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a b s t r a c t

Seawater reverse osmosis (SWRO) is becoming an increasingly important source of potable water in arid
and semi-arid regions worldwide. Discharge of brine-effluent from desalination facilities has been shown
to significantly impact coastal marine ecosystems ranging from seagrass meadows to microbial com-
munities. In this study, we examined the impacts of increased salinity (10% above ambient) and presence
of antiscalants (0.2 mg L�1, polyphosphonate-based) on three reef-building coral species; Stylophora
pistillata, Acropora tenuis and Pocillopora verrucosa, from the Gulf of Aqaba (northern Red-Sea). Our re-
sults indicate that the corals, as well as associated bacteria and algae, were significantly impaired by the
elevated salinity and antiscalants, leading to partial bleaching. Specifically, the abundance of bacteria and
symbiotic algae as well as calcification rates were typically lower (20e85%, 50e90% and 40e50%,
respectively) following incubations with both amendments. However, the impact of desalination brine
was often species-specific. Thus, we propose that the ecotoxicological criteria used for hard corals should
be determined based on the sensitivity of key species in the community dominating the area affected by
desalination discharge.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Seawater desalination via reverse osmosis (SWRO) is becoming
a frequent solution for supplying large volumes of potable water in
arid and semi-arid countries worldwide (Grady et al., 2014; UN-
WWAP, 2015). Large-scale SWRO plants draw coastal water as
feed source and produce high salinity brine-effluent as a by-
product, which is typically discharged back into the coastal envi-
ronment. Salinity measured in the mixing zone of SWRO discharge
outfalls is reported to be 1e10% above ambient and in rare occa-
sions >25% above ambient levels (Kress et al., 2014; Petersen et al.,
2018). Concomitant with higher salinity, SWRO effluent often
contains chemicals that are used during the desalination process
such as antiscalants and coagulants (H€opner and Lattemann, 2003;
Missimer and Maliva, 2017; Roberts et al., 2010). Antiscalants are
added in concentrations dictated by environmental regulations set
by individual countries and are therefore not consistent between
desalination plants (Greenlee et al., 2009; Jenkins et al., 2012). In
Israel, environmental legislation instructed a maximum antiscalant
concentration of 0.2mg L�1 to the feedwater (Belkin et al., 2017;
Israel Ministry of Environmental Protection, 2013). These com-
pounds are assumed to discharge with the brine into the environ-
ment at similar concentrations, but are generally considered
unavailable for biological processes (refractory) (H€opner and
Lattemann, 2003).

Although desalination capacity has increased substantially
worldwide, the environmental impacts of brine effluent on coastal
ecosystems have received little attention (Lattemann, 2009;
Petersen et al., 2018; Roberts et al., 2010). Previous studies focused
on the effects of brine effluent on seagrass meadows, benthic
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copepods, pelagic phytoplankton, and benthic bacteria (Belkin
et al., 2017, 2015; Del-Pilar-Ruso et al., 2015; Frank et al., 2017;
S�anchez-Lizaso et al., 2008). These studies demonstrated that the
response and sensitivity to brine exposure varies considerably be-
tween species, sites, brine concentration and exposure time. To
date, only a handful of studies have investigated the impact of
desalination brine on corals, despite the fact that large scale desa-
lination facilities are often situated near coral reefs (Lattemann and
H€opner, 2008; Mabrook, 1994; Muthiga and Szmant, 1987; R€othig
et al., 2016; van der Merwe et al., 2014). Since coral reefs are
highly productive ecosystems with high biodiversity and biomass,
loss of coverage may have cascading effects on higher trophic
levels. In addition, coral reefs support local economies through
fishing and tourisms, and are therefore considered to be important
assets for coastal communities around such reefs including the
northern Gulf of Aqaba (GoA), Red Sea, which borders Israel, Jordan
and Egypt. Currently, several large-scale desalination facilities are
planned to be constructed on the north shores of the Gulf of Aqaba;
yet impacts on native corals following brine discharge are
unknown.

