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12.1  INTRODUCTION

Scarcity of potable water due to the combined effects of climate change 
(driving changes in precipitation patterns and draughts) and population 
growth [1] has increased the global demand for desalination. At the end of 
2015,1 global desalination capacity was estimated at 86.6 Mm3 day−1 with 
seawater (SW) desalination accounting for ca. 60% of the global desalina-
tion effort [2,3]. From 1997 to 2008, the compound annual growth rate of 
desalination was 17%, and increased exponentially at a rate of 14% year−1 
from 2007 to 2012. Although the yearly rate of increase then declined to 
3% year−1 from 2012 to 2015 [3,4], desalination and in particular construc-
tion of large-scale seawater desalination plants are expected to continue ex-
panding worldwide. At present, two desalination technologies dominate the 
desalination industry: the thermal process Multistage Flash (MSF), and the 
membrane-based Reverse Osmosis (RO), the latter accounting for more 
than 60% of the market share [4].

Regardless of the technology used in seawater desalination, SW (feed 
water) is pumped into the desalination plant and brine is discharged back to 
sea—impacting the marine environment [5]. Intake of seawater entrains and 
impinges marine organisms [6,7]. Yet, its impacts on populations and com-
munities are rarely characterized. Brine discharge effects are associated with 
increased salinity, accompanied by higher temperatures for thermal pro-
cesses: brine from SWRO is discharged with about twice the seawater salin-
ity, while brine from MSF has about 1.5 seawater salinity and a temperature 
higher by ca. 5°C. Environmental effects can be associated also with the 

1�http://www.iwa-network.org/desalination-past-present-future/

http://www.iwa-network.org/desalination-past-present-future
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chemicals used in the desalination process that are then discharged at sea. 
Those may include coagulants in the pretreatment stage (iron or aluminum 
salts, polymers—RO only); antifoaming agents (MSF only), corrosion in-
hibitors, biocides (such as chlorine), and neutralizers (sodium sulfite); an-
tiscalants to prevent fouling of the membranes (such as polyphosphates, 
polyphosphonates, polyacrylic acid, polymaleic acid); cleaning solutions 
for RO membranes (acidic and alkaline solutions and detergents); pH and 
hardness adjustors for the product water (limestone). Thermal desalination 
plants are also subject to corrosion and subsequent discharge of metals (such 
as copper) with the brine [7].

In contrast to a continuously expanding number of papers published 
on desalination technologies, a relatively small number of studies have been 
published quantifying the environmental impacts of discharging brine in 
situ or in laboratory experiments [7a] (Fig.  12.1). Although the number 
of publications on environmental impacts is gaining in the last few years, 
there still exists a large gap between the two perspectives reflecting the high 
investment in technologies and the lag in funds and regulations for environ-
mental research and impact studies.

The published studies are site specific, demonstrating variability that is 
also influenced by the desalination process, the size of the plant, the dis-
charge composition, and the sensitivity of the receiving environment.  
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Fig. 12.1  The number of published peer-reviewed scientific papers from 1998 to 2016 
on the subjects: Desalination technology; Desalination environmental impact. Source: 
Web of Science, 3/5/2017.
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Thus, while brine discharge typically increases salinity (and sometimes tem-
perature) at discharge sites, the areas affected are highly variable. In SE Spain, 
high salinity (45, compared with the ambient 37–38) was observed up to 
2 km from the SWRO outfall in winter, while in summer it was confined 
to the vicinity of the outfall [8]. In Israel, brine co-discharged with cooling 
waters of a power plant at the Mediterranean shoreline increased salinity 
(by up to 1.84) and temperature (up to 7.8°C) with spatial impacts reaching 
2 km from the discharge point [9]. In contrast, brine discharged through a 
marine outfall at 10-m depth increased salinities (45, ambient average 39) 
of the bottom 1–2 m water layer with a spatial effect of up to1 km from 
the outfall [10]. In Western Australia, brine discharged through an outfall 
increased salinity by 1 in bottom layer waters, yet remained within the range 
of natural variability (ambient salinity of 33 to 37, [11]). More widespread 
increases in offshore salinity could also occur as reported from Kuwait [12]. 
The salinity at the discharge area increased from 36–41.5 to 41–43 from 
1993 to 2002, while the natural seasonal variation decreased, with no con-
current change in temperature [12]. Following the expansion of the plant, 
dispersion of higher salinities increased to several kilometers from the out-
fall. Other chemical characteristics of water quality may be affected by the 
discharges, yet data are extremely limited. Whether this is valid for all other 
sites, and at different spatial and temporal scales is currently unknown.

Brine discharges also affect the coastal biota—both benthic and pelagic. 
Short-term (15 days) mesocosm experiments examining the impacts of salin-
ity increase (by 1 above the natural range) on the seagrasss Posidonia oceanica 
resulted in significant reduction in leaf growth, increased necrosis, enhanced 
senescence, and an increase in mortality rates [13]. In an in situ salinity ma-
nipulation experiment, P. oceanica exposed to desalination brine with a salin-
ity of 1 and 2.5 above ambient for a 3-month period showed a decrease in 
the number of leaves, the maximum leaf length, growth rates, biomass, and 
plant survival when compared with the control ambient populations [14]. A 
field survey of a shallow P. oceanica meadow exposed to RO brine discharge 
for more than 6 years revealed low shoot abundance, significant reduction 
in leaf size, and overload of epiphytes in the area nearest the outfall (salinity 
of 38.4–39.8) [15]. In contrast, three tropical seagrasses (Thalassia testudinum, 
Halodule wrightii, and Ruppia maritima) were highly tolerant of hypersaline 
conditions. The stress indicators (shoot decline, growth rates, and quantum 
yields of photosynthesis) demonstrated tolerance up to salinities of 55 to 65 
[16]. Moreover, total shoot mortality was not affected for any of the three 
species across the range of salinities examined (35–70 salinity over 30-day 
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exposures) [16]. Discharges at a site on the southeastern Mediterranean 
coast of Spain increased coastal salinity and changed the benthic commu-
nity from a mixed polychaeta, crustacea, and mollusca to one dominated by 
nematodes [17], while at the same site the amphipod populations decreased 
in abundance and diversity [18]. Discharges did not show any impacts on 
benthic communities from the northwest Mediterranean [19], examined for 
12 months prior and 12 months following start of operations nor in Antigua 
[20], following 6 months of exposure to higher salinity and temperature or 
in Australia (Perth) after 15 months of operations. In the latter, however, 
benthic communities changed in the whole Cockburn Sound as a result of 
altered sediment composition, unrelated to the brine discharge [21]. These 
results emphasize the importance and lack of long-term quantitative studies 
as well as on the different trophic levels of the marine food web.

