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Disclaimer  
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contained in this document, or due to any inaccuracy, omission or error therein 

contained. 
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Executive Summary  

The setup and application of modelling tools for aquaculture impact and planning is 

described in this report. Environmental impact assessments for aquaculture activity 

are facilitated by coupled hydrodynamic/biogeochemical models that describe the 

conditions in the sea. In order to implement ecosystem and oceanographic modelling 

for site selection and to assess the environmental impact of existing and future OS 

aquaculture in Cyprus, a modelling tool developed by the Hellenic Centre for Marine 

Research has been customized and implemented. Once set up and validated, the 

coupled model can be used to examine the impact of existing aquaculture units in an 

AZA area in terms of good environmental status and ecosystem functioning. It can be 

used by means of scenario (e.g. farm location, production etc) simulations as a 

management tool for marine spatial planning and licensing of new farms or the 

increase of production in existing farms.  

A series of nested models has been developed to consistently downscale the 

hydrodynamics and biogeochemistry from the coarse resolution (~5 km horizontal 

resolution) model that covers the entire Mediterranean to a model with intermediate 

resolution (~400m) focusing on the Cyprus coastal regions. The coupled 

hydrodynamic/biogeochemical model code, has been parallelized with domain 

decomposition, following Jordi and Wang (2012) parallel code for POM, reducing the 

very high computational cost of the fine model imposed by its very small time step. As 

the extended Cyprus model is very computationally demanding, primarily due to time 

step constraints arising from the large depths (>1000m), three nested sub-models 

were set up with the same resolution (~400m). This has allowed the evaluation of the 

present environmental status in the Cyprus coastal areas with the existing fish farms 

of interest. The effect from the existing fish farms is shown with the nested sub-

models to be mainly visible during spring, summer and autumn periods. These 

periods are characterized by relatively higher aquaculture wastes and relatively 

stronger stratification, as compared to the winter period. Environmental conditions 

during these periods appear good to moderate, even in the vicinity of the fish farms. 

In the next phase, a series of initial scenarios will be performed with the nested 

intermediate resolution sub-models (~400m) (D11), and the final evaluation with finer 

resolution sub-model (~100m resolution) will be implemented in the selected specific 

areas of interest (D12). 
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1 Introduction  

The Aquaculture Integrated Model (AIM, Tsagaraki et al., 2011), a modelling tool 

developed at the Hellenic Centre for Marine Research (HCMR), has been customized 

and implemented in the Cyprus area to assess the environmental impact of existing 

and future aquaculture. The model description and setup, along with preliminary 

model results are provided below. 

1.1. Model description 

The Aquaculture Integrated Model (AIM, Tsagaraki et al., 2011) is based on a 

complex generic biogeochemical model, coupled to a 3-D hydrodynamic model and 

has been applied to study the effect from aquaculture waste in different areas of the 

Mediterranean Sea (Tsagaraki et al., 2011; Petihakis et al., 2012). A series of nested 

models is used to consistently downscale the hydrodynamics and biogeochemistry 

from the coarser resolution (~few kilometres) model of the wider area to the high 

resolution model (~few tens of meters) of the fish farm area. The amount of nutrients 

entering the environment from the fish cages is calculated using a mass balance 

approach. The model produces maps of near surface currents, Chl-a, dissolved 

inorganic nutrients (phosphate, nitrate, ammonium, silicate), plankton biomass and 

primary production that can be used to calculate different indicators describing the 

environmental status in the area, which has been proven to be a useful tool in the 

impact assessment of aquaculture (Tsagaraki et al., 2011; Petihakis et al., 2012; 

Tsiaras et al., 2021 submitted). Moreover, it can be used, through a series of scenario 

simulations, to evaluate the impact of new fish farms or increased production of 

existing farms, considering the area carrying capacity and the overall effect on the 

ecosystem.  

The three dimensional (3-D) hydrodynamic-biogeochemical coupled model (AIM) 

consists of two on-line coupled, sub-models: the 3-D hydrodynamic Princeton Ocean 

Model (POM; Blumberg and Mellor, 1987) and the biogeochemical model based on 

the European Regional Seas Ecosystem Model (ERSEM; Baretta et al., 1995). 

