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INTRODUCTION

Shallow seagrasses are exposed to a variety of envi-
ronmental extremes, including high solar radiation,
wide temperature fluctuations and exposure to desic-
cation, all of which are influenced by the prevailing

tidal conditions. Though many seagrasses have
evolved anatomical and physiological mechanisms to
deal with such environmental fluctuations (Pérez-
Lloréns & Niell 1993, Abal et al. 1994, Dawson & Den-
nison 1996), rare events can produce conditions
beyond the range of physiological tolerance. The
effects of temperature extremes have been widely
investigated in terrestrial plants (Berry & Björkman
1980, Berry & Raison 1981) and marine macrophytes
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ABSTRACT: Exposure to desiccation during heat wave conditions (≥35°C) is considered the most
likely cause of a sudden dieback of 12700 ha of intertidal and shallow subtidal seagrasses along
95 km of coast in Spencer Gulf, South Australia. To investigate this hypothesis experiments in a con-
stant environment (CE) room were designed to test the tolerances of 2 shallow subtidal species,
Amphibolis antarctica and Posidonia australis, to desiccation for a range of temperatures and expo-
sure times. The first experiment compared the effects of increasing exposure time (15, 30, 45, 60, 80
and 100 min) on photosynthetic efficiency at a relatively mild summer temperature (CE room set to
24°C). The second experiment compared the effects of increasing temperature (CE room temperature
set to 18, 24, 28 or 32°C) and exposure time (0, 20 and 60 min). Photosynthetic efficiency, damage and
extent of recovery were determined by chlorophyll fluorescence measured using a pulse amplitude
modulated fluorometer. The ability of both species to recover from desiccation decreased at higher
temperatures and longer exposure time, with P. australis more susceptible to desiccation than
A. antarctica. The results indicate that higher temperatures alone did not significantly affect photo-
synthetic efficiency for either species. Four main responses for maximal quantum yield over a time
series were apparent: (1) no difference from controls, (2) a significant degree of photosystem II inhi-
bition followed by complete or (3) partial recovery, and (4) complete inhibition of photosystem II with
no recovery. Short exposures to desiccation at lower temperatures generally resulted in moderate
stress followed by complete recovery, while at higher temperatures there was only partial recovery,
particularly for P. australis. However, both species exposed for 1 h at the highest temperature showed
no signs of photosynthetic recovery up to18 h after re-immersion, suggesting that significant seagrass
dieback is plausible under these conditions in situ, particularly if the seagrasses were exposed to
repeated desiccation on consecutive days.
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(Bulthuis 1987, Davison 1991), but the effects of desic-
cation on marine plants and seagrasses in particularlar
have received less attention.

Photosynthesis is a fundamental process common to
all ecosystems, and both temperature and desiccation
have been shown to significantly influence this pro-
cess. The response of seagrasses and other plants to
elevated temperatures is not a linear relation. Gener-
ally there is a specific optimal temperature for photo-
synthesis, which is higher than that for optimal growth.
When this temperature is exceeded, there is a rapid
decline of photosynthesis (Biebl & McRoy 1971, Bult-
huis 1983). Critical thermal stress in Australian sea-
grasses has been shown to occur at temperatures
exceeding 35°C (Bulthuis 1983, Ralph 1998). A similar
response has been reported for desiccation where net
positive photosynthesis is maintained for a defined ini-
tial period, beyond which continued desiccation results
in negative net photosynthesis and/or permanent cell
damage (Beer & Eshel 1983, Matta & Chapman 1995).

Heat-induced tissue damage to seagrasses is indi-
cated by brownish-black discolouration of the cell wall
and contents (Biebl & McRoy 1971, Walker & Cam-
bridge 1995) and the cessation of protoplasmic stream-
ing (Biebl & McRoy 1971). At the molecular level these
effects manifest as changes in the enzyme catalysed
reactions of photosynthesis and other processes, such
as the active transport of CO2 and HCO3

– across
plasma and chloroplast membranes (Davison 1991).
For plants in general, damage to photosynthetic tissue
may range from a loss of specific enzyme activity and
changes in membrane function through to a break-
down in cellular integrity as seen in cases of severe
thermal stress (Berry & Björkman 1980). The extent of
damage and speed of recovery are related to the
degradation rate of damaged proteins (e.g., D1 pro-
tein) and subsequent re-synthesis and replacement by
new proteins (Krause 1988, Bruhn & Gerard 1996).

Desiccation causes cellular dehydration, which in-
creases the concentration of electrolytes within the
cell, causing changes to membrane-bound structures
including the thylakoid (Wiltens et al. 1978). Since
chlorophyll protein complexes are contained within
the thylakoid membrane, chlorophyll fluorescence is
therefore a sensitive indicator of structural damage to
this membrane (Schreiber & Bilger 1987). However, in
the short term, there is evidence that exposure to air
may enhance photosynthesis in seagrasses due to
decreased resistance to CO2 diffusion (Beer & Rehn-
berg 1997). When emersed, intertidal Zostera has been
shown to utilise CO2 with assimilation rates equal to or
higher than those of submerged plants, providing that
the leaf is adequately hydrated (Leuschner et al. 1998).