Currently, only a few studies investigating the impacts of desalination 
intakes and discharges on marine microorganisms (heterotrophic bacteria, 
cyanobacteria and unicellular eukaryotes) have been published [9,22–24]. 
Marine microorganisms dominate the abundance, diversity, and metabolic 
activity of the oceans, representing the “unseen majority” of the marine en-
vironment [25]. They sustain marine organic productivity (both autotrophic 
and heterotrophic), comprise a vast and dynamic reservoir of genetic vari-
ability, and are a fundamental link within the oceanic biogeochemical cycles 
of carbon and other nutrients [26,27]. Microbial communities, which are the 
basis of the marine food web (Fig. 12.2), constitute the primary and direct 
path of energy and biomass to the higher trophic levels in the ecosystem, 
and thus can influence the response and vulnerability of the whole ecosys-
tem [28]. The interaction between primary (autotrophic) and heterotrophic 

Fig. 12.2  Simplified marine food web and the basic components and functions of the 
microbial loop.
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production within the microbial community is highly variable, and this vari-
ability impacts ecosystem function [29]. Moreover, a change in the physical 
and/or chemical environment due to the combined pressures of climate 
change and human impacts is often followed by a shift in structure and/
or metabolic function change of the planktonic microbial community [30]. 
This may have potentially deleterious effects on biodiversity, abundance, pro-
ductivity, and the ecological health of the marine ecosystem.

In this chapter, we will focus on the effects of desalination on the mi-
crobial community in seawater. This review complements and expands on 
Chapter 11. Section 12.2.1 discusses alterations to the microbial communi-
ties throughout the seawater desalination process from intake to discharge, 
while Section 12.2.2 assesses the effects of desalination discharges on coastal 
microbial communities using data from laboratory and in situ experiments. 
We conclude (Section  12.3) by addressing gaps in knowledge and with 
recommendations for plant operations that could mitigate the effects of 
desalination on the marine microbial community.

12.2  DESALINATION IMPACT ON MICROBIAL 
COMMUNITIES

Assessment of possible desalination impacts should begin with an environ-
mental impact assessment (EIA) at the planning stages of a desalination 
plant and continue during construction. Although most of the impacts are 
assumed to be localized and cease after the construction phase, they could 
significantly affect populations during the process [7,31]. Seawater quality 
and microbial communities will most probably be affected by coastal con-
struction that induces sediment resuspension, increases turbidity, and can 
release nutrients and pollutants to the water column. To the best of our 
knowledge, no data have been published comparing microbial community 
structure and function before, during, and postconstruction stages of large-
scale desalination plants.

The assessment of possible impacts of desalination on the microbial 
community can be followed using the parameters and functions of the mi-
crobial community summarized in Table 12.1. During plant operations, the 
first stage affecting microbial populations is the intake of seawater (feed 
water), which entrains and transports the microbial biota with the flow 
of seawater into the desalination plant. We know of no published studies 
that have quantified the loss of entrained biota at either population or re-
gional levels. The common assumption is that the organisms entering the 
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 Parameter/function Indicator Methodology Reference

Autotrophs 
Phytoplankton

Biomass Chlorophyll a – Acetone extraction
  Fluorometric or spectrophotometric estimation
– Chlorophyll a in situ fluorescence

[32], [33]

Community 
composition

Microphytoplankton 
composition

– Microscopic determination of the 
microphytoplankton species

– Taxonomic discrimination based on pigment 
combinations and ratios

[34]

Picophytoplankton 
composition

Taxonomic discrimination based on the natural 
fluorescence of photosynthetic pigments, 
side-scatter and forward-scatter of the cells, 
enumerated by flow cytometry

[35]

OTUs assignment Molecular analysis—16S (cyanobacteria) 
and 18S (eukaryotic algae) rRNA gene 
extraction, sequencing, and Operational 
Taxonomic Units (OTU) assignment

[36]

Diversity within 
community

Effective number of 
species

Calculated from the OTUs count [37]

Community 
composition shift

Diversity shared 
between 
communities

UNIFRAC metric for beta diversity 
measurements based on sequences from 
molecular analysis

[38]

Productivity Primary productivity 14C or 13C incorporation method [39], [40]

Table 12.1  Suggested parameters and required methodologies to assess microbial community structure and function
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Heterotrophs 
Bacteria

Biomass Bacterial cell 
abundance

Nucleic acid staining, enumerated by flow 
cytometry

[35]

Community 
composition

OTUs assignment Molecular analysis—16S (cyanobacteria) 
rRNA gene extraction, sequencing, and 
Operational Taxonomic Units (OTU) 
assignment

[36]

Diversity within 
community

Effective number of 
species

Calculated from the OTUs count [37]

Community 
composition shift

Diversity shared 
between 
communities

UNIFRAC metric for beta diversity 
measurements based on sequences from 
molecular analysis

[38]

Productivity Bacterial productivity 3H leucine incorporation method [41]
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desalination plant will perish during the different stages of the desalination 
process, including when biocides are applied. However, this assumption is 
not always valid (see Section  12.2.1) and resistant microbial populations 
may remain in the water during the desalination process.

12.2.1  Entrainment of Microbial Communities  
and Their Fate Along the Desalination Process
In the desalination literature, microbial populations are mostly addressed 
in the context of membrane biofouling [42–51]. Several other investiga-
tions examined group-specific contributions such as harmful algae blooms 
(HABs) and their effects from the perspectives of plant operations and prod-
uct water [52–54]. However, the main impact of entrainment on the marine 
environment, the quantification of the biomass lost during the desalination 
process, is usually mentioned only qualitatively. To the best of our knowl-
edge, there are no publications of quantitative data excluding several studies 
on power plants, mainly concerning fish larvae [55]. Yet, the membrane 
biofouling literature provides the basis for future research on entrainment 
effects on the microbial community: loss during the desalination process 
and the communities, if any, returned to the sea with the brine.

The studies on membrane biofouling usually address the diverse bac-
terial communities in various compartments of the desalination process: 
feed and product water (free-living) and biofilm-forming communities in 
pretreatment filters and compartments and in membranes (usually RO). 
Following are some results taken from studies performed at operational 
RO desalination plants. Alphaproteobacteria and Planctomycetaeota dominated 
the longest operated SWRO membrane (330 days), while in the less used 
membrane (10 days) Betaproteobacteria predominated [49], hint of succession 
and temporal changes of the biofilm community. In parallel, the microbial 
composition of the RO membranes in Southern California was mainly 
Alphaproteobacteria (60%) followed by Gammaproteobacteria [50]. Similarly, 
in Israel, the bacterial community on the RO membrane was dominated 
by Alphaproteobacteria in spring and winter and Gammaproteobacteria in the 
summer, reflecting the feed water free-living communities that included 
mainly Alphaproteobacteria followed by Gammaproteobacteria [47]. All studies 
emphasized the dynamic interaction between the feed water planktonic 
communities and the biofouling on the membranes. These groups of plank-
tonic heterotrophic bacteria, prevalent in the surface seawater, change their 
relative abundance seasonally according to the environmental conditions 
such as temperature, salinity, carbon source, and nutrients levels.
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The biofouling on the membranes and the possible effects on the envi-
ronment are probably also process dependent, in addition to being site and 
season specific as demonstrated in a bench scale (4-day) laboratory study 
[51]. The prevalent class in the feed water was the Alphaproteobacteria, which 
was superseded by Betaproteobacteria (Burkholderiales) in the membrane dis-
tillation (MD) filter and Alphaproteobacteria in the RO filters. The altered 
microbial populations for the two different membranes were attributed to 
the different processes: the community under RO is exposed to high pres-
sure at low (room) temperatures while under MD the temperatures are high 
(50–80°C) with no hydraulic pressure [51].