1.2. Hydrodynamic model 

POM is a primitive equation, free surface and sigma-coordinate 3-D circulation model 

that has been extensively described in the literature (Oey et al., 1985; Blumberg and 

Mellor, 1987) and is accompanied by a comprehensive user's guide (Mellor, 2002). It 

is a widely used community model for coastal and open ocean studies (Korres and 

Lascaratos, 2003; Zavatarelli and Pinardi, 2003; Kourafalou and Tsiaras, 2007, 

among others). It uses a sigma coordinate system that maintains all vertical levels 

throughout the model domain, permitting a better resolution of the bottom boundary 

layer, which is particularly suitable for coastal regions. The model prognostic 

variables are temperature, salinity, velocity, sea surface height and turbulent kinetic 

energy. The vertical eddy viscosity/diffusivity coefficients are computed according to 
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the Mellor–Yamada 2.5 turbulence closure scheme (Mellor and Yamada, 1982) that 

solves the equations for turbulent kinetic energy and turbulence macroscale, 

considering the wind stirring and the stability induced by stratification. Horizontal 

diffusion is calculated along sigma-levels following a Smagorinsky formulation 

(Smagorinsky, 1963). A second-order conservative upstream advection scheme (Lin 

et al., 1994) is used for the biological tracers, while a second-order centred advection 

scheme is used for all other tracers. 24 sigma-levels are resolved in the vertical. 

A Hybrid ensemble data assimilation scheme (Tsiaras et al., 2017a) is implemented 

in the basin-scale model to correct the near surface circulation, based on satellite 

altimetry (sea surface height, SSH) and sea surface temperature (SST) data, 

obtained from the European Copernicus data base (https://marine.copernicus.eu/). 

This is an ensemble based Kalman filter (KF) that combines a flow-dependent error 

covariance, estimated from a stochastically generated ensemble (Hoteit et al., 2012), 

with a static background covariance, built from a set of Empirical Orthogonal 

Functions (EOFs), as described by Hoteit et al., (2001). Localization is applied as in 

Nerger et al. (2006), using only observations within a specified distance (radius ~50 

km) from the updated grid point. The model state vector includes temperature, 

salinity, horizontal velocity and turbulence (kinetic energy, length scale), surface 

elevation and depth-integrated horizontal velocities. Satellite data are assimilated 

every 8 days, assuming an observation error of ~0.03 cm for SSH and ~0.8Co for 

SST, as in Korres et al. (2007). The ensemble size is N=101, including a flow-

dependent ensemble with 8 members. The satellite data were the Mean Dynamic 

Topography (ΜDT, spatial resolution: 0.0625o X 0.0625o) for the 2010-2013 period, 

obtained from the European AVISO+ altimetry database (http://www.aviso.altimetry.fr; 

Rio et al., 2014) and daily Sea Level Anomalies (SLA, spatial resolution: 0.125o X 

0.125o) and Sea Surface Temperature data (SST, spatial resolution: 0.04o X 0.04o, 

Buongiorno et al., 2013), obtained from the European Copernicus database 

(https://marine.copernicus.eu/).  

The atmospheric forcing was obtained from the POSEIDON operational weather 

forecast (Papadopoulos et al., 2002), using a properly tuned bulk formula set (Korres 

and Lascaratos, 2003) for the calculation of momentum, heat, and freshwater fluxes 

at the air-sea interface.  

The coupled hydrodynamic/biogeochemical model code has been parallelized with 

domain decomposition, following Jordi and Wang (2012) parallel code for POM. This 

is particularly beneficial, given the very high computational cost of the fine models, 

imposed by its very small time step (see section 2). 

1.3. Biogeochemical model 

ERSEM is a generic comprehensive community model that has been successfully 

implemented across a wide range of coastal and open ocean ecosystems, such as 

the North Sea (Radach and Lenhart, 1995), the Mediterranean Sea (Allen et al., 

2002; Petihakis et al., 2002, 2014, Tsiaras et al., 2010, 2017a, Kalaroni et al., 

https://marine.copernicus.eu/
http://www.aviso.altimetry.fr/
https://marine.copernicus.eu/
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2019a,b) and the Arabian Sea (Triantafyllou et al.,2014), among others. The model 

follows a "functional" group approach where the ecosystem is described in terms of 

functional roles (producers, consumers, decomposers), using size as the major 

characteristic.  

