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CHAPTER 11

Impacts of Seawater Desalination 
on Coastal Environments
Karen L. Petersen*, Hila Frank†,‡, Adina Paytan*, Edo Bar-Zeev†

*University of California, Santa Cruz, CA, United States
†Ben-Gurion University of the Negev, The Jacob Blaustein Institutes for Desert Research, Zuckerberg 
Institute for Water Research, Ben-Gurion, Israel
‡National Institute of Oceanography, Israel Oceanographic and Limnological Research, Haifa, Israel

11.1  INTRODUCTION

Arid and semiarid regions of the world are under constant water stress as 
they attempt to accommodate the growing need for food and potable wa-
ter [1–3]. Current limitations in freshwater availability have stimulated the 
use of desalination technologies worldwide, with desalinated water coming 
online at a rate of ~85 M m3 d−1 [4,5]. Advances in membrane technology 
during the last decades have favored reverse osmosis, which currently ac-
counts for >80% of the global desalination industry [6,7]. Large-scale de-
salination facilities that are based on seawater reverse osmosis (SWRO) use 
coastal water as feed and continuously discharge concentrated brine effluent 
back into the marine environment. The SWRO brine effluent contains high 
concentration of salts, as well as various chemicals such as antiscalants and 
coagulants if used in the facility and discharged with the brine effluent [8,9]. 
Brine effluent from large-scale desalination facilities is discharged back to 
the coastal environment via direct surface discharge on the coastline or 
via diffuser systems away from the shore (up to 2 km) [9–11]. To maximize 
dilution and increase the buoyancy of the SWRO brine effluent, it is often 
mixed with cooling water of adjacent power plants resulting in a warm (up 
to 25% over ambient) and saline (up to 10% over ambient) brine effluent 
plume. Nevertheless, the brine effluent can be denser than ambient seawater 
(depending on the volume of cooling water that is used for mixing) [12]. 
In such cases, the brine effluent tends to sink and flows as a concentrated 
stream on the seabed [12–14]. It has been previously pointed out that such 
dense saline plumes can extend further away from the discharge site along 
the seafloor (Table 11.1) and possibly accumulates within the sediment pore 
water. The brine effluent plume is dynamic and dispersed along with the 
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Desalination plant
Brine discharge 
flux (M m3 y−1)

Discharge 
technology

2%–5% salinity 
above ambient (km2)

5%–10% salinity 
above ambient (km2) References

Alicante (Spain)a 66 Beach discharge ~23 9.8 [13]
Maspalomas II (Spain) 22 Beach discharge ~0.2 ~0.04 [15]
Ashkelon (Israel)b 120 Beach discharge 1.4 0.06 [16,17]
Hadera (Israel)b 145 Beach discharge ~2 ~0.1 [16,17]
Sorek/Palmachim (Israel)c 90–150 Diffuser system <2 <0.1 [18]
Perth (Australia) 0.14 Diffuser system ~0.11 <0.1 [19]
Monterey Bay regional 

water project (USA)
30 Diffuser system ~0.3 ~0.12 [20]

Table 11.1  Spatial dispersion of the brine-effluent plume at the seabed around desalination plants worldwide

aBrine effluent was not diluted prior to discharge.
bThe dispersion area is linked to the volume of cooling water from the adjacent power plant that was mixed with the brine effluent.
cTwo separate discharge points that are close to each other.
(Table was modified after Frank H, Rahav E, Bar-Zeev E. Short-term effects of SWRO desalination brine on benthic heterotrophic microbial communities. Desalina-
tion 2017:417;52–59.)
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cooling-water outflow from the adjacent power plant (in the case of surface 
discharge that is diluted) or from the outflow pipe in cases of direct disper-
sion by diffuser systems. The dispersion of the brine-effluent plume can also 
be affected by the bathymetry of the seabed at the outfall region. Although 
the overall footprint area of the brine-effluent plume can be estimated and 
modeled, the specific location of the brine effluent on the seafloor often 
vary due to changing currents [13,21]. These dynamic conditions can result 
in episodic short-term (hours or days) exposure of benthic organisms to the 
brine effluent at the perimeters of the plume as well as long-term chronic 
exposure (months or years) at the outfall or the plume center.

The possible impacts on coastal ecosystems related to SWRO desalina-
tion can be divided into three main categories [8,10,22–24]:
	 (i)	 Impingement and entrainment of marine organisms associated with 

seawater that is drawn to the desalination facility (typically related to 
surface intake) [23,25–27]. Impingement refers to adult marine or-
ganisms such as fish, crabs, etc., which are large enough to be retained 
by the intake screens. Entrainment is associated with smaller (often 
planktonic) organisms including larva and juveniles of different ma-
rine species that pass through the intake screens and are transported 
with feedwater into the desalination facility. The survival rates of en-
trained organisms are often considered to be nearly zero. Yet, the actual 
survival rates and significance of impingement and entrainment of 
organisms are different from site to site and are often not clear.

	(ii)	 Constant release of brine effluent that is a byproduct of the desali-
nation process. The disposal of brine effluent may result in osmotic 
stress due to elevated salinities compared to those in the receiving 
environment. Thermal stresses are also associated with the desalina-
tion brine effluent if it is mixed with coolant water of adjacent power 
plants.

	(iii)	 Discharge of different chemicals that are often used in the desalination 
process into the coastal environment along with the brine effluent. 
These chemicals include different types of antiscalants and coagulants. 
Antiscalants may induce local eutrophication of oligotrophic coastal 
environments by adding organic phosphorus (e.g., polyphosphates), 
while coagulants can enhance water turbidity and water coloration.

In the past decade a comprehensive, long-term monitoring of large-
scale SWRO desalination facilities along the Israeli coastline has reported 
that antiscalants, coagulants, and heavy metals were not detected at the out-
fall area [18,29–31]. In addition, it was determined that antiscalants and 
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coagulants did not accumulate around the outfall area of these specific 
desalination facilities. However, previous studies and surveys around other 
operational desalination facilities worldwide have shown that exposure to 
the brine effluent (mainly to elevated salinities) could impact marine or-
ganisms, including vertebrates, invertebrates, seagrass, and polychaeta as well 
as plankton and fish larva, in a diameter of up to a several 100 m from 
the outfall [8,16–18,25,30,32–35]. Moreover, it has been suggested that 
these impacts may be more significant in enclosed basins, nature reserves, 
rocky shores and/or around other sensitive marine environments where 
water circulation is limited [36–38]. Nevertheless, to date, the effects of 
brine-effluent discharge on coastal marine ecosystems are poorly under-
stood, thereby merit further research via controlled bioassay experiments 
and more importantly long-term monitoring campaigns around the outfall 
of operational desalination facilities.

In this book chapter, we review the latest reports and studies focusing 
on the impact of SWRO desalination brine-effluent discharge on marine 
ecosystems, namely, coastal flora and fauna. It should be noted that through-
out the chapter we do not report on lifecycle assessments nor define impact 
as “positive” or “negative” implications but rather specify “impacts” as any 
deviation from the natural environmental conditions at the site prior to dis-
charge. Finally, we describe the needs for dynamic site-specific monitoring 
approaches and suggest possible means to minimize the effects of SWRO 
desalination on coastal marine organisms and ecosystems.

11.2  THE IMPACT OF DESALINATION BRINE EFFLUENT  
ON ZOOPLANKTON

Plankton are free-floating organisms that depend on ocean currents for 
movement and consists of diverse groups including bacterioplankton, phy-
toplankton, and zooplankton. Planktonic organisms range in size from pi-
coplankton (0.2–2 μm) to large zooplankton (up to few mm long). In this 
chapter, we will focus on zooplankton while phytoplankton and bacterio-
plankton are covered in greater detail in another chapter (see Chapter by 
Nurit Kress et al.) of this book.

Zooplankton consists of a large and complex group of animals including 
crustacean, copepods, marine larvae, and various worms. The life cycle of 
many zooplankton organisms can be complex and include egg, larvae, and 
adult stages. The potential impacts of desalination brine effluent may be vary 
for these different life stages making assessment of the impacts on specific 
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species harder to quantify [39]. Zooplankton can inhabit both the pelagic 
and the benthic zones of the ocean. In this chapter, we will focus on pelagic 
zooplankton those that live in the water column. Zooplankton grazes on 
microplankton, primarily phytoplankton and bacterioplankton, which are 
in turn dependent on seasonal changes such as temperature [40,41] that 
affect the growth rates, metabolism, and respiration rates [42,43].

To date, there have only been a handful of studies investigating the ef-
fects of desalination brine effluent on pelagic zooplankton. These studies 
have found that the adult stages of zooplankton have a higher tolerance 
for salinity changes than larvae stage [44]. For adult zooplankton, mortal-
ity is generally not observed until salinity is increased by about 40% over 
ambient salinity, whereas reproduction and survival of eggs and juvenile 
can be affected by a salinity increase of about 20% above ambient [44–49]. 
However, the response varies among species, for example, an incubation ex-
periment exposing rotifers to desalination brine effluent where the salinity 
was 40% above ambient conditions reported no significant mortality [50]. 
A summary of reported mortality rates for different zooplankton species at 
elevated salinities is detailed in Table 11.2.

Species Location

Salinity 
increase from 
ambient 
seawater (%)

Salinity 
measured

Mortality 
(%) References

Rotifer South 
Korea

30–40 40 7 [50]

Mysid 
shrimp

Texas, USA 60 45 40 [49]

Copepod 
juvenile

Tungkang, 
Taiwan

25 25 30 [44]

Copepod 
adult

Tungkang, 
Taiwan

25 25 0 [44]

Copepod 
juvenile

Florida, 
USA

30 45 40 [48]

Copepod 
adult

Florida, 
USA

30 45 15 [48]

Copepod 
juvenile

Wukan Bay, 
Japan

20 35 70 [47]

Table 11.2  A summary of mortality of various zooplankton species in increased 
salinities

It should be noted that the salinity increase over the ambient coastal environment following the 
brine-effluent discharge of SWRO is often lower than 10%.
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Increases in temperature (within an organism’s tolerance range) typi-
cally enhance growth rates of larvae and increase respiration in adult co-
pepods [39,51]. Increases in sea-surface temperature on a global scale have 
been connected with decreases in zooplankton abundance and shifts in 
zooplankton communities [43,52]. Accordingly, local temperature increases 
within the discharge plume of SWRO plants, at facilities in which the brine 
effluent is diluted with power-plant cooling water, are expected to show a 
similar pattern on zooplankton communities.

Chemical additive used in some SWRO desalination facilities such as 
antiscalants or coagulants may also impact zooplankton if discharged with 
the brine effluent. To the best of our knowledge, there are currently no 
studies published on the effects of antiscalants or coagulants on zooplankton. 
However, a study in the fresh water Lake Tahoe (California, USA) pointed 
to a significant decrease in reproduction among copepods cultivated with 
the addition of aluminum-based coagulants [53].

The overall impacts of desalination brine-effluent discharge on zooplank-
ton are vague and not well understood. Moreover, the possible effects of 
SWRO brine on the zooplankton food web (related to phytoplankton and 
bacterioplankton) were not studied and are currently unknown. It is possible 
that SWRO effluent will impact zooplankton species around the outfall, but 
at this point, there are not sufficient data to arrive at a satisfying conclusion.