Currently, we know of a sole study that addressed the communities 
discharged with the brine [47]. The general findings demonstrated that 
free-living communities at the feed waters did not highly differ from 
other free-living communities along the desalination process. The biofilm-
forming communities did differ however and were related to the original 
seawater communities and therefore were site specific and characteristically 
seasonally dependent. Importantly, no significant differences were found be-
tween bacterial communities from the feed water to those discharged in the 
brine, showing that SWRO did not promote or stimulate proliferation of 
nonambient or exotic populations [47].

Free-living bacteria and eukaryotes were quantified in the water along 
the desalination process in Saudi Arabia, but not in the brine [43,44]. The 
resulting product water was not sterile and contained both bacteria (i.e., 
Firmicutes) and eukaryotes (i.e., Fungi). The source of these organisms in 
the product water was suggested to be bacteria (or only DNA) transferred 
at the time of installation, or/and intrusion through the membrane during 
normal plant operation.

12.2.2  Impact of Seawater Desalination Discharges on the 
Coastal Microbial Communities: Results from Laboratory, 
Mesocosm, and In Situ Studies
12.2.2.1  Salinity Effects: Mesocosm Study
In addition to impacts from brine discharges and the increasing salinities, 
the receiving environments of thermal desalination plants are often ex-
posed to higher temperatures that may also affect the microbial populations. 
Halophilic and thermophilic species may thrive while other species, less tol-
erant, may dwindle and disappear. The relative contribution of the different 
species to the microbial communities is expected to change, and in turn, 
influence the higher trophic levels.
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The main impact driver of the desalination effluent is the elevated sa-
linity of the brine. Hypersalinity effects on the structure and function of 
natural assemblages of planktonic microbial populations were studied in 
large-volume (1 m3) mesocosm experiments in the Eastern Mediterranean 
Sea (EMS) [56]. Excess salinities of 5% and 15% above ambient, simulating 
the natural salinity increases near desalination plant outfalls were examined. 
Rapid (within 2 h upon treatment application) community physiological 
responses were detected at the 15% salinity treatment: primary produc-
tivity decreased (by 25%–60%) while heterotrophic bacterial productivity 
increased (by 36%–180%; Table 12.2) [56]. Similar physiological responses 
may occur in situ when the residence time of plankton at the discharge 
site is relatively short. Longer-scale responses (11–12 days) occurred mostly 
in the composition and structure of bacterial and eukaryotic communities 
accompanied by functional changes of enhanced primary and heterotro-
phic bacterial productivity (by 100%–150% and by 0%–200%, respectively; 
Table 12.3). The response was seasonally dependent, with a more distinct 
difference in the summer communities. The relative abundance of large cy-
anobacteria (Oscillatoriophycideae) and the heterotrophic Alphaproteobacteria 
(Rhodobacterales) increased. Concurrently, decrease was measured in the rel-
ative abundances of the small cyanobacteria (Prochlorococcus), heterotrophic 
Alphaproteobacteria (Pelagibacteraceae), and Gammaproteobacteria (Altermondales). 
The experiment simulated the in situ continuous brine discharge to the 
coastal areas with low turbulence that may retain the phytoplankton and 
bacterial communities under salinity stress. This may in turn lead to altered 
community composition caused by selection for salinity-tolerant microor-
ganisms that may then reduce subsequent community diversity.

12.2.2.2  Chemical Discharges Along With Salinity Effects:  
Mesocosm Study
Microbial communities may be affected also by the chemicals discharged 
with the brine. These chemicals could have both negative (toxic or in-
hibiting) and positive (increasing bioavailability) impacts on the microbial 
populations. Coagulants and antiscalants are typically added during the 
desalination process to aid in the precipitation of large particles to facil-
itate their removal by prefiltration (coagulants) and to prevent membrane 
blockage by inorganic scaling (antiscalants). Iron hydroxides serve as com-
mon coagulants while antiscalants are characteristically comprised from 
different compounds including phosphonates. As in other topics covered 
in this review, only limited published data exist examining the effects of 
chemical additions to desalination discharges on the microbial populations. 
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 Parameter

Treatment

Fe Phosphonate (Pn)
Salinity (Sal) [% changes from control treatment] Fe + Pn + Sal

Phytoplankton Biomass 30 ↓ 40–70 ↑ 10–40 ↑ 20–30 ↑
Primary productivity (per chl a) 25–60 ↓ 30–45 ↓ 10–25 ↓ 80–125 ↑

Heterotrophic bacteria Cell abundance No change 45–50 ↓ 0–25 ↓ 35–45 ↓
Bacterial productivity (per cell) 40–180 ↑ 125–185 ↑ 0–25 ↑ 30–85 ↑

Bacteria (autotrophs 
and heterotrophs)

Diversity No change 45 ↓ No change 50 ↓

Eukaryotic algae Diversity No change 80 ↓ No change 60 ↓

Table 12.2  Immediate (within 2 h) biomass, productivity, and diversity changes (in percent from control treatments) in microbial 
communities during mesocosm experiments (compiled from Refs. [24,56])



476	
Sustainable D

esalination H
andbook

 

Parameter

Treatment

Fe Phosphonate (Pn)
Salinity (Sal) [% changes from control treatment] Fe + Pn + Sal

Phytoplankton Biomass 100–400 ↑ 0–50 ↓ No change No change
Primary productivity (per chl a) 100–150 ↑ 30–50 ↓ No change No change

Heterotrophic 
bacteria

Cell abundance No change No change 0–25 ↓ No change
Bacterial productivity (per cell) 0–200 ↑ 0–100 ↑ 0–300 ↑ 50–200 ↑

Bacteria (autotrophs 
and heterotrophs)

Diversity 85 ↓ 20 ↑ 75 ↓ 40 ↑

Eukaryotic algae Diversity 70 ↓ 70 ↓ 250 ↑ 75 ↑

Table 12.3  Biomass, productivity and diversity changes (calculated as a percent from the control values) after 10 days of incubation of 
microbial communities during mesocosm experiments (compiled from Refs. [24, 56])
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Simulation of such discharges was performed by examining the impacts of 
iron hydroxide and polyphosphonate additions on coastal microbial popu-
lations of the EMS under ambient and elevated salinities [24]. Immediately 
upon addition, the coagulant (iron hydroxide) changed the composition 
of the bacterial communities, increased the heterotrophic productivity (by 
150%), and reduced primary productivity (by 40%) (Table  12.2). At the 
same timescale, adding only the antiscalant relieved the phosphorus stress of 
the community, while the combination of coagulant with antiscalant and 
elevated salinity (15% above ambient) resulted in synergistic effects reflected 
by the increased productivity of both primary and bacterial producers (by 
100% and 50%, respectively) [24]. These effects may be found in situ during 
high turbulence and short residence time of the microbial communities 
within the discharge-affected areas.