Scleractinian corals (hermatypic) are a diverse group of marine
invertebrates which are the key ecosystem engineers of coral reefs
worldwide (Birkeland, 2015; Dubinsky and Stambler, 2011). Scler-
actinians are essentially holobiomes including the coral itself,
endosymbiotic dinoflagellates (Symbiodinium), and various pro-
karyotes that colonize the coral's tissue and mucus (Muller-Parker
et al., 2015). Symbiodinium have a key biochemical role in coral
physiology, providing carbohydrates via photosynthesis in ex-
change for inorganic nutrients (Dubinsky and Stambler, 2011;
Muller-Parker et al., 2015). Heterotrophic and phototrophic bacteria
associated with the coral play fundamental roles in the function,
fitness, and resilience of reef-building corals (Ritchie, 2006; Shnit-
Orland and Kushmaro, 2009).

Changing environmental conditions such as elevated water
temperatures (Clausen and Roth, 1975; Coles and Jokiel, 1978;
Marshall and Clode, 2004) and eutrophication (Ferrier-Pages et al.,
2000; Koop et al., 2001; Marubini and Davies, 1996) can signifi-
cantly alter the physiology of scleractinian corals and their symbi-
onts. These stressors may cause coral bleaching, i.e. loss of
Symbiodinium from the coral's tissue (Brown, 1997; Mayfield and
Gates, 2007; Muller-Parker et al., 2015), resulting, in many cases,
in coral host mortality and subsequent reduction in coral coverage.
Loss of coral coverage has previously been reported in the Red Sea
in direct proximity of desalination plants (Mabrook, 1994). Yet, a
recent in situ study reported no mortality or measurable impact on
the photosynthetic efficiency of the coral, F. granulosa in that region
(van der Merwe et al., 2014). However, major restructuring of the
tissue-related microbiome of F. granulosa has been observed in a
related study following controlled incubations with elevated sa-
linities (R€othig et al., 2016). To date, very little data are available on
the various possible effects of SWRO desalination brine, including
the effects of higher salinity and specific chemicals that are asso-
ciated with the brine, on the physiology of reef-building corals.

In this study, we investigated the physiological responses of
three key reef-building coral species (Stylophora pistillata, Acropora
tenuis, and Pocillopora verrucosa) in the GoA, where construction
and operation of several desalination facilities is expected in the
near future, to simulated brine discharge. To this end, collected
coral specimens were grown for 2e4 weeks under elevated salin-
ities (10% above ambient) and elevated salinity with 0.2mg L�1

polyphosphonate antiscalant added, thus mimicking the expected
exposure of corals to desalination brine in close proximity to an
outfall. These experiments were conducted in open-aquaria and
corals grown under ambient seawater conditions were used for
comparison (unamended controls). Our results demonstrate the
potential effects of desalination brine discharge on hard corals that
are major builders of the coral reefs in the GoA.

2. Material and methods

2.1. Collection of corals and experimental setup

Colonies of Stylophora pistillata, Acropora tenuis, and Pocillopora
verrucosawere selected asmodel organisms for reef building corals.
Samples were collected in early June 2016 from the GoA
(29�30007.3 N, 34�55000.9 E), Israel. The colonies were carefully
sectioned into nubbins (3e4 cm height) and 72 nubbins of each
species were randomly placed in nine aquariums (30 L) with flow
through seawater and allowed to acclimate for 4 weeks under
ambient conditions. The aquariums were shaded to simulate radi-
ation equivalent to ~3m water depth (~90 mmol quanta m�2 s�1 at
midday, measured with a LI-CORLI-250A). Detailed description of
the experimental setup is provided in Figure S1. The following
treatments were initiated in triplicates after the acclimation period:
1) salinity of 10% above ambient (Sal), and 2) elevated
salinity þ antiscalants (0.2 mg L�1) (SalþAnt). Corals grown under
ambient conditions were used as control. The salinity used in the
experiment (e.g. 10% above ambient) was determined based on
reports on the footprint of discharge brine plumes from various
large-scale facilities (Kress et al., 2015, 2014, 2013). These values
represent a worst-case scenario with limited dilution of the brine
prior to discharge.

