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Abstract

Marine mammal populations, particularly the common dolphin Delphinus delphis in the
North-East Atlantic, play an essential role as indicators of ecosystem health. Effective moni-
toring of these populations is essential for assessing anthropogenic impacts, especially in
the context of current threats such as fisheries bycatch. The MOTHY drift model, initially
designed for oil spills and then adapted to carcass drift, is being used in part of the North
East Atlantic (Bay of Biscay, English Chanel, and North Sea) to estimate the bycatch mortal-
ity of common dolphins. This study presents the parametrization of the drift model to estimate
the bycatch mortality of common dolphins in the Iberian Peninsula waters. By comparing the
actual stranding location of tagged dolphin carcasses off the Galician coast with their strand-
ing location predicted by the drift model, we determined the best setting for the environmental
input parameters. The results reveal that a 4 arc-minutes bathymetry resolution, coupled
with consideration for currents, optimally predicts stranding locations in the Iberian Peninsula
coast. The model’s accuracy in predicting stranding locations is 18.25 + 14.77 km. This adap-
tation not only contributes to the ongoing assessment of the impacts of bycatch on common
dolphin populations in the Iberian Peninsula, but also provides a standardized methodology
for estimating bycatch mortality at the population level. This work can also be used as a basis
for further applications for other small cetacean species in wider distribution areas, support-
ing comprehensive population-level assessments and management strategies.

Introduction

Continuous monitoring of marine ecosystems is essential to the proper assessment of the
impact of human activities at sea. In this context, marine mammals are valuable indicators of
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ecosystem changes [1] both from the top-down, through the signals present in their tissues,
and from the bottom-up, through their distribution patterns and movements at large scale [2].
To monitor marine mammal populations, it is necessary to obtain demographic parameters
that describe the population, including population size and mortality [3, 4]. To measure these
parameters effectively we need to determine the most relevant monitoring area for the popula-
tion, variously named assessment, conservation or management units. Marine mammals are
typically highly mobile species living over large areas at fairly low densities, making it difficult
to define population entities and collect the data on structure and abundance expected at the
right geographical scale [5].

Anthropogenic removal from a population with a slow life history, such as small cetaceans,
can have a major impact on its dynamics. With high investment in growth and high costs of
offspring rearing [6], small cetaceans have low maximum population growth rates, resulting in
a poor demographic resilience. Therefore, they are particularly vulnerable to population
decline when human activities result in additional mortality [7]. Fisheries bycatch is known to
be the first source of anthropogenic mortality for small cetaceans worldwide [8] and plays a
significant role in the decline of many populations, such as the harbor porpoise Phocoena pho-
coena in the Baltic Sea, the Commerson’s dolphin Cephalorhynchus commersonii in Argentin-
ian waters, the Burmeister’s porpoise Phocoena spinipinnis in Peru and the vaquita Phocoena
sinus in the Gulf of Mexico [9-12].

The common dolphin Delphinus delphis is an abundant small cetacean found in all oceans,
ranging from tropical to temperate waters. In the North-East Atlantic, the species is distributed
both in oceanic waters and on the continental shelf up to about 60°N [13]. It is commonly
agreed that all common dolphins inhabiting the North-east Atlantic area belong to the same
sub-population, even though uncertainty remains as to possible connections with common
dolphins living further west or south, and possible substructure supported by ecological tracers
[14-17]. An assessment unit has been established to implement consistent indicators and
methodologies to monitor the North East Atlantic population [14]. The area covers OSPAR
Regions IT (Greater North Sea), IIT (Celtic Sea), and IV (Bay of Biscay and Iberian coast) [18].
In this assessment unit, the abundance of common dolphins was estimated at 634,286 individ-
uals (CV =0.307; 95% CI: 352,227-1,142,213) in the summer of 2016 from the Observe pro-
gram and SCANS-IIT aerial and shipboard surveys [17]. This number includes both common
dolphins and unidentified dolphins (probably common dolphins or striped dolphins (Stenella
coeruleoalba) [17]. Another estimate for the same year, focusing solely on common dolphins
and based on campaign data (excluding observational programs), indicated a population of
467,673 individuals (95% CI: 281,100-778,000) [19]. More recently, following the same meth-
odology, a total of 439,212 common dolphins (95% CI: 309,153-623,987) was estimated during
the summer of 2022 from SCANS-IV aerial and shipboard surveys [20].

