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Environmental policies, including the European Marine Strategy Framework

Directive (MSFD), generally rely on the measurement of indicators to assess the

good environmental status (GES) and ensure the protection of marine

ecosystems. However, depending on available scientific knowledge and

monitoring programs in place, quantitative GES assessments are not always

feasible. This is specifically the case for marine turtle species, which are listed
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under the Biodiversity Descriptor of the MSFD. Relying on an expert

consultation, the goal of this study was to develop indicators and a common

assessment approach to be employed by European Union Member States to

evaluate the status of marine turtle populations in the frame of the MSFD. A

dedicated international expert group was created to explore and test potential

assessment approaches, in coherence with other environmental policies (i.e.

Habitats Directive, OSPAR and Barcelona Conventions). Following a series of

workshops, the group provided recommendations for the GES assessment of

marine turtles. In particular, indicators and assessment methods were defined,

setting a solid basis for future MSFD assessments. Although knowledge gaps

remain, data requirements identified in this study will guide future data

collection initiatives and inform monitoring programs implemented by EU

Member States. Overall this study highlights the value of international

collaboration for the conservation of vulnerable species, such as marine turtles.
KEYWORDS

MSFD, sea turtles, good environmental status, indicators, Mediterranean Sea, north-
east Atlantic Ocean
1 Introduction

1.1 Marine turtle conservation in Europe:
context and challenges

The ever-increasing anthropogenic pressures on marine

environments, including the unsustainable use of ocean

resources, pollution and the ongoing effects of climate change,

have major impacts on biodiversity, altering marine ecosystems

function and productivity (Jackson et al., 2001; Hoegh-Guldberg

and Bruno, 2010; Halpern et al., 2015). Over the last decades, the

observed degradation of marine environments, and the realization

of its potential to backfire on human societies, have motivated

multiple global initiatives, such as the Census of Marine Life

(2000-2010), that have significantly increased our knowledge of

the diversity, abundance and distribution of marine life worldwide

(Ausubel et al., 2010; Visbeck, 2018). However, as more

information becomes available, ensuring that newly acquired

scientific knowledge is effectively translated into policy and

management strategies has been one of the most pressing issues.

Linking ocean health to anthropogenic pressures to guide

management is at the core of the Marine Strategy Framework

Directive (MSFD) adopted in 2008 by European Union (EU)

Member States (European Commission, 2008). The MSFD is the

EU’s integrative management tool to protect European marine

environments. Relying on an ecosystem-based approach, its main

objective is to ensure that good environmental status (GES) is

achieved and maintained through the assessment of 11 qualitative

Descriptors describing the desired state of the environment

(European Commission, 2008, Figure 1). Each Descriptor is
02
associated with a set of criteria defining GES achievement for

the state of the different ecosystem elements, and for the pressures

and impacts deriving from anthropogenic activities and acting on

the state. Similarly, indicators have been defined for each criterion

to provide a measure of their status, generally relying on agreed

threshold values (European Commission, 2017).

To optimize assessment at the EU level, the use of

standardized assessment methods and consistent indicators by

all member states is key to measure progress toward GES.

However, such indicators have not always been clearly defined,

resulting in inconsistent assessment methods (Palialexis et al.,

2014; Palialexis and Boschetti, 2021). Disparities in assessment

strategies (quantitative vs qualitative assessments) exist between,

but also within, Descriptors. For instance, in the case of the

Biodiversity Descriptor (Descriptor 1), unlike marine mammal,

fish or bird species, no standardized assessment approaches or

indicators have been agreed on at the EU or regional level for

marine turtles, hindering quantitative assessments of the

conservation status of these species.

Marine turtles are important components of marine

ecosystems (Estes et al., 2016). In addition to their ecological

importance, marine turtles have always had a high cultural and

economic value to human societies (Frazier, 2005). Six out of the

seven extent species frequent European waters, either as

temporary visitors or, in the case of Mediterranean sub-

populations of loggerhead and green turtles, as residents

(Wallace et al., 2010a; Casale et al., 2018). All species

occurring in European waters are listed in the International

Union for Conservation of Nature’s (IUCN) Red List of

threatened species (IUCN, 2020) and in the annexes of
frontiersin.org
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multiple European Directives (i.e. MSFD, Habitats Directive),

global and Regional Sea Conventions (i.e. Bern and Bonn

Conventions, Barcelona Convention, OSPAR) (Palialexis et al.,

2018). To ensure the protection of marine turtle species, there is

thus a clear need for precise assessment of their status, which

should build upon different aspects of their complex life history

and demography.

Marine turtles are highly mobile organisms that occupy

distinct, and often, very distant habitats over different stages of

their life cycle (Carr et al., 1978; Hays and Scott, 2013).

Therefore, status assessments should ideally be carried out at

the regional scale, requiring international collaboration.

International initiatives are not only key for data sharing, but

also for the development of standardized assessment strategies.

For instance, such initiatives have led to the successful

development of common indicators and standardized

protocols to monitor and assess interactions between marine

turtles and litter in the frame of the MSFD Marine Litter

Descriptor (Descriptor 10) and other environmental policies,

including the Barcelona Convention (Attia El Hili et al., 2018). A

similar approach was applied to the MSFD Biodiversity

Descriptor (Descriptor 1) at the scale of Macaronesia (Azores,

Madeira and Canary Islands; Saavedra et al., 2018; Pipa

et al., 2019).

Expanding on previous work, a two-year study was initiated

in 2019 to develop common indicators and strategies for the

assessment of marine turtle populations under MSFDDescriptor
Frontiers in Marine Science 03
1 at the EU scale. Relying on the consultation of an international

group of experts and the analysis of shared datasets, the

objectives of this study were to (1) define indicators to

quantitatively assess the status of marine turtle populations,

(2) propose standardized assessment methods taking into

consideration the requirements of other relevant Directives

and Conventions (i.e. Habitats Directive, OSPAR and

Barcelona Conventions) and (3) identify data requirements for

the assessment and monitoring of proposed indicators.

Here, we present the outcome of this study, specifically

focusing on recommendations that resulted from the different

expert workshops. Overall, we set the foundations for a common

assessment framework and identify future priorities for marine

turtle conservation in the frame of European Directives and

Regional Sea Conventions.
1.2 Marine turtle species in EU waters

The species observed and their frequency generally varies

between MSFD regions and subregions (Figure 2).

Of the six marine turtle species frequenting the

Mediterranean Sea, loggerhead and green turtles are the most

commonly observed species (Casale et al., 2018). Although

leatherback turtles are regularly reported in the Mediterranean,

sightings of hawksbill, Kemp and olive ridley turtles remain rare

(Laurent and Lescure, 1991; Casale et al., 2003; Tomás and Raga,

2007; Karaa et al., 2013; Revuelta et al., 2015; Bellido López et al.,

2018). Mediterranean green turtles all belong to the same

Regional Management Units (RMU; equivalent to sub-

population) and frequent the eastern Mediterranean basin,

where they nest (Wallace et al., 2010a; Casale et al., 2018). In

the case of loggerheads, the Adriatic and Aegean-Levantine Seas

are mostly frequented by individuals from the Mediterranean

sub-population, while three sub-populations (Mediterranean,

Northwest and Northeast Atlantic RMUs, Figure 3) co-occur

in the Western and Central basins, with the abundances of

individuals of Atlantic origin decreasing eastward (Maffucci

et al., 2005; Carreras et al., 2006; Clusa et al., 2014; Loisier

et al., 2021). Even though the number of sporadic nesting events

in the western Mediterranean Sea has been increasing in the last

few years (Maffucci et al., 2016; Carreras et al., 2018; Girard et al.,

2021), nesting is almost entirely confined to the eastern

Mediterranean basin (Margaritoulis et al., 2003; Casale

et al., 2020b).

In the case of the north-east Atlantic Ocean region, marine

turtle species composition varies depending on the subregion

considered. In the English Channel/North Sea, Celtic Seas and

Bay of Biscay/Iberian coast subregions, leatherback turtles

comprise the majority of observations, followed by loggerhead,

Kemp’s ridley, and, more rarely, green turtles (Witt et al.,

2007b). For the most part, recorded individuals are juveniles

or subadults brought by current, travelling between, or
FIGURE 1

Flowchart illustrating the implementation structure of the Marine
Strategy Framework Directive.
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FIGURE 3

Maps representing the overlap between Regional Management Units (RMUs) for marine turtle species proposed for MSFD assessment and MSFD
regions. Modified from Wallace et al., 2010a. RMU data were downloaded from the OBIS-SEAMAP website (http://seamap.env.duke.edu/swot;
Kot et al., 2021).
FIGURE 2

Map of MSFD subregions frequented by marine turtles. Shapefiles for this map were downloaded from the European Environment Agency
website (www.eea.europa.eu).
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occupying, north Atlantic foraging grounds (Witt et al., 2007b;

Fossette et al., 2010; Avens and Dell’Amico, 2018). Conversely,

the most abundant marine turtle species in Macaronesia is the

loggerhead, followed by green turtle, which is primarily observed

around the Canary Islands (Bolten, 2003; Carreras et al., 2014).

