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Abstract 
 

Offshore aquaculture is increasingly viewed as a strategic solution to food security and 
coastal space constraints, but the identification of suitable sites remains a major challenge, 
especially at early planning stages. This study presents a rapid pre-screening framework for 
offshore aquaculture site selection by integrating numerical wave modeling with GIS-based 
spatial multi-criteria evaluation. The framework uses three primary criteria: wave exposure, 
water depth, and distance to the nearest harbor. Significant wave height was simulated 
with the SWAN model, forced by WAVEWATCH III boundary conditions, and combined with 
bathymetric and logistical layers to generate suitability maps for the central-eastern coast 
of Tunisia. Results show that 18.12% of the study area was classified as highly suitable 
according to wave conditions, while the final scenario-based suitability analysis identified 
11% (491.13 km²) as appropriate for offshore aquaculture development. The proposed 
framework demonstrates that open-access datasets and widely used modeling tools can 
efficiently reduce the spatial search area and support early-stage marine spatial planning. 
It offers a transferable and cost-effective decision-support approach for identifying 
candidate zones for offshore aquaculture in data-limited coastal regions.  

 

Introduction 
 

Offshore aquaculture is increasingly recognized as 
an important component of global strategies to meet 
the growing demand for seafood while reducing 
pressure on wild fish stocks (FAO, 2022; FAO, 2025). As 
competition for coastal space intensifies due to 
urbanization, tourism, fisheries, and conservation 
requirements, the availability of suitable nearshore sites 
has become increasingly limited, driving the expansion 
of aquaculture into more exposed offshore 
environments (Lester et al., 2018; Carroza-Meza et al., 
2024). 

Although offshore aquaculture offers greater 
spatial opportunities and reduced user conflicts, it also 
exposes farming systems to more energetic 
environmental conditions. Inadequate site selection can 

result in structural damage to cages and mooring 
systems, increased operational costs, fish welfare 
issues, and localized environmental impacts (Pérez et 
al., 2003; Holmer, 2010; Laama et al., 2020). 
Consequently, identifying environmentally suitable and 
operationally feasible locations is a critical prerequisite 
for sustainable offshore aquaculture development. 

Among the factors influencing offshore site 
suitability, wave exposure, water depth, and 
accessibility are widely recognized as primary 
constraints. Wave conditions directly affect cage 
stability, mooring performance, and fish welfare, while 
moderate hydrodynamic energy can improve water 
exchange and reduce waste accumulation beneath 
cages (Pérez et al., 2003; Lester et al., 2018; Faltinsen 
and Shen, 2018). Water depth influences both 
environmental performance and installation costs, 
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whereas excessive distance from ports can significantly 
increase logistical and operational expenses (Del Castillo 
y Rey and Macías, 2006; Macías, 2019; Marino et al., 
2020). 

Recent advances in numerical wave modelling 
have greatly improved the characterization of offshore 
environments. Third-generation spectral models such as 
SWAN, WAVEWATCH III, and WAM provide spatially 
explicit assessments of wave climate and have been 
successfully applied to aquaculture planning in several 
regions worldwide (Zikra et al., 2020; Taji et al., 2022; 
Marino et al., 2020). Combined with Geographic 
Information Systems (GIS), these models offer powerful 
decision-support capabilities for marine spatial planning 
and aquaculture site selection (Longdill et al., 2008; 
Dapueto et al., 2015; Gimpel et al., 2018). 

Numerous studies have developed comprehensive 
site-selection frameworks that integrate environmental, 
ecological, socio-economic, and regulatory criteria 
(Brigolin et al., 2015; Dapueto et al., 2015; Nhhala, 
2022). However, these approaches often require 
extensive datasets, stakeholder consultation, and 
detailed field investigations, which may not be readily 
available during the early stages of planning. 
Consequently, there remains a need for rapid and 
transferable pre-screening approaches capable of 
identifying potentially suitable offshore areas before 
undertaking more resource-intensive assessments. 