The experiments presented in this paper relate to a
sudden dieback of more than 12700 ha of seagrass in

Spencer Gulf, South Australia (Seddon et al. 2000).
Notably, seagrass loss occurred only in intertidal and
shallow subtidal areas. The most compelling hy-
pothesis regarding causes of a dieback restricted to
shallow seagrasses relates to a combination of high
temperatures during a period of prolonged hot wea-
ther and increased desiccation due to unusually low
spring tides (Seddon et al. 2000).

In early February 1993, 1 to 2 negative tides (de-
pending on location) occurred at midday on consecu-
tive days during heat wave conditions where maxi-
mum air temperatures reached 35 to 40°C (relative
humidity 21 to 53%). Negative tides along the eastern
side of the gulf happen when the tide falls below the
Indian Spring Low Water level due to high barometric
pressure and/or easterly winds (Noye 1984, S. Seddon
pers. obs.). Data from tide gauges situated at the north-
ern and southern extremes of the dieback indicated
that seagrasses growing at Indian Spring Low Water
may have been exposed to air for approximately 80 to
115 min on the days mentioned above. While no water
temperature data are available from this period, field
observations on a calm 40°C day in 1996 revealed that
shallow water (50 cm deep) over areas of seagrass
dieback reached 32.7°C.

On the basis of these historical data, the objective of
these experiments was to compare the response of
2 predominantly subtidal species affected in the
dieback with the environmental conditions before the
event. The specific aims were to assess the photosyn-
thetic performance and ability for short-term recovery
of Amphibolis antarctica and Posidonia australis in
response to increasing temperature and duration of
desiccation.

MATERIALS AND METHODS

Seagrasses were collected in February 1998 from an
area adjacent to dieback in Spencer Gulf, South Aus-
tralia (33°31.0, 137°53.5). The plants were brought to
the South Australian Aquatic Sciences Centre (SAA-
SC) and transplanted into 200 ml plastic containers
with coarse quartz sand. Typically a single shoot of Po-
sidonia australis Hook. f. or stem of Amphibolis antarc-
tica (Labill.) Sonders & Aschers. ex Ascherson was
transplanted into each container, including a small
amount of associated roots and rhizome. In some cases
dividing shoots of P. australis were transplanted as sep-
arating them would damage the base of both shoots.
A. antarctica stems were thinned to give a density
between 2 and 8 heads per stem (a head contains a
cluster of 8 to 12 leaves). These seagrass transplants
(collectively referred to as experimental units) were
maintained in 500 l fibreglass tanks connected to a
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sand-filtered flow-through seawater system, situated
outdoors in full sunlight, for 3 mo before the start of the
experiments.

Experimental set-up. All trials from the experiments
below used the same equipment set-up in a constant
environment (CE) room at SAASC. There were 6 glass
aquaria (65 l), which were designated either as ‘desic-
cation aquaria’ containing only wet sand (7 cm deep)
or as ‘seawater aquaria’ containing sand, seawater
(25 cm deep) and a submersible pump (100 l h–1 PJP
100, Project, Cittadella, Italy). The design for Expt 1
required 3 seawater aquaria and 3 desiccation aquaria,
whereas Expt 2 required 4 seawater aquaria and 2 des-
iccation aquaria. Within each aquarium, 8 plastic con-
tainers were submerged into the sand creating a cylin-
drical space for the experimental units to slot into,
enabling the quick transfer of experimental units be-
tween seawater and desiccation aquaria. As this set-up
used closed circulation, all aquaria were drained and
replaced with fresh seawater and different experimen-
tal units were added the afternoon before each trial.
Seawater was collected from the outdoor flow-through
system at ambient temperature (~19°C) and allowed to
equilibrate gradually with the CE room temperature
to minimise possible temperature shock to the experi-
mental units.

Light was provided by four 1000 W metal halide
lights (M1000IV, Osram Sylvania Products Inc, Man-
chester, USA) suspended by a frame above the 6
aquaria. These were timed to provide a diurnal light
cycle of similar intensity and duration to that measured
in an outdoor fibreglass tank during February (Fig. 1).
Two metal halides were switched on at 08:00 h and an-
other 2 at 10:00 h, then the first 2 were switched off at
14:30 h and the last 2 at 16:30 h. The initial and final
hours of light were provided by fluorescent lights only
(6.2 µmol photons m–2 s–1), which were on continuously
between 06:00 and 18:30 h. The metal halides gener-
ated a significant amount of heat, resulting in a diurnal
water temperature cycle (Fig. 1) analogous to the in situ
cycle recorded for shallow seagrass beds during sum-
mer (Seddon 2000). Heat from the metal halides was
directed away from aquaria by a fan that circulated air
through the gap between aquaria and lights. Another
fan circulating air across a tray of ice was required as an
additional heat sink when all 4 metal halides were on.
Humidity in the CE room was set to 30%, but was in-
creased due to evaporation from aquaria with the metal
halides on, resulting in a maximum humidity of 55 to
57% during the time that seagrasses were exposed to
air. Temperature was monitored in 2 seawater aquaria
and 2 desiccation aquaria by thermistors connected to a
data logger (Squirrel 1200 Series, Grant Instruments
Cambridge Ltd., Shepreth, UK) and monitored sepa-
rately with a mercury thermometer in all 6 aquaria.

