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ABSTRACT: This paper deals with the effect of a long term
(3 wk) change in salinity (increase or decrease of 2 to 4 psu)
on the rates of photosynthesis and respiration of the zooxan-
thellate coral Stylophora pistillata. Colonies were exposed to
4 levels of salinity (34, 36, 38 and 40 psu, with 38 psu as the
control salinity) and results were compared using 1-factor
ANOVAs. Salinity had a significant effect on the protein con-
centration. It was 30 % higher at 38 psu than at the other salin-
ities. It had also a significant effect on the rates of photosyn-
thesis, respiration and on the Pg:R ratio. Gross maximal
photosynthetic rates were 50% lower at 34, 36 and 40 psu
than at 38 psu. The P;:Rratio was always higher at the control
salinity. Most of the colonies maintained at 40 psu died, and
this was explained by a very low Pg:Rratio (<1). S. pistillata is
therefore especially sensitive to small changes in salinity and
seems to acclimate more easily to hypo- rather than to hyper-
saline conditions.
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Coral reefs are frequently subject to variations in
seawater salinity, due to precipitation, storms, fresh-
water runoff, periods of prolonged drought or desali-
nation processes (Coles & Jokiel 1992, Leichter et al.
1996). Corals have no mechanisms of osmoregulation
(Muthiga & Szmant 1987); therefore, a change in salin-
ity may affect their metabolism and survival capacities,
even if they have been shown to exhibit some ability
for acclimation to physical stresses (Muthiga & Szmant
1987, Coles 1992, Brown 1997). The effects of salinity
on reef corals have not been thoroughly studied,
maybe because it has been considered that most coral
reefs occur in waters with a relatively stable salinity.
However, it has been demonstrated that the salinity of
tropical waters may have shown large fluctuations in
the past (Correge & De-Decker 1997).
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In a recent paper, Moberg et al. (1997) provided evi-
dence that most of the literature on the subject is over
50 yr old. It mainly deals with field observations which
suggest that a large variation in salinity (>10 psu) has a
lethal effect on most species (see Coles & Jokiel 1992
for a review). More recent in situ studies have also
observed that a rapid and important change in salinity
may induce death (Sakai et al. 1989, Coles & Jokiel
1992, Jokiel et al. 1993), bleaching (Glynn 1993), and
histopathological changes (Van Woesik et al. 1995). To
our knowledge, few studies have experimentally
assessed the effect of sublethal salinity changes on
corals (Muthiga & Szmant 1987, Coles 1992, Moberg et
al. 1997, Nakano et al. 1997). Muthiga & Szmant (1987)
and Moberg et al. (1997) studied the effect of a 10 to
20 psu rapid change in salinity on the rates of respira-
tion and photosynthesis of the hermatypic corals Sid-
erastrea siderea, Porites lutea and Pocillopora dami-
cornis. Coles (1992) raised or lowered normal salinities
by 10 psu and assessed the tolerance of some corals
according to their salinity history. The above studies
have mainly dealt with large variations in salinity over
a short incubation time. Only 1 experiment (Hoegh-
Guldberg & Smith 1989) studied the export of zooxan-
thellae under a low change in salinity (5 psu) during a
long term incubation (20 d).

The objectives of this experiment were to comple-
ment the previous studies and to determine the long
term effect (3 wk) of small variations in salinity (in-
crease or decrease of 2 to 4 psu) on the physiological
responses of the Red Sea coral Stylophora pistillata.
Small decreases in salinity over a long time scale often
occur near sewage discharge, rivers or during long
rainy seasons and major storms (see Coles & Jokiel
1992 for a review). Several hurricanes, for instance,
occurring in the Caribbean in the 1980s, have signifi-
cantly lowered the seawater salinity in some places for
several days (Brown 1997). In 1965, 2 high rainfall
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events in Kaneohe Bay, Oahu, Hawaii, lowered salinity
for more than 3 wk and resulted in the death of corals
and other benthic organisms (Coles & Jokiel 1992).
Increases in salinity can be observed in shallow reef
waters and are now occurring in several tropical
regions where desalination techniques are used to
supply freshwater for human use. Yet, the physiologi-
cal responses of corals are not well known. Moreover,
although coral reefs are usually considered to have
limited salinity tolerances, they also occur, under nat-
ural conditions, at salinities ranging from 25 to 42 psu
(Coles 1992, Coles & Jokiel 1992); this suggests that
there should be some adaptations to extreme environ-
ments. S. pistillata was chosen because it has a wide
geographic distribution throughout the Indo-Pacific
and is common in most shallow water reefal areas as
well as in deep water and lagoons. It has moreover
been used in numerous biological and physiological
studies (Crossland 1987, Hoegh-Guldberg & Smith
1989, Rahav et al. 1989).