To address this gap, this study proposes a scalable 
GIS-based pre-screening framework that combines 
SWAN-derived wave exposure, bathymetric constraints, 
and proximity to harbor infrastructure using Spatial 
Multi-Criteria Evaluation (SMCE). Unlike comprehensive 
suitability analyses, the proposed approach is 
specifically designed as a first-stage screening tool that 
relies on globally accessible datasets and open-source 
methods, making it applicable in data-limited contexts. 

The framework is demonstrated along the central-
eastern coast of Tunisia, a region characterized by 
growing interest in offshore aquaculture and variable 

wave exposure. The objective is not to identify final 
aquaculture sites, but rather to evaluate the 
effectiveness of a rapid screening methodology in 
reducing the spatial extent of candidate areas prior to 
detailed environmental, socio-economic, and regulatory 
assessments. Beyond the Tunisian case study, the 
proposed methodology provides a practical and 
transferable decision-support tool for preliminary 
offshore aquaculture planning in other coastal regions. 
 

Materials and Methods  
 

Framework Structure and Description 
 

This study proposes a modular, two-stage 
framework for offshore aquaculture site selection, 
structured to streamline decision-making and minimize 
resource expenditure through progressive spatial 
refinement (Figure 1). The first stage, detailed in this 
paper, consists of a pre-screening process using three 
universally accessible and relevant physical/logistical 
parameters: wave exposure, water depth, and distance 
to the nearest harbor. These criteria, derived from 
global datasets (detailed in 2.3 section), allow for rapid 
exclusion of unsuitable areas without the need for costly 
in-situ data collection. This approach significantly 
reduces the spatial extent of target area, thereby saving 
time and operational costs. The second stage, to be 
addressed in future work, will incorporate detailed 
ecological, legal, and socio-economic criteria, such as 
biodiversity hotspots, regulatory zones, and water 
quality, through a refined spatial multi-criteria 
evaluation (SMCE). By filtering broad areas early, the 
framework enhances the efficiency and focus of 
subsequent, data-intensive analyses. The current study 
presents the implementation of the first stage only, as 
illustrated in Figure 1, to demonstrate its capacity to 
significantly constrain and prioritize the spatial search 
space in preparation for detailed evaluation in the next 
phase.  

 

Figure 1. Two-Stage Offshore Aquaculture Site Suitability Framework: Preliminary Screening to Detailed Analysis.  
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The complete two-stage framework, including 
both the pre-screening and detailed evaluation phases, 
is illustrated in Figure 1. 
 
Study Area 
 

Tunisia is in North Africa and is bordered by the 
Mediterranean Sea to the north and east, with a total 
coastline of 1 733 km, comprising 1 283 km of 
continental shores and 450 km of insular (island) 
coastlines. The study area focuses on the center part of 
this coastline, a dynamic area combining ecological 
diversity with significant economic activity. This region 
is recognized  for its economic importance particularly 
in aquaculture, fisheries, and tourism (Damak, 2020; 
DGPA, 2024; Mzoughi et al., 2025). The region’s 
bathymetry gradually slopes offshore (APAL, 2019), 
making it suitable for offshore aquaculture. The climate 
and hydrodynamic of the central coast (APAL, 2019), 
influenced by dominant wind and wave patterns, further 
enhance its  strategic potential for aquaculture and 
resource management. Our study area covers 4.605,75 
km² of Tunisia’s central coast (Figure 2).  
 
SWAN Wave Model 
 

We used the SWAN wave modeling in Delft 3D, 
developed by Delft University of Technology 
(Netherlands), to study the wave propagations using 
extreme wave data (significant wave height Hs, wave 
period Ts) (Nhhala, 2022). The SWAN model computes 
wave conditions by considering the process of wave 

energy dispersion  and wave generation caused by wind 
based on an energy balance equation (referred to 
Equation (1)) (Taji et al., 2022). Equation (1) can be 
represented as follows: 
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Where, x and 𝑦 refer to the horizontal Cartesian 

coordinates; N is the wave action density, which 
accounts for energy variations due to physical 
processes; cx and cy are the components of the wave 
group velocity in the x and y directions; cσ and cθ 
represent the rates of change of wave frequency (σ) and 
direction (θ), respectively, accounting for processes like 
wave-current interactions and refraction, as described 

by 
𝜕

𝜕𝜎
 (𝑐𝜎𝑁) and 
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temporal changes, while 
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 (𝑐𝑥𝑁) and 
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𝜕𝑦
 (𝑐𝑦𝑁) model 

spatial propagation. The term 𝑆 represents the source 
term, including wind energy input, dissipation (wave 
breaking, friction), and nonlinear wave interactions.  