11.3  BENTHIC BACTERIA AROUND THE OUTFALL  
OF DESALINATION FACILITIES

Marine sediments are biodiverse ecosystems playing a key role in different 
biogeochemical cycles such as nutrient recycling and organic matter de-
composition [54,55]. Heterotrophic bacteria have a central role within the 
benthic fauna community as they regulate various biochemical processes 
such as decomposition of organic matter and nutrients remineralization in 
the sediment [56,57]. Organic matter and nutrients can then be released to 
the water column and/or assimilated by benthic bacteria. This bacterial bio-
mass can then be consumed by bacterivores and utilized by higher trophic 
levels [57–61]. The growth efficiency and community structure of benthic 
bacteria is often affected by environmental parameters such as tempera-
ture, salinity, oxygen concentrations, organic matter quantity and quality, 
as well as nutrients availability. These parameters impact the metabolic pat-
terns of bacteria, for example, by changing the rates of anabolic reactions 
(carbon assimilation) or catabolic processes (respiration) [62,63]. It should 
be noted that cyanobacteria (photosynthetic prokaryotes) also constitute an 
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important component of the benthic microbial assemblage and they play an 
important role as primary producers [64].

Currently, studies or technical reports regarding the impact of SWRO 
brine-effluent discharge on benthic bacteria are highly scarce. To the best of 
our knowledge, there are also no published data on the effects of desalina-
tion brine effluent on benthonic cyanobacteria. In the following section, we 
will focus on benthic heterotrophic bacteria and review the possible effects 
of osmotic stress due to SWRO brine-effluent discharge.

11.4  SHORT- AND LONG-TERM IMPACT OF SWRO  
BRINE-EFFLUENT DISCHARGE ON BENTHIC BACTERIA

Exposure of benthic bacteria to SWRO brine effluent may impose short-
term (days) to chronic (years) effects. It was recently shown in controlled 
microcosm experiments that short-term (2 days) exposure to elevated sa-
linity (>5% above the ambient) resulted in a significant reduction (60%) 
in bacteria abundance [21]. In addition, the metabolic activity per bacterial 
cell was found to increase following these short-term (days) exposures to 
SWRO brine effluent. It has been proposed that under these higher salinity 
conditions osmotic shock has prompt production of osmoprotectants [21], 
namely, carbon-rich molecules that are used to adjust the osmotic pressure 
of the bacterial cell to allow survival [65–67].

Chronic effects of SWRO brine effluent on benthic bacteria are of 
great importance due to long-term operation of desalination facilities. 
Environmental measurements were recently conducted near a large-scale 
operating desalination facility with a surface discharge system (producing 
~150 M m3 Y−1 of desalinated water) along the Israeli coastline. Sediments 
were sampled by the RV Mediterranean Explorer. Three locations were se-
lected for each desalination facility: at the brine-effluent outfall, within the 
brine-effluent plume, and at reference stations that were not affected by the 
brine effluent. The outfall station was chronically exposed to salinity of up 
to 9% above ambient, while the “plume” station was exposed to variable 
conditions between 2% and 5% above ambient salinity. The chronic expo-
sure to brine effluent at the outfall resulted in higher bacterial abundance 
and production (52% and 60%, respectively) compared to the reference 
station (Fig.  11.1). Diversity analysis indicated that community structure 
at the outfall and reference stations were significantly different. The main 
families at the outfall station comprised primarily Stramenopiles, Pirellulaceae, 
Pisckirickettsiaceae, while the reference station was colonized by Bacteriodaceae, 
Prevotelaceae, and Enterobacteriacea families (Frank et  al., unpublished data). 
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We stress that additional environmental campaigns from these sites as well 
as different coastal ecosystems are needed to establish a clear conclusion 
regarding the chronic effects of SWRO brine effluent on benthic bacteria.

Changes in the community structure and metabolic traits of benthic 
bacteria can potentially affect ecosystem functionalities on long time scales 
[68]. The effect of brine effluent on benthic bacteria needs to be further 
assessed in regards to the size of the outfall area and habitat properties such 
as sediment type and bathymetry. It should be highlighted that the impact of 
water temperature and chemical discharge (such as antiscalants) on benthic 
microbial communities has been overlooked so far and therefore warrants 
further investigation.

11.5  IMPACT OF OSMOTIC STRESS ON BENTHIC 
MEIOFAUNA

Soft bottom meiofauna include various microscopic organisms that range 
from tens of micrometers to one mm. These organisms consist of inverte-
brates from different phyla such as Crustacea, Echinodermata, Mollusca, 
Annelida, Nematoda, and Foramenifera [69,70]. Meiofauna could impact 
microbenthic abundances and shape the macrobenthic populations by graz-
ing on their larvae [71]. In coastal environments, the number of meiofaunal 
species dwelling within the sediment is high and often exceeds the number 
of species living on the seabed due to the turbulence conditions [70].

Previous reports have highlighted that benthic Meiofauna (specifically 
metazoans) are highly sensitive to different anthropogenic effects [33,69]. 
Therefore, metazoans are often used as bioindicators to assess impacts on 
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the meiofaunal community in coastal environments. Nematodes are the 
most abundant and diverse phylum within the meiofauna group [71–73]. 
As permanent dwellers of the interstitial coastal environment, they are con-
stantly exposed to anthropogenic pollutants [72,74], and possibly also to 
osmotic stress due to brine effluent from desalination discharge. Although 
Nematodes are used as bioindicators for different pollutants, [71,74] to date 
no dedicated studies were conducted to assess the impact of desalination on 
the activity and biodiversity of nematodes.

Crustaceans were also shown to be highly sensitive to many differ-
ent anthropogenic pollutants [75,76] as well as to salinity increase due to 
SWRO brine-effluent discharge. For example, amphipods assemblages stud-
ied near the San Pedro desalination facility in SE Spain where they were 
exposed to high salinity levels of up to 53 near the brine-effluent outfall 
[77] show reduced abundance and diversity (Fig. 11.2, Shannon-Winner 
index). Moreover, salinity changed the biological traits and functionality of 
the community selecting for detrivorous and domicolous species, at the ex-
pense of carnivorous, omnivorous, and fossorial species. It should be noted 
that once a diffuser system was deployed at the end of the discharge pipeline 
(4 years after operation initiation), amphipods abundance rapidly recovered.

Near the same desalination facility, an investigation of brine-effluent 
effects on Polychaeta assemblages was also conducted [78]. Community pa-
rameters including family richness, diversity, and abundance were measured. 
Polychaeta assemblage was mainly disturbed close (0–300 m) to the discharge 
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point, where abundance, richness and diversity were reduced. Following the 
deployment of the diffuser, nearly full recovery of the Polychaeta diversity 
and richness was achieved. Similar findings were reported in a study that 
was conducted in Chabahar bay (Oman Sea, Iran), indicating a decrease in 
abundance, richness, and diversity closest to the brine-effluent outfall [79]. 
Polychaeta were also investigated near the outfall of a large desalination 
facility in Alicante (NE Spain) discharging ~65,000 m3 d−1 of brine effluent 
at a salinity of 68 (note, brine was not mixed prior to discharge). Polychaeta 
assemblages were different at the outfall, and composed of a homogeneous 
group of several families. Measurements at the two stations closest to the 
brine-effluent outfall (distance of ~660 m between them) showed a de-
crease in richness, diversity, and abundance at all sampling dates (compared 
to un-impacted locations). It should be noted that a previous study has 
indicated that few Polychaeta families (Syllidae and Capitellidae) displayed 
short-term resistance or tolerance (Paraonodae) to osmotic stress, while 
the abundance of other families (Mpharetidae, Nephtyidae, and Spionidae) 
sharply decreased [80].

Echinoderms such as starfish, sea urchins, and sea cucumbers are also 
ecologically important benthic macro fauna. These organisms function as 
filter feeders and predators of benthic algae, benthic bacterial consortiums 
(termed also as biofilms), as well as other meiofauna such as bivalves and 
snails. It has been shown that this group of organisms can comprise >90% 
of the benthic biomass [81]. Echinoderms were reported to be strict ma-
rine phyla and therefore are expected to be highly sensitive to changes 
in salinity [46]. A study conducted near the Alicante desalination plant 
pointed out a significant decrease in Echinoderms abundance (100%) after 
the desalination plant started operating (2003) [82]. A significant recovery 
of Echinoderms abundance was noted after initiating mixing of the brine 
effluent with seawater prior to discharge. A recent study [77] noted that the 
use of Echinoderms abundance and the benthic opportunistic polychaeta 
and amphipods (BOPA) indices were an effective and convenient measure 
for the determination of environmental degradation as a result of brine-
effluent discharge. The BOPA (Eq. 11.1) indices measure the proportion 
of opportunistic Polychaeta families (Capitellidae, Eunicidae, Magelonidae, 
Nephtydae, and Paraonidae) [78] in relation to the proportion of amphi-
pods, which are considered to be sensitive to environmental changes. It is 
calculated according to the equation:

(11.1)BOPA =
+

+
é

ë
ê

ù

û
úlog

fp

f
op

a 1
1
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where fpop is the opportunistic Polychaeta proportion of all fauna (0–1) 
and fa is the amphipod proportion of all fauna (0–1) [83]. The maximum 
value of the index is 0.3013, and it indicates a highly disturbed area with 
only opportunistic Polychaeta families, while 0 indicates no opportunistic 
Polychaeta, or higher proportion of Amphipods in the benthic metazoan 
community.

During the last decade, a series of comprehensive monitoring surveys 
for benthic meiofauna (abundance and community structure) were con-
ducted adjacent to large-scale SWRO desalination facilities located on 
the Israeli coastline [16,18,29–31]. These facilities apply two disposal ap-
proaches: surface discharge of brine, which is diluted with cooling water of 
an adjacent power plant (used at Hadera and Ashkelon desalination plants) 
or a diffuser system discharging the brine away from the shore (used at 
Sorek\Palmachim desalination plants). Significant changes to the commu-
nity structure of benthic meiofauna near the brine\cooling-water outfall 
of Hadera and Ashkelon desalination facilities were reported [17,28]. In 
some cases, there was also a reduction in the abundance of benthic meio-
fauna next to the outfall brine\cooling water. It should be stressed that 
these effects were only observed within a few hundred of meters of the 
discharge point and could not be linked directly to osmotic/temperature 
stresses related to brine-effluent discharge [17,28]. Instead, it was suggested 
that these changes in benthic meiofauna resulted from physical disturbance 
of the sediment due to the strong water currents of the discharged brine/
cooling water [17,28]. Monitoring reports from the Sorek\Palmachim de-
salination outfall list no significant impacts of brine effluent on benthic 
meiofauna [18,30,31]. However, a report from 2014 noted that some local 
effects on the community structure of benthic meiofauna may be linked to 
the brine-effluent discharge [30]. These reports concluded that additional 
monitoring campaigns were recommended to determine the significance 
of these effects.

11.6  THE EFFECTS OF DESALINATION BRINE EFFLUENT  
ON SEAGRASS

Seagrass meadows are highly productive habitats and form key ecosystems 
in coastal environments worldwide [84,85]. Seagrass meadows export on av-
erage 24% [86] of their net production and serve as important trophic links 
to nearby ecosystems [84]. The contribution of seagrass meadows includes 
sediment stabilization and improvement of water clarity, source of food to 
the coastal and adjacent ecosystems, provision of oxygen to the water and 
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sediment as well as a habitat for various organisms [84,85]. Accordingly, sea-
grass meadows are estimated as one of the most valuable habitats in terms 
of ecosystem functionality [87]. SWRO desalination facilities have shown 
to impact the physiology and growth of seagrass meadows due to osmotic 
stress around the brine-effluent discharge point (Fig. 11.3) [88–91].