Material and methods. Experimental design: Exper-
iments were performed in the laboratory, under con-
trolled conditions, with colonies of Stylophora pistillata
originating from the Gulf of Agaba (Red Sea, 29°30' N,
34° 58’ E) but maintained for several years in aquaria
supplied with Mediterranean seawater (salinity = 38 +
0.4 psu). Thirty-two nubbins were prepared from 4
parent colonies (8 nubbins colony™!, as described by
Al-Moghrabi et al. (1993). Terminal portions of
branches were cut with pliers from parent colonies,
attached to a nylon wire and suspended in a culture
aquarium. Light was provided by metal halide lamps
(Philips, HPIT 400 W}); irradiance was 250 pmol pho-
tons m %2 s™! {photo-period 12:12 h). The aquarium was
supplied with Mediterranean seawater (pumped at
50 m depth and heated to 25 = 0.5°C). This water was
not filtered, had low nutrient concentrations (<0.4 uM
ammonijum, <1 uM nitrate, <0.2 nM phosphorus), low
chlorophyll a (chl a) concentrations (0.2 to 0.3 pg 17"
and an aragonite saturation state ranging between 3.1
and 3.7 (NBS pH and dissolved inorganic carbon
ranged, respectively, from 8.1 to 8.2 and from 2.3 to
2.4 mmol kg~!). After approximately 1 mo, tissue had
grown over the exposed skeleton and coral fragments
were entirely covered with new tissue.

Two nubbins from each parent colony were trans-
ferred into 4 tanks (15 1) containing seawater at 4 dif-
ferent salinities (34, 36, 38, 40 psu). The 38 psu salinity
tank served as a control. All tanks were aerated and
maintained under similar temperature (25°C) and light
(250 pmol photons m™2 s7!; 12:12 h photo-period) con-
ditions. They were continuously supplied with Medi-
terranean seawater, either diluted with freshwater to a
salinity of 34 and 36 psu or enriched with high salinity
(50 psu) artificial seawater (Instant Ocean) to a salinity

of 40 psu. Salinity levels were maintained constant
using a peristaltic pump and were measured with a
portable induction salinometer (Conductivity meter LF
196) calibrated with standard seawater (IAPSO, Ocean
Scientific International). Nubbins were incubated for
3 wk and rates of photosynthesis and respiration were
measured at the end of the incubation.

Physiological measurements: Photosynthesis and
respiration were measured on 5 nubbins taken ran-
domly from each tank after 3 wk incubation at the dif-
ferent salinities. Nubbins were incubated in a perspex
chamber containing a polarographic oxygen sensor
(Ponselle) and immersed in a thermostated water bath
(25°C). The chamber was filled with Millipore
(0.45 nm) filtered seawater at the different salinity lev-
els. The incubation medium was continuously stirred
with a magnetically coupled stirring bar and changed
every 15 min. Changes in dissolved oxygen levels
were measured under different irradiances (0, 40, 80,
120, 170, 200, 300 and 400 pmol photons m2 s7!). Light
was provided by a 400 W metal halide lamp (Philips,
HPIT), attenuated to the desired intensity with neutral
screens. The oxygen sensor was calibrated before each
experiment against air-saturated seawater and a satu-
rated solution of sodium dithionite (zero oxygen). Oxy-
gen was recorded every minute on a LI-COR LI-1000
datalogger. Rates of photosynthesis and respiration
were estimated by regressing oxygen data against
time. Data were normalized either by protein or by
chl a content of the colony. Net photosynthetic rates
were calculated according to the following equation:

P,et = (V xslope)/chl a

where P, = rate of net photosynthesis (umol O, g~' chl
min™!); V = chamber volume (1); slope = dissolved oxy-
gen variation (pmol O, I"! min™!}; and chl a = chloro-
phyll a content of the colony (mg). An exponential
function was fitted to the photosynthesis-irradiance
(PI) data using MacCurveFit:

Pnel = Pgm-:x[l - exp (_I/Ik)] +r

where FPyma, = gross maximum photosynthetic rate
(umol O, g! chl @ min™'); I = irradiance (pmol photons
m~?s7Y); I, = Talling parameter (umol photons m2 s71);
and r = respiration rate in the dark (umol O, g”' chl a
min~!).

The daily Pg:R ratios were estimated using the fol-
lowing equation:

PyR = (Pyx 12)/(rx 24)

where Py = hourly rate of gross photosynthesis at 300
umol photons m™! s™! and r = hourly respiration rate.
At the end of the experiments, colonies were frozen
pending determination of protein and chlorophylls.
Chl a and chl ¢, contents were extracted twice in 100%
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acetone (24 h at 4°C). The extracts were centrifuged at
11000 rpm (11035 x g) for 10 min and the absorbances
were measured at 630, 663 and 750 nm. Chlorophyll
concentrations were computed according to the
spectrophotometric equations of Jeffrey & Humphrey
(1975). Tissues were then solubilized in 1 N NaOH at
90°C for 30 min and the protein content was measured,
as described by Lowry et al. (1951), on 5 replicates
(1 ml) of the extract. The standard curve was estab-
lished with bovine serum albumin standard and
absorbance was measured at 750 nm using an Alliance
autoanalyser. The contents of protein and chlorophyll
were normalized by the skeletal weight (DW) of the
nubbins.

The effect of salinity was assessed using 1-factor
ANOVAs. When a significant effect was found, the
means were compared with a Bonferroni/Dunn post-
hoc test. Statistical analysis was performed using
StatView 4.01 for Macintosh computers. Data are
reported as mean + standard error of the mean.

Results. Salinity had a significant effect on the pro-
tein concentration (0.55 to 0.80 mg [mg DWJ
ANOVA, p =0.02; Fig. 1). It was 25 to 30 % higher at 38
than at 34 and 40 psu. Many (70 %) of the nubbins
maintained for more than 3 wk at 40 psu died. The
chl a concentration was not significantly different
between 34, 36 and 38 psu (6 to 7 mg [mg DW|™!) but
was significantly higher at 40 psu (12 mg [mg DW]|™!,
ANOVA, p = 0.003).

PI curves obtained after 3 wk incubation at the 4
salinities are shown in Fig. 2. The net maximal photo-
synthetic rates varied between 150 and 220 pmol O,
mg~! chl ah™! at 34, 36 and 40 psu and was equal to 410
to 430 pmol O, mg~! chla h™! at the control salinity
(38 psu). The PI curve parameters are shown in
Table 1. There was a statistically significant effect of
salinity on Py and r (ANOVA, p < 0.001}. The gross
maximal photosynthetic rate, Py, either expressed

1.0

o
©
A

o o
N (o]
. ?

Concentration [mg (mg DW) "]
O
Y

o
o
;

34 36 38 40
Salinity (psu)

Fig. 1. Stylophora pistillata. Protein concentration as a func-
tion of salinity. Mean + standard error (N = 5). DW: skeletal
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Fig. 2. Stylophora pistillata. Mean photosynthesis-irradiance
curves measured for corals incubated at different salinities.
Data are mean and standard deviations of 5 replicates

Table 1. Data from the physiological measurements of Stylophora pistillata maintained for 3 wk under 4 different salinities. Data

are mean and standard error of the mean. Py ., gross maximum photosynthetic rate; r: respiration rate. The effect of salinity was

assessed using 1-factor ANOVAs. When a significant effect was found, the means were compared with a Bonferroni/Dunn post
hoc test. p < 0.05: significant