Antiscalant used was based on polyphosphonate
(C9H21N3O15P5Na7, Diethylenetriamine pentamethylene phos-
phonic acid e DTPMP, Sigma-Aldrich) with a final concentration of
0.2mg L�1. This concentration was chosen based on the allowable
use according to the Israel ministry of environmental protection
permit regulation 19/6/2013 for the oligotrophicMediterranean Sea
(Belkin et al., 2017; Israel Ministry of Environmental Protection,
2013).

Treatment water used in the experiment (Sal and SalþAnt) was
prepared in 1 m3 tanks using ambient seawater to which salt and
antiscalant were added. The water in the tanks was stirred to
ensure dissolution and homogenization of the salt and antiscalant;
tanks were kept in a large, temperature-controlled container and
water in the tanks was replenished every 5 days (Figure S1 and S2).
Water flow (Sal, SalþAnt and control) from the tanks to the aquaria
was maintained at ~2 L h�1 using peristaltic pumps, resulting in
replacement of the aquaria water volume at least twice a day.

Salinity, temperature and pHweremeasured daily around 9 a.m.
and 3 p.m. with a multi-parameter water quality probe (WTW
Multi 3500i) (Table 1). The Sal and SalþAnt treatments were
maintained for 4 and 2 weeks respectively, at which point visible
changes in coral health were observed. Net production of dissolve
inorganic carbon (DIC) and oxygen as well as calcification rates
were also measured. Images of all the corals were taken at the end
of the incubation. The tissue of the coral nubbins was then
extracted and analyzed for heterotrophic bacteria, Symbiodinium
abundance, bacterial production and total protein content. Detailed
description of all the methods is provided below.

2.2. Sample analyses

2.2.1. Coral tissue removal and surface area measurement
Coral tissue was removed from the nubbins with an airbrush

using filtered seawater (0.22 mm). All tissue samples were diluted to
25ml and homogenized in a sonication bath for 10min at >20 kHz.
Tissue samples were then separated to aliquots for the different
analyses. Surface area for each nubbin was calculated by the hot
wax approach as described by Stimson and Kinzie (1991).



Table 1
Minimum, maximum, and mean temperature, salinity and pH measured during the experiment. pH measurements are adjusted to 25 �C according to Gieskes (1969).

Treatment Temperature,
�
C Salinity pH at 25

�
C

Min Max Mean Min Max Mean Min Max Mean

Control 25.1 30.8 26.8± 1.3 40.6 42.6 41.2± 0.4 8.18 8.51 8.23± 0.05
Sal 24.7 29.8 26.4± 1.1 45.2 46.5 45.4± 0.6 8.10 8.46 8.19± 0.06
SalþAnt 24.8 29.7 26.4± 1.3 43.6 47.4 44.7± 0.7 8.17 8.44 8.23± 0.05
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2.2.2. Bacterial production (BP)
Bacterial production was measured using the 3H-leucine

incorporation technique (Kirchman et al., 1985). Subsamples of
coral fragments (~0.5 cm) were incubated with 7ml of filtered
seawater (0.22 mm) and amended with Leucine-[4,5-3 3H] (Perkin
Elmer, specific activity: 160 Ci mmol�1) at a final concentration of
100 nmol L�1. The coral fragments were incubated for 4 h in the
dark at ambient temperature. At the end of the incubation, the
tubes were sonicated (in a sonicator bath, Symphony, VWR) and
water subsamples (1 ml) were divided into triplicate Eppendorf
tubes and amended with cold 100% trichloroacetic acid (TCA) to
stop the reaction. Samples treated with TCA at time zero were
used as a blank. The samples were processed following the
micro-centrifugation technique (Simon et al., 1990). After adding
1ml of scintillation cocktail (Ultima-Gold) to each tube, the
samples were counted using a TRI-CARB 2100 TR (Packard) liquid
scintillation counter. A conversion factor of 3 kg C per mole
leucine incorporated was used, assuming an isotopic dilution of
2.0 (Simon and Azam, 1989). Total carbon uptake rates were
normalized to surface area of the incubated coral pieces.