Pulse amplitude modulated fluorescence measure-
ments. The photosynthetic performance of the sea-
grass experimental units under different experimental
conditions was determined by chlorophyll fluores-
cence using a pulse amplitude modulated (PAM) fluo-
rometer (Diving-PAM; Walz, Effeltrich, Germany). Flu-
orescence parameters F0 (initial chlorophyll fluores-
cence after dark adaptation [reaction centres open]), F
(chlorophyll fluorescence of a light adapted plant), Fm

(maximal chlorophyll fluorescence after dark adapta-
tion [reaction centres closed]), Fm′ (maximal chloro-
phyll fluorescence of a light adapted plant), Fv/Fm

(maximal quantum yield, where Fv = (Fm – F0) is vari-
able fluorescence) and ∆F/Fm′ (effective quantum yield
[(Fm′ – F)/Fm′]) were measured for leaves of the same
age and at a fixed position on the leaf. For Amphibolis
antarctica, this was mid-leaf on the adaxial surface of
the 5th oldest leaf, and for Posidonia australis, this was
the upper mid portion of the second oldest leaf (usually
there were 3 leaves per shoot). In both cases leaves of
intermediate age were sampled as there was less vari-
ation in chlorophyll fluorescence relative to older
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Fig. 1. Experimental light regimen and corresponding diurnal
water temperature cycle produced by heat emitted from the
metal halide lights for each constant environment room (CER)
set temperature. The CER light cycle is compared with solar
radiation as measured in an outdoor tank in January 1998 (Li-
Cor quantum sensor 5 cm underwater). The drop of approxi-
mately 1.5°C at 16:30 h corresponds to the removal and
replacement of 5 l of seawater (in all aquaria) to dilute water
affected and coloured by pigments leaching from the desic-

cated seagrasses
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leaves with a lower productivity, or immature leaves
with variable chlorophyll content. Dark leaf clips (Div-
ing-LC, Walz) were positioned onto the leaf, with their
shutters open, and an initial reading was made for
∆F/Fm′. The shutters were then immediately closed and
the leaves dark adapted for 15 min, after which a sec-
ond reading was taken for Fv/Fm. Fluorescence mea-
surements on all experimental units for any given sam-
pling period required processing in 2 batches due to a
limited number of leaf clips, taking approximately
40 min to complete.

Diving-PAM settings were kept constant throughout
the experiments. From preliminary work with these
species in natural sunlight, it was found that high irra-
diance during the middle of the day produced low
fluorescence signals due to the ‘midday depression’
of photosynthetic efficiency as found for seagrasses
(Ralph et al. 1998) and algae (Hanelt et al. 1994, Schrei-
ber et al. 1997) elsewhere. High irradiance induced
decline of Fv/Fm is known as dynamic photoinhibition,
where photosystem II (PSII) downregulation (decline
of Fv) protects against damage to PSII reaction centres
from excessive photon flux by thermal dissipation
(Huppertz et al. 1990, Henley et al. 1991, Krause &
Weis 1991, Osmond 1994). This problem was solved by
increasing the Diving-PAM measuring and saturating
light intensities and adjusting the gain accordingly
(measuring intensity = 10, saturating intensity = 12,
saturating width = 0.8 s and gain = 6). These settings
are high for plants at low light intensities (i.e. early
morning and late afternoon) but necessary to enable
the same settings to be used throughout the day,
thereby allowing a comparison of the absolute fluo-
rescence parameters F0, F, Fm and Fm′.

The amount of dead leaf tissue was visually assessed
after the completion of each trial. The proportion of
black/brown tissue for each leaf (Posidonia australis) or
head (Amphibolis antarctica) was estimated to the
nearest quarter, then the total amount of black/brown
leaf tissue per experimental unit was calculated as the
sum of the proportions of black/brown leaves or heads
divided by the total number of leaves or heads per
experimental unit.

