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Abstract

Marine traffic poses a significantly increasing threat to the marine environment, especially
marine megafauna species, due to collisions between large vessels and marine organisms
that most frequently result in mortality. The adoption of mitigation methods for collisions is
critical to avoid population declines. Selecting the optimal mitigation method depends on a
set of criteria and is best assessed using decision-making tools. The current study reviewed
the use of decision-making tools for marine traffic applications and discusses the existing
gap regarding environmental applications (especially considering the impact on marine
biodiversity). Furthermore, the authors propose a method for estimating hotspots of marine
traffic that may overlap with marine biodiversity foraging grounds, and the structure for a
decision-making tool for mitigating collisions and conserving the marine environment.
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1. Introduction
More than 80% of global trade occurs through maritime shipping lanes and is increas-

ing continuously in line with the world’s economic and population growth [1]. Hence,
increased marine traffic poses a significant growing threat to the marine environment, espe-
cially marine megafauna species such as sea turtles, cetaceans, seabirds, and fish [2,3]. The
most common threats are entanglement [4], bycatch [5–7], pollution [8], noise [9], and, most
importantly, collisions between large vessels and marine organisms that most frequently
result in mortality [3,10–15]. Collisions can have a severe impact on marine megafauna
by decreasing a species’ population [16–19]. The impact is caused by the combination of
the overlap of marine regions with high marine traffic and marine megafauna occurrence,
the high probability of mortality for the marine organism after a collision with a large
vessel, and the increased risk of collision due to the increased marine traffic (especially
for cargo ships) in recent years [20–25]. However, the impact of vessel collisions on ma-
rine megafauna species is considered understudied, with research on potential mitigation
techniques being underrepresented in the current literature [3,10,26].

In this work, the authors perform a systematic literature review to evaluate the use of
decision-making tools for marine traffic applications and provide evidence on the scientific
gap regarding the impact of vessel collisions on marine megafauna species. Moreover, a
scientometrics analysis provides more information regarding the use of decision-making
tools in the maritime industry. Furthermore, this work presents an innovative GIS marine
traffic hotspot mapping methodology, a new decision-making framework tailored to marine
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megafauna species and the impact of high vessel activity, and discusses its application to
real scenarios, inclusion of the relevant stakeholders, and estimation of the best practices
to mitigate vessel collisions on marine megafauna species and ensure the conservation of
marine biodiversity.

2. Materials & Methods
Data collection took place in June 2025 through a systematic literature review using

Harzing’s Publish or Perish 8 software, which included all papers published up to the
date of data collection. The authors have included lists from the most accessed web search
engines for scholarly literature (i.e., Google Scholar, Crossref, Semantic Scholar, PubMed,
Scopus, and Web of Science). The authors searched for scholarly articles in these databases
using the keywords marine AND traffic AND AHP OR TOPSIS OR Multi-Criteria Decision
Making. The search retrieved 32 documents, of which 27 were reviewed; the remaining 5
were discarded as duplicates, non-peer-reviewed articles, non-English, grey literature, or
unrelated to the purpose of this article. The systematic review was conducted by extracting
the following information from each article: Author, Year, Region, Decision-making tool,
Aim (ecology, financial, naval, engineering, etc.), General comments, and conclusions. The
datasets were extracted as Research Information System (RIS) files and analyzed using
the VOSviewer software (version 1.6.19) and MATLAB. The VOSviewer software is a
scientometric analysis tool commonly used in bibliographic analysis. The maps shown
here were generated using MATLAB 2021a.

2.1. Scientometrics Analysis

The authors performed a set of scientometric analyses to investigate trends and prefer-
ences in research that investigates marine traffic applications using decision-making tools.
Keyword analysis could define trends and hotspots among relevant words that were most
commonly used in the titles and abstracts of published scientific articles, while an analysis
of the countries involved in each study determined the contribution of the most active
countries and, most importantly, the tendency for collaboration among countries to include
decision-making tools in such a significant topic.

2.2. Keyword Analysis

A comprehensive keyword analysis of the titles and abstracts of the reviewed papers
was conducted to identify the most commonly used keywords using the VOSviewer
software. A total of 19 words were identified, appearing in at least 10 publications, and
were selected to generate an appearance score to identify the most relevant keywords
among published articles. The analysis showed that the 5 most commonly used keywords
(in order of appearance frequency) were analysis, Analytic Hierarchy Process (AHP), ships,
decision making, and risk assessment (Figure 1).