The pelagic food web has been modified by Petihakis et al. (2002) from the original 

ERSEM, to better represent the microbial loop that is particularly important in the 

Mediterranean. The pelagic state variables include 4 phytoplankton groups: diatoms 

(20–200 μm, silicate consumers), nanophytoplankton (2–20 μm), 

picophytoplankton(< 2 μm) and dinoflagellates (20–200 μm), heterotrophic bacteria 

and zooplankton groups: heterotrophic nanoflagellates (feeding on bacteria, 

picophytoplankton and nanophytoplankton), microzooplankton(feeding on 

nanophytoplankton, heterotrophic nanoflagellates, diatoms and dinoflagellates) and 

mesozooplankton (feeding on diatoms, dinoflagellates, microzooplankton and 

heterotrophic nanoflagellates). The pelagic food web model includes also particulate 

and dissolved organic matter (produced by the mortality, excretion and lysis of 

primary and secondary producers and utilised by bacteria), along with dissolved 

inorganic nutrients (nitrate, ammonium, phosphate, silicate). The model includes the 

most important physiological (respiration ingestion, excretion, egestion, lysis) and 

population (growth, mortality) processes, while carbon dynamics are loosely coupled 

to the chemical dynamics of nitrogen, phosphate and silicate through a variable 

organic matter C:N:P:Si ratio scheme. This complex food web is then used to 

consider the transfer of carbon and nutrients between organisms and the 

environment (Figure 1). The uptake of dissolved inorganic nitrogen and phosphorus 

by phytoplankton is regulated based on the difference between internal and external 

nutrient pools, following Droop kinetics formulation (Droop, 1974) to describe nutrient 

limitation, allowing for luxury uptake. Since there is no internal storage of silicate, the 

diatom growth is further regulated by a Michaelis-Menten function of the external 

availability of dissolved silica. A different remineralization rate is assumed for the 

labile and semi-labile fraction of the deposited organic matter. 

ERSEM is equipped with a comprehensive benthic model (Ebenhoh et al., 1995), 

which, however, is more site-specific, requiring additional data, and computational 

load so is not currently implemented. In its place, the benthic-pelagic coupling is 

described by a simple first-order benthic return module that includes the settling of 

organic detritus into the benthos and diffusional nutrient fluxes out of the sediment. 

The parameter set has been adopted from Petihakis et al. (2002), Tsiaras et al. 

(2014, 2017b) and Kalaroni et al., 2020a, where a more detailed description of the 

model can be found. The bacteria sub-model was revised from the one in Petihakis et 

al. (2002), as described in Petihakis et al. (2014), following Anderson and Williams 

(1998) and Petihakis et al. (2009), allowing for a more realistic representation of the 

dissolved organic matter (DOM) pool. 
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Figure 1: ERSEM model schematic indicating food web interactions.  

1.4. Mass balance model 

A mass balance approach is used to calculate the input of effluents based on the 

feed type supplied and fish conditions (e.g. weight, feed consumed, temperature). 

The environmental impacts of fish farms within aquatic systems are particularly 

difficult to characterise as they depend on the flow of nutrients associated with 

physical parameters (e.g., temperature, currents, pH) and the sensitivity of biological 

communities within the ecosystem. In the 1990s, fish nutritionists proposed a 

mathematical model for the management of aquaculture wastes (suspended matter, 

nitrogen (N) and phosphorus (P)) based not on farm outlet assessment but on the 

nutrient utilisation efficiency of feed, using a mass-balance approach (Cho and 

Kaushik 1990; Cowey and Cho 1991).  

The principle is based on the assessment of the difference between the nutrients and 

digestible energy supplied to fish and their whole body nutrient and energy gains. 

The proportion not retained by the fish for growth is released into the water and 

constitutes the waste emissions of the fish farm. Consequently, feed composition and 

fish body composition are used to estimate the quantity of N and P released into 

water. Furthermore, taking into account the dry matter and nutrient digestibility of 

feed allows prediction of the emissions of solids (components ingested but not 
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digested, i.e. faeces) and dissolved matter (digested component which is not 

retained). Using this method, it is possible to assess and estimate the quantities of 

waste emitted at various time scales (e.g., day, year, production cycle).  

 
Figure 2: Flow of Carbon, Nitrogen and Phosphorus based on mass balance budgets. The 
resuspension rate for dissolved organic matter was set to 0.15 according to values compiled 
from Olsen et al. (2008). Feed loss is estimated to 5%. 