Longer-term effect (10 days) revealed significant compositional shift 
only in the treatments in which coagulants, antiscalants, and high salin-
ity were combined. This treatment reduced both function (photosynthetic 
rates) and biomass of primary producers by 50%, while the heterotroph bac-
terial activity and communities increased by 50% (Table 12.3) [24]. These 
effects may be found in situ during low turbulence and long residence times 
of the microbial communities within the discharge-affected areas.

12.2.2.3  In Situ Studies
While simulated experiments can isolate the specific factors impacting the 
microbial populations, in situ studies are necessary to assess the response 
of communities to the combined effects of these parameters in the natu-
ral setting. Changes in microbial communities were investigated from two 
different brine-discharge sites along the EMS coastline: (1) a submerged 
marine outfall equipped with diffusers, installed capacity of 90 Mm3 year−1 
and (2) open outfall at the shoreline that was mixed with power plant 
cooling waters and well amelioration brine [24] with an installed capac-
ity of 127 Mm3 year−1. Polyphosphonate-based coagulants were discharged 
by both plants, while iron-hydroxide coagulants were discharged at the 
open-discharge plant [57,58].

Seasonality governed the bacterial communities’ structure at the nonaffected, 
ambient salinity stations [24]. Overall, the community shifts were weaker at 
the submerged outfall compared to an open outfall site, and occurred for the 
prokaryotic microorganisms (autotrophic and heterotrophic bacteria) at both 
sites, parallel to diversity changes (Table 12.4). The highest contribution to the 
shifts in community composition was attributed mostly to the interplay in the 
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relative abundance of proteobacteria, cyanobacteria, and diatoms. Physiological 
changes accompanied the compositional ones. The community physiological 
responses to elevated salinity (and codischarged chemicals) was seasonal and 
site dependent (Table  12.4). At the submerged outfall site, only autotrophs 
were affected, mostly in summer, when reduced productivity (by 30%) was 
measured. At the open outfall site, the physiological changes were more prom-
inent and included both phytoplankton and heterotrophic bacteria. The bio-
mass was reduced, while productivities fluctuated between seasons. Although 
at the open outfall site the salinity elevation reached only 5% above the ambi-
ent, SWRO discharge included iron hydroxides (not present at the submerged 
outfall). Thus, the responses of the microbial community were similar to the 
iron-hydroxide treatment in the mesocosm approach [24].

An earlier preliminary study at the open outfall site was performed when 
backwash from the sand filters containing iron hydroxide was discharged in 
pulses with the continuous brine discharge at the shoreline [9]. This pulsed 
discharge increased turbidity, caused water discoloration, enhanced the 
concentrations of suspended particulate matter near the discharge point, and 
reduced phytoplankton densities and their productivity per chlorophyll a [9].  

  Submerged 
outfall Open outfall

[% changes from control stations]

Salinity elevation 
above ambient

 10–38 4–5

Phytoplankton Biomass 30–40 ↑ Summer
20–30 ↓ Winter

50–70 ↓

Primary 
productivity 
(per chl a)

30 ↓ Summer 50 ↑ Summer
30 ↓ Winter

Heterotrophic 
bacteria

Cell abundance No change 30 ↓ Winter
Bacterial 

productivity 
(per cell)

No change 200 ↑ Summer
30 ↓ Winter

Bacteria 
(autotrophs and 
heterotrophs)

Diversity 50 ↓ Summer
27 ↓ Spring
21 ↓ Fall
60 ↑ Winter

5–40 ↓

Eukaryotic algae Diversity 70 ↑ Summer 70 ↓ Summer
70 ↑ Winter

Table 12.4  Biomass, productivity, and diversity changes (calculated as percent 
changes from the ambient station values) in microbial communities at the submerged 
outfall and open outfall sites of SWRO desalination brine discharges (compiled from 
Ref. [24, 56])
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Mitigation measures stopped the pulsed discharge of the backwash by mix-
ing it with the brine prior to its continuous discharge. This was expected to 
minimize the impact. Still, changes in community composition and func-
tion were detected in the vicinity of the discharge location [24], while ag-
gregates (from the backwash discharge) containing bacteria and algae were 
present in the surface water (Fig. 12.3).

At other geographical sites, only minor changes were observed in the 
abundance of in situ microbial populations sampled at different distances 
from the submerged outfall site. Small variations in species abundance were 
attributed to a dilution effect, rather than a direct impact of the brine dis-
charged, at the marine outfall of the King Abdullah University of Science 
and Technology (KAUST) SWRO Plant (Saudi Arabia, Red Sea) [23]. 
However, the plant is small (installed capacity of 15 Mm3 year−1) compared to 
the large capacity of the plants along the Mediterranean coastline discussed 
earlier. An early study from the coastal waters near Al-Jubail desalination 
plant (Saudi Arabia, Gulf) [22] also examined the plankton community. 
Higher primary production was evaluated in the coastal area that receives 
the water from the outfall bay, while the phytoplankton species composi-
tion did not change significantly. Concurrently, decreased abundances of 
diatoms, dinoflagellates, and cyanobacteria were measured at the outfall bay 
in comparison to those quantified from the open sea and the intake stations.

A summary of the measured effects of desalination discharges on mi-
crobial communities is compiled in Table 12.5. The composition of aquatic 

Fig. 12.3  Microscopic image of aggregates collected at the open outfall site on August 
2012. Black arrow: phytoplankton, white arrow: bacteria, dashed black arrow: transpar-
ent exopolymer particles (TEP).