In every submission of scientific articles, the keywords selected for the title and abstract
are essential. Keywords can describe the depth, analysis, issues, and results of a scientific
article at a glance. Thus, the authors created a keyword map that includes the most used
keywords in published articles and exhibits the researchers’ views and the emphasis of
their research on climate change and sea turtles.
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Figure 1. The keywords used in studies on marine traffic applications using Decision-Making tools.

2.3. Countries

The Scopus database was imported into the VOSviewer software and analyzed to
generate a contribution score and identify the countries leading worldwide research in the
studied field. The analysis showed that the UK, China, and Turkey contributed the most in
the field. The most significant links appear between China, the UK, Turkey, Sweden, France,
and South Korea. The USA, Iran, Canada, and Croatia have also conducted research on
marine traffic applications using decision-making tools (Figure 2).

Figure 2. The countries with the highest research activity in marine traffic applications using decision-
making tools.
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2.4. Estimating Marine Traffic Hotspots Using a GIS Methodology

A vector grid file of 10 km was created in the study area (includes 3267 cells and
occupies an area of 307,295.32 km2), to be the base grid for the mapping of marine traffic
across the Ionian Sea and the South Adriatic Sea (as this area was screened by the BlueCoast
project and a panel of experts) regarding the critical habitats of the sea turtle Caretta caretta
along its life cycle (i.e., nesting sites, foraging wintering areas and migration routes). The
density of marine traffic (routes/years) by cargo vessels was estimated using available data
from the Marine Traffic database (density maps: https://www.marinetraffic.com/), where
these images were converted to Red, Green, and Blue (RGB) format in order to quantify the
density, based on a single-layer spectrum (the same analysis can be applied to container,
fishing, passenger, pleasure, tanker, tug, and gascarrier types of vessels).

Initially, in the selected single band of RGB, the main grid was overlaid, and the statistical
values (mean, max, min, SD, sum) were estimated per cell. The absence of traffic was recorded
as NoData, while denser density in the grid had a higher value on the scale of 0–255. The
statistical values were estimated using the Zonal Statistics tool in ArcGIS (Esri, ArcGIS Desktop:
Release 10.4.1; Environmental Systems Research Institute: Redlands, CA, USA, 2015), and
the resulting map was joined to the main grid, enabling transfer of these values to the grid
vector file. RGB raster analysis was initially conducted at a 100 × 100 m resolution, with pixel
values ranging from 1 (zero pressure) to 255 (maximum pressure). The sea had a unique value
of 197 and was replaced with NoData to avoid affecting the statistical calculations per grid.
To minimize uncertainty and reduce micro-scale noise while emphasizing overall pressure
trends, this data was subsequently aggregated to a 10 × 10 km scale. The marine traffic
data were collected from the European Marine Observation and Data Network (EMODnet)
database [27].

3. Results
3.1. Existing Decision-Making Tools for Marine Traffic Applications

The current literature on marine traffic applications using decision-making tools, such
as AHP, Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), and
Multiple Criteria Decision Making (MCDM), is mainly focused on the safety of cargo
vessels and the minimization of collisions with other vessels through strategic management
frameworks that enhance vessel performance and effectiveness [28–32] (Table 1). Moreover,
studies also include risk assessments to prevent maritime accidents and reduce loss of life
at sea [33–36]. Also, studies have used decision-making tools to evaluate oceanographic
features and detect changes in environmental conditions to increase maritime safety [37].
Besides safety, researchers are also interested in improving communication systems to build
real-time, effective maritime node selection algorithms, enhance the navigation system, and
manage marine traffic pressure [38–40]. Another important aspect of the maritime industry
is the management of different port attributes, such as selecting the location for container
transshipment, yard gantry crane efficiency in marine container terminals, and general
port services [41–43]. Other studies have used decision-making tools to highlight pollution
caused by the maritime industry, and more specifically, the impact of ballast water, and the
need for innovative solutions to prevent impacts on local ecosystems, the distribution of
incidental oil spills, and the need for monitoring and decision-making tools for authorities to
mitigate the risks of oil spills and protect marine life in such occasions [44–46]. Considering
the direct influence of marine traffic on marine biodiversity and its ecological impacts, only
a few studies exist that have mainly proposed the use of decision-making tools to monitor
the impact of large vessels on marine megafauna (such as whales) and apply avoidance
techniques to reduce collision probability with marine megafauna species [12,19,47]. To
a lesser extent, some studies have also used and proposed the need for decision-making
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approaches to evaluate the impact of small-scale fisheries traffic on marine species (such
as collisions, bycatch, debris, light pollution, oiling, etc.) [48,49]. Finally, researchers are
also investigating the use of alternative fuels and the need for multi-criteria decision-
making for their selection in large vessels, as well as their potential impacts on the marine
environment [50,51].