With the aim of assessing the conservation status for this sub-population, it is essential to
estimate anthropogenic mortality levels at the population scale, especially mortality by bycatch.
Two methods are used. The first method consists in estimating bycatch mortality by imple-
menting on-board observer programs or remote digital monitoring systems [21]. Remote digi-
tal monitoring, like on-board cameras, is considered as the least biased monitoring system,
followed by dedicated observer programs, while multitasked fishery observer programs are
considered the most biased [22]. On-board cameras offer potential solution but faces many
challenges, primarily due to a large majority of fishermen being reluctant to equip their boats.
This reluctance stems from a strong perception of intrusion into their private lives and a deep
mistrust regarding how the data will be used [21, 23].

The second approach is to use stranding data series to estimate total bycatch mortality by
using a drift model [24]. The drift model MOTHY (Modéle Océanique de Transport
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d’HYdrocarbures), initially designed for modelling the drift of oil slicks and floating objects of
interest to maritime safety operators [25, 26], has been adapted to predict the drift of small
cetaceans [27]. Based on stranded animals with bycatch marks and environmental drivers, the
model can estimate the areas where they most likely died and the total number of animals that
died at sea taking carcass buoyancy and stranding probability into account. Since 2019, this
method has been used by the Working Group on Marine Mammal Ecology (WGMME) and
the Working Group on Bycatch Protected Species (WGBYC), which meet every year under
the International Council for the Exploration of the Sea (ICES), as a complement to on-board
observations [28]. These estimates were also incorporated into the work of the ICES working
group aimed at evaluating the emergency measures requested by Non-Governmental Organi-
zations (NGO) to the European Commission. This work provided estimates of common dol-
phin bycatch in the Bay of Biscay, in order to evaluate the relevance of the measures requested
by NGOs, and to propose scenarios for fishery closure to meet different conservation objec-
tives [29, 30]. Additionally, this method offers spatial and temporal representations of bycatch
events, identifying probable mortality locations. When combined with other data sources, this
tool provides valuable insights for decision-makers and stakeholders [31]. This second method
of bycatch mortality estimation is used in the Bay of Biscay, as well as the English Channel and
the North Sea, three subregions of the assessment unit. However, the mortality of common
dolphins in the entire Iberian Peninsula is less well known. Incidental catches in the area are
known from strandings and interviews with fishermen in Galicia and Portugal [8, 32-35].
Some estimates have focused on specific areas and fisheries, such as pairtrawler in northern
Spain [36], or based on data from on-board observer programs [30]. To date, the bycatch esti-
mates of the fishing industry covering the entire Atlantic region west of the Iberian Peninsula
are lacking.

To estimate mortality based on stranding data in the Iberian Peninsula and, hence have a
common approach for estimating and assessing bycatch across most of the OSPAR Region, it
is proposed to adapt the method used in the Bay of Biscay, the English Channel, and the North
Sea to the Iberian Peninsula. This would be an important step toward the assessment of
bycatch mortality over the whole common dolphin assessment unit with a standardized meth-
odology. A common indicator would provide a more comprehensive and consistent under-
standing of bycatch mortalities and their impact on the North-East Atlantic subpopulation of
common dolphins, to implement effective management and conservation measures. There-
fore, the main objective of the present work is to adapt the drift model to a new area by select-
ing the most appropriate setting for calculation methods and environmental parameters
following the principles initially developed in the Bay of Biscay, the English Channel and the
North Sea [27].

Materials and methods
Study area

The study area covers the Atlantic waters of the Iberian Peninsula along the Portuguese main-
land coast and the north-western Spanish coast. It includes the coasts of Algarve, Alentejo,
Center and North of mainland Portugal, and Galicia in Spain. The continental shelf is rela-
tively narrow, 40 to 50 km wide off Portugal and 30 km wide further north [37]. Overall, the
coastline is dominated by rocky coasts, interrupted by extensive sandy beaches in northern
Portugal and in the eastern part of Algarve. In northwest Spain, the Galician coast features a
variety of landscapes, including sandy beaches, rocky platforms, and cliffs [38]. The study area,
which extends from 35°N to 45°N and from 15°W to 5°W (Fig 1), is divided into 195 statistical
squares of equal size (60 km x 60 km). All maps were generated using the ggplot2 package
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Fig 1. Boundary of the study area (in red) covering the coasts of the western Iberian Peninsula.

https://doi.org/10.1371/journal.pone.0315593.9001

(version 3.5.1), the s f package (version 1.0.14), and the marmap package (version 1.0.10) to
extract bathymetric data from the NOAA database, in R (version 4.2.1; R Core Team, 2022).