Expt 1: Comparison of desiccation times. The objec-
tive of these trials was to compare the effects of
increasing desiccation time on both species for a rela-
tively benign summer temperature (CE room setting
24°C). The results from these trials were used to deter-
mine the air exposure times for Expt 2. Experimental
units of Amphibolis antarctica for the first trial and
Posidonia australis for the second were removed from
seawater aquaria at 12:00 h and transferred to desicca-
tion aquaria for 15, 30, 45, 60, 80 or 100 min, then
immediately returned to the original seawater aquaria
(n = 4 species–1 treatment–1). The 6 desiccation treat-

ments were interspersed across the 3 seawater
aquaria, with replicates randomly ordered within each
aquarium (i.e. 2 replicates aquarium–1 treatment–1).
Fluorescence was measured before air exposure (be-
tween 9:00 and 10:00 h), immediately after the indi-
cated air exposure time (12:30 to 14:30 h) and 2 h after
re-immersion (14:30 to 16:30 h).

Expt 2: Comparison of desiccation time with tem-
perature. The objective of these trials was to deter-
mine the effects of a short and long period of desicca-
tion with increasing temperature on both species of
seagrass. Four temperature treatments were compared
where the CE room was set to 18, 24, 28 or 32°C,
although because of the diurnal light cycle the temper-
ature was not constant and rose by up to 5°C higher
than the set temperature (Fig. 1). From the results of
Expt 1, it was decided that 20 min air exposure would
produce sub-lethal desiccation effects and a high like-
lihood of photosynthetic recovery for the range of tem-
peratures tested, and that 60 min air exposure would
cause possible lethal effects and a low likelihood of
photosynthetic recovery. There were 3 air exposure
treatments: 0, 20 and 60 min, where both species were
compared simultaneously for each temperature trial.
Two seawater aquaria contained plants for the de-
siccation treatments and 2 contained the controls,
with 2 replicates species–1 aquarium–1 (i.e. a total of
4 experimental units species–1 treatment–1). While it
was possible to intersperse control and air exposed
plants across the 4 seawater aquaria, it was important
to keep them separate particularly during recovery to
prevent dying seagrass from affecting control plants
(e.g., leaching of pigments and changes in water
chemistry). In addition, as there was 1 control treat-
ment, an extra 4 experimental units were required in
each control seawater aquarium to balance the num-
ber of experimental units within each seawater aquar-
ium to 8. Because of the limited number of experimen-
tal units, these additional ‘spare’ plants were neither
replaced nor measured throughout the 4 temperature
trials.

Fluorescence was measured for all experimental
units at low light early in the morning (between 07:00
and 08:00 h) to obtain Fv/Fm. At 12:00 h the experimen-
tal units were transferred to desiccation aquaria for the
specified time, then returned to the original seawater
aquaria, where fluorescence was measured at 0, 1 and
3 h after re-immersion. Final measurements were made
the following day (between 06:30 and 07:30 h) after 
18 h of re-immersion.

Expt 3: Comparison of desiccation rates with tem-
perature. The objective of these trials was to compare
the desiccation rates of Amphibolis antarctica and
Posidonia australis. Five A. antarctica heads and 5
P. australis shoots (with fibrous leaf sheaths removed)
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were exposed to air at a given temper-
ature (18, 24, 28 or 32°C) and relative
humidity of 55%. Seagrass heads or
shoots were removed from seawater,
the excess water was shaken off (but
not blotted with paper as this would
remove the surface film of water) and
each head or shoot was weighed after
0, 10, 20, 30, 40, 60, 80,100 and 120 min
of exposure to air. At the end of each
temperature trial all samples were
dried for 24 h at 60°C to obtain dry
weights. Dehydration rates were calcu-
lated as a percentage of the initial fresh
weight standardised against dry weight
(Pérez-Lloréns et al. 1994).

Data analysis. Fv/Fm data from Expt 2
were compared using 3-factor ANOVA
for each sampling time. These data were
not analysed as a time series due to sta-
tistical dependence between samples
through time within a trial. Variance
heterogeneity was checked using Co-
chran’s test and data were transformed
when required. Post hoc comparison of
means for significant main effects or
interactions was done using Tukey’s
test. Because of the bimodal nature of
the Fv/Fm data after desiccation, a vari-
ation on the arcsine transformation
described by Anscombe in 1948 (Zar
1984) was required to improve vari-
ance heterogeneity and normality of
the data.

RESULTS

Desiccation times

A clear difference in response to
increased air exposure time was evi-
dent between Amphibolis antarctica
and Posidonia australis (Fig. 2). There
was virtually no change in Fv/Fm for
A. antarctica after 15 min air exposure,
while Fv/Fm decreased for all other
exposure times2. Some recovery occurred
after 2 h re-immersion for A. antarctica
exposed for 30 and 45 min to air, but
there was no indication of recovery
after 60, 80 and 100 min exposure and
Fv/Fm continued to decline. P. australis
exposed to 15 min desiccation showed a
larger depression of Fv/Fm relative to
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Fig. 2. Comparison of maximal quantum yield (Fv/Fm) in response to air expo-
sure time for Amphibolis antarctica and Posidonia australis. Symbols represent 

mean values ± SE (n = 4)