Table 1. Use of decision-making tool per study.

Region Aim AHP TOPSIS Other Reference

Turkey Safety x x Akyildiz and Mentes [28]
Turkey Safety x Arslan and Turan [29]
Turkey Pollution x x Ejder et al. [46]
Iran Safety x Fallahzadeh et al. [30]
USA Marine megafauna strikes x Gende et al. [47]
USA Marine megafauna strikes x Gende et al. [12]
Malaysia Safety x x Hanafiah et al. [33]
Taiwan Port attributes x Hsu [43]
South Korea Safety x Hu and Park [52]
South Korea Pollution x Hung et al. [45]
Greece Fisheries x x Kavadas et al. [49]
Canada Fisheries x x Lieske et al. [48]
Croatia Fuel x Mandić et al. [50]
China Communications x Zhongyang et al. [38]
India Port attributes x x Nooramin et al. [42]
USA Safety x Polo-Castañeda et al. [37]
- Marine megafauna strikes x Sèbe et al. [19]
- Safety x Ren [31]
Turkey Safety x Tonoğlu et al. [35]
- Fuel x x Wan et al. [51]
- Communications x x Wang et al. [40]
- Safety x Wu et al. [32]
Iran Port attributes x x Zabihi et al. [41]
China Safety x Ming-yang et al. [36]
China Communications x Zhang et al. [39]

The majority of studies have used AHP in their methodologies (42%), with TOPSIS
and MCDM being used in 12% and 12% of other studies, respectively. A combination
of AHP with TOPSIS or MCDM was also popular, with 30% of the studies using one
of those combinations, while the TOPSIS–MCDM combination was less used (Figure 3).
Considering the criteria used for applying the selected method (Table 2), most studies
have included various environmental parameters in their analysis (such as bathymetry,
weather conditions, tidal current activity, marine ecosystems, and marine protected areas).
The second most commonly used criterion concerns the vessel’s condition and various
attributes (such as length, breadth, deadweight, built year, ballast water capacity, and
ship condition), as well as traffic conditions (ship entries in a region, traffic control, and
accident-prone areas). The third most used criteria involve human error, infrastructure,
and machinery and technological equipment (such as operator fatigue, command process,
personnel capabilities, equipment, and infrastructure). The rest of the most common
criteria include the navigation conditions (such as the maneuver process and navigation
aids), the vessel traffic center and port attributes (such as the technological infrastructure
of ports, port location, port efficiency, and rescue resources), pollution (such as oil spill
probabilities and sensitive protected areas), fishing areas (such as fishing boat presence and
fishing activity), economical reasons, and the legal framework (such as regulations and
protected areas). All the aforementioned criteria have been used in studies using the AHP
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process, while fishing activity has not been used in studies using TOPSIS, and the vessel
condition/attributes have not been used in MCDM models.

Figure 3. The findings of the reviewed studies regarding the region, methods used, and aim.

Table 2. Use of criteria per tool.

Criteria No of Studies AHP TOPSIS MCDM

Vessel condition/attributes 10 x x NA
Traffic condition 10 x x x
Navigation condition/avoidance 6 x x x
Environmental/biodiversity factors 11 x x x
Detection process 2 NA NA x
Human factor/error 7 x x x
Machinery/technological equipment/infrastructure 7 x x x
Vessel traffic center/port attributes 5 x x x
Fishing boats operating area 4 x NA x
Probability of oil spill incident/pollution/threats/accident-prone area 5 x NA x
Legal framework/protected areas 4 x NA x
Economical 4 x x x

3.2. The GIS Methodology’s Results

To create a thematic and quantitative map based on cargo vessel information, a multi-
field file was created containing traffic values (for sum statistics), based on the main grid
file (Figure 4). The map shows cargo traffic density in the Ionian and South Adriatic Seas
and shows that the greater extent of this region is under high and/or very high density.

