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Mariculture production has increased significantly in recent years due to global rise

in human population. However, in addition to providing food, fish farms are also a

source of nutrients and antibiotics to the water column. Here, we model the nutrient

changes originating from fish cages in the EasternMediterranean by utilizing a Lagrangian

modeling approach that followed trajectories of the water parcels. The effects of farm

size and the farm’s distance from the shoreline were included in the model, and

biological uptake and sinking of nutrients were incorporated into the analysis. By using

computation of back-trajectories examining the origin of the water arriving at strategically

important shoreline areas, such as desalination plants, we were able to identify which

of the proposed farm locations might be potentially harmful. The results suggest that

remotely-located, smaller and spatially distant farms are more preferable to limit the

nutrient effects resulting from mariculture activity.

Keywords: levantine basin, lagrangian simulation, anthropogenic eutrophication, mariculture, coastal

management

INTRODUCTION

Global marine fishing is expanding into previously unexploited areas as the fish yields in existing
areas are depleted by overfishing (Jackson et al., 2001; Cheung et al., 2007; Froese et al., 2008; Swartz
et al., 2010). This is due to more efficient fishing technology and the rise in human population
that causes an increased requirement for food resources (Wackernagel and Rees, 1996). Alongside
this, fish consumption is rapidly increasing to meet this demand (Godfray et al., 2010; Campbell
and Pauly, 2013). Over recent decades, mariculture has increases dramatically in response to this
increased demand. One of the most common types of mariculture is cage culture of finfish. Such
mariculture may have ecological and economic benefits, such as compensating for the destruction
of wild fisheries and increasing state revenues (Klinger and Naylor, 2012), however, with this
developmentmay come associated environmental concerns (Grigorakis and Rigos, 2011; Bouwman
et al., 2013; Granada et al., 2015). For example, mariculture in sea cages can cause environmental
damage in terms of: loss of natural habitats (Beveridge, 2001; Holmer et al., 2008), inadequate waste
treatment (Wu, 1995), antibiotic discharge to the environment (Cabello, 2003), abundant use of
marine fish in fishmeal (Sanchez-Jerez et al., 2011), transfer of pathogens from farmed to wild
populations (Mladineo, 2007), effect of genetic exchange between wild and farmed populations
(Grigorakis, 2010), and competition for resources between native and escaped fish (Karakassis et al.,
2000; Holmer, 2010; Grigorakis and Rigos, 2011; Aguado-Gimenez and Ruiz-Fernandez, 2012).
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In Israel, 100,000 tons of fish are consumed yearly. At present
about 25% of the total (22–24,000 tons) is supplied by local
fisheries and onshore aquaculture as well as some offshore
facilities; the rest is imported (Ministry of Agriculture of Israel
[MOAG], 2015). Onshore aquaculture accounts for 18,000 tons,
while both artisanal fisheries and offshore farming in sea cages
account for 2–3,000 tons each. Due to the gap between imports
and local production, there is increasing pressure to expand the
local mariculture industry and develop new farm locations in the
Mediterranean coastal zone.

Increasing the number of sites for the purpose of fish
farming raises some complex ecological questions regarding
environmental impacts, as the fish cages constitute a source of
nutrient enrichment (Lupatsch and Kissil, 1998; Holmer et al.,
2008). The eastern Mediterranean basin is considered to be in
a highly oligotrophic state (Berman et al., 1984; Krom et al.,
2014). Following the construction of the Aswan high dam in
the 1960s across the Nile river, it has become even more so,
since the Nile was an important supply of nutrients to the
South East Levantine basin in general and the Israeli coastal
zone in particular (Nixon, 2003; Krom et al., 2004). It has been
suggested that the anthropogenic nutrient loads, originating from
various sources could replace, at least in part, the Nile nutrient
supply to the Israeli coastal zone (Powley et al., 2016). Among
these sources, mariculture and wastewater treatment facilities can
input nutrients directly or indirectly into the coastal zone.

