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a b s t r a c t

In this paper, we present a cost-effective approach to the assessment of the impact of fish cage culture
in transitional water bodies characterized by limited exchanges with the sea. The approach, previously
applied tomarine coastal areas, is based on two steps: (1) the application of a Lagrangianmodel, driven by
purposely collected data concerning the local hydrodynamic, for an ‘‘a priori’’ simulation of the dispersion
of uneaten feed and fecalmaterial froma cage; (2) the collection of a set of field data concerning bothwater
column and sediment indicators, sensitive to the release of organic matter from a cage, along a transect:
the latter is determined on the basis of the results provided by the dispersionmodel. Themethodologywas
tested at a seabass/seabream farm located in a coastal lake on the Nile Delta, namely Lake Maryut. Model
results indicated that the area impacted by the cage is relatively small, about 5 m from the edge of the
cage: this finding was later corroborated by field observations. As far as the water column is concerned,
Dissolved InorganicNitrogenwas found to behigher near the farm. Themost sensitive sediment indicators
were found to be surface sediment TOC, and benthic macrofauna abundances, which were, respectively,
higher and lower in the proximity of the farm. These findings suggest that a cost-effective monitoring
programme of the environmental impact of intensive aquaculture could be implemented in Egyptian
coastal Lakes, thus providing a science-based support to the implementation of the ecosystem approach
to aquaculture in these important ecosystems.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Aquaculture has been rapidly increasing in Egypt in the last
30 years and, at present, contribute to about 70% of the total fish
production, which reached the 1.1 106 tonnes in 2009 (GAFRD,
2011). Semi-intensive fish farming in earthen ponds still repre-
sents, by far, the most important contribution to the total aquacul-
ture production, but intensive cage culture is definitely on the rise.
In fact, in the last twenty years, the production from fish cages has
grown (El-Sayed, 2012), from 2103 tons in 1997 to 62276 tons in
2007 (GAFRD, 2007), and presently includes also marine species,
such as European seabass, Dicentrarchus labrax (herein seabass)
and Gilthead seabream Sparus aurata (herein seabream), besides
the fresh/brackish water species traditionally farmed, i.e. tilapia,
(Oreochromis niloticus), twomullet species, (Mugil cephalus, Liza ra-
mada), and carps (Cyprinus carpio). In 2010, seabass and seabream
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production from fish cages reached 31,000 tons (GAFRD, 2011),
which represented about 3% of the total Egyptian fish production.

A relevant fraction of seabass/seabreamproduction is harvested
in the four main coastal lakes located in the Nile Delta, i.e.
Maryut, Edku, Burullus and Manzala. These ecosystems are still
very productive ones, even though their environmental status
is being threatened by several anthropogenic pressures. Fishery
and aquaculture are regarded as main drivers and, according to
(e.g. Shaltout, 2010), their impacts need to be assessed in order
to implement a management strategy based on the Ecosystem
Approach to Aquaculture (EAA), endorsed by FAO (Soto et al.,
2008).

The impact of fish cage culture has been extensively studied
both in coastal waters (Hargrave, 2010) and in tropical lake
systems (Troell and Berg, 1997; Beveridge, 2008). However, thus
far, they have not been assessed in Egyptian coastal lakes, where
only the impact of farming of herbivorous/detritivorous species,
mainlyNile tilapia andmullets,were investigated (El-Sayed, 2006).

Fish cages release in the surrounding both organic matter and
dissolved nutrients: in the case of Nile Delta Lakes, their local
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Table 1
Husbandry practices at lake Maryut.

Input Value Source

Stocking density 10 ind. m−3 This study (Brigolin et al., 2013)
Average stocking
weight

15 g This study (Brigolin et al., 2013)

Feed ration Month 1

This study (Brigolin et al., 2013); Hamdi and Si Bachir (2011)

10% of the fish biomass, on a daily basis
Month 2–4
3% of the fish biomass, on a daily basis
Month 5–14
0.6% of the fish biomass, on a daily basis

Feed composition 40% proteins; 20% carbohydrates; 20% lipids Proteins (Brigolin et al., 2013) carbohydrates and lipids were assumed on the basis of
typical commercial fish feed composition data
impact on both the water column and benthic ecosystems may
concern a restricted area but be very relevant, due tohigh residence
time and poor hydrodynamic circulation. For example, according
to El-Adawy et al. (2013), the residence time is higher than 60 days
in Lake Burullus western sector.