Posidonia oceanica is an endemic specie to the Mediterranean Sea [92]. In 
a series of mesocosm experiments, the susceptibility of P. oceanica to elevated 
salinities was tested by evaluating the mortality of leaves and their recovery 
after returning to ambient salinities [91]. It was found that the growth of the 
leaves was inhibited in salinities above 39 and overall mortality occurred at 
salinities above 53. A later study examined the effects of elevated salinities 
[37–43] on photosynthesis by P. oceanica. The results indicate that net and 
gross photosynthetic rates of P. oceanica were significantly reduced by 25%–
33% and 13%–20%, respectively, following exposure to higher salinities than 
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the control. In addition, dark respiration of P. oceanica increased significantly 
(by 98%) when exposed to high salinities [41,43]. It was suggested that the 
respiratory demand for osmoregulation reduces the photosynthetic rates 
and therefore inhibits growth [89]. An in situ study that was performed 
close to an operating desalination facility at the Balearic Islands of Spain 
found that chronic exposure to the brine effluent resulted in P. oceanica leaf 
necrosis [90]. Finally, it has been reported that no P. oceanica were observed 
up to 25 m from the discharge point [90].

Cymodocea nodosa also showed sensitivity to exposure to SWRO brine 
effluent [93]. C. nodosa is a relatively small, fast-growing seagrass that can tol-
erate a broad range of environmental conditions. Nevertheless, exposure to 
brine effluent for 1 month (near the Alicante desalination plant, NW Spain) 
caused reduction in growth rates and higher mortality of shoots closer to 
the brine-effluent discharge [93]. It has been suggested that the constant 
salinity increase following brine-effluent discharge resulted in higher en-
ergetic costs, due to a need for maintenance of a proper turgor pressure. 
It has also been speculated that C. nodosa plants were losing their inner 
cellular water content and were accumulating ions from the environment 
to achieve the proper pressure to cope with the elevated salinities. Changes 
in water salinities and osmoregulation were possibly the reason for shoots 
deterioration following the chronic exposure to SWRO brine-effluent.

Hence, it has been previously suggested that seagrass species inhabiting 
soft bottom habitats may serve as bioindicators for habitat degradation in 
response to brine-effluent discharge [92,94]. Criteria for seagrass species to 
be used as a bioindicator for the impact of brine effluent on the coastal en-
vironment were established by carrying controlled, laboratory experiments. 
The Seagrass Posidonia australis was incubated for 6 weeks at elevated salin-
ities [37–54] and the following physiological parameters were monitored: 
survival, growth, photosynthesis, metabolism parameters, carbohydrate, and 
amino acid concentration [95]. Additional mesocosm experiments were 
conducted in order to evaluate the growth and survival of other seagrass 
species including C. nodosa and Zostrea noltii hornemann. These seagrass spe-
cies were grown with salinities of up to 72 [91]. It should be noted that 
these salinities levels are not found next to the outfall of operating desali-
nation facilities. Nonetheless, in these studies, survival and growth of shoots 
were significantly decreased compared to the control treatments. Additional 
physiological parameters of P. australis were found to be affected by the high 
salinity concentrations after 6 weeks of incubation [95]. Specifically, it was 
found that amino acids composition in rhizome and leaf tissues increased, 
and compatible solutes concentration in leaf tissue raised [95].
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It has recently been reported that for large seagrass species necro-
sis had the shortest response time to hypersalinity, while in small species 
photosynthetic rate, necrosis, leaf growth, and mortality all had a similarly 
short response time. In both cases, response time ranged from immedi-
ate to 10 weeks [94]. We conclude that it is essential to test what are the 
proper physiological parameters (e.g., photosynthetic rate, leaf necrosis, and 
meadow density) to be used in order to evaluate the extent of habitat de-
terioration. It should be highlighted that the seagrass species and the rele-
vant brine-exposure time should also be considered before using seagrass as 
brine-effluent bioindicators.

11.7  DESALINATION BRINE-EFFLUENT IMPACTS  
ON FISH LARVAE

Fish eggs and larvae are small (1 mm to >10 mm, species dependent) plank-
ton that drift in the upper photic zone of the water column. Fish eggs are 
completely dependent on ocean currents, buoyancy, and water density for 
their position in the water column, while the larval stage have some limited 
swimming ability [96–98]. The larvae are hatched with yolk sac still attached 
to their body, which is consumed within the first few days after hatching 
(Fig. 11.4). As larvae grow, they start developing swim bladders, which are 
used by adult fish to maintain buoyancy [98,107]. Temperature increase 
(within the species’ tolerance range) tends to accelerate embryo and larvae 
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development, which can increase the risk of larvae mortality since the de-
velopment time is shortened [107,108]. At the early developmental stage, 
fish larvae undergo significant morphological changes. Therefore, the larvae 
are more susceptible to environmental changes [108,109]. The development 
of the egg and larvae can vary from days to weeks depending on the species; 
therefore, larvae can be affected by changes in their environment even if the 
exposure is on time scale of hours [98,107,110,111].

Larvae and eggs of different fish species appear to have great resilience 
to small changes in salinity. However, at salinity increases of ~50% or higher 
than ambient (which are rarely or ever encountered in modern desalination 
facilities), larvae and eggs show significant and acute mortality (after 24–
48 h of exposure) [112–114]. Increasing salinity to 5%–15% above ambient 
(which could be encountered sometimes close to the outfall) lowers the lar-
vae’s survival rate, but the impact is rarely found to be significant. Fig. 11.4 
compares the survival of larvae of 7 species of fish when salinity is increased 
by 5%–10% over ambient conditions [99–105]. In addition to increased 
mortality, it has been shown that fish larvae decrease in size and have higher 
degree of defective and/or inefficient inflation of swim bladders when cul-
tivated in salinity of 10%–15% higher than ambient [99,100,104,105,113].

In laboratory experiments, higher temperatures (~5°C over ambient) 
lowered the survival of fish eggs and larvae [102,103,109]. Higher tempera-
tures can also shorten the hatching time of eggs resulting in undeveloped 
larvae or a quicker absorption of the yolk sac of developed larvae [115]. 
Certain species have shown swim bladder defects at higher temperatures, 
and one species (Australian Snapper, Pagrus auratus) had a 100% mortality 
rate with a 30% temperature increase above maximum environmental tem-
peratures for 9 days [100,102,116,117].

Larvae of different species of fish respond differently to various stressors. 
For some species, the combined effect of increasing salinity and tempera-
ture increased mortality and swim bladder deficiency [103,116], but for 
other species this synergy was not found and only temperature changes 
were found to have a significant impact on the larvae [100,102].

At present, no studies have investigated the effects of chemicals used 
(antiscalants and coagulants) in SWRO desalination facilities on fish larvae 
or fish. However, studies on coagulants (aluminum based) in a fresh water 
setting have shown a negative impact on fish embryo development and fish 
larvae survival at high concentrations [53,118]. To the best of our knowl-
edge, there are currently also no published studies reporting on experiments 
with actual brine effluent from desalination plants; hence, the direct effects 



452	 Sustainable Desalination Handbook

of SWRO brine-effluent discharge on fish eggs or larva remain unknown. 
We stress that dedicated research as well as monitoring programs are highly 
needed to evaluate the impacts of desalination brine-effluent discharge on 
prominent species of fish eggs and larvae around the outfall of these facilities.

11.8  THE EFFECTS OF DESALINATION BRINE EFFLUENT  
ON CORALS PHYSIOLOGY

Coral reefs comprise some of the richest habitats in the ocean, supporting 
great biodiversity, biomass, and productivity [119]. In addition, coral reefs 
are important for local economies, fisheries, and tourisms [119–121]. Corals 
are marine invertebrates (phylum: Cnidaria; class: Anthozoa) and the her-
matypic coral species (reef building) can consist of large colonies that span 
many kilometers. These corals have a mutualistic relationship with dinofla-
gellates of the genus Symbiodinium (referred to as Zooxanthellae) that are 
integrated within the tissue of the coral where they provide organic mat-
ter to the coral via photosynthesis in return of nutrients [122,123]. Corals 
are osmoconformers and adjust their osmotic balance with intercellular 
osmolytes. The osmotic balance can be affected by many environmental 
stressor (temperature, nutrient levels, and salinity changes) and an imbal-
ance of osmolytes often leads to coral bleaching [124]. Coral reefs are often 
found around tropical, subtropical, and even cold-water regions resulting in 
specific adaptions (e.g., to temperature, salinity, etc.) of species even within 
the same genus [125,126]. In the last decade, coral reefs have experienced 
an increase in the extent and frequency of bleaching events due to different 
environmental stressors such as rising ocean temperatures, seawater acid-
ification as well as anthropogenic impacts such as coastal eutrophication 
[120,121,127–130]. In line with these, the construction of new desalination 
facilities around coastal zones with coral reef ecosystems raises concerns 
over the possible impact on coral physiology and survivability [131,132].

Coral habitats can experience changes in salinity on diurnal and sea-
sonal time scales as tides and rainfall/evaporation can impact local salinity 
[133]. Short-term exposure studies (5–7 days) with elevated salinities (~15% 
above ambient) have shown a similar response in different coral species 
(Porites furcata, Siderastrea radians, and S. siderea): (i) decrease in primary pro-
duction within the first 6–12 h following exposure, (ii) retraction of coral 
polyps, and (iii) discoloring of the tissue [134–136]. In these studies, corals 
were able to recover to normal primary productivity rates (postincubation) 
within 36 h to 1 week, and made a full recovery of polyps and tissue within 
1 week to a month.
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Previous reports have indicated that exposure of Stylophora pistillata for 
3 weeks to increase salinity of ~10% above ambient resulted in 70% mortal-
ity [137]. However, in a recent study with Stylophora pistillata in 10% above 
ambient salinity, mortality was not detected, but a significant drop in protein 
content and zooxanthellae abundance was measured (Fig. 11.5). A similar 
response was observed for Acropora tenuis and Pocillopora verrucosa both in 
salinity of 10% over ambient and in 10% increased salinity with addition of 
phosphanate (<2 mg/L).

The dramatic decrease in zooxanthellae and protein contents (Fig. 11.5) 
and the mortality reported by Ferrier-Pagès [137] stresses the need for 
monitoring of coral reefs in the vicinity of desalintion plants. A recent in 
situ study (the only one to date) in the Red Sea has positioned the coral 
Fungia granulosa at the discharge channel of an operating SWRO plant and 
followed different parameters [132]. The corals showed no change in pri-
mary production and none of the specimens were significantly affected. 
Furthermore, pure cultures of the symbiotic zooxanthellae (S. microad-
riaticum) were incubated in salinities between 25 and 55. Cell growth of  
S. microadriaticum was found to decrease only in salinities of 55 (which is not 
likely to occur around the outfall of SWRO desalination facilities), indicat-
ing a high salinity tolerance of the zooxanthellae.

Fig. 11.5  Data from 4-week-long coral incubation with 10% salinity increase over am-
bient (solid black) and 10% salinity increase with 6 μL L−1 phosphanate addition (solid 
gray). (A) The relative change between treatment and control zooxanthellae abundance 
for Acropora (Acro), Pocillopora (Poc) and Stylophora (Sty). (B) Relative change in protein 
content between treatment and control.
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In general, antiscalants (phosphonate based) are not harmful in the doses 
used in desalination plants (~2 mg/L) [138]; however, recent observations 
pointed that these concentrations may impact the physiology of S. pistillata, 
A. tenuis, and P. verrucosa (Petersen et al., unpublished data). To the best of 
our knowledge, no published studies have reported on the effects of coag-
ulants on corals.

Rising ocean temperatures is one of the main stressors causing coral 
bleaching [128,139]. The water temperature of desalination brine effluent 
can be elevated compared to background ambient temperatures (by up to 
25% over the ambient), and this results in local plumes of warm seawa-
ter around the discharge area ([8,10,140], Frank et al., unpublished data). 
Exposure to temperature of as little as 3°C above mean maximum levels 
for several weeks has shown to cause bleaching in Pocillopora sp., Montastrea 
sp., Acropora sp., and other species spanning reefs in Hawaii, Caribbean, and 
Australia [125,126,140–142]. Thermal stress was also positively correlated 
with coral disease outbreaks [125,139]. However, the response varies based 
on location as S. pistillata, P. damicornis, and A. eurystoma that were collected 
in the Gulf of Aqaba (Red Sea) did not show any significant change after 
4 weeks of incubation in temperatures of 10% above ambient. Only at a 40% 
temperature increase (from ~25°C to 34°C), the abundance of zooxanthel-
lae was significantly reduced [143].