According toMOAG, the Food Conversion Ratio (FCR) of the
Ashdod mariculture facility (Figure 1) sea bream (n.b., Sparus
aurata) is 1 kg of fish per 1.8–2 kg of dry-food, similar to other
sea bream farms in the world (Sadek et al., 2004). The annual
production of the site is 14,000 tons y−1, in an area of 14
km2. About 5% of the dry food, the non-assimilated part, is
considered a direct nitrogen discharge into the environment, and
equates to 2.7 tons per day. Since there has been a proposal
to increase the local fish production to 100,000 tons y−1, an
impact assessment to examine the effects on environment is
required. Increase in production can be through farm size and/or
by farm numbers. The potential location of the new farms must
also be examined pollution-wise, as the pollution may teach the
coast, and specifically strategic sites such as desalination plants.
Therefore, the effects of farm size, location and vicinity of farms
to public beaches and desalination plants were examined.

There are several approaches to estimate the potential
effects caused by mariculture, including the use of coupled
hydrodynamic and water quality models (Wu et al., 1999), or
Lagrangian models. For example, Wu et al. (1999) studied the
effect of tidal currents on nutrient concentrations surrounding
fish farms in the subtropical waters of Hong Kong, and how
the effluent affected the local fish community. A similar scenario
was examined by Lee et al. (2003), who approached nutrient
concentration from tidal flushing with Lagrangian methodology
and using numerical tracer experiments. Tracking of particulate
matter, especially organic carbon, from fish farms and its effect on
sediment and benthos has been examined by several authors (e.g.,
Cromey et al., 2002; Jusup et al., 2009; Brigolin et al., 2014). An
example of such a study concerns the application of a Lagrangian
model for simulating the deposition of feces and uneaten feed

FIGURE 1 | Site selection of fish farms tested within model domain. The

existing farm in Ashdod is marked with a filled red circle. Different distances

from the shoreline are marked with thin, empty red circles (Section Sensitivity

to Distance from the Shoreline). Primary future farm sites (Section Sensitivity to

Farm Sizes and Testing Potential Locations for Future Farms) are marked in

filled circles in purple (Haifa; north), yellow (Hadera; center) and green (Ashdod;

south).

on the seabed with two individual-based fish population models
in Italy (Brigolin et al., 2014). Similar models were tested in
the Ligurian Sea (Doglioli et al., 2004), the Adriatic Sea (Jusup
et al., 2009), and the North Aegean Sea (Petihakis et al., 2014).
Doglioli et al. (2004) nested a Lagrangian particle model within
a numerical hydrodynamic model, and estimated the regional
dispersion patterns of different inorganic and organic nutrients,
fecal matter and feed wastes. To date, no model has been used
for the eastern Levantine basin, a densely populated and complex
region with high potential and large demand for mariculture.
Moreover, unlike previous Lagrangian models, we also consider
the effect of biological uptake of the released nutrients by primary
producers, a major factor in depleting nutrients (Thingstad et al.,
2005; Pitta et al., 2009; Suari and Brenner, 2015).

The goal of the present study is to develop a Lagrangian
tracking model, for studying the nutrient plume originated
from fish farms. We used the Lagrangian model to track the
fate of nutrients originated in fish farms, considering both
physical and biological processes. The model follows virtual
particles, which are used to represent the nutrients, and considers
various hypothetical farm locations and sizes. The particles are
advected by currents, sink and then are biologically consumed
by phytoplankton. Our objectives are to develop a model, which
potentially could be used by decision makers using a Lagrangian
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tracking model to prioritize farm placement, and their respective
carrying capacities, using the Israeli shoreline as our test case. In
addition, by looking at back-trajectories (i.e., the source regions
of water or pollutants at certain locations), we can attempt to
identify the “best” location to ensure minimal water quality
damage to shoreline areas adjacent to desalination facilities
and public beaches. Utilizing this modeling approach allows
to adequately science based plan for growth of the industry,
while minimizing major risks to the environment. A similar
approach is also applicable to several other marine management-
related issues, such as tracking oil plumes after major spill events
(Petihakis et al., 2014; Goldman et al., 2015).