2.2.3. Heterotrophic bacteria and Symbiodinium abundance
Tissue samples were immediately fixed with 50% glutaralde-

hyde solution (final concentration 0.15% vol/vol), frozen in liquid
nitrogen, and kept at �80

�
C. Upon analysis, samples were fast-

thawed in a 37
�
C water bath and analyzed with an Attune Nxt

Acoustic Focusing Cytometer. One-micron beads served as a size
standard. Taxonomic discrimination of Symbiodinium cells was
done using side-scatter, forward-scatter and red fluorescence
(630 nm). Heterotrophic bacteria were first stained with SYTO9
and determined based on green fluorescence at 488 nm against
side-scatter (Bar-Zeev and Rahav, 2015).

2.2.4. Protein content
Frozen (�20

�
C) tissue samples were thawed at room tem-

perature and 1ml of 1:4 Lauber buffer was added. The samples
were sonicated 3 times for 30 s at 50 kHz and centrifuged for
10min at 12000 rpm. The supernatant was collected in a new
tube and the pellet was discarded. The supernatant was then
divided into triplicates and 200 mL of the reagent mixture from a
Pierce BCA Protein Assay Kit was added. The samples were
incubated for 30min at 37

�
C before analysis on an Infinite M200

Tecan instrument. Concentration was normalized to coral surface
area.

2.2.5. Net production and calcification
Coral nubbins of S. pistillata and A. tenuis from each treatment

were incubated for 1.5e2 h in 800ml beakers filled with water
from the corresponding treatments. At the end of the incubation,
dissolved oxygen (DO), pH, salinity, and temperature were
measured (WTW Multi 3500i). Water samples were obtained for
dissolved inorganic carbon (DIC) and total alkalinity (TA) ana-
lyses. Samples collected for DIC were immediately poisoned with
0.05% vol/vol saturated HgCl2 solution and kept refrigerated until
analysis, within 1e2 weeks of sampling. TA samples were kept
refrigerated until analysis by potentiometric Gran titration of
~22 g of 0.45 mm filtered subsamples (Whatman GFF) using a
Metrohm Titrino 785 Titrameter with a temperature corrected
pH probe and titration solution of 0.05 N HCl. Calculation of TA
employed the method described by Sass and Ben-Yaakov (1977).
Measurements were calibrated using seawater CRMs from A.
Dickson's lab (Batch #155). The precision of these measurements
was ±2 <SUP>m</SUP>mol kg�1 (2 measurements per sample).
DIC was extracted from 1.6mL sub-samples by acidifying them
with phosphoric acid (H3PO4, 10%) using a custom, automated
CO2 extractor and delivery system (AERICA by MARIANDA) and
high grade N2 (99.999%) was used as a carrier gas connected in
line with a LiCor 6252 IR CO2 analyzer. Measurements were
calibrated using seawater A. Dickson CRMs (Batch #155). The
repeatability of the measurements was 1.5 ± 1.0.

Daytime net production (photosynthesis minus respiration)
was calculated as a function of DO production and DIC con-
sumption during the incubation period (Pnet-DO, mmol O2 L�1 hr�1

cm�2, Pnet-DIC, mmol DIC L�1 h�1 cm�2, Equations (1) and (3)). Net
production of CaCO3 (G, mmol CaCO3 kg SW�1 hr�1 cm�2) was
calculated as a function of TA uptake during the incubation
period (Equation (2)). Subsequently all rates were normalized to
surface area of the coral nubbins that were used in the in-
cubations. In equations (1)e(3), the i and f indices refer to initial
and final concentrations at the beginning and end of each incu-
bation period and Anubbin is the measured surface area of each
nubbin (Schneider and Erez, 2006).