Recorded individuals of both species are mainly juveniles

originating from different Atlantic RMUs (Figure 3) that

frequent foraging and developmental grounds off the Azores,

Madeira and Canary islands (Bolten, 2003; Monzón-Argüello

et al., 2018; Chambault et al., 2019). Other marine turtle species,

including leatherback, hawksbill, Kemp’s ridley and olive ridley

turtles are also occasionally observed in the Macaronesia

subregion (Eckert, 2006; Varo-Cruz et al., 2017; Barcelos

et al., 2021).
1.3 Overview of the policy landscape and
stakeholders promoting marine turtle
conservation in European waters

1.3.1 The Marine Strategy Framework Directive
(MSFD)

The MSFD (2008/56/EC), adopted on 17 June 2008, aims to

manage and protect marine environments across Europe

(European Commission, 2008). More specifically, it aims to

achieve and maintain GES such as “the environmental status of

marine waters where these provide ecologically diverse and

dynamic oceans and seas which are clean, healthy and

productive”. In practice, GES is determined through the

assessment of 11 qualitative Descriptors, and their associated

criteria, related to ecosystems and human activities and

pressures at the scales of pre-defined regions or sub-regions

(European Commission, 2017; Figure 1).

Marine turtles are listed under the “Reptiles” species group

of Descriptor 1 (D1), which states that “Biological diversity is

maintained. The quality and occurrence of habitats and the

distribution and abundance of species are in line with prevailing

physiographic, geographic and climatic conditions”. As with

other Descriptors, the status of marine turtle species must be

assessed every six years, allowing member states to regularly

update their marine strategy, as required by Article 17 of the

MSFD (European Commission, 2008). Five criteria (four

primary and one secondary) have been defined for

assessment at the EU level (Table 1). Marine turtle species to

be evaluated, on the other hand, are currently being selected at

the national level.

Following an initial assessment in 2012, which set the

baseline for subsequent evaluations, a first assessment was

carried out in 2018 and a second is planned in 2024

(Figure 4). To date, no quantitative assessment of the status of
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(Palialexis et al., 2014; Palialexis and Boschetti, 2021).

1.3.2 The Habitats Directive
The HD (92/43/EEC) on the conservation of natural habitats

and wild fauna and flora was adopted on 21 May 1992

(European Commission, 1992). Its overarching goal is to

ensure that European habitats, and rare, threatened, or

endemic species reach and remain at a favorable conservation

status through the implementation of a wide range of

conservation measures, including the establishment of an EU-

wide Natura 2000 network of protected areas. As with the

MSFD, Article 17 of the HD requires member states to assess

the conservation status of species and habitats, and report on

measures they have taken under the Directive every 6 years

(Figure 4). At the end of each reporting period, member states

must carry out the assessment in biogeographic and marine

regions within their national territory following specific

guidelines for harmonization (DG Environment, 2017). These

national assessments are then aggregated to produce a final

assessment at the European level. The timing of reporting under

the HD does not entirely overlap with the MSFD, with three

assessments published in 2007, 2013 and 2019, so one year after

MSFD assessments.

Marine turtle species to be evaluated under the HD are listed

in Annexes II (“Animal and plant species of community interest

whose conservation requires the designation of special areas of

conservation”) and IV (“Animal and plant species of community

interest in need of strict protection”) of the Directive (European

Commission, 1992). In particular, loggerhead (Caretta caretta)

and green (Chelonia mydas) turtles are listed in Annex II, while

five species are listed in Annex IV: Loggerhead, green,

leatherback (Dermochelys coriacea) , Kemp ’s r idley

(Lepidochelys kempii) and hawksbill (Eretmochelys imbricata)

turtles. All criteria defined for the HD are equivalent to those of

MSFD D1-Reptiles (Table 1) and can be evaluated across the

same geographical areas. As with MSFD, so far, all assessments

have been qualitative and mostly based on expert opinion.
1.3.3 The Barcelona Convention
The Barcelona Convention for the Protection of the Marine

Environment and the Sustainable Development of the Coastal

Areas of the Mediterranean was adopted in 1995, succeeding to

the initial United Nations Environment Programme’s (UNEP)

Mediterranean Action Plan (MAP) of 1975. Adopted by 22

Contracting Parties (21 countries and the EU), the main

objectives of the Barcelona Convention are to protect marine

and coastal environments by limiting pollution, and ensure the

sustainable management of marine resources while

strengthening solidarity between coastal states. To facilitate
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harmonization with the MSFD, the Integrated Monitoring and

Assessment Programme of the Mediterranean Sea and Coast was

adopted by Contracting Parties in 2016, providing a framework

for integrated monitoring and assessment. As a result, common

indicators and standard guidelines for monitoring these

indicators have been developed. The first assessment was

published in the quality status report of 2017, and a second is

expected in 2023 (Figure 4).

All four common indicators relevant to marine turtles, are

equivalent to MSFD D1-Reptiles criteria (Table 1). While only
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the loggerhead and green turtles were qualitatively assessed in

2017, all turtle species occurring in the Mediterranean Sea are

listed in the Barcelona Convention.

1.3.4 The OSPAR Convention
The Convention for the protection of the marine

environment of the north-east Atlantic was officially adopted

in 1998 by 15 governments and the EU, all of which committed

to take all possible steps to prevent and eliminate pollution and

to take necessary measures to protect marine environments from
FIGURE 4

Timeline of reporting cycles and assessments under European Directives (Marine Strategy Framework Directive - MSFD, Habitats Directive - HD)
and Regional Sea Conventions (OSPAR and Barcelona Convention). QSR refers to quality status reports.
TABLE 1 Equivalence between MSFD Descriptor 1-Reptiles criteria (European Commission, 2017) and criteria/indicators used for assessment
under the Habitats Directive, Barcelona Convention (UNEP MAP) and IUCN Red List.

MSFD – D1 criteria Habitats Directive criteria UNEP MAP common indicators IUCN Red List criteria

D1C1 (primary) - The mortality rate per species
from incidental by-catch is below levels which
threaten the species, such that its long-term viability
is ensured.

No equivalent. CI 12 - Bycatch of vulnerable and non-target
species.
CI 5- population demographic characteristics:
including low mortality induced by incidental
catch.

No equivalent, although the
“Unintentional harvesting of
non-target species” is among
the threat categories to be
listed in the evaluation
reports.

D1C2 (primary) - The population abundance of the
species is not adversely affected due to
anthropogenic pressures, such that its long-term
viability is ensured.

Population - Population dynamics
data on the species concerned
indicate that it is maintaining
itself on a long-term basis as a
viable component of its natural
habitats.

CI 4 - population abundance: The population
size allows to achieve and maintain a
favourable conservation status taking into
account all life stages of the population.

Criteria A – Population size
reduction (past, present and/
or projected) measured over
the longer of 10 years or
three generations.

D1C3 (secondary) - The population demographic
characteristics (e.g. body size or age class structure,
sex ratio, fecundity, and survival rates) of the species
are indicative of a healthy population which is not
adversely affected due to anthropogenic pressures.

CI 5 - population demographic
characteristics: Low mortality induced by
incidental catch, favourable sex ratio and no
decline in hatching rates.

No equivalent.

D1C4 (primary) - The species distributional range
and, where relevant, pattern is in line with prevailing
physiographic, geographic and climatic conditions.

Range - The natural range of the
species is neither being reduced
nor is likely to be reduced for the
foreseeable future.

CI 3 - species distributional range: The
species continues to occur in all their natural
range in the Mediterranean, including
nesting, mating, feeding and wintering and
developmental (where different to those of
adults) sites.

Criteria B - Geographic range
including the extent of
occurrence (B1 - EOO) and
area of occupancy (B2 -
AOO) of the species.

D1C5 (primary) - The habitat for the species has the
necessary extent and condition to support the
different stages in the life history of the species.

Habitat for the species - There is,
and will probably continue to be,
a sufficiently large habitat to
maintain its populations on a
long-term basis.

No equivalent.
Primary MSFD criteria directly contribute to the assessment of good environmental status, while secondary criteria are only used in situation of concern raised from the assessment of
primary criteria.
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human activities and restore them when adversely affected

(OSPAR Commission, 1992). To achieve these goals,

Contracting Parties are required to undertake joint

assessments at regular intervals and publish them under the

form of quality status reports (Figure 4). As a result, reports were

produced in 2000 and 2010 with another one planned in

2023 (Figure 4).