 
Boundaries, Initial Conditions and Set-up of the SWAN 
Model  

 
The SWAN model requires bathymetry, mesh, and 

a time series of applied forcing (wave and wind 
parameters) as input. During model calibration, time 
series of offshore observed wind and WW3 wave 
parameters were used to run essential simulations. This 
data was obtained from two forcing points (Figure 2.). 

 

Figure 2. Map of the Study Area on Tunisia's Central East Coast: Locations of Offshore Finfish Farms, Boundary Conditions, and 
Extraction Points for SWAN Model Parameters. 
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The Boundary conditions (wave spectrum 
characteristics) were established on the northeastern 
and southeastern boundaries of the computational grid 
to simulate waves within the study region (Figure 2). The 
WW3 model includes significant wave height, direction, 
and swell period, with a recording frequency of six 
hours. The WW3 model, a third-generation full spectral 
model, was used to support the wave modeling 
simulations (Taji et al., 2022). The data was accessed via 
the link:  https://usgodae.org/pub/outgoing/fnmoc/ 
models/ww3/ (accessed on August 1, 2023). A 20-year 
dataset (2003-2023) with a six-hour temporal resolution 
was examined, but due to resolution limitation, only 
data from 2009-2023 were used. Three scenarios 
representing dominant conditions were identified using 
"R statistics" based on period, peak wave direction, and 
significant wave height (Table 1). To evaluate 
hydrodynamic properties, the three main wave 
directions (Figure 3) that affected the study region were 

identified as northeast (NE), southeast (SE), and north-
northeast (NNE) (Table 1). The SWAN model was 
implemented on an irregular grid (165 × 219) with a 
resolution of 419 m (Table 2). To reduce the 
computation time , a JONSWAP spectrum for waves 
distribution (stationary mode) was used (Taji et al., 
2022). The outputs of Hs for each scenario (Table 1) 
covered the entire domain, with bathymetry, boundary 
conditions, and variables are (Table 2) specified in the 
command file. 

 
Bathymetry data 

 
The bathymetric map was created using the GEBCO 

dataset, with the 2019 GeoTIFF version selected for its 
accuracy of 15 arc seconds (≈ 400 m at our study area) 
(Table 2). The data are projected in UTM Zone 32N to 
align with the geographic location of interest. 

Table 1. SWAN model forcing scenarios (Hs: Significant wave height in m) 

Scenario Hs Dir Per 
1 4.9 45 10 
2 2.7 25 6.7 
3 4.4 140 6.2 

 
 
 

 

Figure 3. Significant Wave Height (Hs) Estimated by the SWAN Model Based on the three considered dominant Swell directions 
(From Left to Right: North-Northeast, Southeast, and Northeast.  

 
Table 2. SWAN model configuration parameters 

Projections  Description Details 

Bathymetry 

Source 
Resolution 

Num Row/Col 
Projection 

GEBCO 
419/419 
165/219 

UTM Zone 32N 

Swan parameters  
Coordinates 

Mode stationary 
Boundspec 

Cartesian 
Two dimensional 

Northen-East and Southern-East 
Offshore conditions Wave watch III Hs/Dir/Tp 
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Shallow waters (0-50 m) extend across the 
continental shelf, covering 60.3% of the area; 
intermediate depths (51-100 m) cover 33.2%, and the 
remaining area consists of deeper waters. These 
features highlight the potential of the area to support 
aquaculture, given its favorable bathymetric conditions 
(Figure 4). 
 
SMCE and GIS Modelling 

 
Significant wave height (Hs) outputs generated by 

the SWAN model were first classified according to the 
Norwegian wave exposure classification system 
(Table 3) and integrated into a GIS environment to 
assess aquaculture suitability based on wave conditions. 
Five exposure classes were considered: low, moderate, 

substantial, high, and extreme. The resulting wave 
exposure layers from the three SWAN scenarios were 
combined to produce a spatially explicit representation 
of hydrodynamic exposure across the study area. 