Corals exposed to multiple environmental stressors tend to have a higher 
risk of bleaching and a higher mortality rate [128,134,139]. This is be-
cause the efficiency in which the corals sustain energy-demanding processes 
becomes compromised under multiple stressors. This effect was shown by 
Lirman et al. [134] who exposed corals to salinity of 25% above ambient 
and found that they were unable to clear their tissue of sediment [134]. 
The response to different stress factors, such as increased salinity and tem-
perature, is variable between species of coral even in the same geographic 
location. This underlines the difficulty of providing globally relevant guide-
lines for desalination management around coral reefs to minimize possible 
impacts, and emphasizes the need for local environmental studies prior to 
the construction of large-scale desalination facilities. At this point, published 
data on the direct effect of desalination brine-effluent discharge on coral 
reefs are extremely scarce and virtually nonexisting. Therefore, we stress 
that coral mesocosm studies (short term) as well as dedicated monitoring 
schemes (long term), should be carried out to determine the local impact 
of brine-effluent discharge on coral reefs.
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11.9  LOOKING FORWARD: NEXUS OF SWRO DESALINATION 
AND COASTAL ENVIRONMENTS

SWRO desalination industry is booming with a tight, bidirectional (intake 
and discharge) interface to the coastal environment. Extensive information 
has been accumulating during the past decade with respect to the possible 
impacts imposed by the desalination industry on the marine environment 
[8,11,17,18,22,24,25,32,36–38,79,138]. These effects were suggested to 
impact different marine organisms; however, they were more pronounced 
in sessile organisms such as seagrass or benthic fauna. It should be stressed 
that the reported impacts of most SWRO desalination were highly local 
and restricted only to the vicinity of the intake port or the outfall area. 
Yet, we surmise that due to growing water scarcity, future concerns re-
lated to desalination expansion and possible impacts to coastal environ-
ments (specifically to enclosed and sensitive ecosystems) should be further 
evaluated. These impacts may include: (i) Construction of new SWRO de-
salination facilities at high densities; (ii) Designing increasingly larger SWRO 
desalination plants with greater production capacities (>300 M m3 y−1) and  
(iii) Drawing large volumes of feed-water from the ocean, while discharg-
ing large amounts of brine effluent to coastal environments with limited 
water circulation.

We suggest that mitigating the impacts of the SWRO desalination on 
the coastal environments in years to come could be optimized (together 
with standard provisions such as near- and far-field modeling) by the fol-
lowing measures:
	 (i)	 Carrying dedicated precursory environmental-impacts-assessments 

that are site specific. Namely, to determine the chemical concentra-
tions at which adverse biological effects are apparent for endemic or-
ganisms prior to the contraction of any large-scale desalination facility. 
These values should be used as a reference point and set the criteria 
for future, long-term monitoring surveys.

	(ii)	 Conducting long-term monitoring programs that are tailored to each 
desalination site (e.g., based on the biology and hydrography of the 
location) or region (such as the oligotrophic environment or semien-
closed lagoons). Parameters that will be monitored should be pre-
determined according to ranges of sensitivity of key organisms that 
are relevant to the coastal environment, similar to Long et al. [144]. 
We stress that these monitoring programs should be dynamic and 
evaluated yearly to minimize oversampling and reduce redundancy 
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in terms of the sampled parameters. Providing such data could con-
tribute to better and more realistic regulation for the interface of the 
desalination industry and coastal environments.

	(iii)	 Applying best-available technology to reduce any possible effects on 
the coastal environment that may result from SWRO desalination 
brine effluent. We propose that using diffuser systems as a favorable 
discharge approach will reduce the impact of brine on the coastal eco-
systems. The advantages of the diffuser systems over surface discharge 
include minimizing the dependency on power-plant cooling water 
for dilution and setting the buoyancy of the brine-effluent plume 
prior to discharge. In addition, using diffuser system will enable to 
discharge the brine far from the shoreline and/or away from any eco-
logically sensitive areas. Brine effluent can be allocated via the diffuser 
system into predetermined locations, thereby maximizing dispersion 
by coastal currents. Finally, we urge that additional impetus should be 
allocated toward development of new approaches to minimize the use 
of chemicals in the desalination process [145] and eventually toward 
zero liquid discharge solutions.

REFERENCES
	 [1]	 Zimmerman JB, Mihelcic JR, Smith J. Global stressors on water quality and quantity. 

Environ Sci Technol 2008;42:4247–54.
	 [2]	 Davies EGR, Simonovic SP. Global water resources modeling with an integrated model 

of the social-economic-environmental system. Adv Water Resour 2011;34(6):684–700.
	 [3]	 Hoekstra AY, Mekonnen MM. The water footprint of humanity. Proc Natl Acad Sci 

U S A 2012;109(9):3232–7.
	 [4]	 Elimelech M, Phillip WA. The future of seawater and the environment: energy, tech-

nology, and the environment. Science 2011;333:712–8.
	 [5]	 Misdan  N, Lau  WJ, Ismail  AF. Seawater reverse osmosis (SWRO) desalination by 

thin-film composite membrane-Current development, challenges and future pros-
pects. Desalination 2012;287:228–37.

	 [6]	 Greenlee  LF, Lawler  DF, Freeman  BD, Marrot  B, Moulin  P. Reverse osmosis  
desalination: water sources, technology, and today’s challenges. Water Res 2009;43(9): 
2317–48.

	 [7]	 Shenvi SS, Isloor AM, Ismail AF. A review on RO membrane technology: develop-
ments and challenges. Desalination 2015;368:10–26.

	 [8]	 Roberts  DA, Johnston  EL, Knott  NA. Impacts of desalination plant discharg-
es on the marine environment: a critical review of published studies. Water Res 
2010;44(18):5117–28.

	 [9]	 Fritzmann C, Löwenberg J, Wintgens T, Melin T. State-of-the-art of reverse osmosis 
desalination. Desalination 2007;216(1–3):1–76.

	 [10]	 Lattemann S, Höpner T. Environmental impact and impact assessment of seawater 
desalination. Desalination 2008;220(1–3):1–15.

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0010
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0010
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0015
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0015
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0020
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0020
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0025
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0025
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0030
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0030
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0030
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0035
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0035
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0035
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0040
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0040
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0045
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0045
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0045
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0050
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0050
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0055
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0055


	 Impacts of Seawater Desalination on Coastal Environments	 457

	 [11]	 Voutchkov N. Overview of seawater concentrate disposal alternatives. Desalination 
2011;273(1):205–19.

	 [12]	 Bleninger, T.; Niepelt, A.; Jirka, G. Desalination plant discharge calculator. Desalin 
Water Treat 2010, 13, (1–3), 156–173.

	 [13]	 Fernández-torquemada Y, Ferrero-vicente L, Gónzalez-correa  JM, Loya A, Ferrero   
LM, Díaz-valdés  M, et  al. Dispersion of brine discharge from seawater reverse  
osmosis desalination plants. Desalin Water Treat 2009;5:137–45.

	 [14]	 Fernandez-Torquemada Y, Sanchez-Lizaso JL, Gonzalez-Correa JM. Preliminary re-
sults of the monitoring of the brine discharge produced by the SWRO desalination 
plant of Alicante (SE Spain). Desalination 2005;182(May):395–402.

	 [15]	 Portillo E, Ruiz de la Rosa M, Louzara G, Quesada J, Ruiz JM, Mendoza H. Dispersion 
of desalination plant brine discharge under varied hydrodynamic conditions in the south 
of Gran Canaria. Desalin Water Treat 2013;52(1–3):164–77.

	 [16]	 Gefen-Glazer A. Marine environment monitoring around “Orot Rabin” power plant 
and H2ID desalination plant. The Israeli Ministry of Environmental Protection; 2015. 
R- ELP-1-2015. [in Hebrew].

	 [17]	 Gefen-Glazer A. Monitoring of the marine environment around the “Orot Rabin” 
power plant and H2ID desalination plant. The Israeli Ministry of Environmental 
Protection; 2014. R- ELP-6-2014. [in Hebrew].

	 [18]	 Kress N, Shoham-Frider E, Lubinevsky H. Marine monitoring around the brine out-
fall of Palmachim and Soreq desalination plants. Israel Oceanographic & Limnological 
Research Ltd.; 2016. [In Hebrew].

	 [19]	 Water Corporation EPA Australia. Perth metropolitan desalination proposal—water 
quality management, change to implementation conditions; 2009. Report #1327.

	 [20]	 Jenkins SA. Brine dilution analysis for DeepWater Desal, Monterey Bay regional wa-
ter project at moss landing. J Water Supply Res Technol AQUA 2014;1–113.

	 [21]	 Frank H, Rahav E, Bar-Zeev E. Short-term effects of SWRO desalination brine on 
benthic heterotrophic microbial communities. Desalination 2017;417:52–9.

	 [22]	 Liu T-K, Sheu H-Y, Tseng C-N. Environmental impact assessment of seawater desal-
ination plant under the framework of integrated coastal management. Desalination 
2013;326:10–8.

	 [23]	 Lattemann  S, Kennedy  MD, Amy  G. Seawater desalination—a green technology? 
J Water Supply Res Technol AQUA 2010;59(2–3):134–51.

	 [24]	 Dawoud MA, Mulla MMA. Environmental impacts of seawater desalination: Arabian 
Gulf Case Study. Int J Environ Sustain 2012;1(3):22–37.

	 [25]	 Lokiec F. Sustainable desalination: environmental approaches. In Sustainable desali-
nation: environmental approaches, The International Desalination Association World 
Congress on Desalination and Water Reuse, Tianjin 2013.

	 [26]	 Hogan TW. Impingement and entrainment at SWRO desalination facility intakes. In: 
Intakes and outfalls for seawater reverse-osmosis desalination facilities. Switzerland: 
Springer International Publishing; 2015. p. 57–78.

	 [27]	 Pankratz T. An overview of seawater intake facilities for seawater desalination. The 
future of desalination in Texas. Texas A&M University; 2004. p. 2.

	 [28]	 Abramson K, Shafir V. Marine monitoring of the “Rutenberg”power plant, VID de-
salination plant, and Mekorot reclamation facility. The Israeli Ministry of Environ-
mental Protection; 2016. RELP-4-2016. [in Hebrew].

	 [29]	 Abramson  K, Shafir  V. Marine monitoring of the “Orot Rabin”power plant and 
H2ID desalination plant. The Israeli Ministry of Environmental Protection; 2016. 
R-ELP-5-2016. [in Hebrew].

	 [30]	 Kress N, Shoham-Frider E, Lubinevsky H. Marine monitoring around the outfalls 
of Palmachim and Soreq desalination facilities. Israel Oceanographic & Limnological 
Research Ltd.; 2015. [in Hebrew].

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0060
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0060
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0065
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0065
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0065
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0070
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0070
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0070
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0075
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0075
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0075
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0080
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0080
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0080
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0085
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0085
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0085
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0090
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0090
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0090
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0095
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0095
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0100
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0100
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0105
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0105
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0110
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0110
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0110
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0115
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0115
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0120
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0120
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0125
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0125
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0125
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf9000
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf9000
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0130
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0130
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0130
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0135
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0135
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0135
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0140
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0140
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0140


458	 Sustainable Desalination Handbook

	 [31]	 Kress N, Shoham-Frider E, Lubinevsky H. Marine monitoring around the outfalls 
of Palmachim and Soreq desalination facilities. Israel Oceanographic & Limnological 
Research Ltd.; 2014. [in Hebrew].