Whilst two marine turtle species are listed under the OSPAR

convention (loggerhead and leatherback turtles), no indicators

have been proposed for their assessment. However, background

documents evaluating the conservation status and identifying

priorities for the protection of the leatherback and loggerhead

turtles were published in 2009 (loggerhead status updated in

2015; Figure 4). The conservation status of these two species has

been re-assessed in 2021. As the OSPAR regions considered in

these evaluations significantly overlap with the MSFD north-east

Atlantic Ocean region, assessment results could contribute to the

2024 MSFD assessment.
1.3.5 The IUCN Red List
The IUCN Red List has been one of the world’s most

comprehensive tools to evaluate the risk of global species

extinction since its creation in 1964. Listed taxa are regularly

assessed, ensuring that their conservation status remains up to

date based on the latest scientific knowledge available.

All marine turtle species are listed in the IUCN Red List,

going from “Least Concern” in the case of the Mediterranean

loggerhead sub-population to “Critically Endangered” as, for

instance, the Kemp’s ridley (IUCN, 2020). The IUCN status

assessment of marine turtle species has been coordinated by the

Marine Turtle Specialist Group (MTSG), whose chairmen have

been in charge of nominating experts to carry out the

assessments. The MTSG has defined RMUs for marine turtles

delineating geographical areas used by homogeneous population

segments of the species based on demography, distribution,

movement and genetic data (Wallace et al., 2010a). Because

they constitute independent conservation units, these RMUs

have been used as the basis for status assessments. Since 2017,

the MTSG has also been compiling national reports, provided by

countries under its coordination, into regional reports

summarizing all available data. These reports cover the 10

MTSG reporting regions and associated RMUs, and aim to

facilitate Red List assessments. Five quantitative criteria have

been defined to assess the conservation status of listed taxa

(IUCN Standards and Petitions Committee, 2019), two of which

are equivalent to MSFD D1-Reptiles criteria (Table 1).
1.3.6 Other relevant policy frameworks
Because by-catch represents the main threat to marine

turtles in European waters (Wallace et al., 2010b), fishery

policies also contribute to marine turtle conservation. The

rules ensuring the sustainable management of the European
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the Data Collection Framework (DCF) established in 2000

within the Common Fishery Policy (EU, 2000) lists data that

must be collected by the European fishing fleet, which include

information on by-catch. By-catch data and statistics collected in

the frame of the DCF are then used by Member States, but also

intergovernmental organizations (International Council for the

Exploration of the Sea, General Fisheries Commission for the

Mediterranean) and regional fisheries management

organizations (International Commission for the Conservation

of Atlantic Tunas) to improve by-catch monitoring, assessment

and mitigation.
2 Methodology

2.1 Creation of the expert group

To develop indicators and assessment approaches to

evaluate the status of marine turtle populations as part of the

MSFD, a two-year study, based on test analyses and an expert

consultation, was launched in 2019 at the initiative of the French

Ministry of Environment and French National Museum of

Natural History. Experts with extensive experience either in

the field of marine turtle research and/or with the assessment

processes under the different EU Directives (MSFD, Habitats

Directive) and Regional Sea Conventions (OSPAR, Barcelona)

were invited to join the group. All invited experts were based in

countries bordering MSFD subregions where marine turtles

occur (Figure 2). In total, 29 experts from seven EU and non-

member countries (EU: France, Spain, Italy, Portugal and

Greece; non-EU: United Kingdom and Tunisia) have

contributed to this effort.
2.2 Development of indicators and
assessment approaches

In order to explore and identify appropriate indicators and

assessment approaches, the expert group focused on answering

the following questions for each MSFD D1 (Biodiversity)

criterion: (1) are there any relevant indicators already used in

other environmental policies; (2) are there any other potential

indicators and can they be realistically measured; (3) what are

the data, assessment and monitoring strategies required.

To cover exiting methodological gaps on the assessment of

the different criteria, and further explore the potential use of new

approaches, experts were first invited to share datasets to test

different analytical methods. A total of 17 datasets collected at

the national and regional levels were shared (see Supplementary

Table 1 for details on datasets). Data included sightings from

aerial surveys in the Atlantic Ocean and Mediterranean Sea,

effort and sightings from dedicated monitoring programs using
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ferries as observation platform in the Mediterranean Sea,

demographic data and observations recorded by the

Mediterranean and Atlantic French stranding networks and

satellite tracking data from the Mediterranean Sea.

Multiple analytical methods were then tested using these

datasets (Supplementary Table 1), and results were presented

during a first workshop organized in November 2019. Following

presentations, potential indicators for the assessment of the

different MSFD D1 criteria were discussed. Based on initial

recommendations resulting from this workshop, additional

analytical methods were tested in 2020. The applicability,

repeatability and efficiency of these assessment methods, were

then further evaluated by the expert group during two virtual

workshops in September and October 2020.

All recommendations proposed during the different

workshops were summarized in a report at the end of the two-

year study and sent to all experts for validation.

Recommendations for which a consensus was reached are

presented here.
3 Results and discussion

3.1 Selection of marine turtle species and
relevant criteria for MSFD D1 assessment

Based on the frequency of occurrence of the different marine

turtle species in European seas (cf. section 1.2), MSFD

assessment should focus on different species depending on the

region considered: loggerhead and green turtles in the

Mediterranean Sea region, and leatherback, Kemp’s ridley,

green and loggerhead turtles in the north-east Atlantic region.

In the Mediterranean Sea, loggerhead sub-populations

should be individually assessed when possible. While other

marine turtle species are present in the Mediterranean Sea and

north-east Atlantic Ocean, they occur in significantly lower

numbers than the above-mentioned species. Nevertheless,

additional species may be considered for GES assessment in

the future if they become more frequent (e.g. new reports of olive

ridley turtles in the Mediterranean Sea and Atlantic Ocean).

Unlike the Mediterranean Sea, the margins of RMUs defined

for Atlantic species (i.e loggerhead, leatherback, green and

Kemp’s ridley turtles) only partially overlap with Atlantic

MSFD subregions (Figure 3; Wallace et al. , 2010a).

Considering that RMUs are currently regarded as the best

available units for evaluating the conservation status of marine

turtle species, the north-east Atlantic region as defined in the

MSFD does not in itself represent a biologically meaningful

assessment unit for marine turtles. Therefore, the assessment

approach to be employed for the north-east Atlantic Ocean

should differ from that of the Mediterranean Sea. As criterion

D1C1 (mortality rates from by-catch) is the only one that can be

directly managed by EU Member States in this region (e.g.
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only criterion considered in the evaluation of marine turtle

species in the north-east Atlantic region. Nevertheless, the

abundance and distribution at sea of these species, along with

the extent of foraging habitats in the north-east Atlantic should

still be quantified to inform management strategies. In

particular, abundance estimates at the RMU scale will be

required to set threshold values for the assessment of D1C1.

Moreover, in some cases, it may be relevant to assess additional

criteria at the subregional level (Saavedra et al., 2018). For

instance, D1C2 (population abundance) has been previously

proposed for the assessment of loggerhead turtles in the

Macaronesia subregion due to the importance of the area in

their life cycle and the strong correlation between relative

abundance at sea and nest counts in the main Atlantic

rookeries (Saavedra et al., 2018; Vandeperre et al., 2019).

Specific recommendations for the assessment of the different

D1 criteria are presented in the following sections.
3.2 Proposed indicators and assessment
approaches

3.2.1 Mortality rate from by-catch (D1C1)
3.2.1.1 Proposed indicator definition

According to the GES Decision (European Commission,

2017), GES for D1C1 is achieved when “The mortality rate per

species from incidental by-catch is below levels that threaten the

species, such that its long-term viability is ensured”. An effective

way to assess this criterion is thus to quantify the proportion of

the population estimated to have died due to incidental by-catch.

This indicator should be calculated for all assessed species in the

Mediterranean and north-east Atlantic regions. When possible,

the assessment should focus on life stages most vulnerable to by-

catch (e.g. juvenile, subadult and adult loggerhead turtles larger

than 20 cm in the case of the Mediterranean sub-population;

Casale, 2011).
3.2.1.2 Indicator measurement and data requirements

Several parameters must be estimated to calculate the

mortality rate from by-catch. A key parameter is the total by-

catch per met́ier (group of fishing operations targeting a specific

assemblage of species, using specific gear, during a precise period

of the year and/or within a specific area; Deporte et al., 2012) per

year, which includes a measure of fishing effort (Equation 1).

Although less precise than a met́ier-based approach (Cambiè

et al., 2020), by-catch rates per fishing gear per year can be used

when data on met́ier are not available.

Total by-catch ¼ By-catch rate x Fishing effort ðEquation 1Þ
The fishing effort per met́ier/fishing gear can be obtained at

the national (national fishery observer programs) and European
frontiersin.org

https://doi.org/10.3389/fmars.2022.790733
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Girard et al. 10.3389/fmars.2022.790733
(DCF) levels. Although several units exist to express fishing

effort, the number of days at sea or number of fishing trips per

fishing gear and per year are the most commonly reported

by countries.