 
Figure 3: Annual nutrient loading to pelagic water and sediment (metric tonnes) in a 
hypothetical cage fish farm producing 1000 metric tonnes wet weight of fish per year. The 
budgets were constructed by using the fluxes from the fish mass balance budgets in Fig 2 plus 
a 5 % feed loss. The feed demand was calculated by using a FCR (weight feed supplied per wet 
weight fish produced) value of 1.80. 

In the present study, the mass and composition of the organic wastes is calculated 

from the total mass of feed supplied (M) and the weight gain of the product (ΔB), in 

terms of percentages. Based on several authors (Lupatsch and Kissil 1998, Olsen et 

al., 2008; Doglioli et al. 2004; Mestres et al., 2016), the content of N, P, and organic 

C in the feed can be taken, respectively, as 6.42%, 0.99%, and 48.96% of the total 

typical feed mass. In addition, we make the hypothesis that 5% of the feed goes 

uneaten and the mass of N and P introduced into the aquatic environment in the form 

of excess food and excreted products can be estimated. Furthermore, 41.8% of the N 
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and 19.3% of the P of the excretions are in the form of diluted matter, whereas the 

rest is in the form of particulate matter (Olsen et al. 2008). 

The feeds considered are summarised in Table 1. 

Table 1: Indicative fish feed types considered and used in the cage farms of Cyprus. Info on 
fish feed types obtained by DFMR. Carbohydrate content and energy calculations have been 
compiled by the Laboratory of Fish Nutrition and Omics Technologies, Institute of Marine 
Biology, Biotechnology and Aquaculture, Hellenic Centre for Marine Research. 

 Feed type Protein N Fat CHO1 Moisture Ash P MJ/kg kcal/g 

SKRETTING Feed D-3 
FULMAR MASTER 

44 6.25 21 24.05 4.25 6.7 1.00% 22.86 5.468 

SKRETTING Feed1.2 
FULMAR MASTER 

44 6.25 21 24.05 4.25 6.7 1.00% 22.86 5.468 

SKRETTING Feed D-4 

FULMAR MASTER 
44 6.25 21 23.85 4.25 6.9 1.20% 22.83 5.460 

SKRETTING Feed D-6 

FULMAR MASTER Alt 
Bb5 

44 6.25 21 24.05 4.25 6.7 1.00% 22.86 5.468 

SKRETTING Feed D-9 
FULMAR MASTER Alt 

Bb5 

44 6.25 21 19.10 9 6.9 1.20% 22.01 5.264 

PRAXIS MARINE N-3 

PLUS (3mm) 
45 6.25 16 22.00 9 8 1.00% 20.77 4.968 

PRAXIS MARINE N-3 
PLUS (6mm) 

44 6.25 18 21.00 9 8 1.00% 21.15 5.059 

Raanan Marine 45/22 
sinking 6.0 mm 

45 6.25 22 16.00 9 8 1.20% 22.11 5.288 

Tsappis 4mm 45 6.25 17 21.00 9 8 1.00% 20.99 5.021 

Tsappis 9mm 45 6.25 17 21.00 9 8 1.00% 20.99 5.021 

 

The mass balance estimates are based on the assumption that fingerlings are 

stocked 5 times per year on March, April, May, June and September and feeding 

takes place 6 times per week (DFMR personal communication, May 2021). The 

nutrient loading from a cage fish farm represents a point source of nutrients to the 

surrounding water. It is the hydrodynamic energy and the depth of the site that to 

great extent determine the water volume and area of sediments that receives the 

daily nutrient emission of wastes. The currents will contribute to water exchange in 

the cages, dilute the nutrient waste flows around and downstream of the farm, and 

broaden their deposition area considerably. 

 
1 CHO: carbohydrates 
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An estimation of waste emission by mass balance made for seabass and seabream 

cage aquaculture with an overall feed conversion efficiency of 1.80 kg dry feed per kg 

fish produced shows that slightly less than 2/3 of N and P of the feed is released as 

wastes. The main waste component of N is dissolved NH4, whereas particulate P is 

the main component of P. Feed-N, Feed-P, dissolved organic N (DON), and dissolved 

organic P (DOP) are all minor waste components of seabass and seabream 

aquaculture. The estimations generally agree well with measured published values 

(Karakassis et al., 2000; Tsapakis et al., 2006). 