Expt 1
Species Desiccation time (min)

15 30 45 60 80 100

A. antarctica 41 ± 15 61 ± 16 80 ± 11 100 ± 0 97 ± 3 94 ± 6
P. australis 0 ± 0 88 ± 13 92 ± 8 92 ± 8 100 ± 0 100 ± 0

Expt 2
Species Desiccation Constant environment room setting (°C)

time (min) 18 24 28 32

A. antarctica 20 5 ± 2 11 ± 5 7 ± 2 33 ± 7
60 53 ± 17 49 ± 10 93 ± 3 91 ± 8

P. australis 20 49 ± 15 38 ± 13 63 ± 11 49 ± 13
60 49 ± 10 75 ± 25 92 ± 8 95 ± 4

Table 1. Proportion of black/browning leaf tissue per experimental unit of
Amphibolis antarctica and Posidonia australis after the completion of each trial
for Expts 1 and 2. All values are expressed as percentages, mean ± SE, n = 5
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A. antarctica (Fig. 2). However, air exposure times
greater than 15 min resulted in the complete inhibition
of Fv/Fm for P. australis, with little indication of recov-
ery after 2 h of re-immersion. These results are corrob-
orated by the proportion of necrotic tissue at the end of
each trial (Table 1). Here practically all P. australis leaf
tissue was black/browning after 30 min in air com-
pared with 60 min for A. antarctica.

Desiccation time versus temperature

The ability of both species to recover from desicca-
tion decreased at higher temperatures and longer air
exposure time (Fig. 3). Recovery of Fv/Fm was gener-
ally faster and more complete for Amphibolis antarc-
tica at all temperatures particularly for shorter 20 min
exposures (Fig. 3). In comparison, recovery was less
complete for Posidonia australis even for the 20 min
exposures, with no recovery after 60 min in air except
in the short term (0 to 3 h) for the 18°C treatment.

Comparison of Fv/Fm results using ANOVA (Table 2)
showed significant pre-desiccation variation particu-
larly due to species and temperature. Initial yields dur-
ing low light in the morning were significantly higher
for Posidonia australis (0.74) than Amphibolis antarctica
(0.68) and significantly higher at 28 and 24°C (Fig. 3).
Immediately following re-immersion there was a sig-
nificant decrease in Fv/Fm with increasing exposure
time for both species, with Fv/Fm lower for A. antarctica
exposed for 60 min and P. australis exposed for 20 and
60 min. After 1 and 3 h of re-immersion, Fv/Fm re-
mained significantly lower for A. antarctica exposed
for 60 min and P. australis exposed for 20 and 60 min.
The following morning after 18 h of re-immersion,
Fv/Fm of plants exposed for 20 and 60 min remained

lower than that of the controls; however, Fv/Fm of
A. antarctica exposed for 20 min was not significantly
lower.

Overall temperature alone appeared to have a mini-
mal effect as there were no significant differences in
Fv/Fm for the controls of both species (Fig. 3, Table 2).
In addition, the controls from each temperature treat-
ment showed a similar level of PSII downregulation
during the period of high irradiance induced dynamic
photoinhibition. This can be seen from the measure-
ments made 0 and 2 h after re-immersion, when the
seagrasses were exposed to maximal light levels dur-
ing the simulated diurnal light cycle (Fig. 1), showing
that higher temperatures did not act synergistically
with high irradiances to further reduce photosynthetic
efficiency (i.e. non-significant temperature × desicca-
tion interaction, Table 2).

Four general patterns were identified, which sum-
marise the range of responses of Fv/Fm to temperature
and desiccation. Response 1 was usually shown by the
controls (and Amphibolis antarctica exposed for 20 min
at 18°C) where Fv/Fm essentially remained the same,
apart from the usual midday high irradiance downreg-
ulation of PSII. Response 2 occurred when PSII down-
regulation exceeded the typical midday depression
(exhibited by the control plants), indicating a short-
term desiccation effect followed by a complete recov-
ery. This is best illustrated by A. antarctica exposed for
20 min at 28°C and by Posidonia australis exposed for
20 min at 18°C (although for P. australis recovery was
not quite complete). The most common effect was
response 3, where air exposure caused inhibition of
Fv/Fm to exceed the usual midday depression followed
by a partial recovery of Fv/Fm, indicating more persis-
tent PSII damage that was not repaired after 18 h of re-
immersion (e.g., A. antarctica exposed for 60 min at all
temperatures and P. australis exposed for 20 min at 24
and 32°C). Finally, response 4 response occurred where
there was complete inhibition of PSII with no recovery
of Fv/Fm upon re-immersion, indicating chronic PSII
damage, as found for P. australis exposed for 60 min at
24, 28 and 32°C.