The by-catch rate represents the number of individuals

caught per observed day and, as with fishing effort, can

generally be obtained at the national and European levels.

Although all fishing vessels are required to report by-catch to

comply with the DCF, by-catch may be under-reported.

Therefore, by-catch rates are generally more accurately

estimated from data collected by observers onboard fishing

vessels. However, observer programs generally only include

vessels large enough to host fishery observers, impeding by-

catch rate estimates for small vessels (smaller than 7 m) using

this method. This is particularly problematic in the

Mediterranean Sea where the fishing fleet mostly comprises

small artisanal vessels (Sacchi, 2008). To overcome this issue,

the Food and Agriculture Organization (FAO) of the United

Nations has developed standardized questionnaires to be used in

surveys at landing sites (FAO, 2019). Therefore, combining data

collected through observer programs and questionnaire surveys,

using the FAO standardized protocol, is likely the best solution

to estimate by-catch rates. Nevertheless, other methods, for

instance, relying on self-declarations by fishing crews using

mobile applications, or other means, may also be used in

complement to refine by-catch estimates.

Criterion D1C1, as defined in the GES Decision, refers to the

mortality rate from by-catch, thus implying that only by-caught

individuals reported as “dead” should be included in the by-

catch rates calculation. Although it is likely the most easily

implementable, this method does not account for delayed

mortality of individuals released after being caught alive.

Indeed, several studies have reported relatively high post-

release mortality after by-catch for various types of fishing gear

(Álvarez De Quevedo et al., 2013; Swimmer et al., 2014; Parga

et al., 2020). Therefore, mortality rate calculations should not

only include by-caught individuals reported dead, but also the

number of released, live, individuals corrected using the best

available estimate of post-release mortality.

Another key parameter to calculate the mortality rate from

by-catch is population abundance, which is required to evaluate

the proportion of the population estimated to have died from

incidental capture. In the case of the Mediterranean region,
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including all sub-populations) and green turtles should be

estimated as part of the assessment of D1C2 (section 3.2.2.). In

the north-east Atlantic region, population estimates calculated

for the different RMUs, and published in the literature, should be

used (e.g. North-West Atlantic leatherback sub-population; The

Northwest Atlantic Leatherback Working Group, 2019).

Finally, the assessment of D1C1 requires the definition of a

threshold value to determine whether GES has been achieved.

One of the most commonly used approaches to set thresholds

for by-catch is the potential biological removal (PBR) approach.

PBR represents the mortality limit beyond which further

mortality would lead to depletion in the population (Wade,

1998). This approach was initially developed for marine

mammals and heavily relies on demographic parameters. More

recently, it has been applied to estimate by-catch mortality limits

for Mediterranean loggerhead turtles (Casale and Heppell,

2016). PBR estimated in this study thus constitute a good

starting point for the next MSFD assessment. As refined

demographic models become available, these estimates could

then be updated accordingly.

Overall, parameters used for the calculation of by-catch rates

and in demographic models (estimation of population

abundance and PBR) should be determined separately for

juveniles and adults. Moreover, demographic parameters vary

between sub-populations (Wallace et al., 2010a), and thus, the

appropriate demographic models should be used.

3.2.1.3 Proposed assessment approach

The proposed assessment approach for criterion D1C1,

based both on the trend in annual mortality rates from by-

catch and a threshold value (PBR), is detailed in Table 2.

3.2.2 Population abundance (D1C2)
3.2.2.1 Proposed indicator definition

The definition of GES for D1C2 states that “The population

abundance of the species is not adversely affected due to

anthropogenic pressures, such that its long-term viability is

ensured” (European Commission, 2017). Marine turtles occupy

two very distinct environments during their lifetime: the marine

environment where they spend most of their lives and the

terrestrial environment where they are born and where

females come back to lay their eggs. Accordingly, criterion
TABLE 2 Proposed definitions of the different environmental status categories (good, good based on low risk and bad) for MSFD D1C1 criterion.

Criteria (primary) Status

Good Good based on low risk Bad

D1C1 - The mortality rate per species
from incidental by-catch is below levels
which threaten the species, such that its
long-term viability is ensured.

Annual mortality rates from by-catch are
decreasing over the 6-year reporting
period AND below reference value
(removal target based on PBR).

Annual mortality rates from by-catch are
stable or increasing over the 6-year
reporting period AND below reference
value (removal target based on PBR).

Annual mortality rates from by-
catch exceed reference value
(removal target based on PBR)
during the 6-year reporting period.
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D1C2 should be assessed based on two parameters: the temporal

trends in population abundance at sea and at nesting sites.

3.2.2.2 Indicator measurement and data requirements

Trends in marine turtle population abundance at sea or at

nesting sites can be characterized using different methods.

Historically, population abundances have been estimated from

counts of nesting females or clutches on land. Because

monitoring animals on land is cheaper and logistically easier

than in the ocean, long time series of nesting activity data have

been collected through beach monitoring programs worldwide

(Stokes et al., 2014; Mazaris et al., 2017). For instance, in the

Mediterranean Sea, close to 40 years of nesting activity data

(number of clutches) are available for loggerhead nesting sites in

Greece (Casale et al., 2020b). As a result, these long time series

have been used to approximate trends in marine turtle

population abundance and evaluate their conservation status

(Mazaris et al., 2017). However, abundance estimates resulting

from beach monitoring are typically based on clutches, used to

estimate the number of turtles from demographic parameters

(clutch frequency and remigration interval), and bear

uncertainty that may undermine trend analysis (Matsinos

et al., 2008; Esteban et al., 2017; Ceriani et al., 2019).

Moreover, they are only based on a small fraction of the

population (adult nesting females) and studies have suggested

that at-sea monitoring should be included for more accuracy

(Bjorndal et al., 2010).

Population abundance at sea can be estimated using distance

sampling methods based on aerial and shipboard survey data, or

a combination of the two. In these methods, the number of

animals recorded along pre-defined transect lines is used to

estimate total surface abundances and densities within the whole

survey area (Thomas et al., 2010). Aerial surveys have been one

of the most powerful and commonly used tools to estimate fauna

abundance at sea (from jellyfish to marine mammals; cf.

Lauriano et al., 2017) and have been suggested as one of the

most robust approaches to gather information on marine turtle

abundance and density (Casale and Heppell, 2016; Warden et al.,

2017; Casale et al., 2018), as they allow estimations over large

areas (Lauriano et al., 2011; Seminoff et al., 2014) and provide

robust estimates (Panigada, 2021). In the Mediterranean Sea, a

few countries (i.e. France, Italy, Spain, Croatia) organize surveys

on a regular basis since 2009 (e.g. Lauriano et al., 2011; Laran

et al., 2021). Additionally, the first large-scale collaborative

survey, which covered most of the Mediterranean, was

organized by the ACCOBAMS (Agreement for the

Conservation of Cetaceans of the Black Sea, Mediterranean

Sea, and Contiguous Atlantic Area) Survey Initiative in

summer 2018 (Panigada, 2021). The analysis of these surveys

have recently enabled the estimation of marine turtle densities

over the entire Mediterranean Sea (Sparks and DiMatteo, 2020;

Panigada, 2021). Finally, additional aerial surveys implementing
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countries to meet MSFD reporting requirements.

Shipboard surveys using standardized protocols can also be

used effectively to estimate abundance at sea (Saavedra et al.,

2018; Doreıḿus, 2021). In particular, opportunistic platforms

are cost effective and can be used to collect seasonal data on

marine turtle distribution and abundance at sea (Arcangeli et al.,

2019; Vandeperre et al., 2019). While covering a limited area

over fixed routes, data collected from ferries can provide valuable

information on temporal trends in abundance at sea (Tepsich

et al., 2020), especially if used in combination with aerial surveys.

Moreover, based on the approach used for monitoring floating

marine macro litter (Arcangeli et al., 2020), methods have been

developed to sort individuals observed from ferry and aerial

surveys into size classes, giving information on life stages

(ISPRA, in press). Finally, other methods relying on sighting

data collected by fishery observers from dedicated transects can

allow for high observation effort over large areas. While

constrained by the dynamic of the fishing activity, this method

has been shown to represent a reliable alternative for estimating

trends in abundance using model-based approaches

(Vandeperre et al., 2019).

Lastly, population abundances at sea and nesting sites can

also be quantified using mathematical models. A variety of

models, including deterministic or stochastic structured (age-

or stage- based) population models (Caswell, 2001) and

individual-based models, (DeAngelis and Mooij, 2005) have

been developed and successfully used to estimate population

abundance and inform management decisions (Crouse et al.,

1987; Chaloupka, 2002; Mazaris et al., 2005; Casale and Heppell,

2016). Characterizing temporal trends in abundance using

demographic models has several advantages compared to

using statistical methods relying entirely on observation data.