Inputs of N and P supplied in fish feed are used to calculate the amount harvested as 

fish, excreted in dissolved form (NH4, PO4), and excreted in particulate form (uneaten 

feed, faeces). A model schematic is shown in Figure 2. The largest portions of 

nitrogen and phosphorus supplied are excreted in the dissolved forms as NH4 

(41.8%) and phosphate (19.3%). 
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2 Model Setup  

 

 

 

Figure 4: Domain and bathymetry of the nested models: Mediterranean Sea (~5Km horizontal 

resolution, top) and Cyprus Sea (~400m horizontal resolution, Cyp-All, middle). The three 
nested sub-models (~400m resolution, Cyp-1, Cyp-2, Cyp-3) in the Cyprus domain and existing 
fish farms are also indicated. A closer view of Cyp-1 sub-model with existing fish farms is 
shown in the bottom panel. 
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A series of nested models (Fig. 4) is used to consistently downscale the 

hydrodynamics and biogeochemistry from the coarse resolution (~5 km horizontal 

resolution) model, covering the entire Mediterranean, to fine-resolution models in the 

Cyprus coastal areas. First, the basin-scale Mediterranean model (MED20) is 

downscaled to a model with intermediate resolution (~400m), covering Cyprus 

extended area (Cyp-All, see Fig.4 middle panel). As the extended Cyprus model 

(Cyp-All) is very computationally demanding, due to the large area covered and also 

due to time step constraints (time step is decreased to 54s from 450s in the 

Mediterranean model) arising from the large depths (>1000m), three nested sub-

models (Cyp-1, Cyp-2, Cyp-3, see Fig.4 middle panel) were set up with the same 

resolution (~500m), obtaining boundary conditions from the Cyp-All model. These 

models cover the Cyprus coastal regions and will be used to evaluate the present 

environmental status in the Cyprus coastal areas with the existing fish farms and 

perform numerical experiments for hypothetical conditions, with reduced 

computational load compared to the extended Cyprus model. Finally, a finer 

resolution (~100m) model will be implemented on a later phase in some selected 

areas to test different scenarios (D12). 

The 11 existing licenced fish farm units (Table 2) were parameterized in the sub-

model (Cyp-1, Cyp-2) grids (see middle panel of Figure 4), based on their actual area 

and location in the Cyprus coastal zone.  On a later phase (D11), some scenarios for 

future facilities will be performed first with the 400m models and finalized for some 

specific areas of interest with the finer 100m model (D12).  

Table 2: Fish farm units in Cyprus Coastal Zone with annual production and area indicated 

Fish Farm Marine Area 

(sq.m) 

Annual production 

(tn) 

1 69293.047332 700 

2 105903.052731 1,000 

3 35687.930407 1,000 

4 76810.298606 1,000 

5 5030.700015 150 

6 5030.698008 150 

7 70193.136215 1,000 

8 147384.886369 1,500 

9 70833.66 1,500 

10 53079.974609 500 

11 35252.505776 500 
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Using the above-mentioned mass balance model and monthly data on supplied feed 

for the different fish farm units in Cyprus, the released dissolved (NH4, PO4) and 

particulate (POC, PON, POP) effluents from each fish farm location were calculated 

on a monthly basis (Figure 5) and converted into model units (mmol/s). The effect of 

the fish farms was parameterized adopting an input flux (phosphate, ammonium, or 

particulate organic matter) at the surface layer of the specified model grid points, with 

the appropriate adjustment in terms of inputs per unit area. 

 

 

 

Figure 5: Seasonal variability of total fish feed (bottom-right) and effluents [dissolved inorganic 

NH4 (top-left), PO4 (middle-left) and particulate organic matter (PON top-right, POP middle-right, 
POC bottom-left)]. 

 

After a two-year spin-up, a one-year simulation (2016) of the intermediate Cyprus 

model and nested sub-models was performed including fish farms effluents (sub-

models 1 and 2). Another simulation without any fish farms effluents was also 

performed on the Cyp-1 domain to study the impact of aquaculture waste on the 

surrounding marine ecosystem (see below section 3.2.3). 

Initialization fields (temperature, salinity, currents, biogeochemical variables) and 

open boundary conditions for the intermediate (Cyprus) coupled 

hydrodynamic/biogeochemical model were obtained from the coarser MED coupled 

model simulation over the same periods. Similarly, nested sub-models initialization 

fields and boundary conditions were obtained from the Cyprus intermediate model. 
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3 Results  

3.1 Model Validation  

3.1.1 Hydrodynamic model Validation  

The basin-scale Mediterranean and Cyprus intermediate hydrodynamic models were 

validated against satellite altimetry (AVISO) and sea surface temperature (MODIS) 

data, obtained from the Copernicus Marine core service (marine.copernicus.eu). We 

should note that the simulated circulation by the intermediate Cyprus and ultimately 

for the finer models in selected areas, are significantly controlled by the open 

boundary conditions that are obtained from the coarser model. 