Fluorescence measurements on desiccated plants
within a treatment included a composite of responses
not distinguishable from the mean values given in
Fig. 3. As plants were not arranged in a particular way
when transferred to desiccation aquaria, leaves within
shoots or heads were orientated haphazardly with
respect to the air, lights and wet sand, resulting in 
a more realistic patchy dehydration of leaves. For
example, observations at the completion of each trial
showed that an average of 49 to 75% of leaf tissue was
black/browning in Posidonia australis shoots exposed
to 60 min of desiccation at low temperatures (18 and
24°C) compared with 92 to 95% at high temperatures
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Source of variation Relative time (h)
–5 0* 1* 3 18*

Temperature 0.000 0.000 0.112 0.024 0.011
Species 0.000 0.418 0.533 0.160 0.605
Desiccation 0.849 0.000 0.000 0.000 0.000
Temp × Species 0.109 0.054 0.261 0.252 0.087
Temp × Desiccation 0.282 0.594 0.054 0.190 0.882
Species × Desiccation 0.335 0.001 0.007 0.021 0.002
Temp × Species × 0.005 0.208 0.821 0.387 0.426
Desiccation

Table 2. ANOVA summary table of p values for maximal
quantum yield (Fv/Fm). The data were transformed using for
time –5 h and a variation on the arcsine transformation by
Anscombe (detailed in ‘Materials and methods‘) for times 0
to 18. *Data where transformation has failed Cochran’s test
for variance homogeneity, accordingly a more conservative
alpha value (i.e. p = 0.01) has been adopted (Underwood
1981). Significant factors and interactions are shown in bold
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(28 and 32°C) (Table 1). Thus, leaves could include rel-
atively unaffected tissue, exhibiting a degree of photo-
protective response with F0 and/or Fm quenched (Dem-
mig & Björkman 1987, Franklin et al. 1992), through to
severely damaged tissue with Fm and F0 chronically
inhibited. In the case of the photoprotective response,
Fm decreased to a greater or lesser degree until desic-
cation caused photodamage resulting in the decline of
F0 and further inhibition of Fm until Fm = F0. Here val-
ues from desiccated leaves form a distinct line showing
no Fv indicating that electron transport has ceased
(Fig. 4).

Desiccation rates

Rates of dehydration were slower for Amphibolis
antarctica than for Posidonia australis, particularly 
at lower temperatures (Fig. 5). At higher temperatures
(28 and 32°C) P. australis was the first to reach
50% dehydration after 60 min air exposure, with a 
further 80 min required at 24°C and 100 min at 18°C.
For A. antarctica, 50% dehydration was not reached
until after 75 min in air at 28°C and 32°C, with a further
100 min required at 24°C. At 18°C A. antarctica
was still only 45% dehydrated after 2 h of air exposure.

DISCUSSION

Desiccation times

The differential response of Amphibolis antarctica
and Posidonia australis to desiccation and temperature
has significant implications for the distribution and
survival of these 2 species in shallow water environ-
ments. Despite the relatively mild temperature used
for the desiccation time trials, the period that sea-
grasses were exposed to air was a major determinant
of the inhibition of photosynthetic activity. Fv/Fm was
completely inhibited for P. australis exposed to air for
periods greater than 15 min, whereas A. antarctica
suffered only moderate inhibition (Fig. 2). Fv/Fm for
P. australis was still chronically inhibited 2 h after re-
immersion, indicating considerable damage to PSII.
Even though there was some evidence of recovery for
P. australis exposed to air for 30 min, it would require
several days to monitor the full extent of recovery
involving protein resynthesis and repair of damaged
photosystems (Bilger et al. 1987, Ralph 1998).

These results provide an estimate of the desiccation
time required before significant photosynthetic inhibi-
tion indicative of photodamage occurs in Amphibolis
antarctica and Posidonia australis. However, the pe-
riod of exposure required to give rise to chronic inhibi-
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Fig. 4. Collapse of photosynthesis II (PSII) in seagrasses
exposed to desiccation. The distribution of parameters F0 (ini-
tial chlorophyll fluorescence after dark adaptation [reaction
centres open]) and Fm (maximal chlorophyll fluorescence after
dark adaptation [reaction centres closed] (a) 5 h before de-
siccation, followed by the switch from Fm > F0 to complete inhi-
bition of PSII where Fm = F0 (b) immediately after desiccation,
(c) 1 and 3 h after desiccation, (d) 18 h after desiccation. Note
that with the Diving-PAM (pulse amplitude modulated) fluo-
rometer there is as a low fluorescence signal to noise ratio for
readings less than 130 mV. For these values the mean error in 

measurement is estimated as ±12 mV (range 1 to 40 mV)
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tion in situ is likely to vary considerably. For
example, under calm conditions the thresh-
old time for photosynthetic damage may be
longer as evaporation from dense seagrass
beds is likely to be slower than that from
individual shoots. Conversely, strong winds
coupled with low humidity are likely to
accelerate desiccation relative to that ob-
served under laboratory conditions.