First, these models can produce abundance estimates for each

individual life stage of any given sub-population, accounting for

differences in demographic parameters between RMUs.

Moreover, the effects of anthropogenic pressures, such as by-

catch, can be included into the models, allowing the calculation

of mortality limits (section 3.2.1.2). Finally, demographic models

can be used to make projections under different anthropogenic

pressure or climate scenarios (Mazaris and Matsinos, 2006).

However, a lot of data are required to estimate the demographic

parameters feeding these models. Therefore, approaches relying

on field observations and population modelling methods are

highly complementary.

3.2.2.3 Proposed assessment approach

As detailed in section 3.2.2.1, the assessment of criterion

D1C2 should be based on trends in population abundances both

at sea and nesting sites, estimated considering different analytical

methods (observation-based and modelling approaches;

Table 3). Due to high interannual variability in abundance
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estimates (Hays, 2000; Solow et al., 2002), it has been suggested

that long time series of at least 10 years of data are optimal to

detect trends in population abundance (Mazaris et al., 2017;

Piacenza et al., 2019). For this reason, the longest time series

available should be used for the assessment (Table 3). While

such long time series are available for nesting sites, observation

effort at sea has usually been less constant, limiting the length

and number of time series that can be used for assessment.

Therefore, until longer time series become available, trends in

abundance at sea should be characterized over the 6-year MSFD

reporting period (Table 3).

3.2.3 Population demographic
characteristics (D1C3)

Criterion D1C3 has been defined as a secondary criterion,

meaning that it should only be included in the assessment

process either to complement primary criteria or when, for a

particular criterion, the marine environment is at risk of not

achieving or maintaining GES (European Commission, 2017). In

this case, the status of D1C3 will be considered as good when

“The population demographic characteristics (e.g. body size or age

class structure, sex ratio, fecundity, and survival rates) of the

species are indicative of a healthy population that is not adversely

affected due to anthropogenic pressures” (European Commission,

2017). Although considered as secondary in the GES Decision,

D1C3 is in fact a key criterion. As mentioned in section 3.2.2.2,

the proper estimation of demographic parameters such as

fecundity or survival rates is essential to the development of

demographic models, and thus central to the assessments of

primary criteria D1C1 and D1C2 (sections 3.2.1 & 3.2.2).

While, further work is needed to effectively assess criterion

D1C3, approaches relying on field data, genetic studies and

modelling were discussed. Specifically, an approach based on the

evaluation of the adult/juvenile ratio, estimated from size

distribution data (“reaction norm of the size of sexual

maturity” method; Girondot et al., 2021) was considered as

particularly promising and is currently under development.

3.2.4 Population distributional range (D1C4)
3.2.4.1 Proposed indicator definition

Commission Decision (EU) 2017/848 indicates that good

status for criterion D1C4 is achieved when “The species
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distributional range and, where relevant, pattern is in line with

prevailing physiographic, geographic and climatic conditions”

(European Commission, 2017). Based on this definition, the

proposed assessment method relies on the proportion of change

in the observed distributional range of the species between

reporting cycles. Because marine turtles occupy different

habitats throughout their life cycle (Musick and Limpus, 1997;

Bowen and Karl, 2007), distributional range estimations should

be life stage-specific. In addition, the distributional range varies

seasonally (Lauriano et al., 2011; Luschi and Casale, 2014; Blasi

and Mattei, 2017; Arcangeli et al., 2019), and thus, different

seasons should be assessed separately.

3.2.4.2 Indicator measurement and data requirements

The observed distributional range of the species can be

estimated using data collected through monitoring programs

at sea and at nesting sites. In the case of nesting sites, beach

monitoring provides the data required for the assessment of

distributional range on land. At sea, aerial and shipboard

(including opportunistic platforms such as ferries) distance

sampling surveys (see section 3.2.2.2 for details) represent the

best source of data for the estimation of the species distributional

range. Additionally, observations recorded by stranding

networks (Dimitriadis et al., 2022) and citizen science

programs (Casale et al., 2020a) can complement aerial and

shipboard surveys.

Multiple statistical modelling approaches, relying on various

data sources and algorithms, can be employed to map the

distributional range of the species. For instance, kernel density

estimation or distance sampling combined with kriging methods

(based on the number of turtles observed per km of effort per

cell) can be used to calculate marine turtle densities and map the

distribution of these densities (Box 1). Based on obtained

distribution maps, the extent of the observed distributional

range can be quantified and spatial shifts in this distribution

identified (Box 1).

3.2.4.3 Proposed assessment approach

Following the different workshops, experts agreed that

available knowledge does not currently allow the quantitative

assessment of D1C4. Marine turtles are highly mobile organisms

and any change in their environment and prey distribution,
TABLE 3 Proposed definitions of the different environmental status categories (good, good based on low risk and bad) for MSFD D1C2 criterion.

Criteria (primary) Status

Good Good based on low risk Bad

D1C2 - The population abundance
of the species is not adversely
affected due to anthropogenic
pressures, such that its long-term
viability is ensured.

Increase in population abundance at sea
over 6 years AND at nesting sites over the
longest time series available. The outcomes
of the different estimation methods must be
in agreement.

The population abundance at sea over 6 years AND at
nesting sites over the longest time series available is
stable or increasing. The outcomes of the different
estimation methods may not agree as long as no
decline is detected.

Decline in population
abundance at sea over 6
years AND/OR at nesting
sites over the longest time
series available.
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either natural or human-caused, may significantly affect their

distribution (Polovina et al., 2000; Polovina et al., 2001; Luschi

et al., 2003; Hawkes et al., 2007; Revelles et al., 2007; Witt et al.,

2007a; Witherington et al., 2011). In particular, climate change is

expected to have a major impact on marine turtle distribution

and the suitability of nesting habitats (Witt et al., 2010; Pike,

2013; Almpanidou et al., 2016; Monsinjon et al., 2019; Patrıćio

et al., 2021). Consequently, variations in the observed

distributional range are particularly difficult to interpret. To

account for this difficulty, an option is to consider that GES is
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achieved when the distributional range remains stable between

reporting cycles. Nevertheless, a better understanding of

environmental and anthropogenic drivers of marine turtle

distribution will be necessary to finalize assessment approaches.

3.2.5 Extent of suitable habitat (D1C5)
3.2.5.1 Proposed indicator definition

The status of criterion D1C5 has been defined as good when

“The habitat for the species has the necessary extent and condition

to support the different stages in the life history of the species”
BOX 1 Estimation of the extent of distribution and shift over time using geospatial statistics (kriging).

Quantifying and mapping marine megafauna densities can be challenging due to spatially inconsistent observation effort and the scarcity of sightings. The
geostatistical method of Kriging, or spatial interpolation, allows the estimation of parameter values in areas where there is a lack of prospecting effort or even
outside the sampled area (Baillargeon, 2005; Oliver and Webster, 2013). To map the observed distribution of marine turtles in the north-western
Mediterranean Sea, observation data collected aboard ferries by the Fixed Line Transect Mediterranean Network (FLT MedNet) along 9-10 routes were used
(Arcangeli et al., 2019). These data were divided into two time periods (2013-2015 and 2016-2018) of equivalent observation effort during the summer season
(April to October). Number of sightings and effort per cell on a regular 50km x 50km grid were summed by period, and used to calculate linear encounter
rates per effort (sighting/km). A specific Kriging system was then applied to assess counts variability under a Poisson distribution assumption and to
interpolate encounter rates (Monestiez et al., 2006). To characterize spatial shifts between the two studied periods, a universal kriging approach was
employed (Bellier et al., 2009, 2010). Although not presented here, encounter rates can be converted into densities (number of individuals per km2) and
uncertainties calculated and mapped (David et al. submitted).

Results suggested that encounter rates in the north-western Mediterranean Sea were low (0.1 to 0.9 per 100 km; Figures 1A, B). Moreover, a significant
spatial shift in distribution was observed between the two studied periods (Figure 1C). For both periods, areas with the highest encounter rates were located
east of the Corsica and Sardinia islands (north of the Tyrrhenian Sea), and off the French continental coast, in the deep part of the basin.

BOX 1 FIGURE 1

(A, B) Distribution of the encounter rate of hard-shelled turtles estimated using kriging models under a Poisson distribution
assumption. The color scale indicates the estimated number of sightings per km of effort in summer (April to October) during
the (A) 2013-2015 and (B) 2016-2018 time periods. (C) Differences in the distribution of the summer encounter rate of hard-
shelled turtles between the two periods, 2013-2015 and 2016-2018. The color scale indicates differences in the number of
sightings per km of effort. Based on data from the Fixed Line Transect Mediterranean Network. Data source: Arcangeli et al.
2019; Supplementary Table 1.
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(European Commission, 2017). This definition explicitly

indicates that, as with D1C4, life stages should be individually

assessed. Furthermore, because marine turtles may occupy

different habitats in different seasons (section 3.2.4.1), a

seasonal assessment is also required for criterion D1C5. To

best fit the definition of GES for D1C5, assessing changes in

the extent of suitable habitats for the species between reporting

cycles has been proposed.