METHODOLOGY

Numerical simulations of the nutrient trajectories that have
originated from the existing fish farm offshore Ashdod and
from additional potential sites were performed, and several
hypothetical simulations of scenarios were tested. The study site
is described in the following subsection. The underlying velocity
field derived from a 2D circulation model is described in Section
The Velocity Field, and the particle tracking and analysis tool
in Subsection Particle Tracking and Dispersion Analysis. The
nutrients were initially treated as passive particles, and their
uptake was detailed in Section Reduction Half-Life.

Study Site
Our study site is located in the territorial and Exclusive
Economical waters of Israel, situated at the eastern
Mediterranean Sea, with 190 km of shoreline (Figure 1). The
sea-surface circulation of the Levantine Basin is characterized by
a cyclonic along-slope current flowing over the continental shelf
and slope zones (Rosentraub and Brenner, 2007). This current
is prevailing throughout most of the year, although sometimes
interrupted by southward episodic flows. The maximum current
velocity is usually attained during summer or during winter
storming events, with speeds reaching up to 1m s−1 observed
during winter (Rosentraub et al., 2010).

Data from the existing fish farm cages were inputed from
offshore of Ashdod, Israel. The open water mariculture site is
located ∼12 km west of Ashdod, at a depth of 10m (total water
depth is 60 m). At this site, there are 6–10 fish-cages operating at
any one time, at a small-scale capacity, farming sea bream (Sparus
aurata), where each cage can hold up to 10,000 fish. The cages are
designed to operate in an open sea and exposed location, as they
are anchored on a single point mooring (SPM) and rotate with
currents, and can withstand waves up to 15 m. The system can
be submerged during high sea conditions and thus protect the
cultivated fish during storms.

The Velocity Field
The circulation field utilized by the Lagrangian simulation
was taken from southeastern Levantine Israeli Prediction
System (SELIPS) forecast (Goldman et al., 2015). SELIPS is a
forecasting system developed and operated routinely by the Israel
Oceanographic and Limnological Research institute (IOLR), and
can be used for operative purposes (Rosentraub et al., 2010; e.g.,

Goldman et al., 2012, 2014, 2015). The model’s resolution is
0.01◦ × 0.00833◦ and we used the velocities at 10m of water
depth, which was the average depth of the fish farm cages. The
bathymetry is smooth in the SELIPS model, thus at very shallow
water its predictions may be biased. We used the current data
from September 2012 to September 2013 that were detailed in
Goldman et al. (2015).

Particle Tracking and Dispersion Analysis
Trajectories of nutrient particles originating from mariculture
farms were performed to estimate the spatial effect of the
anthropogenic eutrophication caused by farm activity. The
significance of the effect of distance from shoreline on
determining pollutant loading was tested, as well as the effect
of farm size. Scenario testing was a key to examining these
questions. To simulate the effects of biological uptake and
particulate sinking, a nutrient reduction term was added. For
areas in which water quality was important, such as desalination
facilities and public beaches, water parcels were identified in
order to determine the origin of the water origin using back-
trajectory simulations.

TheMatLab toolbox “PaTATO” (Fredj et al., 2016) that follows
trajectories of water parcels was used. A pre-release version of this
toolbox was used in Fine et al. (2013), Mundel et al. (2014), and
Amitai et al. (in press). Each parcel is transported according to
predefined currents, with an additional option to include first-
order stochasticity. The trajectory analysis was performed using
modeled 2D velocity fields. In our analyses, nutrients originating
from the fish-cages were simulated as a parcel of water containing
particles in various concentrations, depending on the scenario.
The particle trajectories were computed for a period of 15 days.
The number of particles from each farm, excluding the large
farm in the second scenario (see Section Sensitivity to Farm Sizes
and Testing Potential Locations for Future Farms), was set to a
concentration of one particle per 0.01 km2, representing 0.27 ton
km−2 d−1 of nitrogen released from the farm (totaling of 1,600
particles, per 16 km2). In the second scenario, the comparison
of particle distribution between one large farm, with scattered
small farms (the existing farm and three future farms, each with
1,600 particles), the number of particles in the large farm was
4 × 1,600. This means that the particle concentration of one
particle in 0.002 km2 for the large farm. For the back-trajectory
analysis, each location had 1,600 particles (16 km2), which were
followed backward for 15 days to observe their origin. Each
scenario was run for four different months of the year: January,
April, July and October, in order to observe any effect or patterns
of seasonality. A first-order stochastic diffusivity of K = 2 m2 s−1

was incorporated in the trajectory calculation to represent sub-
grid processes that are not resolved by observational systems or
by numerical models. K was based on Okubo (1971), for a grid
size of∼O (1 km).