Figure 4. Cargo vessel traffic “sum” value (total annual vessel passage) in five classes. The green
color represents the minimum, and the red one the maximum value.
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4. Decision-Making Model
4.1. AHP Weight Assessment Methodology

The proposed methodology used the AHP method to assign a weight to each con-
tributing criterion for marine traffic collisions with marine megafauna species. The criteria
were scaled pair-wise according to the methodology proposed by previous studies [53,54],
and given a scale from 1 (the two criteria are equally important) to 9 (the first criterion is
extremely more important), according to the current literature and an expert panel (Table 3)
as shown in Table 4. The pair-wise comparison (αij) is shown in Table 5, where a specific
rule applies. If two criteria are of equal importance, then αij = αji = 1.

Table 3. Expert panel composition and background.

Expert Discipline Region Years of Experience

1 Oceanography Mediterranean 10
2 Vessel operator Mediterranean 8
3 Vessel operator Mediterranean 15
4 Marine Biology Mediterranean ≥20
5 Marine Biology Mediterranean ≥20
6 Marine Biology Mediterranean ≥20
7 Ecology Mediterranean ≥20
8 Ecology Mediterranean 10
9 Engineer Mediterranean 10
10 Engineer Mediterranean 15

Table 4. The 9-point scale for pairwise comparison.

Importance Definition Explanation

1 Equal importance The importance of two criteria or alternatives is equal
2 Weak
3 Moderate importance A slight favor of one criterion or alternative over the other
4 Moderate plus
5 Strong importance A strong favor of one criterion or alternative over the other
6 Strong plus
7 Very strong importance A very strong favor of one criterion or alternative over the other
8 Very, very strong
9 Extreme importance One criterion or alternative is surely favored over another

After making pair-wise comparisons, estimations are made to yield the final set
of criterion weights (elicitation method: eigenvector). More specifically, the principal
eigenvalue and the corresponding normalized right eigenvector of the comparison matrix
that is calculated provide the relative importance of the various criteria being compared.
The elements of the normalized eigenvector were the weights (wi) of the criteria or sub-
criteria (Table 6). Finally, the consistency ratio (CR) of the pairwise comparisons was
evaluated to ensure the expert panel’s judgment was consistent. With a generally acceptable
CR of less than 0.1 [33], we determined it to be 0.089 in the present work.

Table 5. Pair-wise comparison matrix (αij) for the selected criteria.

Criteria
Vessel
Condition/
Attributes

Traffic
Condition

Animal
Absence

Detection
Process

Legal Framework/
Protected Areas

Economical
Aspect

Vessel condition/attributes 1 0.14 0.16 1 0.25 0.5
Traffic condition 7 1 1 5 4 4
Animal absence 6 1 1 3 5 5
Detection process 1 0.2 0.33 1 2 2
Legal framework/protected
areas 4 0.25 0.2 0.5 1 0.33

Economical aspect 2 0.25 0.2 0.5 3 1
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Table 6. Criteria weights (wi).

Criteria Weights

Vessel condition/attributes 0.05
Traffic condition 0.342
Animal absence 0.329
Detection process 0.104
Legal framework/protected areas 0.078
Economical aspect 0.097

4.2. TOPSIS Methodology

The weights are further used in the proposed model for the application of TOPSIS and
more specifically, for calculating the weighted rating of the criteria as follows:

vij = wi.µij (1)

where wi is the weight and µij is the value of the ith criterion.
The next step involves identifying the Positive-Ideal and Negative-Ideal Solutions.

The positive ideal solution is the composite of all best attribute ratings attainable, and
is denoted:

T+ = (µ+
1 , µ+

2 , ..., µ+
6 ) (2)

where µ+
i is the best value for the ith criterion among all alternatives.

The negative-ideal solution is the composite of all worst attribute ratings attainable,
and is denoted as follows:

T− = (µ−
1 , µ−

2 , ..., µ−
6 ) (3)

where µ−
i is the worst value for the ith criterion among all alternatives.