	 [32]	 Raventos N, Macpherson E, García-Rubiés A. Effect of brine discharge from a desal-
ination plant on macrobenthic communities in the NW Mediterranean. Mar Environ 
Res 2006;62(1):1–14.

	 [33]	 Riera R, Tuya F, Sacramento A, Ramos E, Rodríguez M, Monterroso Ó. The ef-
fects of brine disposal on a subtidal meiofauna community. Estuar Coast Shelf Sci 
2011;93(4):359–65.

	 [34]	 Safrai I, Zask A. Reverse osmosis desalination plants—marine environmentalist regu-
lator point of view. Desalination 2008;220(1–3):72–84.

	 [35]	 Ahmad N, Baddour RE. A review of sources, effects, disposal methods, and regula-
tions of brine into marine environments. Ocean Coast Manag 2014;87:1–7.

	 [36]	 Höpner T, Windelberg J. Elements of environmental impact studies on coastal de-
salination plants. Desalination 1997;108:11–8.

	 [37]	 Höpner T, Lattemann S. Chemical impacts from seawater desalination plants—a case 
study of the Northern Red Sea. Desalination 2003;152:133–40.

	 [38]	 Einav R, Harussi K, Perry D. The footprint of the desalination processes on the envi-
ronment. Desalination 2003;152(1–3):141–54.

	 [39]	 Chinnery  FE, Williams  JA. The influence of temperature and salinity on Acartia 
(Copepoda: Calanoida) nauplii survival. Mar Biol 2004;145(4):733–8.

	 [40]	 Sterner RW, Schulz KL. Zooplankton nutrition: recent progress and a reality check. 
Aquat Ecol 1998;32(4):261–79.

	 [41]	 Kenitz KM, Visser AW, Mariani P, Andersen KH. Seasonal succession in zooplank-
ton feeding traits reveals trophic trait coupling. Limnol Oceanogr 2017;1184–97.

	 [42]	 Huntley  M, Boyd  C. Food-limited growth of marine zooplankton. Am Soc Nat 
1984;124(4):455–78.

	 [43]	 Richardson  A. In hot water: zooplankton and climate change. ICES J Mar Sci 
2008;65:279–95.

	 [44]	 Pan YJ, Souissi A, Souissi S, Hwang JS. Effects of salinity on the reproductive performance 
of Apocyclops royi (Copepoda, Cyclopoida). J Exp Mar Biol Ecol 2016;475:108–13.

	 [45]	 Yoon SJ, Park GS. Ecotoxicological effects of brine discharge on marine community 
by seawater desalination. Desalin Water Treat 2011;33:240–7.

	 [46]	 De-La-Ossa-Carretero JA, Del-Pilar-Ruso Y, Loya-Fernández A, Ferrero-Vicente LM, 
Marco-Méndez C, Martinez-Garcia E, et al. Bioindicators as metrics for environmental 
monitoring of desalination plant discharges. Mar Pollut Bull 2016;103(1–2):313–8.

	 [47]	 Chen Q, Sheng J, Lin Q, Gao Y, Lv J. Effect of salinity on reproduction and survival 
of the copepod Pseudodiaptomus annandalei. Aquaculture 2006;258(1–4):575–82.

	 [48]	 Ohs CL, Rhyne AL, Grabe SW, DiMaggio MA, Stenn E. Effects of salinity on repro-
duction and survival of the calanoid copepod Pseudodiaptomus pelagicus. Aquaculture 
2010;307(3–4):219–24.

	 [49]	 Pillard DA, DuFresne DL, Tietge JE, Evans JM. Response of mysid shrimp (Mysidop-
sis bahia), Sheepshead Minnow (Cyprinodon variegatus), and inland silverside minnow 
(Menidia beryllina) to changes in artificial seawater salinity. Environ Toxicol Chem 
1999;18(3):430–53.

	 [50]	 Park GS, Yoon S-M, Park K-S. Impact of desalination byproducts on marine organ-
isms: a case study at Chuja Island desalination plant in Korea. Desalin Water Treat 
2011;33(1–3):267–72.

	 [51]	 Gaudy R, Cervetto G, Pagano M. Comparison of the metabolism of Acartia clausi and 
A. tonsa: influence of temperature and salinity. J Exp Mar Biol Ecol 2000;247(1): 
51–65.

	 [52]	 Roemmich D, McGowan J. Climatic warming and the decline of zooplankton in the 
california current. Science 1995;267(5202):1324–6.

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0145
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0145
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0145
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0150
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0150
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0150
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0155
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0155
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0155
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0160
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0160
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0165
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0165
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0170
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0170
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0175
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0175
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0180
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0180
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0185
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0185
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0190
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0190
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0195
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0195
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0200
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0200
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0205
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0205
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0210
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0210
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0215
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0215
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0220
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0220
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0220
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0225
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0225
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0230
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0230
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0230
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0235
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0235
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0235
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0235
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0240
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0240
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0240
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0245
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0245
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0245
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0250
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0250


	 Impacts of Seawater Desalination on Coastal Environments	 459

	 [53]	 Bachand PAM, Bachand SM, Lopus SE, Heyvaert A, Werner I. Treatment with chem-
ical coagulants at different dosing levels changes ecotoxicity of stormwater from the 
Tahoe basin, California, USA. J Environ Sci Health A 2010;45(2):137–54.

	 [54]	 Köster M, Meyer-Reil LA. Characterization of carbon and microbial biomass pools in 
shallow water coastal sediments of the southern Baltic Sea (Nordrügensche Bodden). 
Mar Ecol Prog Ser 2001;214:25–41.

	 [55]	 Snelgrove PVR. Getting to the bottom of marine biodiversity: sedimentary Habitats. 
Bioscience 1999;49(2):129–38.

	 [56]	 Forehead H, Thomson P, Kendrick Ga. Shifts in composition of microbial commu-
nities of subtidal sandy sediments maximise retention of nutrients. FEMS Microbiol 
Ecol 2013;83(2):279–98.

	 [57]	 Nealson KH. Sediment bacteria: who’s there, what are they doing, and what’s new? 
Annu Rev Earth Planet Sci 1997;25:403–34.

	 [58]	 Snelgrove PVR. The importance of marine sediment biodiversity in ecosystem pro-
cesses. Ambio 1997;26(8):578–83.

	 [59]	 Manini E, Fiordelmondo C, Gambi C, Pusceddu A, Danovaro R. Benthic microbial loop 
functioning in coastal lagoons: a comparative approach. Oceanol Acta 2003;26:27–38.

	 [60]	 Pusceddu A, Fiordelmondo C, Danovaro R. Sediment resuspension effects on the 
benthic microbial loop in experimental microcosms. Microb Ecol 2005;50:602–13.

	 [61]	 Zheng B, Wang L, Liu L. Bacterial community structure and its regulating factors in 
the intertidal sediment along the Liaodong Bay of Bohai Sea, China. Microbiol Res 
2014;169(7–8):585–92.

	 [62]	 del Giorgio PA, Cole JJ. Bacterial growth efficiency in natural aquatic systems. Annu 
Rev Ecol Syst 1998;29:503–41.

	 [63]	 del Giorgio PA, Williams PJB. Respiration in aquatic ecosystems. New York: Oxford 
University Press; 2005.

	 [64]	 Carreira  C, Staal  M, Middelboe  M, Brussaard  CPD. Autofluorescence imaging  
system to discriminate and quantify the distribution of benthic cyanobacteria and 
diatoms. Limnol Oceanogr Methods 2015;13(4):169–77.

	 [65]	 Sévin DC, Sauer U. Ubiquinone accumulation improves osmotic-stress tolerance in 
Escherichia coli. Nat Chem Biol 2014;10(4):266–72.

	 [66]	 Csonka LN. Physiological and genetic responses of bacteria to osmotic stress. Microbiol 
Rev 1989;53(1):121–47.

	 [67]	 Ventosa A, Nieto  JJ, Oren A. Biology of moderately halophilic aerobic bacteria. 
Microbiol Mol Biol Rev 1998;62(2):504–44.

	 [68]	 Morin PJ, Mcgrady-steed J. Biodiversity and ecosystem functioning in aquatic micro-
bial systems: a new analysis of temporal variation and species richness- predictability 
relations. Oikos 2004;(3)458–66.

	 [69]	 Balsamo M, Semprucci F, Frontalini F, Coccioni R. Meiofauna as a tool for marine 
ecosystem biomonitoring. In: Cruzado  DA, editor. Marine ecosystems. Rijeka, 
Croatia: InTech; 2012. p. 77–104.

	 [70]	 McLachlan A, Brown A. The ecology of sandy shores. London, UK: Elsevier; 2006.
	 [71]	 Balsamo M, Albertelli G, Ceccherelli VU, Coccioni R, Colangelo MA, Curini-Galletti M, 

et al. Meiofauna of the Adriatic Sea: present knowledge and future perspectives. Chem 
Ecol 2010;26:45–63.

	 [72]	 Semprucci F, Losi V, Moreno M. A review of Italien research on free-living marine 
nematodes and the future perspectives on their use as ecological indicators. Mediterr 
Mar Sci 2015;16(2):352–65.

	 [73]	 Appeltans  W, et  al. The magnitude of global marine species diversity. Curr Biol 
2012;22(23):2189–202.

	 [74]	 Moreno M, Semprucci F, Vezzulli L, Balsamo M, Fabiano M, Albertelli G. The use  
of nematodes in assessing ecological quality status in the Mediterranean coastal  
ecosystems. Ecol Indic 2011;11(2):328–36.

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0255
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0255
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0255
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0260
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0260
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0260
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0265
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0265
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0270
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0270
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0270
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0275
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0275
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0280
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0280
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0285
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0285
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0290
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0290
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0295
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0295
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0295
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0300
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0300
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0305
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0305
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0310
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0310
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0310
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0315
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0315
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0320
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0320
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0325
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0325
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0330
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0330
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0330
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0335
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0335
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0335
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0340
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0345
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0345
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0345
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0350
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0350
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0350
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0355
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0355
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0360
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0360
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0360


460	 Sustainable Desalination Handbook

	 [75]	 Chang JS. Understanding the role of ecological indicator use in assessing the effects of 
desalination plants. Desalination 2015;365:416–33.

	 [76]	 Gesteira JLG, Dauvin J-C. Amphipods are good bioindicators of the impact of oil spills 
on soft-bottom macrobenthic communities. Mar Pollut Bull 2000;40(11):1017–27.

	 [77]	 De-La-Ossa-Carretero JA, Del-Pilar-Ruso Y, Loya-Fernández A, Ferrero-Vicente LM, 
Marco-Méndez C, Martinez-Garcia E, et al. Response of amphipod assemblages to de-
salination brine discharge: impact and recovery. Estuar Coast Shelf Sci 2016;172:13–23.

	 [78]	 Del-Pilar-Ruso  Y, Martinez-Garcia  E, Giménez-Casalduero  F, Loya-Fernández  A,  
Ferrero-Vicente LM, Marco-Méndez C, et al. Benthic community recovery from brine 
impact after the implementation of mitigation measures. Water Res 2015;70:325–36.

	 [79]	 Begher Nabavi  SM, Miri M, Doustshenas B, Safahieh AR. Effects of a brine dis-
charge over bottom polychaeta community structure in Chabahar bay. J Life Sci 
2013;7(3):302–7.

	 [80]	 Del-Pilar-Ruso Y, De-la-Ossa-Carretero JA, Giménez-Casalduero F, Sánchez-Lizaso JL. 
Effects of a brine discharge over soft bottom polychaeta assemblage. Environ Pollut 
2008;156(2):240–50.

	 [81]	 Sugni M, Mozzi D, Barbaglio A, Bonasoro F, Candia Carnevali MD. Endocrine dis-
rupting compounds and echinoderms: new ecotoxicological sentinels for the marine 
ecosystem. Ecotoxicology 2007;16(1):95–108.