The suitability assessment was based on three 
criteria: wave exposure (Hs), bathymetric depth, and 
distance to the nearest harbor. These parameters were 
selected because they represent key physical and 
logistical factors influencing the technical feasibility and 
operational viability of offshore aquaculture and can be 
evaluated using readily available datasets. Each criterion 
was classified into three suitability categories and 
assigned a score ranging from 1 to 3, where 3 represents 
the most favorable conditions and 1 the least favorable 
(Table 4). 

 

Figure 4. Bathymetry Map of the Study Area Derived from the General Bathymetric Chart of the Oceans (GEBCO) Database (Red 
frame: Study area, Black thin line: Isobath lines).  

 
Table 3. Norwegian site classification based on statistical parameters of waves 

Wave class Degree of exposure Hs /m 

A Low 0.0-0.5 

B Moderate 0.5-1.0 

C Substantial 1.0-2.0 

D High 2.0-3.0 

E Extreme >3.0 

Hs: Significant wave height in m (adapted from Cardia and Lovatelli, 2015). 
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The threshold values used for the classification of 
wave exposure, bathymetry, and harbor proximity were 
adapted from established offshore aquaculture 
guidelines and previous studies conducted in the 
Mediterranean and comparable environments. Detailed 
descriptions of the classification scheme, threshold 
values, and supporting references are provided in 
Appendix I. These criteria were applied as part of a pre-
screening approach intended to rapidly identify 
potentially suitable areas prior to more detailed 
environmental, socio-economic, and regulatory 
assessments. 

Spatial Multi-Criteria Evaluation (SMCE) was 
performed using a weighted overlay analysis combining 
the three suitability criteria (Table 5). To examine the 
influence of different planning priorities on the final 
suitability outcomes, two weighting scenarios were 
developed. In Scenario 1, bathymetry received the 
highest weight (40%), while wave exposure and harbor 
proximity were each assigned 30%. This scenario reflects 
situations where environmental suitability and 
engineering feasibility are considered the primary 
determinants of site selection. In Scenario 2, harbor 
proximity received the highest weight (40%), while 
bathymetry and wave exposure each retained a weight 
of 30%, reflecting a stronger emphasis on operational 
accessibility and logistical efficiency. Wave exposure 
was assigned the same weight in both scenarios because 
acceptable hydrodynamic conditions are a prerequisite 
for offshore aquaculture regardless of management 
priorities. 

The application of these two weighting schemes 
provides a simple sensitivity analysis, allowing the 
assessment of how alternative planning objectives 
influence the spatial distribution of suitable areas. The 
integration of wave exposure, bathymetry, and harbor 
accessibility generated two suitability maps, each 
reflecting a different decision-making perspective while 
maintaining the same underlying suitability criteria. 

The resulting suitability maps were classified into 
six suitability indices (SI1-SI6), where SI1 represents the 
highest suitability and SI6 the lowest. These indices were 
derived from the weighted combination of the three 
assessment criteria, with higher suitability classes 

corresponding to areas that simultaneously satisfy the 
most favorable environmental and operational 
conditions. The highest suitability areas (SI1) also show 
strong consistency with the objectives of Tunisia’s 
National Aquaculture Strategy 2030, which promotes 
the identification of Allocated Zones for Aquaculture 
(AZAs) to support sustainable sector development. 

This study was designed as a first-stage pre-
screening exercise rather than a predictive site-selection 
model requiring field calibration. Reproducibility was 
ensured using publicly available datasets, documented 
SWAN model settings, explicit classification criteria, and 
transparent weighting procedures (Tables 1-5). Future 
work will focus on validating the identified areas 
through field observations and integrating additional 
ecological, socio-economic, and regulatory criteria 
within the second stage of the proposed framework. 

Further details on the assessment criteria, 
threshold values, and literature sources used in the 
classification process are provided in Appendix I. 
 