Reduction Half-Life
The concentration of nutrients are reduced in the open water
column, due to phytoplankton uptake and the sinking of
nutrient-rich particles. Therefore, in addition to treating the
nutrients as passive particles, we also tested the effect of
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uptake and removal. Since estimating nutrient reduction is
complex, because many factors affect it like the extant primary
productivity and seasonality, the representation of reduction
as a function of time was performed using a simple “half-

life.” This was computed by: N (t) = N (0) 2−
t
H , where N (t)

is the number of particles after time t (days), N (0) is the
number of particles at the beginning of the simulation, and H
is the half-life constant (days). The particles were eliminated

randomly by the factor of N(t)
N(0)

. Since estimating H is difficult,

a range for this parameter was set, and the reduction was
calculated twice, for the minimum and maximum estimates
of this range. According to Lipschultz (2001), who performed
in situ incubations in the Sargasso Sea (BATS) to test the
linearity of nitrogen (15NH+

4 ,
15NO−

3 , and
15urea) uptake, ∼50%

reduction of the source label was recorded in 9–10 h. A set of
microcosm experiments conducted in the eastern Mediterranean
experimented by adding nutrients (both N and P) into the
oligotrophic water, and suggested that H was between ∼0.9 and
5 days (Kress et al., 2005, calculations provided in Appendix
A, Supplementary Table A1). Therefore, H was set to be H =

1 day as the minimum boundary, and H = 5 days as the
maximum.

Model Performance
A transect cruise was conducted on December 9, 2015 on the
R/V Mediterranean Explorer and we used its samples to evaluate
the model. The cruise included 11 sample stations as follows: at
the north and south boundaries of the fish farm; at both 500m
north and south of the farm; three locations at 1,000m north of
the farm; and three locations at 5,000m north of the farm. For
control, a remote spot in front of Hertzelia was chosen (station 1).
All sample points were in water depth of ∼60 m, and described
in Table 1, and all stations apart from station 1 as shown in
Figures 9A,B.

At each station, water samples were taken for inorganic
nutrient analysis (NH4 and PO4). Water was collected using
Niskin bottles deployed on a CTD/rosette package from 10m
depth. Samples for nutrient analyses were collected unfiltered
into 15ml vial bottles and immediately frozen upright in racks
at −20◦C. Nutrient content of ammonia and phosphate was
determined using the segmented flow Seal Analytical AA3
colorimeter. The limit of detection (twice the standard deviation
of the blank) was 0.008µM for phosphate and 0.005µM for
ammonium.

To compare the Lagrangian particle tracking performance
with nutrient concentrations collected during the cruise in the
different stations, we conducted a simulation using SELIPS
modeled currents from December 2015. This time, the seeded
area was matched to the actual size of the farm and not
its maximum capacity. Virtual particles were released from
the farm’s area every hour starting 3 days prior to the
cruise date until 10:00 on the day of the cruise. At the
time of nutrient sampling at station 9. 31,400 particles were
released each hour, and the biological reduction (described in
Section Reduction Half-Life) was calculated for each release

separately, as each release spent a different time in the
water.

RESULTS

In two different scenarios, we followed the particle plumes from
the farm locations, and in a third scenario, as back-trajectories
from important shoreline locales (a desalination plant and a
public beach). All farm locations and distances from shorelines
are presented in Figure 1, and their coordinates are given in
Table 2.

Sensitivity to Distance from the Shoreline
In the first scenario, we investigated the effect of fish farms
at different distances from the shoreline. Since currents behave
differently dependent on season and as a function of the distance
from the shoreline, the location of a fish farm will affect its
nutrient distribution. Obviously, there are logistical advantages
of having the farms as close to shoreline as possible. On the
other hand, the potential damage of pollution is greater from
such inshore fish farms. To test the effect of distance from the
shoreline, we conducted a set of experiments in which we place
farms at several distances from the shoreline, and then track the

TABLE 1 | Sample points description and locations from north to south

(see also Figures 9A,B).