In general, the assimilative capacity of these ecosystems could
be much lower than that of coastal marine ecosystems, in which
cage culture is usually practiced. In turn, this means that stocking
densities in Nile Delta Lakes should be kept at lower levels,
compared with coastal waters, in order to avoid excessive impacts
on their environmental status.

In this study, we investigated how the impact of seabass and
seabream cages depends on local hydrodynamic and on husbandry
practices in lake Maryut, in order to:

(1) identify a subset of indicators, to be used for Environmental
Impact Assessment and monitoring also in the other coastal
lakes;

(2) provide a preliminary assessment of the impact in relation
to the stocking density, by means of a mathematical models
which simulates the transport and fate of the organic matter
released by a fish cage.

From the methodological point of view, the simulation model
plays a key role, as it was used for: (1) designing the sampling
of the indicators; (2) relating the impact to the stock density and
husbandry practices.

2. Study site and husbandry practices

Lake Maryut is located about 20 km West from the city
of Alexandria and covers a surface of 67 km2 (see Fig. 1). It
receives runoff waters from the Nile delta, as well as wastewaters
discharged by Alexandria and its industrial area. Water depth
ranges between 0.4 and 2 m (EA Engineering, 1997), and the
salinity is very low, ranging between 2 to 5 psu (EA Engineering,
1997). At present, artisanal fishery and aquaculture still play a
relevant role in the local economy, even though Maryut total
production is markedly lower than the one of other Egyptian
coastal lakes (approximately 10% of theManzala and Burullus ones
Oczkowski and Nixon, 2008, Rahman, 2011).

In Lake Maryut, intensive seabass/seabream culture is usually
practiced using 15 m × 15 m × 2 m square cages. Husbandry
practices, which may slightly vary from farm to farm, are sum-
marized in Table 1: they were determined by directly interview-
ing the farmers during the FORCE EU project (Brigolin et al., 2013).
These data were then used as input for the FiCIM model, see next
section. Juveniles are recruited from fishery, due to the lack of
hatcheries, and stocked at a density of about 10–15 fingerlingsm−3

in April–May (Brigolin et al., 2013). Local farmers use both com-
mercial feed and trash fish, in order to minimize feeding costs.
In particular, they supply commercial feeds during the first six
months of the rearing cycle: afterwards, fish is fed with trash
Fig. 1. Location of the Maryut coastal lake, and position of the fish farm. The figure
shows a schematic representation of the sampling design adopted in this study:
stations stI, stE and stC were located along the major current axis.

fish, mainly sardines, green tilapia and, sometimes, cheap shrimp
species (Brigolin et al., 2013). On average, a farming cycle last from
14 to 18 months: the seabream weight at harvest ranges from 350
to 450 g and that of seabass from600 to 700 g (Brigolin et al., 2013).

3. Materials & methods

The methodology here proposed was tested and previously
applied in coastal areas in the framework of the ECASA EU project
(e.g. Rampazzo et al., 2013; Brigolin et al., 2008). It involves three
steps, namely:
(1) the collection of local hydrodynamic data;
(2) the use of a simulation model for estimating ‘‘a priori’’ the

likely area of impact and, on this basis, designing the sampling
program;

(3) the collection of biogeochemical and ecological data along
a transect, in order to test the model findings and assess
the environmental impact of a farm, on the basis of a set of
candidate indicators.
The application of this approach to Lake Maryut required a

thorough revision of the literature, in order to find a suitable set of
candidate indicators, as well as several changes in the simulation
model, as described in the following subsections.