Results  
 

Wave Height Suitability Assessment 
 

The wave height classification based on Norwegian 
standards (Table 3) revealed marked spatial variation 
across the three dominant swell directions. For the NNE 
direction, most of the area was classified as extreme 
exposure (94.55%), followed by high (2.84%), 
substantial (2.15%), moderate (0.45%), and low 
exposure (0.01%) (Figure 5). The NE direction was 
dominated by high exposure (89.49%), with smaller 
proportions of substantial (9.70%), moderate (0.76%), 
and low exposure (0.05%) classes (Figure 5). The SE 
direction showed a more heterogeneous pattern, with 
extreme exposure covering 74.14% of the area, followed 
by high (16.35%), substantial (6.90%), moderate 
(2.57%), and low exposure (0.03%) (Figure 5). 

Overall, areas exposed to Hs>3 m accounted for 
72.9% of the study area and were considered unsuitable 
for offshore aquaculture. Moderately exposed areas, 
with 1 < Hs < 3 m, represented 8.95% of the study area, 
while highly suitable areas with Hs<1 m covered 835.02 

Table 4. Factors' Suitability Assessment for MOA Site Selection 

Suitability scoring Class Hs Bathymetry Distance to the nearest harbor 

1 Unsuitable >3m <30 m->50 m <500 m->12NM 
2 Suitable 1-3 m 30-40 m 4-12 NM 
3 Highly suitable <1m 40-50 m 5 km-4 NM 

Hs: Significant wave height in m.  
 
 
 

Table 5. Criteria and Scenario Weighting 

Criterion Parameters Scenario 1 Scenario 2 

Wave Exposure Significant Wave Height (Hs) 30% 30% 
Water Depth Bathymetric Depth 40% 30% 
Distance to The Nearest Harbor Proximity To Nearest Port (Nautical Miles, Nm) 30% 40% 
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km², corresponding to 18.12% of the total area. These 
highly suitable zones were mainly located near the 
shoreline, where lower wave energy offers more 
favorable operational conditions. 
 
Water Depth Suitability Assessment 
 

The bathymetric analysis showed that 79.84% of 
the study area was unsuitable for offshore aquaculture 
because depths were either shallower than 30 m or 
deeper than 50 m (Figure 6). Suitable areas with depths 
between 30 and 40 m covered 6.19% of the region, while 
highly suitable areas with depths between 40 and 50 m 
accounted for 13.97%. These results indicate that only a 
limited portion of the study area meets the depth 
requirements identified for offshore aquaculture 
development. 

Harbor Distance Suitability Assessment 
 

Distance to the nearest harbor was an important 
factor influencing site suitability. Approximately 43% of 
the study area, equivalent to 2,002.79 km², was 
classified as unsuitable because it was located more 
than 12 NM from the nearest harbor. In addition, the 
area within 500 m of the shoreline, covering 61.25 km² 
(approximately 1% of the study area), was considered 
unsuitable because of environmental and regulatory 
constraints. The remaining areas were classified as 
suitable (39%, 1,795.71 km²) or highly suitable (16%, 
746.00 km²), reflecting a more favorable balance 
between accessibility and operational feasibility 
(Table 4). 
 
 

 

Figure 5. Assessment of Significant Wave Height (Hs) for the three dominant Swell directions, SWAN Model Outputs, according to 
the Norwegian Aquaculture Site Classification for Waves (see Table 1.). 

 

 

Figure 6. Assessment of Significant Wave Height (Hs) (Overall Outputs), Bathymetry, and Distance to the Nearest harbor (See Table 2. 
for classification details). 
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Spatial Multi-criteria Evaluation (SMCE) 
 

The SMCE combined wave exposure, bathymetry, 
and harbor distance under two alternative weighting 
scenarios. Scenario 1 emphasized bathymetric 
suitability, whereas Scenario 2 gave greater importance 
to harbor proximity. In both scenarios, wave height was 
weighted equally, while depth and distance weights 

varied according to planning priorities. The suitability 
results are presented in Figure 7, and the spatial 
distribution of the suitability indices (SI1-SI6) is 
summarized in Figure 8. 

A spatial overlap analysis identified 491.13 km² 
(11% of the study area) as consistently suitable under 
both scenarios, indicating areas that remained favorable 
regardless of the weighting scheme applied. 