Pnet�DO ¼
�
DOf � DOi

�

Dt,Anubbin
(1)

G ¼
0:5,

�
TAi � TAf

�

Dt,Anubbin
(2)

Pnet�DIC ¼
�
DICi � DICf

�
� 0:5,

�
TAi � TAf

�

Dt,Anubbin
(3)
2.3. Data and statistical analysis

The physiological responses of the corals and corresponding
symbionts and bacteria to the treatments were measured at the
beginning and at the end of the experiment (week 2 and 4 for the
SalþAnt and Sal treatment, respectively). Herein, we present and
discuss the results at the end of the experiment comparing them to
corals grown under control conditions. Results were compared
using ANOVA followed by a Fisher (LSD) post-hoc analysis with
significance of p < 0.05. Values and significance are reported in
supporting information Table S1.
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3. Results and discussion

3.1. Changes in the appearance of reef-building corals following
exposure to experimental treatments

Images of S. pistillata, A. tenuis and P. verrucosa demonstrate
clear signs of bleaching following incubation with elevated salinity
and elevated salinity with the addition of antiscalants for four and
two weeks, respectively (Fig. 1). Concurrently, coral tissue loss was
recorded, and the polyps of all three coral species in both treat-
ments were highly retracted. This negative response was mostly
notable for P. verrucosa and A. tenuis, and to a lesser extent for
S. pistillata (Fig. 1). We attribute these responses to osmotic stress
induced by the brine and note that the impact on corals as a hol-
obiome is species-specific. Severe impacts on coral health due to
increased salinities (10%) have been shown before (Ferrier-Pag�es
et al., 1999; Lirman and Manzello, 2009; Muthiga and Szmant,
1987). However, some studies suggest that corals may adapt and
recover after weeks of exposure to enhanced salinity. Retraction of
polyps is the first line of defense of corals to osmotic shock and
since the polyps also allocate most of the energy needed for calci-
fication (Anthony et al., 2002; Mayfield and Gates, 2007) a pro-
longed retraction can cause a decrease in coral growth.
3.2. Impact of experimental treatments on coral-associated bacteria

Diverse microbial communities, including heterotrophic bacte-
ria, archaea and cyanobacteria are associated with corals (Koren
and Rosenberg, 2006; Reshef et al., 2006). In this study we
focused mainly on the impact of brine on heterotrophic bacteria
that are found in the coral tissue and mucus. Following incubations
with elevated salinity and antiscalants, the abundance of hetero-
trophic bacteria associated with S. pistillatawas decreased by up to
4-fold (Fig. 2A). Heterotrophic bacterial abundance of A. tenuis
Fig. 1. Representative in situ images of coral nubbins, (A) S. pistillata, (B) A. tenuis and (C) P
under control conditions, while middle and bottom panels show corals that were grown w
increase (SalþAnt).
decreased moderately following the Sal and SalþAnt treatments
(~25% and ~85%, respectively) (Fig. 2B). In contrast, bacterial
abundance associate with P. verrucosawas higher following the Sal
incubation, and lower in the SalþAnt treatment (70%) (Fig. 2C).
Bacterial production rates were higher (2e25-fold) for all three
species following incubation with antiscalants compared to the
control (Fig. 2DeF). However, for all three species no changes in
bacterial production rates were found following incubation with
elevated salinity alone. This suggests that the polyphosphonate-
based antiscalant provided limiting nutrient/s (possibly P) for the
heterotrophic bacteria. Results from a recent study indicated that
bacteria can utilize phosphonates, resulting in enhanced activity
(Dyhrman, 2016).

Coral-associated bacterial communities undergo restructuring
following events of coral bleaching and rapid environmental
changes (Brown and Bythell, 2005; Ritchie, 2006; Shnit-Orland and
Kushmaro, 2009). Previous research show that upon prolonged
exposure to high salinity the microbiome of F. granulosa, was
significantly restructured to encompass bacterial species with
higher osmolyte production (R€othig et al., 2016). This change en-
ables the coral to adapt to hyper-saline conditions by up-regulating
genes related to osmotic-stress (R€othig et al., 2016). In addition, it
has also been shown that short-term exposure to high salinities can
lead to a reduction in benthic bacterial abundance, possibly due to
osmotic shock (Frank et al., 2017). Yet, under the same conditions
specific bacterial activity (e.g., bacterial production per cell)
increased significantly. It has been suggested that bacterial meta-
bolism is increased to produce various osmoprotectant molecules
(Frank et al., 2017). In the past decade, phosphonate has been
recognized as an important source of phosphorous for marine
bacteria (Tseng and Tang, 2014; Xiaomin et al., 2013). Indeed, a
recent mesocosm study indicated that high concentrations of
phosphonate-based antiscalants can enhance planktonic bacterial
productivity (Belkin et al., 2017).
. verrucosa following 2e4 weeks of incubation. Top panels represent the coral species
ith salinity 10% above ambient (Sal) and with antiscalants in addition to the salinity