Desiccation time versus temperature

Higher temperatures combined with pro-
longed desiccation increased the extent of
photosynthetic inhibition and photodamage
(Fig. 3). Posidonia australis was more sensi-
tive than Amphibolis antarctica and showed
less capacity for recovery, although both spe-
cies were similarly unable to recover from
the combined effects of desiccation and high tempera-
ture at 32°C. This synergistic effect of temperature and
desiccation has important consequences for seagrass
survival in Spencer Gulf as negative tides generally
occur only during the warmer summer months. By
comparison, temperature alone had minimal influence
on chlorophyll fluorescence of the controls (i.e. no sig-
nificant difference in Fv/Fm between temperatures for
any given sampling period), which supports the view
that the temperature range for these experiments did
not exceed the critical temperature causing photosyn-
thetic decline for either species. This finding is consis-
tent with the results of Ralph (1998), who demonstrated
that electron transport in Halophila ovalis ceased only
at temperatures exceeding 37°C. Not withstanding this
result, it is likely that prolonged exposure of sea-
grasses in water at elevated temperatures may pro-
duce detrimental effects. Walker & Cambridge (1995)
showed that chronic heat stress started to cause mor-
talities of Amphibolis antarctica seedlings after 2 wk at
30°C, which is well below temperatures capable of
producing a rapid decline of photosynthesis.

In contrast to temperature effects, 1 h of air exposure
could produce chronic inhibition of photosynthesis at
all temperatures in the short term. For desiccated
leaves where Fm approached the same value as F0, it is
suggested that PSII is inoperable to the point of col-
lapse (Fig. 4). In addition, the existence of a clear gap
between the distribution of F0 versus Fm and collapse
where Fm = F0 indicates that desiccation does not pro-
duce a continuous decline in photosynthetic capacity,
but appears to cause a switch between extreme PSII
inhibition to complete PSII collapse where no electron
transport is possible (Ralph 1998). Leaves exhibiting
PSII collapse were discoloured and had lost their tur-

gor, with absolute values when Fm = F0 declining fur-
ther over time and suggesting chlorophyll degradation
(Fig. 4c,d). Subsequent leaching of pigments by desic-
cated plants into the surrounding seawater also sup-
ports this. The switch to PSII collapse occurred only in
desiccated leaves and was never found in control
plants regardless of the treatment temperature.

Photosynthetic reactions, which have been shown
to be sensitive to desiccation, are electron transport
between PSII and PSI and water splitting; in desicca-
tion tolerant plants both of these reactions recover
quickly when plants are rehydrated (Wiltens et al.
1978). Continued desiccation not only affects these
membrane-bound reactions, but also leads to a rapid
decline of dark CO2 fixing once a threshold of water
loss is reached (Kaiser 1987). The results presented
here suggest that 25 to 30% water loss in Posidonia
australis corresponds with chronic inhibition of Fv/Fm,
whereas for Amphibolis antarctica chronic photo-
synthetic inhibition occurs at ~40% water loss (Figs 2,
3 & 5). While photosynthetic inhibition due to desicca-
tion induced high cellular inorganic ion concentrations
is reversible in the short term, more extreme desicca-
tion produces significant cellular shrinkage and vol-
ume changes that are non-reversible (Kaiser 1987). It is
possible that the switch from chronic inhibition to PSII
collapse is indicative of the critical level of cellular
dehydration required to produce such non-reversible
conformational changes.

The characteristic increase of F0, often indicative
of photodamage (Krause 1988, Osmond 1994), while
occurring in individual leaves in some cases, was not
evident in these results as an overall response to desic-
cation or temperature. It has been shown in algae and
terrestrial plants that light, temperature and desicca-

127

Fig. 5. Relative desiccation rates of Amphibolis antarctica and Posi-
donia aus-tralis expressed as percentage dehydration. Mean ± SE (n = 5)
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tion effects strong enough to produce photodamage
result in a decrease of Fv/Fm. This is primarily due to an
increase in F0, beyond which any further decrease of
Fv/Fm is due to extreme Fm quenching (Demmig &
Björkman 1987, Schreiber & Bilger 1987, Huppertz et
al. 1990). As discussed earlier, the temperatures in
these trials were not high enough to inhibit photosyn-
thesis in the controls and cause a concomitant increase
in F0. However, desiccation definitely caused photo-
damage sufficient to produce a significant reduction of
F0 (probably reflecting chlorophyll degradation). Simi-
lar dramatic decreases of F0 in response to stress have
been reported for high light effects on terrestrial plants
(Demmig & Björkman 1987) and extreme heat on
seagrasses (Ralph 1998). Analysis of F0 quenching by
Schreiber & Bilger (1987) showed an increase in F0 for
mild desiccation, which reaches a plateau and is main-
tained over a range of periods of desiccation until a
threshold level of water loss is reached, prompting a
rapid decline of F0. This suggests that if an elevated F0

during the early stages of dehydration is to be de-
tected, the duration of desiccation for Amphibolis
antarctica and Posidonia australis needs to be shorter
than that used in these experiments, or a time series of
fluorescence measurements made while seagrasses
were exposed to air in the desiccation aquaria.