Physiological parameter Salinity (psu) ANOVA Post hoc test
34 36 38 40 P significant results
Py max (nmol O mg~! chl h™) 496+ 19 665+42 1103 +62 318+ 06 <0.0001 38 psu higher than 34, 36, 40
36 psu higher than 34, 40
Py max (nmol O, mg™' proteinh™') 55+08 52+03 85+01 63+03 0.003 38 psu higher than 34, 36, 40
r (nmol O, mg~! chl h™) 171+ 16 269+ 12 36328 184 20 0.0005 38 psu higher than 34, 36, 40
r (umol O, mg~! protein h™!) 19+01 1602 28+02 39x+03 0.0003 38 psu higher than 34, 36
40 psu higher than 34, 36, 40
Py:R 1.3+01 12+x01 1501 09zx01 0.009 38 psu higher than 40
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in terms of chl a or protein, was always higher (30 to
50 %) at the control salinity, 38 psu (Bonferroni/Dunn,
p < 0.05). r was significantly higher (Bonferroni/Dunn,
p < 0.05) at 38 psu when expressed in terms of chl a
and 40 psu when expressed in terms of protein. The
Py:Rratio also varied as a function of salinity (ANOVA,
p = 0.02) and was higher at 38 psu. The PR ratio at
40 psu (0.9) was significantly lower than at 38 psu
(Bonferroni/Dunn, p < 0.05].

Discussion. The PR ratios obtained for colonies cul-
tivated at 38 psu were close to those measured in shal-
low-water colonies of Stylophora pistillata (Py:R = 1.5;
Falkowski & Dubinsky 1981, McCloskey & Muscatine
1984, Gattuso 1987). Small changes in salinity of 2 to
4 psu over 3 wk resulted in a significant decrease in the
Py:R ratio, which became lower than 1 at 40 psu, indi-
cating that the primary production could not supply
the carbon respiratory requirements any longer. This
stress response is likely to explain the high mortality
observed at 40 psu. The carbon imbalance results from
changes in the rates of photosynthesis and respiration.
These rates were slightly different depending on
whether they were expressed in terms of chlorophyll or
protein, since the protein content varied according to
the treatment. We therefore choose to discuss the rates
of photosynthesis in terms of chl a and the rates of res-
piration in terms of protein, a unit that is more closely
related to metabolic expenditure.

The rates of maximum gross photosynthesis were re-
duced by 50 % following a change in salinity. Contrary
to our results, changes in salinity of less than 10 psu
had no significant effect on the photosynthesis of
Siderastrea siderea (Muthiga & Szmant 1987), but
colonies were maintained for only 2 to 4 d at low salin-
ities. Moreover, this species has been reported to be
abundant in shallow reef-flat of Caribbean coral reefs,
which are likely to experience large salinity fluctua-
tions. The largest decrease in P, of Stylophora pis-
tillata occurred with a salinity increase from 38 to 40
psu. Colonies were originally collected in the Red Sea
(Gulf of Agaba), where salinity is closer to 40 than to 38
psu (Reiss & Hottinger 1984), and Stylophora species
are known to occur in the Indo-Pacific region, where
salinities are well above average ocean values (Coles &
McCain 1990). They are also able to live in 45 to 48 psu
salinity in other regions of the Red Sea and of the Arab
Gulf (Kinsman 1964, Sheppard 1988). We therefore
assumed that S. pistillata could afford an increase in
salinity, but this was not the case in the present study
since most of the colonies maintained for more than
3 wk at 40 psu died. This observation is in agreement
with a previous study of Kinsman (1964), who showed
that corals have generally less tolerance for hyper-
than for hyposalinity. Marcus & Thorhaug (1981} also
reported for Porifes sp. a range of upper and lower tol-