No. ◦N ◦E

1 Hertzelia (control) 32 10.35 34 40.16

2 5 Km north to farm, west 31 56.31 34 33.26

3 5 Km north to farm 31 56.32 34 34.23

4 5 Km north to farm, east 31 56.29 34 35.15

5 1 Km north to farm, west 31 54.19 34 33.23

6 1 Km north to farm 31 54.22 34 34.23

7 1 Km north to farm, east 31 54.21 34 35.19

8 500m north to farm 31 53.93 34 34.20

9 Farm, north 31 53.68 34 34.16

10 Farm, south 31 53.65 34 34.19

11 500m south to farm 31 53.39 34 34.22

TABLE 2 | Geographic positions of existing and proposed fish farm cages

(coordinates of farm’s center).

Latitude (◦N) Longitude (◦E) Distance from

shoreline (km)

Ashdod (existing

cages, red)

31.93 34.57 12.4

Ashdod near shoreline 31.90 34.63 7.8

Ashdod mid-depth 31.97 34.48 23.6

Ashdod deep 32.02 34.38 35.6

Ashdod (south, green) 31.83 34.55 9.5

Hadera (yellow) 32.43 34.83 4.5

Haifa (purple) 32.80 34.86 10.1

All position located on sea level above 60m water depth.
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released pollution according to season. We placed the farms at
7.8 (green circle in Figure 2), 12.4 (existing location, red circle in
Figures 1, 2), 23.6 (yellow circle in Figure 2) and 35.6 km (purple
circle in Figure 2) from shoreline. These locations are detailed in
Table 2 and appear as empty circles in Figure 1). All farms are
comparable in size to the existing farm.

The existing cages and close to shore cages (red and green
farms in Figure 2) both transport particulate nutrients very close
to the shoreline. This pattern is most evident in the first 5 days

of every season, and particularly in the first days of October
and April. By January, all particles were transported to the
shoreline, where particles from the proposed yellow farm (∼23
km from shoreline) were transported north. In both July and
October, particles from the farm located on the edge of the
open sea (purple farm) did not approach the shoreline. In July,
the greater current velocity transported the particles further up
north, outside of ourmodel’s domain. These results were repeated
for different positions of the four different locations. For all

FIGURE 2 | Distribution of particles from the existing offshore fish cage of Ashdod (in red) and proposed sites for different seasons in other colors

(purple, yellow, and green). The top row describes the particle’s distribution over 5 days; the middle row describes position after 10 days, and the bottom row after

15 days. Each color matches the farm’s origin.
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seasons besides January, there was a clear advantage of placing
the farm at least 23 km (or greater) from the shoreline, in terms of
water quality at the shoreline. Figure 3 shows the tracers’ density
after 15 days for each farm.

Sensitivity to Farm Sizes and Testing
Potential Locations for Future Farms
Another environmental consideration is whether to distribute
the farming pressure amongst few small farms or to concentrate
activity into one large expansive site, which is likely more
economical. In the second scenario, production of four scattered
farms (each with 1,600 tracers) was compared to a single farm
with four times the production of the existing farm (4 ×

1,600 tracers). Farms were placed along the northern, central
and southern Israeli shoreline, and within the territorial seas
limit, according to the recommendations from the Sustainable
Aquaculture in the Mediterranean Sea Report (Ayalon et al.,
2015). Then, we performed a comparison between a large farm,
which represents a farm with four-fold production as the present
one, and four farms scattered along the shoreline, each with a
present production (i.e., total production in each case is equal,
and is four-fold larger than present). As shown in Figure 4, for
all four seasons, the distribution of particles was greater for four
farms, with the purple farm scenario reaching up to Lebanon.
Although particle distribution for four farms was greater, the
concentration was lower (see Figure 5). In both January and
July, the stronger currents transported the particles northwards,
outside from the model’s domain, thus only particles from the
southern farms were viewable after 15 days. In April, the particles
are relatively close to shoreline, and in October, most of the
particles are found in the open sea in the north of Israel, and
quite scattered. To test the effect of farm location, four farms were
modeled next to one another (Figure 6, middle row). The results
suggest that the more scattered the farms, the greater the particle
distribution and lower the concentration.