	 [82]	 Fernández-Torquemada, Y.; González-Correa, J. M.; Sánchez-Lizaso, J. L. Echinoderms as 
indicators of brine discharge impacts. Desalin Water Treat 2013, 51 (October), 567–573.

	 [83]	 Dauvin  JC, Ruellet  T. Polychaete/amphipod ratio revisited. Mar Pollut Bull 
2007;55(1–6):215–24.

	 [84]	 Duarte CM. The future of seagrass meadows. Environ Conserv 2002;29(2):192–206.
	 [85]	 Unsworth RKF, van Keulen M, Coles RG. Seagrass meadows in a globally changing 

environment. Mar Pollut Bull 2014;83(2):383–6.
	 [86]	 Duarte CM, Cebrián J. The fate of marine autotrophic production. Limnol Oceanogr 

1996;41(8):1758–66.
	 [87]	 Duarte  CM, Dennison  WC, Orth  RJW, Carruthers  TJB. The charisma of coastal 

ecosystems: addressing the imbalance. Estuar Coasts 2008;31(2):233–8.
	 [88]	 Sánchez-Lizaso JL, Romero J, Ruiz J, Gacia E, Buceta JL, Invers O, et al. Salinity toler-

ance of the Mediterranean seagrass Posidonia oceanica: recommendations to minimize 
the impact of brine discharges from desalination plants. Desalination 2008;221(1–
3):602–7.

	 [89]	 Marín-Guirao  L, Sandoval-Gil  JM, Ruíz  JM, Sánchez-Lizaso  JL. Photosynthesis, 
growth and survival of the Mediterranean seagrass Posidonia oceanica in response to 
simulated salinity increases in a laboratory mesocosm system. Estuar Coast Shelf Sci 
2011;92(2):286–96.

	 [90]	 Gacia E, Invers O, Manzanera M, Ballesteros E, Romero J. Impact of the brine from a 
desalination plant on a shallow seagrass (Posidonia oceanica) meadow. Estuar Coast Shelf 
Sci 2007;72(4):579–90.

	 [91]	 Fernández-Torquemada  Y, Sánchez-Lizaso  JL. Effects of salinity on leaf growth 
and survival of the Mediterranean seagrass Posidonia oceanica. J Exp Mar Biol Ecol 
2005;320(1):57–63.

	 [92]	 Torquemada YF, Lizaso JLS. Monitoring of brine discharges from seawater desalina-
tion plants in the Mediterranean. Int J Environ Heal 2007;1(3):449–61.

	 [93]	 Garrote-Moreno  A, Fernández-Torquemada  Y, Sánchez-Lizaso  JL. Salinity fluctu-
ation of the brine discharge affects growth and survival of the seagrass Cymodocea 
nodosa. Mar Pollut Bull 2014;81(1):61–8.

	 [94]	 Roca G, Alcoverro T, Krause-Jensen D, Balsby TJS, Van Katwijk MM, Marbá N, et al. 
Response of seagrass indicators to shifts in environmental stressors: a global review 
and management synthesis. Ecol Indic 2016;63:310–23.

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0365
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0365
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0370
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0370
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0375
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0375
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0375
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0380
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0380
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0380
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0385
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0385
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0385
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0390
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0390
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0390
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0395
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0395
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0395
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0400
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0400
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0405
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0410
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0410
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0415
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0415
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0420
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0420
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0425
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0425
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0425
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0425
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0430
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0430
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0430
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0430
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0435
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0435
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0435
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0440
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0440
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0440
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0445
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0445
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0450
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0450
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0450
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0455
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0455
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0455


	 Impacts of Seawater Desalination on Coastal Environments	 461

	 [95]	 Cambridge ML, Zavala-Perez A, Cawthray GR, Mondon J, Kendrick GA. Effects of high 
salinity from desalination brine on growth, photosynthesis, water relations and osmolyte 
concentrations of seagrass Posidonia australis. Mar Pollut Bull 2017;115(1):252–60.

	 [96]	 Norcross BL, Shaw RF. Oceanic and estuarine transport of fish eggs and larvae: a 
review. Trans Am Fish Soc 1984;113:153–65.

	 [97]	 Petereit C, Hinrichsen HH, Franke A, Köster FW. Floating along buoyancy levels: 
dispersal and survival of western Baltic fish eggs. Prog Oceanogr 2014;122:131–52.

	 [98]	 Osse  JWM, Van Den Boogaart  JGM, Van Snik  GMJ, Van Der Sluys  L. Priorities  
during early growth of fish larvae. Aquaculture 1997;155(1–4):249–58.

	 [99]	 Battaglene SC, Talbot RB. Effects of salinity and aeration on survival of and initial 
swim bladder inflation in larval Australian bass. Progress Fish Cult 1993;55(1):35–9.

	[100]	 Fielder DS, Bardsley WJ, Allan GL, Pankhurst PM. The effects of salinity and temper-
ature on growth and survival of Australian snapper, Pagrus auratus, larvae. Aquaculture 
2005;250(1–2):201–14.

	[101]	 Gracia-López V, Kiewek-Martínez M, Maldonado-García M. Effects of temperature 
and salinity on artificially reproduced eggs and larvae of the leopard grouper Mycter-
operca rosacea. Aquaculture 2004;237(1–4):485–98.

	[102]	 Hart PR, Purser GJ. Effects of salinity and temperature on eggs and yolk sac larvae of 
the greenback flounder Rhombosolea tapirina. Aquaculture 1995;136(3–4):221–30.

	[103]	 Johnson DW, Katavic I. Mortality, growth and swim bladder stress syndrome of sea 
bass (Dicentrarchus labrax) larvae under varied environmental-conditions. Aquaculture 
1984;38(1):67–78.

	[104]	 Lein I, Tveite S, Gjerde B, Holmefjord I. Effects of salinity on yolk sac larvae of Atlan-
tic halibut (Hippoglossus hippoglossus L.). Aquaculture 1997;156(3–4):291–303.

	[105]	 Tandler A, Anav FA, Choshniak I. The effect of salinity on growth rate, survival and swim-
bladder inflation in gilthead seabream, Sparus aurata, larvae. Aquaculture 1995;135(4):343–53.

	[106]	 Ostrach, D.J., Bass Larvae, Available from: http://www.ostrachconsulting.com.
	[107]	 Blaxter JHS. Development: eggs and Larvae. In: Hoar WS, Randall DJ, editors. Fish 

physiology, 11. San Diego, California, USA: Elsevier; 1988. p. 177–252.
	[108]	 Kestemont P, Jourdan S, Houbart M, Mélard C, Paspatis M, Fontaine P, et al. Size het-

erogeneity, cannibalism and competition in cultured predatory fish larvae: biotic and 
abiotic influences. Aquaculture 2003;227(1–4):333–56.

	[109]	 Pepin P. Effect of temperature and size on development, mortality, and survival rates of the 
pelagic early life history stages of marine fish. Can J Fish Aquat Sci 1991;48(3):503–18.

	[110]	 Vanderplancke G, Claireaux G, Quazuguel P, Madec L, Ferraresso S, Sévère A, et al. 
Hypoxic episode during the larval period has long-term effects on European sea bass 
juveniles (Dicentrarchus labrax). Mar Biol 2014;162(2):367–76.

	[111]	 Tal TL, McCollum CW, Harris PS, Olin J, Kleinstreuer N, Wood CE, et al. Immediate 
and long-term consequences of vascular toxicity during zebrafish development. Reprod 
Toxicol 2014;48:51–61.

	[112]	 Iso S, Suizu S, Maejima A. The lethal effect of hypertonic solutions and avoidance of 
marine organisms in relation to discharged brine from a destination plant. Desalina-
tion 1994;97(1–3):389–99.

	[113]	 Swanson C. Early development of milkfish: effects of salinity on embryonic and larval 
metabolism, yolk absorption and growth. J Fish Biol 1996;48:405–21.

	[114]	 Mihelakakis A, Kitajima C. Effects of salinity and temperature on incubation period, 
hatching rate, and morphogenesis of the silver sea bream, Sparus sarba. Aquaculture 
1994;126(3–4):361–71.

	[115]	 Gibson  S, Johnston  IA. Temperature and development in larvae of the turbot  
Scophthalmus maximus. Mar Biol 1995;124(1):17–25.

	[116]	 Bagarinao T, Kungvankij P. An incidence of swimbladder stress syndrome in hatchery-
reared sea bass. Aquaculture 1986;51:181–8.

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0460
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0460
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0460
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0465
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0465
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0470
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0470
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0475
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0475
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0480
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0480
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0485
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0485
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0485
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0490
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0490
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0490
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0495
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0495
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0500
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0500
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0500
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0505
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0505
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0510
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0510
http://www.ostrachconsulting.com
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0515
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0515
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0520
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0520
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0520
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0525
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0525
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0530
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0530
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0530
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0535
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0535
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0535
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0540
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0540
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0540
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0545
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0545
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0550
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0550
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0550
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0555
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0555
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0560
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0560


462	 Sustainable Desalination Handbook

	[117]	 Trotter AJ, Battaglene SC, Pankhurst PM. Effects of temperature on initial swim blad-
der inflation and related development in cultured striped trumpeter (Latris lineata) 
larvae. Aquaculture 2003;224(1–4):141–58.

	[118]	 Bonisławska M, Tański A, Nędzarek A, Tórz A. Effect of the coagulants PAX and PIX 
on the embryonic development of pike (Esox lucius). Limnol Rev 2012;12(3):125–32.

	[119]	 Birkeland  C. Coral reefs in the anthropocene. In: Birkeland  C, editor. Dordrecht, 
Netherlands: Springer; 2015.

	[120]	 Moberg FF, Folke C. Ecological goods and services of coral reef ecosystems. Ecol 
Econ 1999;29(2):215–33.

	[121]	 Graham NAJ, Wilson SK, Jennings S, Polunin NVC, Bijoux JP, Robinson J. Dynamic 
fragility of oceanic coral reef ecosystems. Proc Natl Acad Sci 2006;103(22):8425–9.

	[122]	 Roth MS. The engine of the reef: photobiology of the coral-algal symbiosis. Front 
Microbiol 2014;5:1–22.

	[123]	 Muller-Parker G, D’Elia CF, Cook CB. Interactions between corals and their symbiotic 
algae. In: Birkeland C, editor. Coral reefs in the anthropocene. Dordrecht, Netherlands: 
Springer; 2015. p. 1–271.

	[124]	 Mayfield  AB, Gates  RD. Osmoregulation in anthozoan-dinoflagellate symbiosis. 
Comp Biochem Physiol 2007;147(1):1–10.

	[125]	 Jokiel  PL, Coles  SL. Response of Hawaiian and other Indo-Pacific reef corals to 
elevated temperature. Coral Reefs 1990;8(4):155–62.

	[126]	 Coles SL, Riegl BM. Thermal tolerances of reef corals in the Gulf: a review of the po-
tential for increasing coral survival and adaptation to climate change through assisted 
translocation. Mar Pollut Bull 2013;72(2):323–32.

	[127]	 Hughes  TP, Baird  A, Bellwood  M, Card  M, Connolly  S, Folke  C, et  al. Climate 
change, human impacts and the resilience of coral reefs. Science 2003;301:929–33.

	[128]	 Brown BE. Coral bleaching: causes and consequences. Coral Reefs 1997;16:129–38.
	[129]	 Barshis  DJ, Ladner  JT, Oliver  TA, Seneca  FO, Traylor-Knowles  N, Palumbi  SR. 

Genomic basis for coral resilience to climate change. Proc Natl Acad Sci U S A 
2013;110(4):1387–92.

	[130]	 Sebens  KP. Biodiversity of coral reefs: what are we losing and why? Am Zool 
1994;34(1):115–33.