 

Figure 7. Suitable area overall maps considering the simulated Significant Wave Height (Hs): A: scenario emphasizing water depth 
importance; B: scenario prioritizing proximity to the harbor. 

 

 

 

Figure 8. Percentage of Suitability Index: A: scenario emphasizing water depth importance; B: scenario prioritizing proximity to the 
harbor. Final suitability scoring system of 1 - 6, with 6 being the least suitable and 1 being the most suitable.  
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In Scenario 1, SI1 covered 645.00 km² (14.0%), 
while SI2 and SI4 represented 1,498.87 km² (32.5%) and 
1,607.52 km² (34.9%), respectively. SI5 covered 746.00 
km² (16.3%), and SI6 covered 101.33 km² (2.2%). SI3 was 
the smallest class, occupying 4.61 km² (0.1%) (Figure 8). 

In Scenario 2, the distribution shifted according to 
the higher weight assigned to harbor proximity. SI5 
represented the largest proportion of the study area, 
covering 1,607.52 km² (34.9%), followed by SI6 with 
1,498.87 km² (32.5%). SI3 occupied 752.57 km² (16.3%), 
while SI4 covered 645.00 km² (14.0%). The most suitable 
class (SI1) remained limited to 4.61 km² (0.1%), 
indicating that only a very small portion of the study 
area met the most favorable combined conditions 
(Figure 8). 
 

Discussion 
 

GIS-based spatial analysis combined with 
numerical wave modeling offers a practical approach for 
offshore aquaculture site selection. In this study, the 
integration of SWAN outputs with Spatial Multi-Criteria 
Evaluation (SMCE) provided a transparent and 
reproducible framework for screening large coastal 
areas and identifying zones that warrant further 
investigation. Similar approaches have been successfully 
applied in New Zealand (Longdill et al., 2008), Italy 
(Dapueto et al., 2015), Algeria (Laama et al., 2020), 
Morocco (Taji et al., 2022), and Indonesia (Zikra et al., 
2020), highlighting the growing role of GIS-based 
decision-support tools in marine spatial planning and 
aquaculture development. 
 
Role of Wave Dynamics in Offshore Aquaculture Site 
Suitability 
 

Wave exposure is one of the most important 
physical constraints in offshore aquaculture because it 
directly affects cage stability, mooring loads, 
operational safety, and fish welfare (Holmer, 2010; 
Faltinsen and Shen, 2018). The use of SWAN enabled the 
spatial characterization of significant wave height (Hs) 
across the study area, providing a more realistic 
representation of hydrodynamic conditions than 
simplified empirical approaches by accounting for wave 
transformation processes associated with bathymetry 
and coastal morphology (Holthuijsen, 2007; Oo et al., 
2021). 

The results indicate that areas exposed to Hs > 3 m 
are generally unsuitable for offshore aquaculture 
because high wave energy may increase the risk of 
mooring fatigue, cage deformation, and structural 
damage (Pérez et al., 2003; Yang et al., 2020). Similar 
conclusions were reported by Zikra et al. (2020) and Taji 
et al. (2022), who identified wave exposure as a primary 
constraint in offshore aquaculture planning. In contrast, 
moderate wave conditions may improve water 
exchange, oxygen replenishment, and waste dispersion 
beneath cages, thereby supporting both fish welfare and 

environmental performance (Faltinsen and Shen, 2018). 
These findings support the use of wave exposure as a 
primary criterion during the preliminary screening stage 
of offshore aquaculture site selection. 
 
Interaction Between Bathymetry and Wave Exposure 
 

Bathymetry influences site suitability both 
physically and operationally. Shallow areas may 
intensify wave effects and reduce water renewal, 
whereas excessive depths can substantially increase 
installation, maintenance, and mooring costs (Del 
Castillo y Rey and Macías, 2006; Macías, 2019). The 
interaction between depth and wave exposure 
observed in this study is consistent with previous 
research demonstrating that bathymetry strongly 
influences hydrodynamic conditions and engineering 
feasibility in offshore aquaculture systems (Pérez et al., 
2003; Holthuijsen, 2007). 