Simulated sea surface height (SSH) and temperature (SST) with the basin-scale 

model show a good agreement with satellite data, as indicated by the low RMS error 

and high Pearson correlation (Figure 6). The simulated (SSH, SST) with the Cyprus 

intermediate model also shows a reasonable agreement with satellite data (Figures 

7-9), reproducing, in most cases, the observed patterns. For the Cyprus intermediate 

model, the simulated SST is slightly overestimated (+0.75 ᵒC on average) during the 

autumn-winter period and slightly underestimated (-0.65 ᵒC on average) during 

spring-summer. 
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Figure 6: Annual mean (2016) model (top) sea surface height (SSH) (m, right) and sea surface 
temperature (SST) (oC, left), against satellite data (middle) and Taylor diagrams (bottom) of 
seasonally mean (1=winter, 2=spring, 3=summer, 4=autumn) simulated SSH/SST against 
satellite data, normalized with the standard deviation. The locations of the dots in the diagram 
indicate the model Pearson correlation (blue lines), standard deviation (black lines) and RMS 
error (green lines) with the data.  
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Figure 7: Seasonal mean (2016) simulated (left) sea surface height (SSH, m) and near-surface 

currents, against satellite SSH data (right) for Cyp-All domain (see Fig. 4).  
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Figure 8: Seasonal mean (2016) simulated (left) sea surface temperature (SST, oC) against 

satellite SST data (right) for Cyp-All domain (see Fig. 4).  
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Figure 9: Taylor diagrams of seasonally mean simulated sea surface height (SSH, left) and sea 

surface temperature (SST, right), simulated with the Cyprus intermediate model against 
satellite data, normalized with the standard deviation. The locations of the dots in the diagram 
indicate the model Pearson correlation (blue lines), standard deviation (black lines), and RMS 
error (green lines) with the data.  

 

3.1 2 Model validation against Satellite Chl-a 

The simulated Chl-a with the coarse (MED) and intermediate (CYPRUS) models 

were validated against satellite (~5km) merged (MODIS/VIIRSN) Chl-a data, 

obtained from GlobColour (O Reilly, et al., 2000, Fig. 10-12).  

The model simulated MED Chl-a in open sea waters was found in reasonable 

agreement with GlobColour (Figure 10).  The MED model reproduces quite well the 

observed spatial variability, characterized by high Chl-a concentrations in deep 

convection areas such as the central part of the Liguro-Provencal basin (North-West 

MED, Levy et al., 1998) and in areas receiving important lateral nutrient inputs (rivers 

runoff, Black Sea Water BSW, Atlantic Water-AW). 

The simulated seasonal cycle is, in agreement with observations, characterized by 

higher Chl-a during autumn-winter period, due to stronger vertical mixing and lower 

during the more stratified spring-summer period, as water stratification prevents the 

nutrient supply from deeper layers. The model tends to overestimate Chl-a in the 

Eastern basin during autumn-winter period and underestimate Chl-a concentrations 

in the Northwestern Mediterranean during spring. This is mostly related to the 

hydrodynamic model underestimation/overestimation of the mixing intensity that 

appears to have an impact on the general dynamics of phytoplankton phenology (i.e. 

bloom or no bloom; Lavigne et al., 2015). However, this is to a point expected as the 

variability of environmental drivers (i.e. atmospheric forcing, river discharges etc.) in 

natural systems is only approximately represented in the model. 



D10: Development of an environmental assessment model for ecosystem and  
oceanographic modelling for site selection    

02 August 2021  Public  Page 21 of 32 

 

 

Figure 10: Annual mean simulated Mediterranean Chl-a (mg/m3, top left) against satellite and 

GlobColor (right) Chl-a and seasonal variability average simulated Chl-a against GlobColor 
(bottom right).  