3.1. The simulation model

The environmental impact related to the load of organic
matter released by a fish farm on water column and sediment
biogeochemistry as well as on the benthic community was
assessed using the model FiCIM (Fish Cage Integrated Model),
which is described in detail in Brigolin et al. (2014). The model is
made up of three modules which enable one: (a) to simulate the
evolution ofwetweights of seabass/seabream individuals and their
survival rates, in relation to the husbandry practices and water
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Table 2
Site-specific parameters, and forcing functions for the FiCIM model.

Input parameters Value Source

Water depth 3 m This study (Brigolin et al., 2013)
Density of surface sediment 2.5 g cm−3

OM degradation rate 10 y−1 Brigolin et al. (2009)

Forcing functions
Daily water temperature Time series estimated by linearly interpolating monthly data

concerning Nile Delta lakes
(Shaltout and Khalil, 2005).

Currents See Fig. 4 This study (Aanderaa-RCM7 current meter)
Table 3
Variables selected as indicators of farm interaction with the environment.

Name Unit Abbreviation

Water column

TSM (g L−1) Total Suspended Matter
Chl-a (µg L−1) Chlorophyll-a
PON (µM) Particulate Organic Nitrogen
POP (µM) Particulate Organic Phosphorus
DIN (µM) Dissolved Inorganic Nitrogen
DIP (µM) Dissolved Inorganic Phosphorus
DON (µM) Dissolved Organic Nitrogen
DOP (µM) Dissolved Organic Phosphorus

Sediment

WC (%) Water content
TOC (%) Total Organic Carbon
LOI (%) Loss on Ignition at 550 °C
OP (µg g−1) Organic Phosphorus
OC/OP (mol/mol) Carbon Phosphorus ratio
temperature and to estimate the daily fluxes of uneaten feed and
feces released by a cage; (b) to simulate the dispersion of uneaten
feed and fecal particles in the surrounding and their deposition
on surface sediment; (c) to simulate subsequent organic carbon
degradation by means of a first-order decay kinetic. The impact of
a farm is obtained by adding up the impact of each single cage. As
a result, the model allows one to predict the spatial distribution of
the flux of Organic Carbon (OC) towards the sea bed as well as the
increase in the concentration of OC in surface sediments due to the
presence of a fish farm.

As part of this study, the code was adapted to simulate the
processes outlined above in a brackish coastal lake, characterized
by shallow waters. The main changes concerned the Lagrangian
particle tracking module, which is based on the algorithm
proposed by Jusup et al. (2007). The size of the horizontal
computational grid was decreased down to 2 m, and the
integration time-stepwas consequently reduced to 30 s, in order to
ensure the stability of the numerical solution. The subset of input
data concerning the husbandry practices is presented in Table 1:
a complementary set of input data is summarized in Table 2. We
used the model for two purposes:

(1) a short, 4 month long run, from April 1st 2013 until the
sampling day, July 1st, was performed, aimed at assessing ‘‘a
priori’’ the size of the impacted area;

(2) a long, 14month long run, representative of an average farming
cycle, was performed, aimed at estimating the impact of the
farm on sediment biogeochemistry and benthic community.
Thiswas carried outwith 10 and 40 ind.m−2 (this second value
based on Halwart et al., 2007), in order to obtain a preliminary
assessment of the impact of the farm in relation to the stocking
density.

3.2. Selection of the set of candidate impact indicators

Water column candidate indicators, which included the 8
variables reported in Table 3, were selected in accordance with
the results presented in the two meta-analysis carried out by
Sarà (2007a,b). Sediment indicators were selected on the basis of
the results by ECASA project (http://www.ecasatoolbox.org.uk) in
which the effectiveness of different indicators in detecting impacts
in low organic enrichment was investigated (also reported in
Table 3).