The depth thresholds adopted in this study were 
based on operational requirements commonly reported 
in offshore aquaculture literature. Depths between 30 
and 40 m were classified as suitable, whereas depths 
between 40 and 50 m were considered highly suitable 
because they provide adequate clearance beneath 
cages while maintaining favorable conditions for water 
exchange and waste dispersion. Comparable depth 
ranges have been identified in studies conducted in the 
Mediterranean Sea and other offshore environments 
(Dapueto et al., 2015; Laama et al., 2020; Nhhala, 2022; 
Zikra et al., 2020). Although optimal depth ranges may 
vary according to farming technology, cultured species, 
and local environmental conditions, the selected 
thresholds provide a reasonable basis for regional-scale 
screening. 
 
Importance of Harbor Proximity 
 

Harbor distance is a critical logistical factor 
because it affects fuel consumption, labor access, 
emergency response, maintenance activities, and 
overall operational costs (Mzoughi, 2012; Fourdain, 
2017; Marino et al., 2020). Even sites with favorable 
environmental conditions may become economically 
challenging if they are located too far from existing 
infrastructure (Macías, 2019). 

The scenario analysis demonstrated that assigning 
greater weight to harbor proximity substantially altered 
the spatial distribution of suitability classes, highlighting 
the importance of flexible planning criteria. The 
weighting schemes were intentionally designed to 
represent different management priorities, with 
Scenario 1 emphasizing bathymetric suitability and 
Scenario 2 emphasizing logistical accessibility. The 
overlap area identified under both scenarios represent 
locations that remained suitable regardless of the 
weighting strategy applied and may therefore be 
considered more robust candidates for subsequent 
evaluation. This scenario-based approach allows 
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planners to explore trade-offs among environmental 
suitability and operational feasibility while maintaining 
transparency in the decision-making process (Gimpel et 
al., 2018). 
 
Relevance for Marine Spatial Planning  
 

A key contribution of this study is the development 
of a two-stage framework for offshore aquaculture 
planning. Rather than providing a final site selection, the 
proposed methodology functions as a preliminary 
screening tool that identifies potentially suitable areas 
and excludes locations associated with high physical or 
logistical constraints. This distinction is important 
because preliminary suitability does not necessarily 
imply final suitability for aquaculture development. 

The framework can support marine spatial 
planning by reducing the area that requires detailed 
investigation and field validation. Such an approach is 
consistent with the Ecosystem Approach to Aquaculture 
promoted by FAO and with current recommendations 
for aquaculture zoning and Allocated Zones for 
Aquaculture (AZAs) (Aguilar-Manjarrez et al., 2017; 
Macías, 2019). Incorporating hydrodynamic exposure 
and operational constraints into early planning stages 
may also improve the delineation of Allowable Zones of 
Effect (AZEs) and support more sustainable spatial 
allocation of aquaculture activities (Lester et al., 2018). 

Because the methodology relies on globally 
available datasets and widely used numerical tools, it is 
transferable to other coastal regions through adaptation 
of local thresholds and planning criteria. Similar GIS-
based suitability frameworks have been successfully 
applied in Algeria (Laama et al., 2020), Morocco (Taji et 
al., 2022), Indonesia (Zikra et al., 2020), and Canada 
(Filgueira et al., 2015), demonstrating the broad 
applicability of this approach. 
 
Limitations and Future Research 
 

Several limitations should be acknowledged. First, 
the analysis focused primarily on physical and logistical 
criteria and therefore represents only the first stage of 
the site-selection process. Ecological carrying capacity, 
water quality, sensitive habitats, socio-economic 
factors, regulatory constraints, and stakeholder 
preferences were not included and should be 
incorporated during subsequent stages of assessment 
(Aguilar-Manjarrez et al., 2017; Macías, 2019). 

Second, the selected suitability thresholds and 
scenario weights were derived from published studies 
and operational considerations but inevitably involve a 
degree of expert judgment. Alternative threshold values 
or weighting schemes could influence the spatial 
distribution of suitability classes. Future studies should 
therefore evaluate the sensitivity of results to different 
assumptions and decision-making priorities. 