Fig. 2. Impact of increased salinity (Sal) and increased salinity þ phosphonate-based antiscalant (SalþAnt) on (AeC) heterotrophic bacterial abundance and (DeF) bacterial
production (BP) following 2e4 weeks of incubation. Measurements were compared to the control samples that were grown for the same length of time under ambient conditions.
Symbiotic bacteria and corresponding BP were measured in (A,D) S. pistillata (B,E) A. tenuis and (C,F) P. verrucosa. Letters above the bars refer to ANOVA followed by a Fisher (LSD)
post-hoc analysis with significance of p< 0.05.
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Thus, we surmise that the coral-associated bacteria in our study
expressed osmotic shock in response to the short-term exposure to
salinity higher (10%) than ambient, and that this may have resulted
in lower bacterial abundance. Many bacterial phylotypes may in-
crease the metabolic rates and produce various osmo-protective
molecules. Concurrently, it is likely that bacteria, which can
biodegrade phosphonate-based antiscalants, provide nutrients
otherwise unavailable to the coral and other bacteria, contributing
to increased bacterial activity. We suggest that addition of
bioavailable phosphate via degradation of the polyphosphonate
antiscalant could be an important nutrition source for microbial
communities that are associated with corals in ultra-oligotrophic
environments such as the GoA when such compounds are pre-
sent in the water column.
3.3. Effects of experimental treatments on coral-symbiotic algae

Symbiodinium abundance in S. pistillata was significantly
reduced following incubation in both the Sal and SalþAnt treat-
ments (by 65% and 95%, respectively) compared to the control
samples (Fig. 3A). For the other two coral species, the response
differed between treatments: Symbiodinium abundance decreased
for A. tenuis by ~90% in the Sal treatment, while for P. verrucosa the
decrease was maximal in the SalþAnt treatment (by 90%) (Fig. 3B
and C).

Based on these results we suggest that the impact of desalina-
tion brine, namely increased salinity and/or antiscalants concen-
trations on Symbiodinium differs between coral species (i.e. species-
specific). Species of Symbiodinium are identified in several genetic
clades (Rowan, 1998) which have been shown to vary between
coral species and individuals on various temporal, spatial and
environmental scales (Baker et al., 2013; LaJeunesse et al., 2010). It
has further been suggested that corals may be able to incorporate
several different clades of Symbiodinium in their tissue, thus
providing strategic advantage in changing environmental condi-
tions (Byler et al., 2013). Therefore, each species and individual
represented in this study, likely had a unique assembly of Sym-
biodinium clades. This may explain the variability in Symbiodinium
abundances following the treatments (Fig. 3AeC) as some corals
could have an assembly of Symbiodinium with a greater tolerance
for high salinity. Alternative explanation may be related to the host
tissue thickness and polyp microenvironment that can differ be-
tween the coral species and which may lead to different resilience
within the time framework of this study (Wangpraseurt et al.,
2015).
3.4. Response of the coral-holobiome following exposure to
experimental treatments

Total protein measured in this study orientated from a combi-
nation of the host coral and symbiotic algal cells, as well as the
bacteria and archea consortium that make up the holobiome
associated with the coral (Achituv et al., 1994; Rosenberg et al.,
2007). A linear correlation (R2¼ 0.6 and Pval of 0.001) was found
between total protein and Symbiodinium abundance (Figure S3),
but not between total protein and bacterial abundance. Thus, we
surmise that total protein, extracted from the corals’ tissue and
mucus, mostly originated from the algal cells and the coral host
tissue.