Two water samples were collected at each station, by means
of Niskin bottles, respectively in proximity of the surface and of
the bottom. Chlorophyll-a,was determined according to the Strick-
land and Parsons (1972) methodology. TSM PON POP DIN DIP DON
DOP were determined according to the procedures reported in the
(ECASAbook of protocols, 2008). At each sampling site, surface sed-
iments were collected by means of an Ekman grab (15 × 15 cm,
10 cm depth). Sediment cores about 5 cm long were sub-sampled
in-situ from the Ekman grab using liners. In the laboratory, from
each core the upper 1 cm thick slice was selected. Sample gran-
ulometry was determined according to Folk (1974). Samples con-
taining >90% of the fractions coarser than 4 phi were subjected to
dry sieving, while the finer fraction was processed by pipette anal-
ysis. Loss on Ignition (LOI) was determined after drying the sample
at 105 °C. The samplewasweighed prior and after heating at 550 °C
for 2.5 h. Total organic carbon (TOC) content was determined by
oxidation with 1 N K2Cr2O7 acidified with concentrated H2SO4
and titrate with 0.5 N Fe(NH4)2(SO4)2 (Loring and Rantala, 1992).
The total phosphorus (TP) content was determined according to
Aspila et al. (1976). The samples were ignited in muffle furnace at
550 C, and then extracted with 1 N HCl. The inorganic phosphorus
(IP) was determined using the same method for TP, omitting igni-
tion. Organic phosphorus (OP)was estimated by difference.Macro-
fauna was sampled by means of an Ekman grab (15 × 15 cm).
Six replicate were collected at each station, and sieved through a
500µmmesh. Sampleswere sorted intomajor taxa and specimens
identified at the lower taxonomic level. Total macrofauna biomass
(wetweight) was also determined per each sample (g grab area−1).
AMBI (AZTI’sMarine Biotic Index) (Borja et al., 2000, 2003)was cal-
culated at each station, in order to provide a classification of the site
based on benthic community status.

3.3. Design of the sampling programme

The sampling network was designed by combining the results
of the statistical analysis of the current data with those obtained
by the FiCIM short simulation.

http://www.ecasatoolbox.org.uk
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Fig. 2. Module and directions of the water currents, as measured at the farm site.

Current data were first collected at a sampling station located
in lake Maryut approximately 150 m NE from the cage, using an
Aanderaa-RCM7 current meter, whichwas deployed fromMay 6th
to May 20th 2013 and kept at the depth of 1 m.

An explorative analysis of the current time series allowed us
to determine the main current direction, which was taken as the
direction of the sampling transect. Three sampling stations were
located along the transect at an increasing distance from the edge
of the fish cage (see Fig. 1). Distance was defined based on model
results and on two thresholds set a-priori. According to the works
by Hargrave (2010) and Cromey et al. (1998) the area with C
flux (ΦC) > 0.1 gC m−2 d−1 is characterized as ‘‘moderately
enriched’’. A control station, stC was therefore located outside the
area with (ΦC) > 0.1 gC m−2 d−1. Inside the deposition area two
situations were distinguished: (i) a moderately enriched one stE;
(ii) an impacted one, stI. According to Hyland et al. (2005) severe
stress for benthic infauna occurs above 3.5% TOC, value which was
selected as a threshold for delimiting the ‘‘impacted area’’. In order
to do this, a TOC value of 2.5% was taken as representative of
a background condition for this confined portion of lake Maryut
(Woronco, 2012).

At each site, the same set of indicators was collected. The
current data were collected from May 6th to May 20th 2013 and
the set of indicators were sampled in July 2013.

4. Results

4.1. Design of the sampling survey

As one can see from Fig. 2, the main direction of water currents
is oriented S-SE. The average velocity module, computed over the
whole time series, is 4.8 cm s−1 (st. dev. ± 2.7 m s−1; min–max
range 0.003–15 m s−1). These values are in the lower end of the
range characterizingMediterranean fish farms located in sheltered
environments (e.g. Holmer et al. (2008) reported average velocities
comprised between 4.7 and 20.0 cm s−1).