	[131]	 Mabrook B. Environmental impact of waste brine disposal of desalination plants, Red 
Sea, Egypt. Desalination 1994;97(1–3):453–65.

	[132]	 van der Merwe  R, RÖthig  T, Voolstra  CR, OchsenkÜhn  MA, Lattemann  S,  
Amy GL. High salinity tolerance of the Red Sea coral Fungia granulosa under desalina-
tion concentrate discharge conditions: an in situ photophysiology experiment. Front 
Mar Sci 2014;1:1–8.

	[133]	 Drushka K, Gille ST, Sprintall  J. The diurnal salinity in the tropics. J Geophys Res 
Ocean 2014;119:5874–90.

	[134]	 Lirman D, Manzello D. Patterns of resistance and resilience of the stress-tolerant coral 
Siderastrea radians (Pallas) to sub-optimal salinity and sediment burial. J Exp Mar Biol 
Ecol 2009;369(1):72–7.

	[135]	 Manzello D, Lirman D. The photosynthetic resilience of Porites furcata to salinity dis-
turbance. Coral Reefs 2003;22(4):537–40.

	[136]	 Muthiga NA, Szmant AM. The effects of salinity stress on the rates of aerobic res-
piration and photosynthesis in the hermatypic coral Siderastrea siderea. Biol Bull 
1987;173:539–51.

	[137]	 Ferrier-Pagès C, Gattuso JP, Jaubert J. Effect of small variations in salinity on the rates 
of photosynthesis and respiration of the zooxanthellate coral Stylophora pistillata. Mar 
Ecol Prog Ser 1999;181:309–14.

	[138]	 Lattemann S. Protecting the marine environment. In: Micale G, Rizzuti L, Cipollina A, 
editors. Seawater desalination, 46. Berlin, Germany: Springer; 2009. p. 273–99.

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0565
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0565
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0565
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0570
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0570
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf9010
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf9010
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0575
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0575
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0580
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0580
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0585
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0585
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0590
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0590
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0590
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0595
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0595
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0600
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0600
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0605
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0605
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0605
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0610
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0610
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0615
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0620
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0620
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0620
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0625
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0625
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0630
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0630
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0635
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0635
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0635
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0635
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0640
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0640
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0645
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0645
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0645
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0650
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0650
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0655
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0655
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0655
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0660
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0660
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0660
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0665
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0665


	 Impacts of Seawater Desalination on Coastal Environments	 463

	[139]	 Bruno JF, Selig ER, Casey KS, Page CA, Willis BL, Harvell CD, et al. Thermal stress 
and coral cover as drivers of coral disease outbreaks. PLoS Biol 2007;5(6):1220–7.

	[140]	 Porter JW, Lewis SK, Porter KG. The effect of multiple stressors on the Florida Keys 
coral reef ecosystem: a landscape hypothesis and a physiological test. Limnol Ocean-
ogr 1999;44:941–9.

	[141]	 Schoepf V, Grottoli AG, Levas SJ, Aschaffenburg MD, Baumann JH, Matsui Y, et al. 
Annual coral bleaching and the long-term recovery capacity of coral. Proc R Soc B 
Biol Sci 2015;282:20151887.

	[142]	 Hoegh-Guldberg O, Smith GJ. The effect of sudden changes in temperature, light 
and salinity on the population density and export of zooxanthellae from the reef 
corals Stylophora pistillata Esper and Seriatopora hystrix Dana. J Exp Mar Biol Ecol 
1989;129:279–303.

	[143]	 Fine M, Gildor H, Genin A. A coral reef refuge in the Red Sea. Glob Chang Biol 
2013;19(12):3640–7.

	[144]	 Long ER, Smith SL, Fred D, Der CAL. Incidence of adverse biological effects within 
ranges of chemical concentrations in marine and estuarine sediments. Environ Manag 
1995;19:81–97.

	[145]	 Bar-Zeev  E, Belkin  N, Liberman  B, Berman-Frank  I, Berman  T. Bioflocculation: 
chemical free, pre-treatment technology for the desalination industry. Water Res 
2013;47(9):3093–102.

FURTHER READING
[1]	 Marin-Guirao L, Sandoval-Gil JM, Ruz JM, Sánchez-Lizaso JL. Corrigendum to pho-

tosynthesis, growth and survival of the Mediterranean seagrass Posidonia oceanica in 
response to simulated salinity increases in a laboratory mesocosm system [Estuarine, 
Coastal and Shelf Science 92 (2011) 286–296]. Estuar Coast Shelf Sci 2011;93(1):86.

[2]	 Drami D, Yacobi YZ, Stambler N, Kress N. Seawater quality and microbial communities 
at a desalination plant marine outfall: a field study at the Israeli Mediterranean coast. 
Water Res 2011;45(17):5449–62.

http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0670
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0670
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0675
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0675
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0675
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0680
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0680
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0680
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0685
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0685
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0685
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0685
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0690
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0690
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0695
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0695
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0695
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0700
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0700
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0700
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0705
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0705
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0705
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0705
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0710
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0710
http://refhub.elsevier.com/B978-0-12-809240-8.00011-3/rf0710

	Front Cover
	Sustainable Desalination Handbook: Application and Thermodynamics
	Copyright
	Dedication
	Contents
	Contributors
	Biography
	Preface
	Part 1—Desalination Process Selection and Implementation
	Part 2—Issues in Sustainable Desalination

	Acknowledgments
	Part 1: Desalination Process Selection and Implementation
	Chapter 1: Membrane Desalination—Process Selection, Design, and Implementation
	1.1. Overview
	1.1.1. Single- and Multiple-Pass RO Systems
	1.1.2. Single and Multiple RO Stage Systems

	1.2. NF System Configurations
	1.3. BWRO System Configurations
	1.4. Seawater System Configurations
	1.4.1. Single-Pass SWRO Systems
	1.4.2. Two-Pass SWRO Systems
	1.4.2.1. Conventional Full-Two-Pass SWRO Systems
	1.4.2.2. Split-Partial Two-Pass SWRO Systems

	1.4.3. Product Water Quality of Single- and Two-Pass SWRO Systems
	1.4.4. Four-Stage SWRO Systems
	1.4.5. Two-Stage SWRO Systems
	1.4.6. Hybrid SWRO Systems With Multiple Passes and Stages
	1.4.7. Three-Center RO System Configuration

	References

	Chapter 2: Energy Efficiency of Reverse Osmosis
	2.1 Introduction
	2.2 Energetics of Desalination
	2.2.1 Thermodynamic Minimum Energy
	2.2.2 Energy Consumption in Reverse Osmosis With Second Law of Thermodynamics Framework

	2.3 Reverse Osmosis Energy Consumption
	2.3.1 Membrane Energy Consumption
	2.3.1.1 The Solution-Diffusion Model
	2.3.1.2 Resistance in the Membrane
	2.3.1.3 Resistance From Fouling
	2.3.1.4 Kinetics and the Flux/Rejection Trade-off

	2.3.2 Module Energy Consumption
	2.3.2.1 Spiral Wound Modules
	Feed Channel Pressure Drop
	Feed Channel Concentration Polarization
	Permeate Channel Pressure Drop

	2.3.2.2 Hollow Fiber Modules

	2.3.3 System-Level Energy Consumption and Efficiency of Power Source

	2.4 Conclusion and Future Opportunities
	References
	Further Reading

	Chapter 3: Environmental Impact and Technoeconomic Analysis of Hybrid MSF/RO Desalination: The Case Study of Al Taweelah A2 ...
	3.1 Introduction
	3.2 Hybrid Desalination Systems
	3.2.1 Hybrid RO Desalination Systems
	3.2.2 Hybrid FO Desalination Systems
	3.2.3 Hybrid MED Desalination Systems
	3.2.4 Hybrid MSF Desalination Systems

	3.3 Case Study: Technoeconomic Assessment and Environmental Impacts of Hybridization for Al Taweelah A2 MSF Plant in A ...
	3.3.1 Al Taweelah A2 Plant Case Study—Methodology
	3.3.1.1 Modeling, Economics, and Environmental Impact of MSF
	3.3.1.2 Modeling, Economics, and Environmental Impact of RO
	3.3.1.3 Modeling, Economics, and Environmental Impact of Hybrid MSF/RO


	3.4 Results and Discussion
	3.4.1 Energy Consumption of MSF, RO, and Hybrid MSF/RO
	3.4.2 Economics and Water Cost of MSF, RO, and Hybrid MSF/RO
	3.4.3 Environmental Impacts of MSF, RO, and Hybrid MSF/RO
	3.4.4 Sensitivity Analysis in Hybrid MSF/RO—Impact of Feed Seawater Flow Rate

	3.5 Future Prospects of Desalination Technologies
	3.6 Conclusion
	Acknowledgment
	References

	Chapter 4: Trigeneration and Polygeneration Configurations for Desalination and Other Beneficial Processes
	4.1 Introduction
	4.1.1 Polygeneration With Solar-Driven Multiple-Effect Desalination (MED)
	4.1.2 Concentrating Photovoltaic/Thermal Collectors (CPVT)
	4.1.3 Desalination

	4.2 Layout of the Systems Investigated
	4.2.1 Geothermal Polygeneration Plant (GP)
	4.2.2 Biomass Polygeneration Plant (BP)

	4.3 Simulation Model
	4.3.1 Energy Model (TRNSYS)
	4.3.1.1 CPVT
	4.3.1.2 MED
	First Effect
	Generic Effects from 2 to 8
	Condenser

	4.3.1.3 System Level
	Primary Energy Savings


	4.3.2 Economic Model
	4.3.3 Exergy Model
	4.3.3.1 CPVT Collectors
	4.3.3.2 MED Unit

	4.3.4 Exergoeconomic Model
	4.3.4.1 Submodel 1—“Summer Season”
	CPVT
	HE1
	Diverter 1, D1
	Storage Tank TK1
	"ACH + HE3 + auxiliaries”
	Storage Tank TK2
	M1
	Auxiliary Heater, AH
	Mixer M3
	MED
	Diverter D3

	4.3.4.2 Submodel 2—“Winter Season”
	Heat Exchanger HE2



	4.4 Results
	4.4.1 Thermoeconomic Analysis Results
	4.4.1.1 BP System
	4.4.1.2 GP System

	4.4.2 Exergy Analysis Results
	4.4.3 Exergoeconomic Analysis Results
	4.4.3.1 Economic Feasibility of the Renewable Polygeneration System


	4.5 Conclusion
	References

	Chapter 5: Design and Construction of Open Intakes
	5.1 Introduction
	5.2 Open Intakes
	5.2.1 Types and Configurations
	5.2.1.1 Onshore Open Intakes
	5.2.1.2 Offshore Open Intakes
	5.2.1.3 Colocated Intakes
	Configuration
	Potential Colocation Benefits
	Potential Colocation Challenges


	5.2.2 Selection of Open Intake Type
	5.2.2.1 Onshore versus Offshore Intake
	5.2.2.2 Wedgewire Screens vs. Conventional Inlet Structure

	5.2.3 Selection of Open Intake Location
	5.2.4 Minimization of Impingement and Entrainment Impacts
	5.2.5 Design Considerations
	5.2.5.1 Onshore Intakes
	5.2.5.2 Offshore Intakes
	Bathymetric Profile
	Geotechnical Survey
	Wave and Tide Survey
	Underwater Current Survey
	Biological (Ecological) Survey
	Source Water Quality Profile

	5.2.5.3 Offshore Intake Inlet Structure—Design and Construction Considerations
	Inlet Depth
	Inlet Screens
	Inlet Materials
	Inlet Configuration
	Intake Water Conduit Configuration
	Intake Pipeline Materials


	5.2.6 Costs of Open Intakes
	5.2.6.1 Construction Costs of Onshore Intakes
	5.2.6.2 Construction Costs of Offshore Intakes