The separation of each alternative from the positive-ideal solution T+, is given by the
n-dimensional Euclidean distance:

S+
j =

√√√√ 6

∑
i=1

(µij − µ+
i )

2 (4)

where j is the index related to the alternatives and i to one of the six criteria.
Similarly, the separation from the negative-ideal solution is given by the following:

S−
j =

√√√√ 6

∑
i=1

(µij − µ−
i )

2 (5)

The similarity to the positive-ideal solution, for alternative j, is finally given by
the following:

C+
j =

S−
j

S+
j + S−

j
(6)

with 0 ≤ C+
j ≤ 1 . The alternatives can then be ranked according to C+

j in descending order.

4.3. Sensitivity Analysis

In terms of simplicity, we run a sensitivity analysis using only 3 alternatives (Re-
routing, Observers-avoidance, and Lower Speed). Figure 5 illustrates how the alternatives
perform with respect to the animal absence criterion (up) and as the detection process
criterion (down). One can see that by shifting the current value of the weight, there is no
change in the ranking. This behavior can also be observed in other criteria. Thus, the AHP
model is considered robust.
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Figure 5. Sensitivity analysis using animal absence (up) and detection process (down).

5. Discussion
Management authorities and the general public understand the importance of marine

megafauna and are constantly alerted to implications regarding their well-being [47]. Existing
methods include projections of shipping routes and probabilities of marine species occurrence
on regional scales [3]. Recent technical and operational efforts for reducing the impact of
large vessels on marine megafauna involved the use of alternative shipping routes based
on species spatial and temporal occurrence [55–57], reduced vessel speed [23,58,59], acoustic
networks [60], thermal night navigators [61], predictive modeling [62,63], and active avoidance
using observers on board large vessels, with the ultimate goal of reducing the frequency and
severity of collisions [12,19,64,65]. However, these techniques are criticized as unreliable due to
the lack of information on marine species movement, aggregations, and residency times [66].

The International Maritime Organization (IMO) is the United Nations (UN) agency
that is responsible for the safety and sustainability of the vessels and mariners at sea, as well
as the conservation of the marine environment and prevention of pollution by the shipping
industry, through the development and implementation of a management framework for
the shipping industry [67]. Considering vessel collisions with marine megafauna, the
IMO’s action is considered limited [19]. Organizations such as the International Whaling
Commission (IWC) and the Agreement on the Conservation of Cetaceans of the Black Sea,
Mediterranean Sea, and contiguous Atlantic area (ACCOBAMS) have proposed mitigation
approaches that are subject to limitations and are not holistic, which render the IMO unable
to adopt and implement [19].

To date, some promising results are being reported in holistic approaches that
have incorporated the maritime industry in their methods, using known avoidance
techniques and the voluntary participation of stakeholders to reduce the frequency
of collisions [64,68–70]. It is vital to develop an international database of collision
records that includes information on species, region, vessel type, and the collision
outcome (e.g., mortality, severe injury, light injury) to support regional implemen-
tation of mitigation techniques [71]. This would assist in estimating hotspots of
collisions, promote collaborations among relevant stakeholders, and introduce di-
rect management actions to reduce this phenomenon and its impact on the marine
ecosystem [72].
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5.1. Need for a Decision-Making Framework for Ship-Megafauna Collision Prevention in the Ionian
Sea: Structure and Criteria

In the Ionian Sea, a hotspot for marine megafauna species such as cetaceans, sea turtles,
monk seals, seabirds, etc. [73,74], collisions between vessels and marine organisms are
a common phenomenon that concerns the IWC [75]. Cargo vessel routes occupy similar
marine regions with marine megafauna, with several strandings of sperm whales and sea
turtles being reported [76–78]. However, studies have shown that even small changes (such
as changes by 5–10 nautical miles in the shipping routes) can have a significant impact on
the preservation of the species by reducing the number of vessel strikes [71]. Combined
with an analysis of the potential impact on the shipping industry, the proposal and adoption
of mitigation approaches by the local authorities can lead to the inclusion of the shipping
industry in the protection of the marine environment [79].

Taking into account the described methodology for monitoring marine traffic in the
Ionian Sea region (Figure 4), the authors suggest developing a decision-making framework
to mitigate collisions between ships and marine megafauna in the study area. The process
is based on the necessity for collaboration among research institutions, public authorities,
NGOs, and shipping companies to apply a decision-making tool that will evaluate the
monitoring information (vessel position/density and occurrence of animal groups from
telemetry/direct observations), will alert local authorities and vessels through an early-
warning system, and propose the most accurate mitigation technique (e.g., re-routing,
speed decrease, acoustic applications, on-board observers, etc.) to avoid a potential col-
lision (Figure 6). The application of the tool will benefit from the use of specific criteria
(Table 2) (their weights are calculated using the AHP method as used in previous studies),
and the evaluation of the best solution using the TOPSIS method, based on stakeholders’
needs and the problem (see methodology sections on AHP and TOPSIS).