Results from the deposition module are shown in Fig. 3(a), (b):
due to the shallowness of the site, most of the organic matter
accumulates in a restricted area around the cage. Along the S-
SE direction a flux of approximately 5 gC m−2 day−1 is predicted
by the model, up to a distance of 5 m form the edge of the
cage (12.5 m from the center of the cage). The area of ‘‘moderate
organic enrichment’’ (≤0.1 gC m−2 day−1) extends up to 18 m
from the edge of the cage. The intense flux of uneaten feed and
feces causes an enhancement of OC concentrations in the upper
sediment layer (1st cm), reaching values as high as 2% in most of
the area underneath the farm, and exceeding 1% up to a distance
of 4 m (Fig. 3(b)). By summing this value to the background
OC concentration (2.5%), this area exceeded the 3.5% OC and
was identified as the ‘‘impacted area’’. Based on these model
results stations stI, stE, and stC were set along the S-SE direction,
respectively at 0 m, 5 m and 25 m from the edge of the cage.
Fig. 3. (a, b) Results of the integrated aquaculture impact assessment model at 4
months fromstocking. (a)Meandaily organic carbon flux (gCm−2 d−1); (b)modeled
organic carbon concentration (%) in the upper sediment.

4.2. Water column, sediment geochemistry and macrofauna

The data collected at the three sampling stations are reported
in Tables 4 and 5. For sake of clarity, the following notation will
be used here-in: stI ≡ st0, stE ≡ st5 and stC ≡ st25. The
visual inspection of DIN and TOC data suggested that remarkable
differences are present among stations st0, st5, and station st25. DIN
peaks at st5,mean value = 13.56µM, 2.3 times higher than at st25.
TOC reaches concentrations as high as 4.7% at the edge of the cage,
st0, with a background value of 3.01% at st25.

4.3. Macrofauna

Fourteen taxa of benthic invertebrateswere recorded atMaryut
lake (for the complete list see Table 6).

In general, the number of taxa resulted to be similar in the three
stations, as the diversity index values. The station t0 showed the
lowest values of abundance, whereas, in terms of total biomass, the
lowest value was recorded in the station t1. However, according to
the AMBI index, all stations in Maryut were classified as ‘‘slightly
disturbed’’ and presented a restricted variability in H diversity.

4.4. Simulation scenarios

Results from the long-term runs are presented in Fig. 4(a), (d).
As one can see, average deposition over the entire cycle (Fig. 4(a))
is predicted to be lower than that observed during the initial
4 months, when the feeding regime is higher. This induces a
restriction of the area identified as ‘‘degraded’’ (TOC > 3.5%—
considering a background value of 2.5%), which is limited to a
portion approximately equivalent to 1/4 of the cage. The situation
is reversed under the long-term scenario, considering an enhanced
stocking density (40 ind. m−2). In this case, see Fig. 4(c), (d), the
limits of the zone undergoing a ‘‘moderate organic enrichment’’
(TOC flux > 0.1 gC m−2 day−1) are exceeding the 25 m from
the edge of the cage, and TOC concentrations exceeding 5% are
detected in almost all the area occupied by the cage.
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Table 4
Water column indicators: field data collected at the 3 stations in Lake Maryut.

Dist. (m) TSM (g/l) Chl-a (µg/l) PON (µM) POP (µM) DIN (µM) DIP (µM) DON (µM) DOP (µM)

st0 0.011 2.196 4.7 0.048 12.15 0.288 10.9 0.384
st0 0.015 1.992 4.35 0.06 5.66 0.288 13.92 0.372
st5 0.007 2.141 4.33 0.096 13.3 0.192 18.28 0.336
st5 0.012 2.015 3.48 0.432 13.82 0.096 15.3 0.288
st25 0.01 2.077 7.48 0.288 7.64 0.096 13.46 0.48
st25 0.019 1.981 7.23 0.384 4.24 0.336 14.56 0.192
Table 5
Sediment indicators: field data collected at the 3 stations sampled in Lake Maryut.