Only the controls and to a lesser extent Amphibolis
antarctica exposed for 20 min showed a full recovery
(Response 1) from high light induced PSII downregula-
tion and/or repair of desiccation induced photodam-
age. Further recuperation may be possible for seagras-
ses in treatments with incomplete or partial recovery
(Responses 2 and 3) where photodamage was not fully
repaired by the following morning. However, Adams &
Bate (1994) found that the recovery of Zostera capri-
corni exposed to desiccation was not due to the reha-
bilitation of damaged leaves but to the growth of new
leaves from basal meristems protected from dehydra-
tion by leaf sheaths. For seagrasses showing a type 4
response, no recovery was possible as irreparable
damage had occurred where, upon re-immersion, the
condition of leaves continued to deteriorate. In this
instance dead or dying tissue could still produce a flu-
orescence signal, but F0 and Fm were considerably
lower than normal (less than 300, Fig. 4c,d) and Fv/Fm

was zero.

Desiccation rates

Amphibolis antarctica became desiccated more
slowly than Posidonia australis, and this was particu-
larly evident at lower temperatures. The dehydration
rates presented here were slower than those reported
by Pérez-Lloréns et al. (1994), possibly because they

used single leaves rather than shoots or heads (leaf
clusters), which were used in these experiments to sim-
ulate more closely in situ desiccation of seagrass
leaves. The slower dehydration rates of A. antarctica
relative to P. australis seem paradoxical because
A. antarctica has thinner leaves and observations indi-
cated that it became desiccated more quickly than
P. australis. Nevertheless, despite becoming visibly
dry, A. antarctica re-hydrated more successfully than
P. australis, which remained limp and discoloured
upon re-immersion.

The different rates of desiccation between the 2 spe-
cies is consistent with the results presented here on the
response of photosynthetic efficiency to desiccation
with increasing temperature. In addition, these differ-
ential desiccation rates agree with the depth distribu-
tion for both species where Amphibolis antarctica beds
in Spencer Gulf are found in the shallow subtidal
areas, between the intertidal zone and subtidal Posido-
nia meadows. While Posidonia australis is found in the
intertidal zone, it has a sporadic distribution with con-
siderably stunted shoots and does not appear to form
continuous beds in this zone. In comparison with a
true intertidal species, neither seagrass seems entirely
suited to the intertidal zone. For example Zostera
muelleri not only is desiccated more slowly than P. aus-
tralis and A. antarctica, but after reaching 50% dehy-
dration (in 90 min), this species displays significant
desiccation resistance with no further water loss over
the next 30 min of exposure (Pérez-Lloréns et al. 1994).
Interestingly, Björk et al. (1999) found that tropical
Halophila ovalis and Halodule wrightii were less phys-
iologically tolerant to desiccation than many of the
adjacent subtidal species. They suggest that both these
species avoid desiccation by minimising water loss,
through a combination of appropriate leaf morphology
and orientation, allowing moisture to be retained dur-
ing low tide.

Conclusions

Under these experimental conditions, neither spe-
cies was able to recover completely from 1 h of desic-
cation during a period of re-immersion under condi-
tions of low light and darkness. Desiccation therefore
appears to constitute a more acute stress for Amphi-
bolis antarctica and Posidonia australis than high
temperatures. In the case of the Spencer Gulf sea-
grass dieback, subtidal seagrasses were exposed to
desiccation on consecutive days. Under such condi-
tions it is almost certain that the threshold for photo-
damage would have been exceeded (i.e. chronic
inhibition of Fv/Fm, which is not reversible under low
light conditions in the late afternoon and early
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evening; Huppertz et al. 1990). It is also probable that
this damage would have been compounded with
each repeated exposure, producing a pattern of
response similar to that shown by algae exposed
to successive daily treatments of 50% desiccation
(Hodgson 1981). The loss of photosynthetic capacity
and subsequent shedding of necrotic leaves across
hectares of seagrass beds (Seddon et al. 2000) would
cause a dramatic reduction in the photosynthetically
produced O2 available for transport to the roots and
rhizomes, leading to anaerobic sediments (Smith et
al. 1984). The ensuing mortality of seagrass roots and
rhizomes would most likely perpetuate seagrass loss
similar to the sulphide induced hypoxia that is
thought to have contributed to dieback of Thalassia
in Florida Bay (Carlson et al. 1994). Consequently the
persistence of shallow seagrass meadows along the
eastern coast of Spencer Gulf appears tenuous. An
increased frequency and duration of exposure to
desiccation (associated with seabed rising; Seddon et
al. 2000), combined with the lack of desiccation toler-
ance of both A. antarctica and P. australis at high
temperatures, are likely to result in ongoing losses to
these meadows in the future.
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