3.2.5.2 Indicator measurement and data requirements

While terrestrial habitats are only used for nesting, distinct

habitats for marine turtles have been identified at sea. In the

Mediterranean Sea, foraging, developmental and wintering

habitats used by loggerhead and green turtles have been

delineated (Casale et al., 2018) and should be considered in

the assessment of D1C5.

Several modelling approaches, relying on different types of

data can be applied to estimate the extent of suitable habitats. At

sea, suitable habitats can be effectively mapped using ensemble

of ecological niche models parameterized with species presence

records derived from field observations or satellite tagging data,

which have the advantage of providing precise geographic

location and information on the size/life stage and possibly sex

of the tracked individuals (Box 2). Moreover, tracking data

include information on individual behaviours, which can be

accounted for in species distribution models (Chambault et al.,

2021). Ecological modelling approaches based on locations

derived from tracking studies and climatic datasets have

already been used successfully to generate maps of suitable

foraging grounds for adult and juvenile loggerheads in the

Mediterranean (Almpanidou et al., 2021; Chatzimentor et al.,

2021). Whereas ecological niche approaches based on a

combination of different models have been shown to provide

more robust results (Araújo and New, 2007), single-model

approaches can also be applied for the assessment of D1C5.

Other modelling approaches, based on observation data

collected from aerial and shipboard surveys could also

represent effective tools to estimate the extent of suitable

habitat at sea (Box 3). As detailed in section 3.2.2, when

pooled together, aerial (Box 3A) and shipboard surveys (Box

3B) cover large spatial and temporal scales, and can be used to

parameterize large scale habitat suitability models (Virgili et al.,

2019). Moreover, habitat selection can vary for overwintering

and reproductive purposes. Therefore, seasonal ecological niches

should also be investigated using multi-variable modelling

approaches able to subset the selected environment by the

species (Box 3B).

Finally, in terrestrial habitats, modeling approaches that

include factors affecting the suitability of nesting beaches (e.g.

humidity, vegetation, erosion/accretion processes, topography,
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temperature etc.; Wood and Bjorndal, 2000; Fuentes et al., 2010;

Kelly et al., 2017; Patrıćio et al., 2021), should be considered. For

instance, models relying on temperature data can be applied to

assess the suitability of a nesting beach at fine spatiotemporal

resolution through the prediction of incubation duration, sex

ratio, and hatching success (Hays et al., 2017; Monsinjon et al.,

2019; Laloë et al., 2020). Over large spatiotemporal scales, nest

temperatures can be predicted using microclimate models

(Fuentes and Porter, 2013; Bentley et al., 2020) or data-driven

correlative approaches via air temperature and sea surface

temperature (Girondot and Kaska, 2015; Monsinjon et al.,

2017; Monsinjon et al., 2019; Turkozan et al., 2021).

Overall, the effectiveness of the proposed modelling

approaches depends on the careful selection of environmental

predictors. A large array of potential predictors has been

identified (e.g. bioclimatic variables, net primary production,

sea surface salinity, depth etc.) and should be tested to determine

which combinations of predictors are the most effective in

predicting habitat suitability. Moreover, assessing GES is a

rather complex, multidimensional process that requires

quantitative inputs for multiple parameters. Acknowledging

that data availability is often limited, multi-species modelling

and marine ecosystem models could support assessment

approaches if well parameterized and properly described. In

addition to observation and environmental data used to

parameterize the models, data collected through independent

sources (e.g. observations recorded by stranding networks and

citizen science programs) must ideally be used to validate model

outputs (Pinto et al., 2016).
3.2.5.3 Proposed assessment approach

The proposed approach to determine GES for criterion

D1C5 relies entirely on the trend in the extent of suitable

habitats (foraging, developmental, wintering and nesting

habitats) detected between reporting cycles (Table 4).

3.2.6 Integration methods
Integration methods for MSFD assessments have been

developed and proposed at the EU level for fish and seabird

GES criteria and indicators (Dierschke et al., 2021). Unlike other

components of Descriptor 1, D1-Reptiles is composed of a single

species group. Therefore, integration is only necessary at the

species, criteria, and when relevant, sub-population, life stage

and seasonal levels. Considering the small number of species,

sub-populations and life stages considered, the use of the One

Out All Out approach for integration at all levels is

recommended. That means, for instance, that the status of all

assessed species should be good for the entire species group to

achieve GES.
frontiersin.org

https://doi.org/10.3389/fmars.2022.790733
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Girard et al. 10.3389/fmars.2022.790733
4 Conclusions and future directions

The international cooperative effort initiated in 2019

resulted in a set of specific recommendations for the

assessment of the different MSFD D1-Reptiles criteria.

Quantitative indicators, associated data requirements and

assessment strategies were proposed for all four D1 primary

criteria. While the assessment of certain criteria such as
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D1C1, D1C2 and D1C5 may be feasible in the short term

(some data already available, established monitoring

program and/or validated assessment methods), key data

and knowledge gaps remain to be addressed to refine

assessment strategies and allow for the quantitative

assessment of all criteria (including D1C4 and secondary

criterion D1C3) and species in the Mediterranean and

north-east Atlantic regions.
BOX 2 Ensemble niche models applied to determine the suitability and extent of important Caretta caretta foraging areas (Almpanidou et al.,
2021; Chatzimentor et al., 2021)

A climatic niche modeling framework has been recently applied to spatially delineate key foraging habitats for adult (Almpanidou et al., 2021) and juvenile
(Chatzimentor et al., 2021) loggerheads in the Mediterranean basin. Satellite tracking data for more than 150 individuals, derived from the literature, were
georeferenced and digitalized. Focal points, indicative of foraging locations, were extracted and used as input locations for a number of algorithms (e.g. Generalized
Additive Models, Random Forests) that were applied to explore sea-scape suitability. Predictors included a number of bioclimatic variables produced based on sea
surface temperature data at a spatial resolution of less than 10km2. Bathymetric maps have also been used to delineate neritic and oceanic foraging grounds. In order
to avoid model overfitting and counterbalance the uncertainty inherent to the choice of the algorithm applied, an ensemble modeling framework was used. A number
of statistical test (e.g. AUC, TSS) were applied to assess performance of the models. Moreover, in the study of Almpanidou et al., (2021) novel field observations from
different locations across the Mediterranean were used to validate the accuracy of spatial predictions.

The analyses revealed that potential foraging areas for adult loggerheads were mainly distributed in the eastern and central parts of the Mediterranean, with most
of them located within the 200m isobath. Projected suitable habitats for adults covered about 15% of the total surface of the basin. Conversely, areas identified as
potential suitable foraging grounds for juveniles covered an extensive part of the western basin comprising both neritic and oceanic sites.

BOX 2 FIGURE 1

Potential habitat distribution of (A) adult and (B) juvenile loggerhead sea turtles as projected by final ensemble models. Distributions have
been binarized based on the threshold of maximization of the total sum of squares (TSS). Neritic areas of potential presence are represented
in red, while oceanic areas of potential presence are in blue. Data source: Almpanidou et al., 2021; Chatzimentor et al. 2021.
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BOX 3 Estimation of the extent of suitable habitat using observation data collected from aerial surveys and ferry routes.

Box A. Predicting habitat preferences from aerial surveys using Density Surface Modelling
Density Surface Modelling (DSM; Hedley and Buckland, 2004; Miller et al., 2013) consists in smoothing abundance or density spatially using the output of

Distance Sampling methods (Buckland et al., 2001; Thomas et al., 2010) and environmental covariates (e.g., depth, distance to the coast, sea temperature, salinity).
Such a spatial model (fitted using Generalized Additive Models) allows for mapping abundance or density while correcting for detection uncertainty. Here
observations of hard-shelled turtles in the Western Mediterranean from line transect distance sampling aerial surveys conducted in 2011-2012 (Marine Mammals
Aerial Survey: SAMM), 2018 (ACCOBAMS Survey Initiative: ASI), and 2019 (SAMM) were used. Transects were split in 5-km segments for which the number of
individuals was quantified. Using animal-observer perpendicular distances from SAMM, a probability of detection function was fitted, and the average probability of
detection (p = 0.63) and the Effective Strip Width (ESW = 128.6 m after the 5% highest distances were discarded as per Buckland et al. 2001) were used as offset terms
in DSMs. As exact animal-observer distances were not available from ASI, the detection probability was assumed to be similar to SAMM (aircrafts and procedures
were similar). Based on the ecology of marine turtles, 10 candidate environmental covariates were selected: (1) Average Sea Surface Temperature (SST) and (2) its
standard deviation, (3) average Net Primary Production (NPP), (4) average Sea Level Anomaly (SLA), (5) average Eddy Kinetic Energy (EKE), (6) average Sea Surface
Salinity (SSS), (7) average depth, (8) average slope, (9) closest distance to coast and (10) to 200-m isobath (see Supplementary Table 2 for details on data source and
original spatiotemporal resolution). To identify the most important environmental variables, DSMs were fitted with a negative binomial distribution for every
possible combination of parameters, and models with the highest deviance explained (>99th percentile) were considered as equivalent candidates. Among those, the
model with the fewest parameters was chosen. Longitude and latitude were then added to the selected model as additional covariates to account for unexplained
spatial patterns. The analysis was conducted using the ‘dsm’ R package (Miller et al. 2013).