Table 12.5  Summary of the effects of desalination brine and codischarged chemicals on the microbial communities based on in situ studies  
and on mesocosm and laboratory experiments

In situ studies

Area
Desalination 
technology Stressor Parameters

Observed effect (and stressor, when 
attributed) Reference

Arabian Gulf MSF Salinity (S), 
Temperature (T)

Chl a, 
phytoplankton, 
zooplankton

Increase: PP
No change: phytoplankton species 

composition
Decrease: abundance of diatoms, 

dinoflagellates and cyanobacteria

[22]

Eastern 
Mediterranean 
Sea

RO with power 
plant cooling 
waters

Salinity (S), 
Temperature (T), Fe 
coagulant

Chl a, 
picoplankton 
number, PP, BP

Inconclusive changes: PP and BP
Decrease: chl a and cell numbers (T 

and S) and phytoplankton growth 
efficiency (Fe)

[9]

Red Sea RO Salinity (S), picoplankton 
number

Reduced numbers (Dilution of effluent) [23]

Eastern 
Mediterranean 
Sea

RO with power 
plant cooling 
waters

Salinity (S), 
Temperature (T), 
Fe coagulant, 
Phosphonate (P) 
antiscalant

Chl a, 
picoplankton 
and bacteria 
numbers, PP, 
BP, 16S and 18S 
rDNA gene 
sequencing

Increase: Gammaproteobacteria, BP (Fe+P) 
and cell specific BP (Fe+P)

Decrease: Alphaproteobacteria and 
cyanobacteria, chl a (Fe) and PP, 
diversity of bacteria and eukaryotes

[24]



Mesocosm experiments

Area Experiment time Stressor Parameters
Observed effect (and stressor, 
when attributed) Reference

Eastern 
Mediterranean 
Sea

Mesocosm, 10 d Salinity (S) Chl a, picoplankton and 
bacteria numbers, PP, BP, 
16S and 18S rDNA gene 
sequencing

Increase: chl a (S), PP (S)
Inconclusive changes: BP
Decrease: biodiversity (S, seasonal 

dependent)

[56]

Eastern 
Mediterranean 
Sea

Mesocosm, 10 d Salinity (S), Fe 
coagulant, 
Phosphonate (P) 
antiscalant

Chl a, picoplankton and 
bacteria numbers, PP, BP, 
16S and 18S rDNA gene 
sequencing

Increase: PP (combined S, Fe, 
P), BP (combined S, Fe, 
P), eukaryotic diversity (P, 
combined S, Fe, P) and bacterial 
diversity (combined S, Fe, P)

Decrease: Chl a (Fe), PP (Fe), 
eukaryotic diversity (Fe) and 
bacterial diversity (P)

[24]

Laboratory experiments

Area
Experiment type and 
time Stressor Parameters

Observed effect (and stressor,  
when attributed) Reference

Pacific Ocean Laboratory bioassay, 72 h Salinity EC50 of phytoplankton 
growth inhibition

Salinity range of 42–62 ppt [64a]

Pacific Ocean 
(Australia)

Laboratory diatoms 
cultures, 14 d+14 d

Salinity 29Si CP-MAS NMR Changes in silica structure in one 
species (S)

[59]

Pacific Ocean 
(Australia)

Laboratory bioassay, 72 h Brine (S and P) NOEC of 
phytoplankton 
growth inhibition

At 11% brine in seawater (S and P) [64b]

EC50—Concentrations that caused an effect on 50% of the population, NOEC—No observed effect concentrations.
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bacterial communities varies as a result of both natural (site specific and 
seasonal) variability and due to desalination impact. Compositional shifts 
in microbial community can reflect the chronic impacts of the outfall site. 
Such shifts may compensate for the metabolic stress encountered by some 
species at the site due to the salinity elevation or change in chemical com-
position of the local coastal water [60]. Yet, the altered microbial communi-
ties may also reduce the ecosystem's resilience to additional stressors such as 
climate change [61–64].

12.3  GAPS IN KNOWLEDGE AND OUTLOOK

Here we reviewed the potential impacts of seawater desalination on the 
marine planktonic microbial communities and described the scarce quan-
titative data available on the different components of the community’s 
composition and functions. Accordingly, we believe the following gaps in 
knowledge should be addressed in future studies:
•	 Lack of baseline information on the ambient microbial communities 

(composition, abundance, metabolic, and growth rates) and their func-
tions within the food web.

•	 No quantification of losses due to entrainment (including zooplankton, 
not addressed here).

•	 Lack of baseline information on the microbial communities discharged 
back to the coastal environment with the brine.

•	 Lack of short- and long-term in situ data at outfall areas.
•	 Lack of laboratory and mesocosm studies at relevant temporal scales.

These gaps may be filled by
•	 Incorporating the study of microbial communities to environmental 

impacts studies prior to plant construction and during long-term mon-
itoring studies.

•	 Performing dedicated laboratory and mesocosm studies to assign a 
cause-response relationship among the different desalination stressors 
and their combined effects.

•	 Employing interdisciplinary in situ surveys and installing in situ auto-
matic measuring devices to monitor changes in environmental param-
eters along the brine plumes (e.g., conductivity, temperature, density 
profilers (CTDs)).
•	 Deploying new in situ instruments for continuous monitoring of bi-

ological parameters such as flow cytometry buoys and other imaging 
equipment for microbial and zooplankton populations.



	 Microbial Communities in the Process and Effluents of Seawater Desalination Plants	 483

•	 Utilizing newly available techniques such as hydrodynamic (e.g., Ref. 
[65]) and ecological (e.g., Ref. [66]) modeling.

•	 Determining eco-region specific ecological indicators, to be continu-
ously monitored [67], including several indices for microbial species and 
communities.
In the meantime, based on the available knowledge and technology and 

on precautionary principles, several mitigation measures may be applied to 
reduce the possible effects of desalination on the marine microbial com-
munities. Impacts can be reduced during the construction of the plants by 
more environmental sustainable construction measures. For example, pipe-
line installation by pipe jacking as far as possible from shore with controlled 
dredging beyond. Entrainment can be reduced by locating the intakes away 
from biologically productive areas, such as in deeper waters farther off-
shore, or by using underground beach wells, although the latter may be 
difficult to implement for large-scale desalination plants [6,68,69]. Brine 
management should strive to reduce brine discharge, improve its quality 
[70,71], and optimize its dilution. For direct discharge, the marine outfall 
should be equipped with a diffuser system, away from the shore so that ex-
posure of the microbial populations to concentrated discharges is reduced. 
For open-channel discharges at the shoreline, dilution can be achieved by 
co-disposal, for example, with cooling waters from power plants. Alternative 
pretreatments for the desalination feed water, such as biofiltration and bio-
flocculation can be utilized instead of chemicals such iron hydroxide coag-
ulants [72]. Other more environmentally friendly chemicals could replace 
more traditional antiscalants and coagulants. Alternatively, instead of dis-
charging directly to the sea, the brine may be reused or a zero-liquid dis-
charge policy promoted [31,73].

REFERENCES
	 [1]	 FAO. Coping with water scarcity. An action framework for agriculture and food secu-

rity FAO Water Report 2012. p. 38.
	 [2]	 Khordagui, H. Assessment of potential cumulative environmental impacts of desalination 

plants around the Mediterranean Sea. SWIM Final report, Activity 1.3.2.1, 2013, 84.
	 [3]	 Lior N. Sustainability as the quantitative norm for water desalination impacts. Desali-

nation 2017;401:99–111.
	 [4]	 Gude VG. Desalination and sustainability—an appraisal and current perspective. Water 

Res 2016;89:87–106.