Water content (%) Total organic carbon (%) Loss on ignition at 550 °C (%) OP (µg g−1) OC/OP (mol/mol)

0 m = 67 0 m = 4.70 0 m = 16.79 0 m = 136 0 m = 892
5 m = 59 5 m = 3.14 5 m = 12.24 5 m = 130 5 m = 625
25 m = 56 25 m = 3.01 25 m = 9.89 25 m = 143 25 m = 543
Table 6
Macrobenthic fauna. Field data collected at the 3 stations sampled in Lake Maryut (µ ≡ mean; σ ≡ standard deviation). Recorded taxa included Chaetogaster sp., Nereis
diversicolor, Ficopomatus enigmaticus, the amphipods Corophium orientale and Gammarus aequicauda, the isopod Sphaeroma sp., the decapod Mysis relicta, the gastropods
Hydrobia minuta and Melanoides tuberculata, the bivalves Cerastoderma glaucum and Mytilopsis sp., chiromid larvae of genus Polypedilum sp., unidentified nematodes, and
the encrusting bryozoan Conopeum sp.

Station Total abundance Total biomass (g ww) Number of taxa Diversity index (H) AMBI
µ σ µ σ µ σ µ σ Value Disturbance classification

st0 175.5 29.13 7.56 2.48 11.2 1.1 1.89 0.1 2.758 Slightly disturbed
st5 429.8 62.8 3.0 0.9 10.3 1.0 1.3 0.1 2.657 Slightly disturbed
st25 358.3 136.0 16.5 9.3 10.7 0.8 1.8 0.2 2.876 Slightly disturbed
Fig. 4. (a, b) Results of the integrated aquaculture impact assessment model over the entire rearing cycle. (a) Mean daily organic carbon flux (gC m−2 d−1); (b) Modeled
organic carbon concentration (%) in the upper sediment.
5. Discussion

Starting from a set of indicators designed to assess the im-
pacts of aquaculture in marine coastal areas, this work allowed
us to identify the subset of indicators which performs better in
a shallow water transitional environment characterized by a lim-
ited exchange with the sea. These are water column DIN, TOC in
surface sediments, and macrobenthos abundance, all presenting
higher values nearby the fish cage. As far as dissolved nutrients is
concerned (NH4, NO2, NO3, PO4, SiO2), finfish aquaculture (ma-
rine/brackish water species) is expected to impact mainly on NH4,
NO2 (Sarà, 2007b). Our results confirmed this trend, indicating an
higher sensitivity of DIN with respect to DIP. However, although
in presence of low water currents, enhanced DIN concentrations
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seem to have a limited role in stimulating phytoplankton produc-
tivity in Maryut, and CHL-a values are kept at relatively low values
for a transitional water body (2.1 µg L−1 on average), presenting
no substantial difference among the three sites.

A higher sensitivity to the presence of the farm was expected
from the benthic indicators: this was clearly visible from a set
of comparative experiments carried out at 10 European farms in
the framework of ECASA project (see http://www.ecasatoolbox.
org.uk). The meta-analysis carried out by Hyland et al. (2005),
based on data obtained from 951 stations from 7 coastal regions
on 3 different continents, reported that no stress for infaunal
communities is commonly associated with TOC concentrations
<1%, while severe stress is associated with TOC concentrations
>3.5%. A question of relevance is whether, in an enclosed system
such as lake Maryut, which is characterized by high organic
matter sedimentation and an elevated level of background TOC
(st25 = 3.01%), the TOC enrichment induced by the fish cage
causes relevant changes in themacrobenthic community structure.
With reference to total abundance and biomass, the observed
pattern resulted to be only partially in accordance with the results
obtained in most of the ECASA sites (see Borja et al., 2009), with
the highest biomass value recorded far from the cage, but the
lower value, combined with the highest abundance, was recorded
in the intermediate station. However, according to our results, a
decreasing trend in macrobenthos abundances was detected from
st25 to st0. The comparative study by Borja et al. (2009) also pointed
out that peaks in total biomass were not alignedwith those in total
abundance, in agreement with our results (higher biomass at st0,
compared to st5).

All this would be confirmed also by analysis of the community
composition. Obtained results showed a substantial homogeneity
of the macrobenthic community, as highlighted by the Shannon
index and the AMBI (classifying all sites as ‘‘slightly disturbed’’).
This would be related to a community adapted to local ‘selective’
conditions, for which the contribute due to the cages resulted to be
not so influent.