Adding Nutrient Reduction
After 15 days of tracking, there were no more particles to track
down when H = 1 day. In Figure 7, the maximum estimation
for the half-life time (H = 5 days) assuming the real half-life
time lies between the two values. For simplicity, the scenario
with four farms is presented after 15 days. In April, instead
of a maximum of 1,400 particles concentration (Figure 5), the
highest concentration of particles was 75 particles. In July, most
of the particles had breached the model’s domain, leaving only 14
particles in the plot.

Origin of Water And Implications for Water
Quality
This mathematical model has the potential to determine
strategic farming prioritization. Given the location of certain
key industries, such as a power or desalination plant, can we
determine which areas should not be farmed, as the pollution
originating from it may reach these strategic sites? In the third
scenario, a test was conducted to determine how shoreline water
quality might be affected by the fish farms. The desalination
plant in Hadera, which utilizes seawater to produce drinking

water (32.47◦N, 34.88◦E), and a Tel-Aviv public beach (32.08◦N,
34.76◦E) were chosen as locations where water quality standards
are most important. Back-trajectories analysis from these two
locations over a 15-day period suggested that the origin of near-
shoreline water is mostly close to the shoreline (Figure 8). In
winter (see Figure 8B), the water is rather turbulent, and water
from the open sea reaches all the way to the shoreline. Apart from
the winter season, the water does not originate from the existing
fish cages. By tracking water back trajectories from important
infrastructures, one can prioritize areas for future farms, to
minimize the effects at these key sites.

Model-Observation Comparison
While on the day of the cruise the current headed typically
northward (040◦), there was an uncommon current regime
heading southward for 4 days finishing 2 days before the cruise
started (oceanographic data from Ashqelon monitoring station
supplied by Dr. Eli Biton, IOLR, see Supplementary Table A2).

The phosphate concentrations are similar among all station
(black bars, Figure 9C). Much higher concentrations of ammonia
were observed further away from the cages (white bars) than
around the fish farm. There was only one measurement for each
nutrient, hence no statistical analysis. Some of the measured
values were below the limit of detection.

The inorganic nutrient analysis results were compared with
the continuous release scenario output (Figure 9) qualitatively,
and the comparison suggests that there is a good qualitative fit
between the observation and model. In both the scenario output
and the cruise measurements, stations 7–11 have a very small
concentration of particle/nutrients; station 2 concentration is
lower than stations 3 and 4; and the concentration in station 6
is higher than this of station 5 (Figure 9). The nutrient analysis
suggests a higher concentration of NH4 than the prediction of
the continuous release scenario output. As the continuous release
scenario reflects nutrients originated from the fish farm only, the
high concentration relative to the scenario’s output assumed to be
ammonium from a different source, such as the waste discharges
fromTel Aviv sewage works. Around the cages the phytoplankton
community was higher (unpublished results), resulting in lower
concentrations of ammonium.

DISCUSSION

Studying the effects of expanding the mariculture industry on
water quality (and thus ecosystem health) is both economically
and ecologically important. Agricultural discharge that flows into
the sea may cause eutrophication, a process characterized by
excessive algal growth or proliferation due to nutrient availability
(Anderson et al., 2002). Excess of nutrients such as nitrate (NO3)
and phosphate (PO4) may cause environmental imbalances in
aquatic ecosystems (Bell et al., 1989). In extreme cases, high
concentrations of nitrate may have an impact on human health
(Ferreira et al., 2007). Moreover, studies have demonstrated
that an increase in chlorophyll a due to eutrophication is
usually accompanied by changes in phytoplankton community
structure parameters such as total abundance, species richness,
and evenness (Tsirtsis et al., 2008; Spatharis and Tsirtsis, 2010).
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FIGURE 3 | Density of particles from farms in different distances from the shoreline offshore Ashdod in different seasons after 15 days. The existing

cages are highlighted in red. Each color matches the farm’s origin as in Figure 2. Each column represents a season, and the panels below each season are individual

farm’s densities, zoomed. For October and July, only farms which had particles present in the model’s domain were depicted.