ACKNOWLEDGMENT
Funding for this study was granted by the Israel Ministry of Science, Technology, and 
Space—grant number 3-12373 to IBF and NK.

http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0010
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0010
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0015
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0015
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0020
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0020


484	 Sustainable Desalination Handbook

	 [5]	 Kress N, Galil B. Impact of seawater desalination by reverse osmosis on the marine 
environment. In: Burn  S, Gray  S, editors. Efficient desalination by reverse osmosis. 
London: IWA; 2015. p. 177–202.

	 [6]	 NRC. Desalination, a national perspective. National Research Council of the National 
Academies. Washington, DC: The National Academies press; 2008.

	 [7]	 UNEP. In: Lattemann S, editor. Desalination resource and guidance manual for envi-
ronmental impact assessments. United Nations Environment Programme, Regional 
Office for West Asia, Manama, and World Health Organization, Regional Office for the 
Eastern Mediterranean, Cairo; 2008. p. 168.

	[7a]	 Roberts DA, Johnston EL, Knott NA. Impacts of desalination plant discharges on the 
marine environment: a critical review of published studies. Water Res 2010;44:5117–28.

	 [8]	 Fernandez-Torquemada Y, Gonzalez-Correa JM, Loya A, Ferrero LM, Diaz-Valdes M, 
Sanchez-Lizaso JL. Dispersion of brine discharge from seawater reverse osmosis desali-
nation plants. Desalin Water Treat 2009;5:137–45.

	 [9]	 Drami D, Yacobi YZ, Stambler N, Kress N. Seawater quality and microbial commu-
nities at a desalination plant marine outfall. A field study at the Israeli Mediterranean 
coast. Water Res 2011;45:5449–62.

	[10]	 Kress N, Galil BS. Seawater desalination in Israel and its environmental impact. Desal 
Water Reuse 2012;26–9.

	[11]	 Holloway, K. Perth seawater desalination plant water quality monitoring programme. 
Final Programme summary Report 2005-2008. Report No. 445_001/3. Prepared by 
Oceanica Consulting Pty LTD for the Water Corporation of Western Australia, 2009.

	[12]	 Uddin S, Al Ghadban AN, Khabbaz A. Localized hyper saline waters in Arabian Gulf 
from desalination activity-an example from South Kuwait. Environ Monit Assess 
2011;181:587–94.

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

	[14]	 Ruiz JM, Marin-Guirao L, Sandoval-Gil JM. Responses of the Mediterranean seagrass 
Posidonia oceanica to in situ simulated salinity increase. Botanica Marina 2009;52:459–70.

	[15]	 Sánchez-Lizaso JL, Romero J, Ruiz J, Gacia E, Buceta JL, Invers O, et al. Salinity tol-
erance of the Mediterranean seagrass Posidonia oceanica: recommendations to minimize 
the impact of brine discharges from desalination plants. Desalination 2008;221:602–7.

	[16]	 Koch MS, Schopmeyer SA, Kyhn-Hansen C, Madden CJ, Peters JS. Tropical seagrass 
species tolerance to hypersalinity stress. Aquatic Botany 2007;86:14–24.

	[17]	 Del Pilar Ruso Y, la Ossa Carretero JAD, Casalduero FG, Lizaso JLS. Spatial and tem-
poral changes in infaunal communities inhabiting soft-bottoms affected by brine dis-
charge. Mar Environ Res 2007;64:492–503.

	[18]	 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 desalination brine discharge: Impact and recovery. Estuar Coast Shelf 
Sci 2016;172:13–23.

	[19]	 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;62:1–14.

	[20]	 Hammond, M., N. Blake, P. Hallock-Muller, M. Luther, D. Tomasko, and G. Vargo. Ef-
fects of disposal of seawater desalination discharges on near shore benthic communities. 
Phase Two Report. Report of Southwest Florida Water Management District. Electric 
Power Research Institute, University of South Florida, 1998.

	[21]	 Shute, S. Perth desalination plant-cockburn Sound benthic macrofauna community 
and sediment habitat, Repeat Macrobenthic survey. Oceanica Consulting. Report No. 
604-011/1, 2009, 202.

http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0025
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0025
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0025
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0030
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0030
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0035
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0035
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0035
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0035
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf9000
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf9000
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0040
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0040
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0040
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0045
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0045
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0045
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0050
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0050
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0055
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0055
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0055
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0060
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0060
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0060
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0065
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0065
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0070
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0070
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0070
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0075
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0075
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0080
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0080
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0080
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0085
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0085
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0085
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0085
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0090
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0090
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0090


	 Microbial Communities in the Process and Effluents of Seawater Desalination Plants	 485

	[22]	 Azis PKA, Al-tis IA, Daili MA, Green TN, Dalvi AGI, Javeed MA. Chlorophyll and 
plankton of the Gulf coastal waters of Saudi Arabia bordering a desalination plant. 
Desalination 2003;154:291–302.

	[23]	 van der Merwe R, Hammes F, Lattemann S, Amy G. Flow cytometric assessment of 
microbial abundance in the near-field area of seawater reverse osmosis concentrate 
discharge. Desalination 2014;343:208–16.

	[24]	 Belkin N, Rahav E, Elifantz H, Kress N, Berman-Frank I. The effect of coagulants and 
antiscalants discharged with seawater desalination brines on coastal microbial commu-
nities: a laboratory and in situ study from the southeastern Mediterranean. Water Res 
2017;110:321–31.

	[25]	 Whitman WB, Coleman DC, Wiebe WJ. Prokaryotes: the unseen majority. Proc Natl 
Acad Sci 1998;95:6578–83.

	[26]	 Ignatiades L, Gotsis-Skretas O, Pagou K, Krasakopoulou E. Diversification of phyto-
plankton community structure and related parameters along a large-scale longitudinal 
east-west transect of the Mediterranean Sea. J Plankton Res 2009;31:411–28.

	[27]	 Karl DM. Microbial oceanography: paradigms, processes and promise. Nat Rev Micro-
biol 2007;5:759–69.

	[28]	 Bell T, Newman JA, Silverman BW, Turner SL, Lilley AK. The contribution of species 
richness and composition to bacterial services. Nature 2005;436:1157–60.

	[29]	 Azam F, Malfatti F. Microbial structuring of marine ecosystems. Nat Rev Microbiol 
2007;5:782–91.

	[30]	 Bianchi CN, Morri C. Marine biodiversity of the Mediterranean Sea: situation, prob-
lems and prospects for future research. Mar Pollut Bull 2000;40:367–76.

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

	[32]	 Lorenzen CJ. Determination of chlorophyll and pheo-pigments: spectrophotometric 
equations. Limnol Oceanogr 1967;12:343–6.

	[33]	 Welschmeyer NA. Fluorometric analysis of chlorophyll a in the presence of chlorophyll 
b and pheopigments. Limnol Oceanogr 1994;39:1985–92.

	[34]	 Knap, A.H., Michaels, A., Close, A.R., Ducklow, H., Dickson, A.G., Protocols for the 
joint global ocean flux study (JGOFS) core measurements, 1994, 180.