Results suggest that the following variables are important components of the habitat of hard-shelled sea turtles in the Western Mediterranean: average SST and
its standard deviation, average SLA, average NPP, average SSS, depth and closest distance to coast (deviance explained = 38.8%). Longitude and latitude slightly
improved model fit (deviance explained = 42.6%). Based on this model, abundances were predicted monthly (over 2012-2018) on a 0.25°×0.25° grid. Over spring and
summer, turtles mostly aggregated in the Tyrrhenian sea (between mainland Italy and Sardinia) and in the Balearic sea, and were nearly absent below 40°N.
Predictions for autumn and winter were not presented because of important data gaps.

Box 3B. Seasonal ecological niches of loggerhead turtles in the Adriatic and Ionian Seas characterized from ferry data (Zampollo et al., 2022)
The ecological niches of loggerheads were recently investigated for turtles with body size > 20 cm during the winter (October –March, W) and breeding-nesting

(April – September, BN) periods in order to i) characterize spatial use within the central-southern Adriatic (AS) and north-western Ionian Sea (IS) during both
seasons, ii) identify environmental predictors characterizing the habitat selection, and iii) predict the potential suitability of these seas (Zampollo et al. 2022). Data
were systematically collected from December 2014 to February 2018, along fixed line transects using ferries as a platform of observation. Nine environmental
predictors were selected: bathymetry, slope, distance from shore, mean sea surface temperature (SST), SST min, SST max, SST yearly excursion range, April SST,
Particulate Organic Carbon (POC) and Chl-a. Maxent models (Phillips and Dudík, 2008) were used to extrapolate the suitable habitat from presence-only data and
predict the suitability over unmonitored regions. The level of distribution overlap between W and BN predicted niche was calculated using the Schoener’s D index
(Schoener, 1968).

BOX 3 FIGURE 1

Extent of preferred habitat estimated using Density Surface Modelling. The color scale indicates the estimated number of individuals in
spring/summer averaged over 2012-2018. Data source: Panigada, 2021; Laran et al., 2021; Supplementary Table 1.
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4.1 Addressing data and knowledge gaps

The recommendations presented in section 3, which are

based on expert opinion and on state-of-the-art scientific

knowledge, provide the ideal assessment framework by

accounting for the different aspects of the complex life history

of marine turtle species. However, the proposed assessment

methods rely on modelling approaches that require large and

diverse datasets. As a result, at this stage, quantitative

assessments may not be feasible for all species as some are

rarer and less studied (e.g. Kemp’s ridley in the north-east

Atlantic Ocean) than others (e.g. loggerheads in the
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Mediterranean Sea) or do not have established monitoring

programs. Moreover, existing geographical and temporal

biases in sampling effort are likely to affect assessments at

regional scales. For instance, in the Mediterranean Sea, more

data are available for neritic and oceanic environments in the

western compared to eastern basin, and thus, not all countries

will be able to provide the same level of assessment. Similarly,

more data are generally collected in the summer than in the

winter, complicating the interpretation of temporal trends.

Consequently, increasing sampling efforts for data-poor

species, seasons and geographical areas should be considered

a priority.
In the central-southern Adriatic Sea, the predicted distribution of loggerhead turtles during W or NB periods did not largely change. In the north-western
Ionian Sea, on the other hand, niches differed between the W and BN periods. Loggerheads selected their habitats based on different environmental variables
depending on the Sea and season considered. In particular, SST affected habitat selection differently: extreme cold temperatures defined the spatial use within the
AS duringW and BN, while extreme warm temperatures contributed to identify suitable areas during BN in the IS. This study confirmed previous descriptions of
the Adriatic Sea as an important foraging ground, and highlight the importance of considering seasonality when estimating habitat suitability.

A B

BOX 3 FIGURE 2

Habitat suitability maps obtained from Maxent during (A) the breeding-nesting (BN) and (B) winter (W) periods. Data source:
Zampollo et al., 2022; Supplementary Table 1.
TABLE 4 Proposed definitions of the different environmental status categories (good, good based on low risk and bad) for MSFD D1C5 criterion.

Criteria (primary) Status

Good Good based on low
risk

Bad

D1C5 - The habitat for the species has the necessary extent and
condition to support the different stages in the life history of the
species.

The extent of suitable habitats is
increasing between reporting
cycles.

The extent of suitable habitats
is stable between reporting
cycles.

The extent of suitable habitats is
decreasing between reporting
cycles.
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Additionally, certain existing datasets can be challenging to

get access to. This is particularly true for data on fishing effort,

necessary for the estimation of total bycatch as part of D1C1. For

example, vessel monitoring system data, which track large

fishing vessels, are often heavily protected due to privacy

issues and difficult to access. Therefore, effort should be made

at the national and international levels to facilitate the collection,

access and dissemination of these types of data, which are

required to carry out GES assessments for the MSFD and

other environmental policies.

In summary, key data requirements identified in the present

study include by-catch records (including actual mortality rates

and effort), tracking data, observations at sea (aerial surveys,

shipboard observation platforms) and at nesting sites, and

demographic data. In particular, the estimation of

demographic parameters has been set as a priority. Although

criterion D1C3 on population demographic characteristics has

been defined as secondary, it is in fact central to the assessment

of D1-Reptiles. While no assessment approach has been

proposed for D1C3, datasets required to estimate demographic

parameters were identified. In addition to sampling methods

mentioned in section 3, telemetry studies, mark-recapture

methods including genetic fingerprinting and data collection

by stranding networks and monitoring programs, should be

specifically prioritized to estimate key demographic parameters

(i.e. survival rate of different life stages, remigration intervals,

number of clutches per year, sex ratio etc.).

Overall, several of the data collection frameworks and

assessment approaches described in this study are the same as

those already implemented for the assessment of marine

mammal species under the MSFD (Palialexis et al., 2019).

Specifically, aerial and shipboard surveys have been used to

assess the distribution (D1C4) and abundance (D1C2) of

cetacean populations (based on OSPAR common indicator

M4b; OSPAR Commission, 2019). Similarly, data on by-catch

and fishing effort collected by fishery observer programs have

been used for the evaluation of harbor porpoise by-catch (based

on OSPAR common indicator M6; e.g. intermediate assessment

OSPAR, 2018). The fact that both data on marine turtle and

mammals (as well as other megafauna) are collected by fishery

observer programs and during aerial surveys will greatly

facilitate MSFD assessment for marine turtles.

Moreover, by identifying data requirement for MSFD

assessment, this study sets targets for future data collection,

informing monitoring programs implemented by member

states. The MSFD does provide the framework for EU

Member States to update their monitoring programs to cover

any data gap, and encourages joint regional monitoring

initiatives (Palialexis et al., 2021). Therefore, even if some of

the proposed approaches may not be feasible for the next MSFD

assessment in 2024, it is likely that they will be in the future.

In addition to filling data gaps, facilitating data sharing will

be key for future GES assessments. This can be done through
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collaborative initiatives, such as the one presented here, which

can provide a formal framework for data sharing. However,

making data publicly accessible using online data repositories

and/or platforms such as the Ocean Biodiversity Information

System (sea turtle data: https://seamap.env.duke.edu/species/

948946) remains the best way to support sea turtle

conservation and should be prioritized when possible.

Meanwhile, EU Member States can use alternative methods,

based on available observations (at sea and, when relevant, at

nesting sites) and demographic data. For example, in the absence

of effort data, the distributional range of the species (D1C4)

could be assessed based on presence data, instead of estimated

densities. Similarly, alternative methods, adapted to data-poor

environments and species, could be used to set thresholds.

Specifically, methods that are less data hungry than the PBR

approach have been developed to estimate by-catch mortality

limits, and could be used to set thresholds for D1C1 (Punt et al.,

2020). Moreover, mortality limits could be set based on existing

demographic models. For instance, population models

developed for loggerhead turtles suggest that annual mortality

rates of juveniles larger than 40 cm CCL (curved carapace

length) and adults should be less than 0.2 for the population

to maintain itself over the long term (Crouse et al., 1987; Heppell

et al., 2003; Casale and Heppell, 2016). Finally, in the case of

threatened and/or declining sub-populations, such as

leatherback turtles in the Atlantic Ocean, conservative

threshold values (e.g. 0.1% of the lowest population estimate;

ICES, 2020) could be also used until PBRs can be estimated.