Protein extracted from S. pistillata in both the enhanced salinity
and antiscalants treatments was significantly lower (by 50% and
75%, respectively) than the control (Fig. 4A). Protein extract from
A. tenuis was also lower (~30% and ~50%, respectively) for both
treatments (Fig. 4B) compared to the control. In contrast, a signif-
icant increase in protein was measured for P. verrucosa in the Sal
treatment but not in the SalþAnt treatment (Fig. 4C) compared to
the control.

Correlation between protein content and Symbiodinium



Fig. 3. Impact of increased salinity (Sal) and increased salinity with the addition of phosphonate-based antiscalant (SalþAnt) following 2e4 weeks of incubation on (AeC) Sym-
biodinium abundance. Measurements were compared to the control samples that were grown under ambient conditions. Symbiodinium abundances were measured from (A)
S. pistillata, (B) A. tenuis and (C) P. verrucosa. Letters above the bars refer to ANOVA followed by a Fisher (LSD) post-hoc analysis with significance of p< 0.05.

Fig. 4. Impact of increased salinity (Sal) and increased salinity and phosphonate-based antiscalant (SalþAnt) on total protein content following 2e4 weeks of incubation. Mea-
surements were compared to the control samples that were grown under ambient conditions. Total protein contents were measured from (A) S. pistillata (B) A. tenuis and (C)
P. verrucosa. Letters above the bars refer to ANOVA followed by a Fisher (LSD) post-hoc analysis with significance of p< 0.05.
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abundance has been documented numerous times (Achituv et al.,
1994; Fabricius, 2005) although a fraction of total protein is asso-
ciated with the coral tissue as well (Achituv et al., 1994). It can
therefore be assumed, that both the loss of coral tissue (Fig. 1) and
decrease in Symbiodinium abundance (Fig. 3) contributed to the
protein biomass loss in our study. The relation between coral tissue
mass and protein content has been suggested as a sensitive indi-
cator of coral health, as the tissue (e.g. coral polyps) allocates en-
ergy reserves for calcification (Anthony et al., 2002; Houlbreque,
2004). Hence, the combination of loss of coral tissue, reduction of
Symbiodinium abundances and of protein biomass, indicate a sig-
nificant decrease of coral health in response to the increase in
salinity and/or antiscalant tested in this study.

Net O2 production, CO2 uptake and calcification rates measured
for S. pistillata and A. tenuis decreased with time throughout the
study period in all treatments including the unamended control.
However, the average net O2 production rates in S. pistillata were
lower (40%) in the experimental treatments compared to the con-
trol (Fig. 5A). In contrast, there was only a minor reduction in the
overall average net O2 production rates in A. tenuis in the experi-
mental treatments compared to the control (Fig. 5B). Overall
average CO2 uptake rates were lower (30e50%) in the experimental
treatments compared to the control in A. tenuis as well as in
S. pistillata (Fig. 5C and D). Addition of antiscalants reduced the
overall average net CO2 uptake by 50e55% for both coral species.
The average calcification rates in S. pistillata following incubation
with increased salinity exhibited no apparent response relative to
the control (Fig. 5E). However, incubation of S. pistillata with
antiscalants caused nearly a 50% reduction relative to the control
(Fig. 5E). Average calcification rates in A. tenuis decreased by ca. 30%
in the Sal treatment, while in the antiscalants treatment calcifica-
tion decreased by ca. 50% relative to the control (Fig. 5F). Values are
reported in Table S2. These results suggest that polyphosphonate
antiscalants affect the coral calcification independently of increased
salinity, perhaps by poisoning crystal growth at the site of calcifi-
cation (Dunn et al., 2012; Simkiss, 1964a, 1964b).

Net rates of O2 production and CO2 uptake measured in this
study reflect the balance between photosynthetic activity and
aerobic respiration by the coral holobiome. Low net production
rates, that were measured in previous studies following incubation
with high salinities, were attributed to loss of Symbiodinium and/or
a retraction of the coral polyps due to osmotic shock (Ferrier-Pag�es
et al., 1999; Muthiga and Szmant, 1987). Similarly, a significant drop
in net production was shown for the Red Sea coral F. granulosa in
higher than ambient salinity; however the coral appeared to be
able to acclimate to these conditions after 29 days of exposure
(R€othig et al., 2016). We assume that the decreases in net produc-
tion measured in this study also occurred as a response to the
significant decrease in Symbiodinium abundance and, to a certain
extent, the retraction of the coral polyps. Concurrently, the low
abundance of heterotrophic bacteria and the loss of protein, indi-
cate that the catabolic rates of the coral were highly impaired
(Anthony et al., 2002).