Finally, the identified suitable areas should not be 
interpreted as fully validated aquaculture sites. Field 

surveys, environmental monitoring, carrying-capacity 
assessments, and detailed feasibility studies remain 
necessary before implementation. Future 
developments may also incorporate climate-change 
projections, real-time monitoring systems, and adaptive 
management approaches to improve the resilience of 
offshore aquaculture planning under changing 
environmental conditions. 

Overall, the integration of numerical wave 
modeling and GIS-based multi-criteria analysis provides 
a practical and transferable framework for the 
preliminary identification of offshore aquaculture areas. 
By supporting early-stage planning and reducing the 
extent of areas requiring detailed investigation, the 
proposed approach contributes to more efficient and 
sustainable offshore aquaculture development. 
 

Conclusions  
 

This study presents a scalable and transferable GIS-
based framework for offshore aquaculture site 
selection, integrating numerical wave modeling with 
SMCE as an efficient first-stage screening tool. By 
combining wave exposure, bathymetry, and proximity 
to harbor, three universally relevant and widely 
accessible criteria, the proposed methodology enables 
the rapid identification of physically and logistically 
suitable offshore areas while minimizing the need for 
costly and time-consuming in situ data collection and 
validation. This framework provides a practical entry 
point for regulators and planners seeking to 
operationalize offshore aquaculture development 
within marine spatial planning processes.   
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Appendix I. Assessment’s criteria (Description and Classification) 

1. Bathymetry (Water Depth)  

Class Depth Range (m) Justification Adapted from 

Highly Suitable 40-50m 
Optimal depth for offshore aquaculture due reduced 

environmental impact. 
(Cardia and Lovatelli, 2015; 

Dapueto et al., 2015) 

Suitable 30-40m 

suitable, but may be shallower than ideal, potentially 
affecting water circulation and stability. These areas 

need careful consideration due to potential presence of 
Posidonia oceanica meadows 

(Pérez et al., 2003; 
Boudouresque et al., 2006; 

Aguilar-Manjarrez et al., 
2017) 

Unsuitable 

<30m 
Shallow waters can lead to conflicts with other marine 
uses, higher risks of eutrophication, and environmental 

concerns. 

(Boudouresque et al., 2006; 
Brigolin et al., 2015; Macías, 

2019) 

>50m 
Increased costs for mooring systems, higher 

maintenance efforts, and risks due to strong currents. 
(Pérez et al., 2003) 

 
 
 

2. Distance to Harbor 

Class Distance to Harbor (NM) Justification Adapted from 

Highly Suitable 0.5 km-4 NM 

Optimal balance between logistical efficiency and 
minimizing conflicts with tourism and coastal 
activities. Ensures accessibility while reducing 

environmental and navigational risks. 

(Mzoughi, 2012; Fourdain, 
2017; Macías, 2019) 

Suitable 4-12 NM 
Still accessible but may require additional 

planning to manage vessel routes and exposure 
to environmental conditions. 

(Mzoughi, 2012; Fourdain, 
2017; Dapueto et al., 
2015; Nhhala, 2022) 

Unsuitable <0.5m and >12 NM 

Too close to shore, leading to conflicts with 
tourism, conservation areas, and recreational 

activities. Beyond 12 NM, high operational costs 
and logistical inefficiencies make it impractical. 

(Mzoughi, 2012; Brigolin 
et al., 2015; Fourdain, 

2017; Aguilar-Manjarrez 
et al., 2017) 

 
 
 

3. Wave Height (Hs) Justification 

Class Hs (m) Justification Adapted from 

Highly Suitable <1m 
Low hydrodynamic stress, ensuring cage stability and 

better fish welfare. 
(Pérez et al., 2003; Cardia and Lovatelli, 

2015) 

Suitable 1-3m 

Acceptable for offshore cages but requires strong 
anchoring systems and monitoring. 

Can be tolerated, but waves may increase stress on fish 
and infrastructure. 

(Pérez et al., 2003; Filgueira et al., 
2015; Aguilar-Manjarrez et al., 2017) 

Unsuitable >3m 

Strong wave action increases operational risks, affecting 
cage stability and maintenance. 

Exceeds structural limits for most cage designs, leading 
to high mortality rates and infrastructure failure. 

(Pérez et al., 2003; Dapueto et al., 
2015; Macías, 2019) 

 