erance in salinity variation equal to a 24 psu decrease
and only a 12 psu increase relative to the normal sea-
water salinity. Sublethal symptoms were observed at
40 psu, the same as for S. pistillata in this study. As far
as respiration is concerned, a significant decrease was
observed following the reduction in salinity. This is in
agreement with some previous observations (Muthiga
& Szmant 1987, Moberg et al. 1997). However, the
response is different for an increase in salinity and
depends on the species considered as well as on the
exposure time. The rate of respiration increased in S.
pistillata exposed for 3 wk (this study) and decreased
in S. siderea exposed for 2 d (Muthiga & Szmant 1987).
However, the combined response of photosynthesis
and respiration resulted in significant changes in the
carbon balance of both species. The PyR ratio was
highest at the control salinity for both species and
decreases at low and high salinities.

Most corals are symbiotic with zooxanthellae, a dino-
flagellate which translocates a large fraction of its pho-
tosynthetic products to the coral for its metabolism
(Muscatine 1967). Corals are often subject to bleaching
(loss in zooxanthellae or in photosynthetic pigments
per algal cell) following a sudden change in salinity
(Goreau 1964, Egana & DiSalvo 1982). Bleaching is
generally followed by a decrease in photosynthetic
rate (Steen & Muscatine 1987, Lesser & Shick 1989,
Muscatine et al. 1991}). The decrease in photosynthesis
measured in this study for salinities of 34, 36, and
40 psu did not seem to be due to bleaching, since con-
centrations in chlorophyll were not significantly lower
than at 38 psu. Muthiga & Szmant (1987) also found no
difference in chlorophyll content for a salinity change
of less than 5 psu. The decrease in photosynthesis
might be due to a contraction of polyps, which reduces
the exposure of zooxanthellae to light (Muthiga &
Szmant 1987). Such a mechanical response has already
been described in other anthozoan species {(Shumway
1978, Moberg et al. 1997). Moreover, since most coe-
lenterates are not able to control their osmotic pressure
(Ranklin & Davenport 1981), a change in salinity may
also induce tissue damage (Van Woesik et al. 1995), as
well as temperature stress inducing a host cell detach-
ment (Gates et al. 1992). A severe tissue necrosis, fol-
lowed by the death of the colonies, was indeed ob-
served for corals incubated for more than 3 wk at a
salinity of 40 psu. This may explain the decrease in
protein concentrations observed for the nubbins main-
tained at 34, 36 and 40 psu salinities.

Studies on a short time scale (few days) have shown
that large variations in salinity (>10 psu) induced a
decrease in the rates of photosynthesis and respiration
(Muthiga & Szmant 1987, Moberg et al. 1997) whereas
small changes had no significant effects (Muthiga &
Szmant 1987, Hoegh-Guldberg & Smith 1989). To our
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knowledge, long term studies have not yet been per-
formed, but salinity may sometimes change over a
period of several weeks. Jokiel et al. (1993) as well as
Engebretson & Martin (1994) reported that heavy rains
decreased seawater salinity for many days and Goreau
(1964) observed that floodwaters during Hurricane
Flora lowered the salinity by between 5 and 8 psu for
more than 5 wk. Robblee et al. (1989) also observed
monthly mean salinity values as high as 52 psu in
Florida Bay. In this study, performed on a relatively
long time scale, we showed that small changes in salin-
ity can severely affect the physiology of Stylophora pis-
tillata.

Considerable variation in environmental tolerances
exists between species (Williams & Bunkley-Williams
1990, Brown 1997). The response of corals to a change
in salinity is related to the strength and duration of the
hypo/hypersaline exposure as well as to the species
considered. Stylophora pistillata seemed to be espe-
cially sensitive to small changes in salinity. Sakai et al.
(1989) indeed observed a very high mortality rate of S.
pistillata following an 8 psu decrease in seawater salin-
ity due to heavy runoff. Coles (1992) also found that
S. pistillata was less salinity tolerant than Porites com-
pressa. According to our results, S. pistillata seems
able to acclimate more easily to hypo- rather than to
hypersaline conditions. This result provides a better
understanding of the physiology and ecology of one of
the dominant species of the Indo-Pacific region.
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