 

The simulated Chl-a with the Cyprus intermediate (Cyp-All) model presents a 

reasonable agreement with the satellite data (Figures 11 and 12), reproducing the 

observed seasonal cycle. An overestimation is simulated during the late autumn-

winter period, as in the case of the Mediterranean model (Figure 10), which to a point 

is expected, as the Cyprus model simulation is largely controlled by the boundary 

conditions obtained by the basin-scale model, with the model deviation being more 

pronounced on a regional scale. This model deviation may be partly attributed to an 

overestimation of vertical mixing in the Eastern Levantine (Kalaroni et al., 2020a). 

This could also be related to an overestimation of deepwater nutrients (Kalaroni et 
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al., 2020a), as the dissolved inorganic nutrient fields used to initialize the model were 

based on relatively old inorganic nutrient data (MEDATLAS-2002 climatology), which 

were produced with analytical methods, characterized by relatively high detection 

limits (Rimmelin and Moutin, 2005), particularly for phosphate. In any case, the model 

deviation is relatively smaller during the more stratified periods, when the impact from 

fish farms is expected to be higher.  

 

 

Figure 11: Annual mean simulated Chl-a (mg/m3, top left) against satellite and GlobColor (right) 

Chl-a for Cyp-All domain (see Fig. 4). 
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Figure 12: Chl-a seasonal variability averaged over Cyprus (Cyp-All domain): simulated 
(black)Chl-a against GlobColor (red).  

3.2 Impact of fish farms 

3.2.1 Near Surface circulation 

The fate of the expected nutrient inputs from the existing fish farms and subsequently 

their impact on the surrounding ecosystem is significantly affected by the prevailing 

water currents. The simulated near-surface circulation and seasonally mean 

phosphates in the area of the nested Cyp-1 sub-model (see Fig.4) for 2016 are 

shown in Fig. 13. The prevailing circulation in the area during winter-spring period is 

characterized by a northeastward current. During summer-autumn, coastal currents 

reverse, towards the southwest, following the larger-scale cyclonic circulation in the 

Southeast area of the Cyprus model domain (see Fig.7). During spring-summer more 

stratified period, one may notice the effect from existing farms, illustrated by the 

increased concentration of phosphates, released from aquaculture waste near the 

coast and at 33.3 oE.  
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Figure 13: Seasonal (winter=1, spring=2, summer=3, autumn=4) variability of simulated near 

surface (3m) circulation with nested Cyp-1 sub-model over 2016 period. 

 

3.2.2. Impact of fish farm on the environmental status 

The impact of aquaculture wastes on the Cyprus sea ecosystem, in terms of good 

environmental status, can be assessed (Fig. 13) using the model simulated outputs, 

by means of Eutrophication Index (E.I., Primpas et al., 2010), an extensively used 

environmental indicator that is considered particularly suitable for coastal ecosystems 

(Pavlidou et al., 2015): 

E.I.=0.279*PO4 + 0.261*NO3+ 0.296*NO2+ 0.275*NH4+ 0.214*Chl-a  

 

with PO4, NO3, NO2, NH4 in mmol/m3 and Chl-a in mg/m3) and the following 

environmental scaling:  

 <0.04 very good, 0.04 - 0.38 good, 0.38 - 0.85 moderate, 0.85 - 1.51 poor, > 1.51 

bad 

The calculated indicator, using the model simulated outputs (PO4, NH4, NO3, Chl-a, 

DO) is shown in Figure 14 on a seasonal basis. E.I. appears higher (good to 
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moderate conditions) during autumn-winter, being mainly driven by the seasonality of 

vertical mixing that enhances near-surface primary production, bringing inorganic 

nutrients from deeper layers. The effect from the fish farms is mainly visible during 

spring and autumn periods, which are characterized by relatively higher aquaculture 

wastes (see Fig.5). Environmental conditions during these periods appear good to 

moderate, even in the vicinity of the fish farms, suggesting that aquaculture wastes 

are relatively low and effectively dispersed by ocean currents. During summer, 

environmental conditions are “good” in the entire area.  

 

Figure 14: Seasonal variability of simulated Eutrophication Index (E.I) with Cyp-1 sub-model 
over 2016 period, indicating environmental status (<0.04 very good, 0.04 - 0.38 good, 0.38 - 0.85 
moderate, 0.85 - 1.51 poor, > 1.51 bad). 

 

3.2.3. Impact of fish farms on the ecosystem  

The impact from the fish farm wastes on the marine ecosystem functioning can be 

examined, comparing the above-described simulation that adopts the fish farm 

nutrient inputs (Fish), with a simulation with no such inputs (NoFish) (Fig. 15). 

