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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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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.
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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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