Taking all of the above into consideration, although corals of the
GoA are adapted to high salinity (up to 41) (Fine et al., 2013), our
results indicate that 10% salinity increase above ambient levels may



Fig. 5. Net O2 production (A, B), respiration (C, D) and calcification rates (E, F) for A. tenuis and S. pistillatawith increased salinity (Sal) and increased salinity and polyphosphonate-
based antiscalant (SalþAnt). Values represent the average and standard deviations gained over the course of the experiment and normalized to the surface area of S. pistillata and
A. tenuis nubbins.
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cause osmotic stress as this reaches the limit of the physiological
tolerance for corals without adaptation (Mayfield and Gates, 2007).
However, coral colonies of the same species can have distinct re-
sponses to stressors, as seen in large bleaching events where re-
sponses of adjacent colonies of the same species are not identical
(Barshis et al., 2013; Hughes et al., 2003; Palumbi et al., 2014). This
is mostly attributed to genetic variation in both the corals and their
corresponding Symbiodinium (Baums et al., 2014), and could be an
explanation to the large variability seen in our results.

To the best of our knowledge, this is the first study published on
the effects of polyphosphonate antiscalant on corals. Accordingly,
we compare our results to studies where increases in phosphate
concentration were investigated, assuming phosphonate could
serve as a phosphate source (Tseng and Tang, 2014; VanMooy et al.,
2009). Previous studies on elevated phosphate concentrations
around corals have not established any consistent trends in Sym-
biodinium abundance and protein contents, but have found reduced
calcification and impaired reproduction (Fabricius, 2005; Harrison
and Ward, 2001; Johnson et al., 1979; Muller-Parker et al., 2015;
Walker and Ormond, 1982). Other studies have also shown no
impacts or only slight decreases in calcification and Symbiodinium
abundances due to increased phosphate concentrations (Fabricius,
2005; Holcomb et al., 2010). Our results, similarly to other studies,
indicate that the responses of hard corals to increased salinity and
phosphate (from antiscalants) are species-specific.
4. Conclusion

Water scarcity and the operation of large-scale desalination fa-
cilities coincide with many regions where coral reefs are found. Yet,
only sparse and limited research has been carried out with focus on
the impact of seawater desalination brine on reef-building corals.
Our results clearly indicate that desalination brine may negatively
impact the scleractinian hard corals holobiont, namely the coral
and associated Symbiodinium and microbial community. We found
that elevated salinity (10% above ambient) altered coral physiology
and visual appearance. Concurrently, increased salinity together
with the addition of polyphosphonate-based antiscalant often
resulted in a greater impact on all three coral species tested. We
suggest that this enhancement is due to a multi-stressor effect,
namely osmotic-shock and increased eutrophication. Moreover,
our data demonstrate that the impact of desalination brine on hard
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corals is species-specific. Thus, we suggest that the ecotoxicological
criteria adapted for hard corals should be determined based on
tests done on key organisms forming the local coral communities
that dominate the area at which desalination discharge is expected.

Taken together, we suggest that special attention should be
given to the discharge of SWRO brine from current and future
desalination facilities in the GoA, Red Sea. We propose that the
brine from these facilities will be discharged via a diffuser system to
increase brine dilution and minimize possible effects. Moreover, it
is possible that the impact of multi-stressors such as osmotic shock
and eutrophication would be greater in GoA than in other aquatic
environments due to the confined basin and oligotrophic condi-
tions of this water body. Since coral reefs around the GoA have
considerable economic value to communities that reside in the
area, it is central to maintain the wellbeing of this unique
ecosystem. Finally, we recommend that future research on the ef-
fects of SWRO desalination on hard corals will also include changes
in temperature and coagulants (which are often used in SWRO
desalination) that were not investigated in this study.
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