	[35]	 Marie D, Simon N, Vaulot D. Phytoplankton cell counting by flow cytometry. In: Anders-
en RAE, editor. Algal culturing techniques. San Diego, CA: Academic Press; 2005. p. 1–17.

	[36]	 Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. 
QIIME allows analysis of high- throughput community sequencing data. Nat Methods 
2010;7:335–6.

	[37]	 Jost L. Partitioning diversity into independent alpha and beta components. Ecology 
2007;88:2427–39.

	[38]	 Lozupone C, Hamady M, Knight R. UniFrac—an online tool for comparing microbial 
community diversity in a phylogenetic context. BMC Bioinform 2006;7:371–85.

	[39]	 Mulholland MR, Bernhardt PW. The effect of growth rate, phosphorus concentration, 
and temperature on N2 fixation, carbon fixation, and nitrogen release in continuous 
cultures of Trichodesmium IMS101. Limnol Oceanogr 2005;50:839–49.

	[40]	 Steemann-Nielsen E. The use of radioactive carbon (14C) for measuring organic pro-
duction in the sea. J des Cons Int Pour Explor la Mer 1952;18:117–40.

	[41]	 Kirchman D, Knees E, Hodson R. Leucine incorporation and its potential as a measure 
of protein-synthesis by bacteria in natural aquatic systems. Appl Environ Microbiol 
1985;49:599–607.

	[42]	 Ang WL, Mohammad AW, Hilal N, Leo CP. A review on the applicability of integrat-
ed/hybrid membrane processes in water treatment and desalination plants. Desalination 
2015;363:2–18.

http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0095
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0095
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0095
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0100
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0100
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0100
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0105
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0105
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0105
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0105
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0110
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0110
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0115
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0115
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0115
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0120
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0120
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0125
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0125
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0130
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0130
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0135
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0135
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0140
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0140
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0140
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0145
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0145
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0150
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0150
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0155
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0155
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0160
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0160
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0160
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0165
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0165
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0170
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0170
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0175
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0175
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0175
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0180
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0180
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0185
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0185
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0185
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0190
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0190
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0190


486	 Sustainable Desalination Handbook

	[43]	 Belila A, El-Chakhtoura  J, Otaibi N, Muyzer G, Gonzalez-Gil G, Saikaly PE, et  al. 
Bacterial community structure and variation in a full-scale seawater desalination plant 
for drinking water production. Water Res 2016;94:62–72.

	[44]	 Belila A, El-Chakhtoura J, Saikaly P, van Loosdrecht M, Vrouwenvelder J. Eukaryotic 
community diversity and spatial variation during drinking water production (by sea-
water desalination) and distribution in a full-scale network. Environ Sci Water Res 
Technol 2017;3:92–105.

	[45]	 Jiang S, Li Y, Ladewig BP. A review of reverse osmosis membrane fouling and control 
strategies. Sci Total Environ 2017;595:567–83.

	[46]	 Khan  MT, Manes  C-LdO, Aubry  C, Croué  J-P. Source water quality shaping dif-
ferent fouling scenarios in a full-scale desalination plant at the Red Sea. Water Res 
2013;47:558–68.

	[47]	 Levi A, Bar-Zeev E, Elifantz H, Berman T, Berman-Frank I. Characterization of mi-
crobial communities in water and biofilms along a large scale SWRO desalination fa-
cility: site-specific prerequisite for biofouling treatments. Desalination 2016;378:44–52.

	[48]	 Liyanaarachchi S, Shu L, Muthukumaran S, Jegatheesan V, Baskaran K. Problems in 
seawater industrial desalination processes and potential sustainable solutions: a review. 
Rev Environ Sci Biotechnol 2014;13:203–14.

	[49]	 Manes  CLD, West  N, Rapenne  S, Lebaron  P. Dynamic bacterial communities on 
reverse-osmosis membranes in a full-scale desalination plant. Biofouling 2011;27:47–58.

	[50]	 Zhang M, Jiang S, Tanuwidjaja D, Voutchkov N, Hoek EMV, Cai B. Composition and 
variability of biofouling organisms in seawater reverse osmosis desalination plants. Appl 
Environ Microbiol 2011;77:4390–8.

	[51]	 Zodrow  KR, Bar-Zeev  E, Giannetto  MJ, Elimelech  M. Biofouling and microbial  
communities in membrane distillation and reverse osmosis. Environ Sci Technol 
2014;48:13155–64.

	[52]	 Anderson DM, McCarthy S. Red tides and harmful algal blooms: impacts on desali-
nation operations. Muscat Oman: Middle East Desalination Research Center; 2012. 
p. 46.

	[53]	 Caron DA, Garneau M-È, Seubert E, Howard MDA, Darjany L, Schnetzer A, et al. 
Harmful algae and their potential impacts on desalination operations off southern Cal-
ifornia. Water Res 2010;44:385–416.

	[54]	 Seubert EL, Trussell S, Eagleton J, Schnetzer A, Cetinić I, Lauri P, et al. Algal toxins and 
reverse osmosis desalination operations: Laboratory bench testing and field monitoring 
of domoic acid, saxitoxin, brevetoxin and okadaic acid. Water Res 2012;46:6563–73.

	[55]	 Barnthouse LW. Impacts of entrainment and impingement on fish populations: a re-
view of the scientific evidence. Environ Sci Policy 2013;31:149–56.

	[56]	 Belkin N, Rahav E, Elifantz H, Kress N, Berman-Frank  I. Enhanced salinities, as a 
proxy of seawater desalination discharges, impact coastal microbial communities of the 
eastern Mediterranean Sea. Environ Microbiol 2015;17:4105–20.

	[57]	 Glazer, A., Monitoring the coastal and marine environment at the discharge site of the 
Rutenberg power plant, VID desalination plant and Mekorot’s well amelioration plant, 
results from 2014. RELP-4-2015, 2015, 115.

	[58]	 Kress, N., Shoham-Frider, E., Lubinevsky, H., Monitoring the marine environment at 
the brine discharge site of the Palmahim/Soreq desalination plants, results from 2014, 
IOLR Report H18/2015, 2015, 151.

	[59]	 Vars S, Johnston M, Hayles J, Gascooke J, Brown M, Leterme S, et al. 29Si{1H} CP-MAS 
NMR comparison and ATR-FTIR spectroscopic analysis of the diatoms Chaetoceros 
muelleri and Thalassiosira pseudonana grown at different salinities. Anal Bioanal Chem 
2013;405:3359–65.