A shift in phytoplankton communities would force the whole
food web structure to adjust, and trophic reorganization to
be assumed. Changes in the phytoplankton composition also
influence water chemistry (e.g., nutrients, pH, alkalinity, O2) and,
consequently, material fluxes to sediments. Therefore, nutrient
enrichment may cause basin-wide biogeochemical shifts, as well
as massive ecosystem restructuring and may result in a new

steady state of primary productivity. This can be observed all
the way up the trophic levels to apex predator biomass (Turley,
1999).

Mariculture is a growing industry worldwide, and could
provide the necessary food security in light of population increase
and while providing relief to pressures of commercial fishing
(Goldburg and Naylor, 2005; Godfray et al., 2010; Campbell
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FIGURE 4 | Distribution of particles from different existing and future farm scenarios, at different seasons. The red farm are the existing cages. The top row

shows the particle’s distribution after 5 days, the second row after 10 days, and the third after 15 days. Each color matches the farm’s origin. Bottom row is the

distribution after 15 days at the existing cages only, at the same concentration of the four farms.

Frontiers in Marine Science | www.frontiersin.org 8 May 2017 | Volume 4 | Article 134

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Grossowicz et al. Lagrangian Modeling Based Management Tool

FIGURE 5 | Heat-map of particles concentration after 15 days and from

different seasons. Left column represents four scattered farms, and right

column represents one large farm with production of four.

FIGURE 6 | Distribution of particles and color-density maps of their

concentrations after 15 days in October. The top row is four different

farms in their future locations, the middle row is for four adjacent farms, and

the bottom row is for one large farm. The red farm in all three scenarios

indicates the existing farm cages in Ashdod.

and Pauly, 2013). In order to develop a sustainable industry
that includes an ever-growing component of aquaculture, it
is essential to assess via modeling and to inform the policy
and implementation. The Lagrangian modeling method, testing
several scenarios based on size and distance from the shoreline,
was done as part of an effort to try to establish initial guidelines
for both scientists and policy makers to insure a sustainable
future to this growing industry in the Eastern Mediterranean
basin.

According to the introduced model (Figures 2, 4), simulated
particles from all the cages have reached the shorelines
regardless of the cages’ distance. Fish farming activity is constant
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FIGURE 7 | Color density map of particle concentration after 15 days for all four farm scenarios at different seasons for H = 5 days.

FIGURE 8 | Results from the 15-day back-trajectories analysis to source water origins from the desalination plant and the public beach. The green path

indicates particles from Hadera desalination factory target, and the red path follows water sampled from a Tel Aviv public beach. Both the black and gray are the

trajectories of the particles till the target. The open circle is the location of the existing fish farm cages offshore Ashdod. (A) October, (B) January, (C) April, and (D) July.

throughout the year, with only a 20% reduction in fish feeding
during wintertime (N. Mozes, MOAG, pers. comm.). However,
a persistent plume of nutrients is released from the farms year-
round.

When comparing one large farm with four smaller scattered
farms, it was noted that although the distribution of particles
was greater for the four small farms, the concentration was
lower (see Figures 4, 5), suggesting several smaller farms
would be the better solution in terms of water quality.
This conclusion is supported when comparing the results
of four adjacent farms compared with four scattered ones
(Figure 5); the distribution and concentration of particles
is similar to the large farm, yet greater and less dense,
respectively.