Dissolved inorganic nutrients (PO4) are increased by as much as ~100% in the 

vicinity of the fish farms. This relative increase might seem significant, but we should 

note that the Cyprus Sea, as part of Levantine Sea, is generally an oligotrophic area, 

characterized by very low concentrations of nutrients. The increase of dissolved 

inorganic nutrients triggers a small increase in net primary production, mostly in the 
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vicinity of fish farms (~10-40%), while phytoplankton (Chl-a) shows a slightly lower 

increase by as much as ~2-7% in the same area. Among phytoplankton groups, 

dinoflagellates that are generally considered as an indicator for eutrophication, show 

the relative stronger increase, followed by diatoms, with their growth being limited by 

silicate availability, nanophytoplankton, picophytoplankton. We should note even 

though dinoflagellates biomass is significantly increased, the phytoplankton 

community structure is still dominated by smaller cells (nanophytoplankton=~33.5%, 

picophytoplankton=~53%, diatoms=~8.6%, dinoflagellates=~4.7%).  

 

Figure 15: Annual mean simulated fractional change [(Fishfarm -No_Fishfarm)/No_Fishfarm] of 

near-surface PO4, NH4, POC, Chl-a, net primary production and biomass of diatoms, 
dinoflagellates, nanophytoplankton, picophytoplankton, mesozooplankton, microzooplankton 
and heterotrophic nanoflagellates with nested Cyp-1 sub-model. 

The biogeochemical model is a generic functional type model, with different plankton 

groups defined based on their functional role and main attributes in the pelagic 

ecosystem. Thus, there are no specific dinoflagellate species represented in the 

model. Dinoflagellates are generally favored by the supply of dissolved inorganic 

nutrients and their biomass relative increase due to aquaculture waste may be 

considered as an indicator for potential eutrophication. However, as the considered 

areas, are generally oligotrophic, the phytoplankton community structure is 
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dominated by smaller cells (average nanophytoplankton=~33.5%, 

picophytoplankton=~53.1%, diatoms=~8.6%, dinoflagellates=~4.7%), with very low 

abundance of dinoflagellates.  
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4. Summary and evaluation of how AIM can be used to improve 

planning and management of open sea Aquaculture in Cyprus  

The HCMR Aquaculture Integrated Model (AIM) has been implemented in the 

Allocated Zones for Aquaculture (AZA) of Cyprus to examine the fate of the 

aquaculture wastes and assess their potential impacts on the surrounding marine 

ecosystem. The model was validated against available satellite data (sea surface 

height, sea surface temperature, Chl-a). Overall, the model presented a reasonable 

skill in reproducing the observed range, seasonal and horizontal variability of data. 

Preliminary model results were used to demonstrate the use of the modelling tool for 

the environmental impact assessment of existing aquaculture. The impact of 

aquaculture wastes on the Cypriot sea ecosystem, in terms of good environmental 

status, was assessed by means of an environmental indicator (E.I.) that was 

calculated using the model simulated outputs. Moreover, the impact of the existing 

fish farm wastes on the AZA ecosystem functioning is examined, comparing the 

reference simulation with one that adopts no nutrient inputs from the fish farms. 

Changes in the food web structure are mainly characterized by an increase of 

dinoflagellates in the vicinity of fish farms that is generally considered as an indicator 

for eutrophication. This increase was higher in the western bay (Akrotiri) of the area. 

AIM consists of a 3-D coupled hydrodynamic/biogeochemical model that can be used 

to simulate the effect of aquaculture wastes in an AZA area where multiple cage 

farms are deployed and operate or in individual cage farms (point sources). The use 

of a comprehensive biogeochemical model, such as ERSEM allows investigating the 

complex food web response, triggered by the nutrient inputs. The high resolution of 

the hydrodynamic model and its progressive downscale through nesting with coarser 

models allows a realistic simulation of circulation, also benefiting from the data 

assimilation (satellite altimetry, SST) that is performed in the coarser model. Once 

setup and validated, the coupled model can be used to examine the impact of 

existing aquaculture units in an AZA area, in terms of good environmental status and 

ecosystem functioning. More importantly, it can be used by means of scenario (e.g. 

farm location, production etc) simulations as a management tool for the spatial 

planning and licensing of new farms or the increase of production for existing farms.  
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