These methods, that do not necessarily rely on modelling, would

be particularly useful to countries with limited funds and

research infrastructures.
4.2 Optimizing harmonization between
environmental policies

In Europe, marine turtles are covered by different policies, all

of which having their own assessment frameworks, indicators

and operational objectives (section 1.3). As a result, assessments

under these policies are generally based on different reporting

periods and carried out by different experts. To tackle

inconsistencies between assessment approaches and facilitate

harmonization between environmental policies, significant

efforts have been made to better synchronize reporting cycles

and areas, and to develop common indicators or optimize their

reuse for other policies. In the case of marine turtles, although

the number of criteria/indicators differ between policies (no

indicators proposed for OSPAR), existing indicators are

relatively equivalent (Palialexis et al., 2019). Moreover,

assessment areas considered in these policies overlap relatively

well, with Regional Sea Conventions generally covering most of

MSFD and HD assessment areas. Therefore, the basis for a good

harmonization between assessment approaches already exists.
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To ensure harmonization, having a common expert group

contributing to the different European Directives and Regional

Sea Conventions, as well as to commissions such as the Species

Survival Commission of the IUCN (which includes the MTSG),

is particularly important. Overall, the value of having an

international expert group focusing on marine turtle

conservation, and involved in the evaluation process under the

different relevant environmental policies, goes beyond the design

of standardized assessment and monitoring methods. Due to the

high mobility of marine turtles, international collaborations are

the only way toward the development of comprehensive and

effective management strategies.
4.3 Next step

The present study contributed to improving the assessment

process for marine turtle species under MSFD Descriptor 1. Now

that data requirements have been identified, a similar approach

as the one presented here could be employed to develop

standardized monitoring programs for the MSFD and other

environmental policies. On a broader scale, recommendations

regarding priorities for data collection, assessment and

monitoring should align with ongoing global initiatives. In

particular, proposed methods must be in line with effort

carried out by the MTSG including the IUCN status

assessments of marine turtle species, the update of RMUs and

the future designation of Important Marine Turtle Areas.

Overall, the framework applied in the present study (i.e.

expert gathering, consultation, common modeling efforts etc.)

could be adopted for other species of conservation interest.

While we acknowledge that indicators and thresholds should

reflect biological, behavioral and population dynamics features

of a target species, the approach presented here could offer a

baseline for delineating conservation priorities and status

assessments for other MSFD Descriptors.

In conclusion, this collaborative effort has provided a solid

basis for advancing our knowledge of marine turtles and

supporting their conservation. As the European Commission

recently adopted the EU Biodiversity Strategy for 2030, aiming

to protect 30% of European waters within the next decade, the

ability to adequately assess the status of charismatic marine

megafauna, such as marine turtles, will be key to determine

whether conservation goals are met. Overall, the MSFD, and

now the UN Decade of Ocean Science for Sustainable

Development (2021-2030), provide frameworks facilitating

international initiatives working at the science-policy interface,
Frontiers in Marine Science 18
such as the one presented here. In the future, similar initiatives

including decision-makers and managers in addition to scientists

will likely be central to strengthening the management and

protection of the oceans.
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Laran, S., Nivière, M., Genu, M., Doreıḿus, G., Serre, S., Spitz, J., et al. (2021).
Distribution et abondance de la mégafaune marine lors des campagnes SAMM cycle
I et II en Méditerranée Vol. 76 (La Rochelle, France: Observatoire Pelagis (UMS
3462, La Rochelle Universiteı/́CNRS). Rapport final& OFB.

Laurent, L., and Lescure, J. (1991). Hawksbill turtles in the Mediterranean Sea.
Mar. Turt. Newsl. 54, 12–13.

Lauriano, G., Panigada, S., Casale, P., Pierantonio, N., and Donovan, G. P.
(2011). Aerial survey abundance estimates of the loggerhead sea turtle Caretta
caretta in the pelagos sanctuary, northwestern Mediterranean Sea.Mar. Ecol. Prog.
Ser. 437, 291–302. doi: 10.3354/meps09261

Lauriano, G., Pierantonio, N., Kell, L., Cañadas, A., Donovan, G., and Panigada,
S. (2017). Fishery-independent surface abundance and density estimates of
swordfish (Xiphias gladius) from aerial surveys in the central Mediterranean Sea.
Deep Sea Res. Part II Top. Stud. Oceanogr. 141, 102–114. doi: 10.1016/
j.dsr2.2017.04.019

Loisier, A., Savelli, M. P., Arnal, V., Claro, F., Gambaiani, D., Sénégas, J. B., et al.
(2021). Genetic composition, origin and conservation of loggerhead sea turtles
(Caretta caretta) frequenting the French Mediterranean coasts. Mar. Biol. 168, 15.
doi: 10.1007/s00227-021-03855-6

Luschi, P., and Casale, P. (2014). Movement patterns of marine turtles in the
Mediterranean Sea: A review. Ital. J. Zool. 81, 478–495. doi: 10.1080/
11250003.2014.963714

Luschi, P., Sale, A., Mencacci, R., Hughes, G. R., Lutjeharms, J. R. E., and Papi, F.
(2003). Current transport of leatherback sea turtles (Dermochelys coriacea) in the
ocean. Proc. R. Soc B Biol. Sci. 270, 129–132. doi: 10.1098/rsbl.2003.0036

Maffucci, F., Corrado, R., Palatella, L., Borra, M., Marullo, S., Hochscheid, S.,
et al. (2016). Seasonal heterogeneity of ocean warming: A mortality sink for
ectotherm colonizers. Sci. Rep. 6, 1–9. doi: 10.1038/srep23983

Maffucci, F., Kooistra, W. H. C. F., and Bentivegna, F. (2005). Natal origin of
loggerhead turtles, Caretta caretta, in the neritic habitat off the Italian coasts,
central Mediterranean. Biol. Conserv. 7, 3–9. doi: 10.1016/j.biocon.2005.08.009

Margaritoulis, D., Argano, R., Baran, I., Bentivegna, F., Bradai, M. N., Camiñas,
J. A., et al. (2003). “Loggerhead turtles in the Mediterranean: Present knowledge
and conservation perspectives,” in Biology and conservation of loggerhead sea
turtles. Eds. A. Bolten and B. Witherington (Washington D.C: Smithsonian
Institution Press), 175–198.

Matsinos, Y., Mazaris, A., and Pantis, J. (2008). Evaluating the effect of varying
clutch frequency in nesting trend estimation of sea turtles. Amphibia-Reptilia 29,
361–369. doi: 10.1163/156853808785111968

Mazaris, A. D., Fiksen, Ø., and Matsinos, Y. G. (2005). Using an individual-
based model for assessment of sea turtle population viability. Popul. Ecol. 47, 179–
191. doi: 10.1007/s10144-005-0220-5

Mazaris, A. D., and Matsinos, Y. G. (2006). An individual based model of sea
turtles: Investigating the effect of temporal variability on population dynamics.
Ecol. Modell. 194, 114–124. doi: 10.1016/j.ecolmodel.2005.10.006

Mazaris, A. D., Schofield, G., Gkazinou, C., Almpanidou, V., and Hays, G. C.
(2017). Global sea turtle conservation successes. Sci. Adv. 3, 1–7. doi: 10.1126/
sciadv.1600730

Miller, D. L., Burt, M. L., Rexstad, E. A., and Thomas, L. (2013). Spatial models
for distance sampling data: Recent developments and future directions. Methods
Ecol. Evol. 4, 1001–1010. doi: 10.1111/2041-210X.12105

Monestiez, P., Dubroca, L., Bonnin, E., Durbec, J.-P., and Guinet, C. (2006).
Geostatistical modelling of spatial distribution of Balaenoptera physalus in the
northwestern Mediterranean Sea from sparse count data and heterogeneous
observa t ion e ffor t s . Eco l . Mode l l . 193 , 615–628 . do i : 10 .1016/
j.ecolmodel.2005.08.042

Monsinjon, J., Jribi, I., Hamza, A., Ouerghi, A., Kaska, Y., and Girondot, M.
(2017). Embryonic growth rate thermal reaction norm of Mediterranean Caretta
caretta embryos from two different thermal habitats, Turkey and Libya. Chelonian
Conserv. Biol. 16, 172–179. doi: 10.2744/CCB-1269.1
Frontiers in Marine Science 21
Monsinjon, J. R., Wyneken, J., Rusenko, K., López-Mendilaharsu, M., Lara, P.,
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