	[60]	 Saikaly PE, Oerther DB. Diversity of dominant bacterial taxa in activated sludge pro-
motes functional resistance following toxic shock loading. Microb Ecol 2011;61:557–67.

http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0195
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0195
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0195
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0200
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0200
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0200
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0200
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0205
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0205
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0210
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0210
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0210
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0215
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0215
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0215
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0220
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0220
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0220
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0225
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0225
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0230
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0230
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0230
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0235
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0235
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0235
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0240
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0240
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0240
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0245
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0245
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0245
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0250
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0250
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0250
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0255
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0255
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0260
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0260
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0260
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0265
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0265
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0265
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0265
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0270
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0270


	 Microbial Communities in the Process and Effluents of Seawater Desalination Plants	 487

	[61]	 Balvanera  P, Pfisterer  AB, Buchmann  N, He  J-S, Nakashizuka  T, Raffaelli  D, et  al. 
Quantifying the evidence for biodiversity effects on ecosystem functioning and servic-
es. Ecol Lett 2006;9:1146–56.

	[62]	 Bernhardt JR, Leslie HM. Resilience to climate change in coastal marine ecosystems. 
Ann Rev Mar Sci 2013;5:371–92.

	[63]	 Rapport DJ, Costanza R, McMichael AJ. Assessing ecosystem health. Trends Ecol Evol 
1998;13:397–402.

	 [64]	 Solan M, Cardinale BJ, Downing AL, Engelhardt KAM, Ruesink JL, Srivastava DS. 
Extinction and ecosystem function in the marine benthos. Science 
2004;306:1177–80.

	[64a]	 Yoon SJ, Park GS. Ecotoxicological effects of brine discharge on marine community 
by seawater desalination. Desalin Water Treat 2011;33:240–7.

	[64b]	 Hobbs D, Stauber J, Kumar A, Smith R. Ecotoxicity of effluent from the proposed 
Olympic Dam Desalination Plant. Final Report. Hydrobiology Pty Ltd. Aquatic En-
vironmental Services; 2008.

	 [65]	 Blumberg A, O’Neil S, Kim B. Environmental impacts of a desalination facility pro-
posed for Tampa. Florida J Mar Environ Eng 2003;7:25–45.

	 [66]	 Heymans J, Coll M, Libralato S, Christensen V. Ecopath theory, modeling, and appli-
cation to coastal ecosystems. In: Wolanski E, McLusky DS, editors. Treatise on estua-
rine and coastal science. 2012. p. 93–113.

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

	 [68]	 Elimelech M, Phillip WA. The future of seawater desalination: energy, technology, and 
the environment. Science 2011;333:712–7.

	 [69]	 Rachman RM, Li S, Missimer TM. SWRO feed water quality improvement using 
subsurface intakes in Oman, Spain, Turks and Caicos Islands, and Saudi Arabia. Desal-
ination 2014;351:88–100.

	 [70]	 Giwa A, Dufour V, Al Marzooqi F, Al Kaabi M, Hasan SW. Brine management meth-
ods: recent innovations and current status. Desalination 2017;407:1–23.

	 [71]	 Voutchkov N. Overview of seawater concentrate disposal alternatives. Desalination 
2011;273:205–19.

	 [72]	 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;47:3093–3102.

	 [73]	 Tong T, Elimelech M. The global rise of zero liquid discharge for wastewater manage-
ment: drivers, technologies, and future directions. Environ Sci Technol 2016;50:6846–55.

FURTHER READING
	 [1]	 Del Pilar-Ruso Y, De-la-Ossa-Carretero JA, Gimenez-Casalduero F, Sanchez-Lizaso JL. 

Effects of a brine discharge over soft bottom Polychaeta assemblage. Environ Pollut 
2008;156:240–50.

	 [2]	 Dupavillon JL, Gillanders BM. Impacts of seawater desalination on the giant Australian 
cuttlefish Sepia apama in the upper Spencer Gulf, South Australia. Mar Environ Res 
2009;67:207–18.

	 [3]	 Fernández-Torquemada  Y, Sánchez-Lizaso  J. Responses of two Mediterranean sea-
grasses to experimental changes in salinity. Hydrobiologia 2011;669:21–33.

	 [4]	 Lattemann  S, Hopner  T. Impacts of seawater desalination plants on the marine 
environment of the Gulf. In: Abuzinada AH, Barth HJ, Krupp F, Böer B, Al Abdessa-
laam TZ, editors. Protecting the Gulf ’s marine ecosystems from pollution. Switzerland: 
Birkhäuser Verlag; 2008. p. 191–205.

http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0275
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0275
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0275
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0280
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0280
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0285
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0285
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0290
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0290
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0290
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf9005
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf9005
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0295
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0295
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0300
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0300
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0300
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0305
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0305
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0310
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0310
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0315
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0315
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0315
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0320
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0320
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0325
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0325
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0330
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0330
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0330
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf9050
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf9050
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0335
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0335
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0335
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0340
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0340
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0340
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0345
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0345
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0350
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0350
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0350
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0350


488	 Sustainable Desalination Handbook

	 [5]	 Le Page, S. Salinity Tolerance Investigations: a Supplemental report for the Carlsbad, 
CA Desalination project. Report presented to Poseidon Resources, 2005, 8.

	 [6]	 Marín-Guirao L, Sandoval-Gil JM, Bernardeau-Esteller J, Ruíz JM, Sánchez-Lizaso JL. 
Responses of the Mediterranean seagrass Posidonia oceanica to hypersaline stress dura-
tion and recovery. Mar Environ Res 2013;84:60–75.

	 [7]	 McConnell, R. Tampa Bay Seawater Desalination Facility—environmental impact 
monitoring. Proceedings of 2009 Annual WateReuse Conference, Seattle, WA, 2009.

	 [8]	 Nasrolahi A, Pansch C, Lenz M, Wahl M. Being young in a changing world: how tem-
perature and salinity changes interactively modify the performance of larval stages of 
the barnacle Amphibalanus improvisus. Mar Biol 2012;159:331–40.

	 [9]	 Purnama A, Al-Barwani HH, Smith R. Calculating the environmental cost of seawater 
desalination in the Arabian marginal seas. Desalination 2005;185:79–86.

	[10]	 Riera R, Tuya F, Ramos E, Rodríguez M, Monterroso Ó. Variability of macrofaunal 
assemblages on the surroundings of a brine disposal. Desalination 2012;291:94–100.

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

	[12]	 Sandoval-Gil  JM, Marin-Guirao L, Ruiz  JM. Tolerance of Mediterranean seagrasses 
(Posidonia oceanica and Cymodocea nodosa) to hypersaline stress: water relations and os-
molyte concentrations. Mar Biol 2012;159:1129–41.

	[13]	 Walker  DI, McComb  AJ. Salinity response of the seagrass Amphibolis antarctica 
(Labill.) Sonder et Aschers. an experimental validation of field results. Aquatic Botany 
1990;36:359–66.      

http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0355
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0355
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0355
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0360
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0360
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0360
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0365
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0365
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0370
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0370
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0375
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0375
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0375
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0380
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0380
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0380
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0385
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0385
http://refhub.elsevier.com/B978-0-12-809240-8.00012-5/rf0385