Figure 6. Proposed process for the collaboration of relevant stakeholders and the application of a
decision-making framework to reduce collision events in the Ionian Sea. For the example of the Ionian
Sea, vessel and marine megafauna presence data are used to identify the area, and the proposed
framework, using the AHP and TOPSIS methods, evaluates the best solution to mitigate collisions.
With real-time collaboration among relevant stakeholders, the mitigation solution can be adopted
and implemented.
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5.2. Critical Analysis of Similar Decision-Making Frameworks

The literature review showed that the majority of existing decision-making tools are
being used by the maritime industry with the scope of increasing the safety, reducing the
time and costs, and preventing the pollution of the marine environment. Little attention
is being given to collisions with marine megafauna, which in reality do not affect large
vessels, and in many regions, there is no legal framework for penalties in such events.
Hence, there is a lack of knowledge and tools to mitigate such events.

Similar decision-making frameworks that have been developed for different goals
(such as safety, costs, communications, fuels, etc.) have mostly adopted the AHP
and TOPSIS methods for the evaluation and weight of different criteria (see crite-
ria pool in Table 2), as well as for finding the ideal solutions, based on the target
goals. The use of the AHP and TOPSIS methods has been tested and shown to be
effective and feasible [28,45,49], their findings are easily communicated to the relevant
stakeholders [33,47], and in most cases can be used for conservation planning and the
general protection of the marine environment [44,48]. Consequently, the proposed
approach is based on existing methods that have already been proven to be valuable
for marine conservation, setting the ground for an effective and accurate decision-
making framework.

5.3. Application of the Proposed Framework

To illustrate the proposed decision-making framework with an example, the authors
evaluated total marine traffic routes in the Ionian Sea using the EMODnet database [27]
and the presence of marine megafauna species (marine mammals and sea turtles) using
the OBIS-SEAMAP database [80]. Overlaying the density of marine organisms on top of
the marine traffic routes in the study area provided several areas with potential hazards
for vessel strikes on marine megafauna organisms (Figure 7). Focusing on one of these
locations to apply the proposed framework, we evaluated the selected criteria and known
mitigation practices to propose the best solution for the selected region. The criteria were
ranked (low, moderate, high) based on their importance for implementing the specific
solution, according to the comprehensive literature review of studies using similar criteria
and the AHP/TOPSIS methodologies described in previous sections (Table 7).

Table 7. Decision matrix for ideal mitigation solution.

Mitigation Approaches

Criteria Re-Routing Acoustics-Avoidance Observers-Avoidance Lower Speed

Vessel condition/attributes High High Low Moderate
Traffic condition High Low Moderate Low
Animal presence High High High High
Detection process Low High High Low
Legal framework/protected areas Moderate Moderate Low Low
Economical aspect Moderate High Moderate Low

Overall Moderate High Moderate Low

The use of acoustics for monitoring, identifying, and avoiding marine organisms by
crew members on board large vessels in the Ionian Sea region was determined to be the
most demanding process, especially given the high costs associated with such systems
and the training required for detection. It also requires certain infrastructure on board the
vessels. Re-routing and detecting marine megafauna species using observers on board the
vessels was ranked as “moderate” as it requires fewer expenses, training, and machinery.
Both methods are very promising solutions for the mitigation of vessel strikes on marine
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organisms. Finally, decreasing vessel speeds is the least demanding approach to reducing
the risk of a vessel strike.

Figure 7. Marine megafauna density from the OBIS-SEAMAP database overlaid on top of marine
traffic routes in the Ionian Sea region. The black ellipse shows an area of high density with high
vessel frequency.

The combination of Table 7 and the decision-making model (Equation (6)) resulted
in acoustics-avoidance being the most promising solution (C = 0.75094), with re-routing
being the second most promising solution (C = 0.74828), and observers-avoidance and
lower speed being the least promising, with both exhibiting the same value (C = 0.5). Thus,
the most appropriate solution to mitigate marine traffic collisions with marine megafauna
in this area is a combination of re-routing and the use of acoustics to detect and avoid
marine organisms.