Adding nutrient reduction is an important step toward a
more realistic simulation, since nutrients are being consumed
by phytoplankton and may sink. Wu (1995) writes that despite
the high pollution loadings, results from various studies show
that some 23% of C, 21% of N and 53% of P of feed
input into the culture system are accumulated in the bottom
sediments with significant impact normally confined to within

1 km of the farm. Our study suggests that 0–12.5% of these
nutrients are staying in the environment for a period of 15
days (Figure 7) but our range is higher than the one measured
by Wu (0.2–3%, Wu, 1995). Without considering reduction,
there are some particles, which disperse to Lebanon even from
the southernmost farms. The eastern Mediterranean is ultra-
oligotrophic (Berman et al., 1984) and any addition of nutrients,
either as fertilizer or by river input, is rapidly consumed
(Krom et al., 2005; Pitta et al., 2009; Suari and Brenner, 2015).
According to Suari and Brenner (2015), nutrients are being
both advected and biologically consumed in such a way that
the biological uptake is so fast that it cannot be detected
by measurements. This study model is very sensitive, thus, it
should be tested experimentally through novel methods, such as
isotopically marking (Lipschultz, 2001) and tracking the particles
via SF6, an inert, human-made, gas tracer, that is sparingly
soluble, easy to measure at extremely low concentrations,
and both biologically and chemically inert (Cole and Caraco,
1998).

We chose two strategic locations along the Israeli shoreline
to demonstrate how to visualize the trajectories of nutrient
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plumes and inform decision makers. Potable water is of
utmost importance for public health, and so the water
desalination plant in Hadera was chosen. A beach in Tel
Aviv, the most trafficked tourist and citizen public space
was chosen as our second scenario. This analysis revealed
that the origin of the water, for two of the months,
was not coming from the farms in Ashdod. Similar tools
can be used to examine potential locations for expanding
the industry and their effect on these strategic, shoreline
locations.

Caveats and Limitations
The goal of this paper is to demonstrate the usefulness of the
Lagrangian tracking model for studying the pollution plume
originated by fish farms and aiding decision makers, rather
than produce realistic simulations. We stress that the results
are based on the SELIPS currents field from September 2012
to September 2013. Other years may have produced different
results, thus, predicting trajectories may be more appropriate
when calculating an average of currents on a decadal scale. The
trajectories in the analysis are based on particles leaving the
farm for one specific day, whereas nutrients are actually put in
continuously from the farms. Over a period of several days, the
trajectories would vary and probably cover a larger area with
accumulation of nutrients. Nevertheless, we evaluated the model
performance using available data from 2015, as described in
details in Sections Reduction Half-Life and Model-Observation
Comparison.

Detecting changes in Chl a content of the water column in
the vicinity of fish farms implying ghost nutrient discharged
from fish farming activity, yet, studies (La Rosa et al., 2002; e.g.,
Pitta et al., 1999, 2005) have failed to detect it despite the large
amount of continuous nutrient wastes discharged into themarine
environment. Microbial grazing plays a key role in regulating
phytoplankton biomass, keeping Chl a at very low levels and
effectively transferring nutrients up the food web (Thingstad
et al., 2005; Pitta et al., 2009). Lack of a detectable response of
phytoplankton to nutrient enrichment has been attributed also
to the rapid dilution of nutrients, since marine sites used for
fish farming are selected for their relatively strong local current
regime to ensure efficient water renewal (Gowen et al., 1983).
Evaluating this model is, therefore, difficult. However, the SELIPS
currents and PaTATO tool-box have been used by other models
proving their accuracy, for example, Goldman et al. (2012, 2014,
2015), and Rosentraub et al. (2010).

CONCLUSION

Despite the above-mentioned limitations, this study
demonstrates the potential in using a Lagrangian modeling
approach to answer certain water-quality and nutrient
distribution queries that arise from industry development.
Furthermore, this tool is also suitable toward addressing
other marine management related problems involving particle
tracing and water movements (e.g., pollution, oil spills, larval
connectivity, etc.).

FIGURE 9 | Comparison between measured nutrient concentrations

from a cruise to the continuous release of particles simulation starting

3 days before the cruise to that day. (A) Simulation particle distribution; (B)

heat map of simulated particles concentration; and (C) ammonium and

phosphate concentrations (nmol L−1) measured from the cruise’s samples,

dashed line is limit of detection, gray-shaded area is the typical East

Mediterranean range of NH4 in spring and summer time surface concentration

above ground depth >7m (data from IOLR reports). In both panels (A) and

(B), sampling stations 2–11 are marked.
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