Model application allowed a preliminary characterization of
the ‘‘zone of effect’’ (AZE) (according to GFCM definition, AZE
is ‘‘the area that can be influenced by the farm and in which
the monitoring activities should be done’’ GFCM, 2012). In this
way, model results complemented the current meter data, and
helped locating stations for monitoring. These model results were
corroborated by field observation, which reported an increase in
TOC concentrations of 1.6% between st5 and st0, with this latter
one exceeding the 3.5%. It is worth remarking here that results
presented in Section 4.1 focused on the first 4 months of the
farming cycle, in which feed conversion rate (FCR—weight of feed
provided to weight of fish harvested) is expected to be higher with
respect to the subsequent fattening period, but farmed biomass
accounts for approximately 17% of the final stock at harvesting
(111 kg over the final 650 kg). With respect to this, results of the
long-term run (Section 4.4), can provide additional information
to regulators for planning the monitoring and locating stations
stI, stM and stC. Remarkably, the overall farm impact along the
entire 14 months cycle was predicted to be lower than that
observed during the first 4 months. This result was obtained
under the hypothesis that feed quantity is reduced to 0.6% of the
stocked biomass, on a daily basis, corresponding to an FCR of
approximately 1.9. Unfortunately, no data were available for this,
and the feed conversion value had to be set based on literature
information for intense farming of the same species, at the same
latitude (Hamdi and Si Bachir, 2011). We remark here that the
extensive use of trash fish as feed, which was reported from the
farmers to be a common practice in Maryut, could remarkably
increase the value of this husbandry parameter, thus bringing to
different estimations of the impacts of the farm along the entire
cycle. To this regard, a precautionary principle should be taken
into consideration, since sediment data indicate that, due to low
flushing, organic matter sedimentation is markedly enhanced by
the presence of cages. In hypertrophic regimes, such as those
experienced by Egyptian coastal lakes (Oczkowski and Nixon,
2008), early diagenesis processes, involved in the mineralization
of the highly degradable organic matter originated from the cage,
could induce local hypoxic conditions. Besides being a major
threat for the health of stocked fish (Oliva-Teles, 2012), persistent
low oxygen concentrations can induce negative feedbacks at
ecosystem level, e.g. altering functions of bio-irrigating and bio-
turbating macrofauna (for a review on the potential feedbacks see
Middelburg and Levin, 2009), which, in turn, help in spreading
hypoxic conditions around the area directly affected by farm
deposition. An indication of the farmers awareness about this
mechanism could be represented by the fact that fish are stocked at
low densities, approximately 25% of the density used in suspended
coastal cages (10 ind. m−3 against 40 ind. m−3) (Halwart et al.,
2007). In this framework, the approach followed in the second
long-term run can be useful for farmers, in order to estimate
expected impacts in response to an enhanced stocking density. To
this regard, the simulation can be further extended by including
the prediction of oxygen and sulphides dynamics (see Brigolin
et al., 2009). In order to be performed, this step will require
gathering the additional in-situ data necessary to validate the
diagenesis model.

6. Conclusions

Results showed that the impact of the fish cage in lakeMaryut is
limited to a radius of<5m from the edge of the cage. Higher values
of water column DIN were detected within this area, with respect
to the control station, located at 25 m distance from the edge of
the cage along the major current axis. An higher TOC and lower
macrofaunal abundances were also recorded in the proximity of
the farm.

This study allowed us to derive useful indications to optimize
the sampling effort for a cost-effective environmental impact
assessment in transitional water bodies characterized by limited
exchanges with the sea: (i) it allowed the identification of the
subset of most sensitive impact indicators; (ii) it illustrated the
potential use of a simulation model for designing the sampling
of the indicators and relating the impact to the stock density and
husbandry practices.

Although oxygenmonitoring is not currently in-place atMaryut
farms, oxygen levels should be regarded as an issue of primary
relevance at this site, in order to prevent loss of biomass.

These results go in the direction of defining monitoring
methodologies complying with the principles of the ecosystem
approach to aquaculture.
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