In order to adopt the ideal mitigation approach, or a combination of approaches, the
findings are directly communicated to the most relevant stakeholders, depending on the
location. In the current case (Figure 7), the threatened area is located in the Mediterranean
high seas between Greece and Italy according to the agreement on the delimitation of
the respective continental shelf areas from 1977 [81], and is under the jurisdiction of
the European Union and the UN High Seas Treaty [82]. The proposed framework will
then notify these public authorities about the best mitigation approaches for the specific
location. Moreover, the shipping companies that pass through the area (extracted from
www.marinetraffic.com) will also be informed of the details of the proposed solutions.
Working together with the companies and legal authorities is crucial for the implementation
of such actions. Furthermore, the findings will be disseminated to environmental NGOs
working on the conservation of marine megafauna in the Mediterranean Sea to further
communicate and advocate for the adoption of approaches to mitigate vessel strikes on
marine organisms.

5.4. Transferability to Other Regions

The proposed framework has applied to the specific case shown in Figure 7 as a
testbed to describe the methodology and important steps to reach the optimal solution.
The marine traffic routes, marine megafauna density from telemetry data, and the legal
framework are site-specific and should be determined before applying the decision-making
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framework. Moreover, the expert panel used to implement the Ionian Sea case comprises
researchers from the Mediterranean region, as they are familiar with the area, its legal
aspects, issues, and marine biodiversity. Adopting the proposed framework to another
region would require the establishment of an expert panel of local researchers. Finally, the
mitigation approaches described and presented here are also site-specific and should be
reviewed for other regions, as some may not apply (e.g., acoustics may not be an option for
regions with vessels that lack recent technological development, re-routing may not be an
option in narrow channels, etc.).

5.5. Global-Scale Adoption of the Proposed Framework

The proposed framework described in this work can be proven useful to the
IMO’s Particular Sensitive Sea Areas (PSSAs) project, a management tool for protecting
and conserving ecologically important marine biodiversity from shipping activities
worldwide [83]. Although PSSAs are subject to the IMO’s judgement and do not
include a legal character, the adoption of the proposed decision-making framework that
incorporates expert opinion and marine traffic data, and provides site-specific solutions,
could strengthen the PSSAs’ link with the United Nations Convention on the Law of
the Sea.

Furthermore, the proposed framework can be useful to the United Nations Decade
of Ocean Science for Sustainable Development (2021–2030), the “Ocean Decade”, a policy
framework that coordinates various stakeholders to engage and collaborate for the protec-
tion and conservation of the marine environment. According to the Ocean Decade, vessel
collisions with marine megafauna species are a high priority for the 2021–2030 decade,
with data sharing and mitigation actions being highlighted as needed in their reports [84].
The Ocean Decade could benefit from the proposed framework, as it can provide optimal
solutions for specific areas and scenarios.

6. Conclusions
The use of decision-making tools in marine traffic applications has expanded to several

sectors, with a main focus on maritime safety and communication. However, their use
for protecting marine biodiversity and mitigating vessel strikes on marine megafauna is
very limited. Focusing on the Ionian region in the central Mediterranean Sea, the authors
propose a decision-making framework that leverages the well-established and used in other
applications AHP and TOPSIS methodologies to identify the best solutions for mitigating
vessel strikes on marine megafauna species. Furthermore, this work presents an example
use of the proposed framework in a specific location of the Ionian Sea, where shipping
routes coincide with high densities of marine megafauna species (marine mammals and sea
turtles), and determines that a combination of re-routing, decreasing speed, and/or using
on-board observers would be the ideal solution to vessel strikes in that region. Finally,
the study discusses the relevant stakeholders that should be informed about the specific
example’s findings. This is the first step in identifying, quantifying, and mitigating the
impact of vessel strikes on marine megafauna species in the region, and future research is
required to fully understand the inclusion of the relevant stakeholders, the dissemination
of the framework’s findings, and the potential to advocate for a legal framework that will
advise shipping companies to comply with best practices to reduce collisions with marine
megafauna organisms. Finally, the use of additional test cases worldwide will help inform
all aspects of the proposed framework and validate its applicability across different regions
and scenarios.
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