	References

	Chapter 6: Design and Construction of Subsurface Intakes
	6.1 Subsurface Intake Systems for Desalination Feedwater Supply
	6.1.1 Vertical Beach Wells
	6.1.2 Ranney Collector Wells
	6.1.2.1 Ranney Collector Well—Sonoma Type

	6.1.3 Horizontal Directional Drilling Wells
	6.1.4 Slant Wells
	6.1.5 Subsurface Infiltration Galleries
	6.1.5.1 Engineered Beach Gallery
	6.1.5.2 Offshore Galleries


	6.2 Selected Case Histories
	6.2.1 Vertical Beach Wells
	6.2.1.1 Al-Birk Desalination Plant, Saudi Arabia

	6.2.2 Ranney Collector Wells
	6.2.2.1 Salina Cruz, Mexico

	6.2.3 Horizontal Directionally Drilled Wells
	6.2.3.1 San Pedro del Pinatar, Spain

	6.2.4 Slant Wells
	6.2.4.1 Doheny Ocean Desalination Project-Dana Point California
	Silt Density Index
	Dissolved Iron and Manganese in Old Marine Groundwater

	6.2.4.2 Monterey Peninsula Water Supply Project

	6.2.5 Subsurface Infiltration Galleries
	6.2.5.1 Long Beach Pilot Study, California—Beach Gallery
	6.2.5.2 Fukuoka, Japan


	6.3 Subsurface Intake Systems—Advantages and Disadvantages
	6.3.1 Advantages
	6.3.2 Disadvantages

	6.4 Summary of Findings
	6.4.1 Findings Related to Subsurface Intakes in General
	6.4.2 Findings Related to Subsurface Intakes Using Wells
	6.4.3 Findings Related to Infiltration Galleries

	References

	Chapter 7: Brine Disposal and Management—Planning, Design, and Implementation
	7.1 Introduction
	7.2 Desalination Technology
	7.3 Environmental Considerations and Rules
	7.3.1 Siting of Costal Desalinations
	7.3.2 Brine Disposal

	7.4 Brine Discharge Modeling and Design
	7.4.1 Numerical Models
	7.4.1.1 Integral Models
	7.4.1.2 Computational Fluid Dynamics Models

	7.4.2 Experimental Models
	7.4.2.1 Single-Port Discharges
	7.4.2.2 Multiport Diffuser
	7.4.2.3 Discharge in Shallow Water
	7.4.2.4 Surface Discharge


	7.5 Conclusions
	References
	Further Reading

	Chapter 8: Post-Treatment of Desalinated Water—Chemistry, Design, Engineering, and Implementation
	8.1 Introduction
	8.1.1 Considerations Associated With Desalinated Water Quality
	8.1.1.1 Interaction of the Water With the Distribution System
	8.1.1.2 Public Health
	8.1.1.3 Suitability for Irrigation Purposes
	8.1.1.4 Possible Detrimental Effects on Downstream Wastewater Treatment Plants
	8.1.1.5 Effect on the Quality of Reclaimed Water Used for Agricultural Irrigation

	8.1.2 Water Quality Parameters
	8.1.3 Chemicals Used for Corrosion Minimization in Water Distribution Systems
	8.1.3.1 Post-Treatment Nomenclature

	8.1.4 Subjects Not Included in the Scope of this Chapter: Disinfection, Fluoridation, Boron Removal, and Aeration

	8.2 Basic Chemical Principles
	8.2.1 The Carbonate System
	8.2.2 Aqueous—Gaseous Phase Interaction (CO2 Saturation State)
	8.2.3 H2CO3*alkalinity
	8.2.4 Buffer Capacity
	8.2.5 pH
	8.2.6 CaCO3 Solubility
	8.2.7 Dolomite Solubility
	8.2.8 CaCO3 Dissolution Indices
	8.2.9 Main Gaps in Knowledge

	8.3 Desalination Post-Treatment Methods: State of the Art
	8.3.1 Direct Dosage of Chemicals
	8.3.1.1 Dosage of Ca(OH)2 + CO2
	8.3.1.2 Dosage of Ca(OH)2 + Na2CO3 or Ca(OH)2 + NaHCO3
	8.3.1.3 Dosage of CaCl2 + NaHCO3
	8.3.1.4 Dosage of Na2CO3 + CO2 or NaOH + CO2

	8.3.2 Blending Desalinated Water With Other Water Sources
	8.3.3 Calcite Dissolution Processes
	8.3.3.1 Acidifying Agents Used to Enhance Calcite Dissolution
	8.3.3.2 Final pH Adjustment
	8.3.3.3 Unintentional CO2(g) Stripping

	8.3.4 Dolomite Dissolution
	8.3.5 Sources of CO2 Used in the PT Step

	8.4 Innovative Post-Treatment Processes for Attaining Magnesium in the Product Water
	8.4.1 Calcite Dissolution Combined With an Ion Exchange Step (IX) (The Calcite Dissolution-IX Process)
	8.4.2 Dolomite Dissolution Combined With Calcite Dissolution
	8.4.3 A Complementary Step for Addition of Mg2 +, SO42 (and Ca2 +) Through Dosage of Seawater Nan ...
	8.4.4 A Complementary Step for Mg2 + Enrichment by Dosage of the Brine Produced Through Seawater Nanofiltration, ...

	8.5 Comparison Between PT Methods
	8.5.1 Water Quality
	8.5.1.1 TDS Addition
	8.5.1.2 SO42 Supply
	8.5.1.3 Mg2 + Supply
	8.5.1.4 Buffering Capacity
	8.5.1.5 Flexibility

	8.5.2 Practical Aspects
	8.5.2.1 Percentage of Treated Water
	8.5.2.2 Reliability


	8.6 Recent full-scale project experience
	8.6.1 The Kantor Desalination Plant
	8.6.1.1 Characteristics of the Brackish Water Fed to the Kantor Plant
	8.6.1.2 Operation of the Kantor Desalination Plant Post-Treatment Step


	8.7 Summary
	References
	Further Reading

	Chapter 9: Desalination Concentrate Management and Valorization Methods
	9.1 Introduction
	9.2 Beneficial Uses of Desalination Brines/Concentrates
	9.2.1 Renewable Energy Production
	9.2.2 Salts Recovery and Acids/Bases Production
	9.2.3 Irrigation and Fertigation
	9.2.4 Aquaculture (Fish/Prawn Farming)
	9.2.5 Growth of Cyanobacteria (Spirulina)
	9.2.6 Integrated Systems: Irrigation and Aquaculture
	9.2.7 Algae Cultivation Using DC
	9.2.7.1 Using DC for Algae Cultivation Under Laboratory Conditions
	9.2.7.2 Using DC for Algae Cultivation at Pilot Scale

	9.2.8 Value-Added Product from Algae

	9.3 Conclusion and Future Trends
	References
	Further Reading


	Part 2: Issues in Sustainable Desalination
	Chapter 10: Environmental Regulations—Inland and Coastal Desalination Case Studies
	10.1 Introduction
	10.2 Environmental Impact Regulation
	10.2.1 Community Regulations
	10.2.2 National Regulations
	10.2.3 Regional Regulations

	10.3 General Potential Impacts from Desalination Facilities
	10.3.1 Impact on the Marine Environment Due to the Brine Discharge
	10.3.2 Indirect Impact Due to Energy Use
	10.3.3 Impact of Land Use and Visual Disturbance
	10.3.4 Impact of Noise

	10.4 Case Studies
	10.4.1 Case of Study 1: Alicante II SWRO Desalination Plant
	10.4.1.1 Analysis of Significant Environmental Impacts and Corrective Measure
	10.4.1.2 Environmental Monitoring Plan

	10.4.2 Case of Study 2: Santa Eulalia SWRO Desalination Plant
	10.4.2.1 Analysis of Significant Environmental Impacts and Corrective Measure
	10.4.2.2 Environmental Monitoring Plan

	10.4.3 Case of Study 3: El Mojón BWRO Desalination Plant
	10.4.3.1 Analysis of Significant Environmental Impacts and Corrective Measure
	10.4.3.2 Environmental Monitoring Plan

	10.4.4 Case of Study 4: Maspalomas II SWRO Desalination Plant
	10.4.5 Case of Study 5: Arucas-Moya SWRO Desalination Plant

	10.5 Conclusions
	References

	Chapter 11: Impacts of Seawater Desalination on Coastal Environments
	11.1 Introduction
	11.2 The Impact of Desalination Brine Effluent on Zooplankton
	11.3 Benthic Bacteria Around the Outfall of Desalination Facilities
	11.4 Short- and Long-Term Impact of SWRO Brine-Effluent Discharge on Benthic Bacteria
	11.5 Impact of Osmotic Stress on Benthic Meiofauna
	11.6 The Effects of Desalination Brine Effluent on Seagrass
	11.7 Desalination Brine-Effluent Impacts on Fish Larvae
	11.8 The Effects of Desalination Brine Effluent on Corals Physiology
	11.9 Looking Forward: Nexus of SWRO Desalination and Coastal Environments
	References
	Further Reading

	Chapter 12: Microbial Communities in the Process and Effluents of Seawater Desalination Plants
	12.1 Introduction
	12.2 Desalination Impact on Microbial Communities
	12.2.1 Entrainment of Microbial Communities and Their Fate Along the Desalination Process
	12.2.2 Impact of Seawater Desalination Discharges on the Coastal Microbial Communities: Results from Laboratory, Mesoc ...
	12.2.2.1 Salinity Effects: Mesocosm Study
	12.2.2.2 Chemical Discharges Along With Salinity Effects: Mesocosm Study
	12.2.2.3 In Situ Studies


	12.3 Gaps in Knowledge and Outlook
	Acknowledgment
	References
	Further Reading

	Chapter 13: Impact of Algal Blooms and Their Toxins on Reverse Osmosis Desalination Plant Operations
	13.1 Establishing the Presence of Microalgal Toxins in Desalination Intake Waters
	13.2 Experimental Investigations Into Microalgal Toxin Removal by RO Membranes
	References

	Chapter 14: Social Issues and Public Acceptance of Seawater Desalination Plants
	14.1 Introduction
	14.2 Potential Impacts of Seawater Desalination
	14.3 Public Perception of Seawater Desalination
	14.3.1 Perception of Environmental Impacts
	14.3.2 Perception of Social Impacts of Desalination
	14.3.3 The Influence of Social and Psychological Variables on Attitudes
	14.3.4 Institutional Factors Shaping Attitudes Toward Desalination
	14.3.5 Management Strategies to Increase Public Support for Desalination

	14.4 Research Needs in Public Perception and Desalination
	14.5 Conclusion
	References
	Further Reading

	Chapter 15: Environmental Life Cycle Analysis of Water Desalination Processes
	15.1 Introduction
	15.1.1 Desalination—Energy Nexus

	15.2 Desalination Technologies
	15.2.1 Technologies and Performance
	15.2.2 Reverse Osmosis Desalination
	15.2.2.1 RO Desalination Costs
	15.2.2.2 Operational Window of RO Membrane and Technologies

	15.2.3 Thermal Desalination

	15.3 Desalination Processes Powered by Renewable Energy Sources
	15.4 Assessment of Desalination Environmental Impact
	15.4.1 Environmental Evaluation Tool
	15.4.2 GHG Emissions
	15.4.3 Embodied Energy
	15.4.4 GHG Emissions and Embodied Energy of Renewable PV/Wind Source
	15.4.5 Energy, Environmental, and Cost Payback Periods of Renewable PV/Wind Source

	15.5 Eco-Design and Eco-Optimization of an RO Water Desalination
	15.6 Technological Challenges and the Future of Desalination
	15.7 Conclusion
	Acknowledgment
	References


	Index
	Back Cover

