1984.Posidonia australigrowing in altered
salinities: leaf growth, regulation ¢firgor and the development of osmotic gradientstAuPlanfPhysiol
11, 35-47.

Tyerman, S.D., 1989. Solute and water relationseafgrasses. In: Larkum AWD, Mc Comb AJ, Sheperd
SA (eds) Biology of seagrasses: a treatise on thkdy of seagrasses with special reference to the
Australian Region. Elsevier, Amsterdam, pp. 723-759

Underwood, A.J., 1997. Experiments in Ecology. Theigical Design and Interpretation Using Analysis
of Variance. Cambridge University Press, CambridRgino Unido, pp. 504-509.

van Katwijk, M. M., Schmitz, G. H. W., Gasseling, R., van Avesaath, P. H., 1999. Effects oh#gli
and nutrient load and their interaction Zostera marinaMarine Ecology Progress Series 190, 155-165.

Vermaat, J. E., Verhagen, F. C. A., Lindenburg, ZD00. Contrasting responses in two populations of
Zostera noltiiHornem. to experimental photoperiod manipulatioriveo salinities. Aquatic Botany 67,
179-189.

Verslues, P.E., Agarwal, M., Katiyar-Agarwal, ShuZ J., Zhu, J.K., 2006. Methods and concepts in
guantifying resistance to drought, salt and fregzabiotic stresses that affect plant water st®lant J 45,
523-539.

Walker, D.l.,, 1985. Correlations between salinitydagrowth of the seagrassmphibolis antarctica
(Labill.) Sonder & Aschers., in Shark Bay, Westehnstralia, using a new method for measuring
production rate. Aquatic Botan23, 13-26.

Walker, D.l., Kendrick, G.A., McComb, A.J., 1988h4d distribution of seagrass species in Shark Bay,
Western Australia, with notes on their ecology. AtitiBotany 30, 305-317.

Walker, D. I, McComb, A. J., 1990. Salinity respenof the seagrassmphibolis antarctica(Labill.)
Sonder et Aschers: an experimental validationelfifresults. Aquatic Botany 36, 359-366.

Walker, D.l., Cambridge, M.L., 1995. An experiménsasessment of the temperature responses of two
sympatric seagrassedmphibolis antarcticaand Amphibolis griffithij in relation to their biogeography.
Hydrobiologia 302, 63-70.

Ye, C.J., Zhao, K.F., 2003. Osmotically active canmpds and their localization in the marine halophyt
eelgrass. Biol. Plant. 46 (1), 137-140.

Zhu, J.K., 2003. Regulation of ion homeostasis usdé stress. Curr Opin Plant Biol 6, 441-445.

Fig. 1. Situation of the three localities where samplesexcollected in Shark Bay (Western Australia).



Fig. 2. Mean (xSE) number of leaves per shoots and tatéhee in aquarium conditions and Shark Bay for
P. australisand number of leaves per shoots and total suifeaguarium conditions fdP. sinuosa

Fig. 3. The effects of salinity on leaf ion concentrat{ong g*) and K/Na and C&/Na ratios in aquarium
conditions and Shark Bay fd?. australisandP. sinuosa Solid circles correspond t®. australis open
circles toP. sinuosaand gray triangles tB. asutralisin the three location sampled in Shak Bay [Monkey
Mia (46), Denham (46.35) and Nanga (51)]. Valuestarmeans values and confidence intervals are S.E.
Letters denote the results of post hoc Tukey comspas (one-way ANOVA or two-way ANOVA with
non-significant interaction term). Insets of ordksalinity treatments denote the results of posthakey
comparisons for each species (two-way ANOVA witinficant interaction term). See text for detalils.

Fig.4. The effects of salinity on leaf ion concentrat{iong g*) and K/Na and C&/Na' ratios in aquarium
conditions and Shark Bay f@. antarcticaandA. griffithii. Diamond circles correspond £ antarctica
open diamonds té. griffithii and gray triangles tA. antarcticain the two location sampled in Shak Bay
[Monkey Mia (46) and Nanga (51)]. Values are to newgalues and confidence intervals are S.E. Letters
denote the results of post hoc Tukey comparisons-(gay ANOVA).). Due to the reduce samples side of
A. griffithii only some of the salinity treatments existed. Sumlnes are plotted for illustrative purposes.
See text for details.

Fig.5. The effects of salinity on total ion concentratigng g—1) in aquarium conditions and Shark Bay.
(A) Solid circles correspond t®. australis open circles t®. sinuosaand gray triangles tB. australisin

the three location sampled in Shak Bay [Monkey Mi&), Denham (46.35) and Nanga (51)]. (B) Diamond
circles correspond tA. antarctica open diamonds tA. griffithii and gray triangles td. antarcticain the

two location sampled in Shak Bay [Monkey Mia (4@)JdaNanga (51)]. Values are to means values and
confidence intervals are S.E. Letters denote thelt® of post hoc Tukey comparisons (one-way ANOVA
or two-way ANOVA with non-significant interactiortm). Due to the reduce samples sid@ofriffithii

only some of the salinity treatments existed. Suallies are plotted for illustrative purposes. Se¢ for
details.

Table 1

ANOVA summary table comparing variations in ion centrations in leaves fd?. australis P. sinuosa
andA. antarctica

Variable Effect df MS F

Cr Sal 5 0.18 459.73%**
Species 1 246.70 632541.17**
SalxSpecie 5 0.1cC 252.88***
Residual 60 0.00
Total 71

Na* Sa 5 5.37 470.56%**
Species 1 2.58 225.90%**
SalxSpecies 5 0.13 11.57%*
Residue 6C 0.01
Total 71

K* Sal 5 249.42 301.32%*
Species 1 119.02 143.79%+*
SalxSpecies 5 69.33 83.75%**
Residual 60 0.83
Total 71

Ca’? Sal 5 1.97 4.04*
Species 1 19.92 40.91***
SalxSpecies 5 251 5.15%**
Residual 60 0.49
Total 71

Total Sal 5 8.84 17.33%*
Species 1 42.81 83.90%**
SalxSpecies 5 0.36 0.71ns



K*INa"
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Cl-
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Df, degrees of freedom; MS, mean squares.
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* Significant at p < 0.05.
** Significant at p < 0.01.
*** Significant at p < 0.001.
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Highlights

ClI, Na' and total ion concentration increased with salinity in leaf tissue of A. antarctica, A. grifffithii, P.

australis and P. sinuosa.
K" and Ca** were higher in seagrass tissues from Shark Bay than in those in aquarium trials.

Cl, Na* and total ions in P. australis and A. antarctica from Shark Bay were lowest at the highest salinity

location.

The K'/Na® ratio in the aquarium trials (under ambient conditions) was: A. antarctica = A. grifffithii > P.

australis > P. sinuosa.

The Ca+2/Na+ ratio was: A. antarctica = A. grifffithii > P. sinuosa > P. australis.