General experimental design

Common dolphin bycaught, tagged dead by fishermen, released at sea, and recovered stranded
were used in order to validate the parameters that are the best suited to predict dolphin carcass
drift and stranding off the Atlantic coast of the Iberian Peninsula. The method is divided into
four stages (Fig 2) following the strategy implemented earlier in the Bay of Biscay [24]. The
first stage involves collecting data from tagged dolphin carcasses, including the date, time and
location of the tagging and the location of the stranding of the tagging carcass (1). The second
stage involves simulating the drift trajectories of tagged and stranded dolphins carcasses by
testing various environmental parameters (different bathymetry accuracy, presence or absence
of low-frequency currents) and computation option (computational time) (2). The set of
parameters that best simulates the trajectory closest to reality for the tagged carcasses are then
selected (3). Finally, the trajectories of all the tagged carcasses are simulated to determine the
accuracy of the model in predicting the stranding location of a carcass (4).
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Fig 2. Schematic representation of the experimental strategy. The ‘MOTHY’ box indicates where the drift model was used in the process (between steps
(1) and (2), and between steps (3) and (4)). The white dots represent the tagging location, and the black diamond represents the actual stranding location.
The dashed lines represent the trajectory of simulated drifts, (2) with each color representing a set of parameters. (3) Points and dashed lines in grey
represent the trajectoires simulated with unselected parameter sets. The distance between the predicted and the actual stranding locations is indicated by
white diamonds. (4) Numbers correspond to tagged carcasses with the drift trajectory simulated by MOTHY paramatrised.

https://doi.org/10.1371/journal.pone.0315593.g002

Tagging and stranding location data

Off the coast of Galicia, Coordinadora para o Estudo dos Mamiferos MArinos (CEMMA), in
collaboration with fishermen, tagged bycaught cetaceans between 2007 and 2012. Bycaught
cetaceans, primarily common dolphins, were recovered dead on board and tagged with plastic
rings bearing a unique identifier. For each individual, the species, size, date of capture, and
type of fishing gear used were recorded. The cetaceans were then released at sea with their GPS
location noted at the time of release. Bycatches were observed in three types of fishing gears:
pair trawls, gillnets, and trammel nets. Of the 24 dolphins tagged, only five individuals were
found stranded on the coast in 2009 and 2010, which were used for analysis (Fig 3).

Presentation of the drift prediction model

The drift prediction model MOTHY was developed by MétéoFrance, the French national
meteorological agency. MOTHY is an integrated system that includes hydrodynamic coastal
ocean modelling and real time atmospheric forcing from a global or limited area model. The
aim was initially to predict the trajectory of oil slicks or floating containers to inform maritime
safety operator [25]. This model can predict the drift of floating objects considering different
forcing parameters such as tides, winds and currents. MOTHY integrates high-frequency com-
ponents of currents driven by wind and tide with low-frequency currents associated with
large-scale ocean circulation. The high-frequency component is modeled through an
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Fig 3. Tagging and stranding locations of the five bycaught dolphins in 2009 and 2010 in Galicia (Spain). Release locations are represented by circles
and stranding locations are represented by diamonds. Color codes represent specific individuals. The black symbols represent the location of two
overlapping individuals.

https://doi.org/10.1371/journal.pone.0315593.9003

integrated hydrodynamic model connected to an advanced Ekman-type scheme. The low fre-
quency component is sourced from operational oceanography system, using currents obtained
at a fixed depth representative of the mean depth of the Ekman layer, with a technique similar
to that described in [39]. The model was adapted to small cetaceans in the Bay of Biscay, the
English Channel, and the North Sea [24] by adjusting the buoyancy rate and the wind resis-
tance of the carcass. Winds were provided by the European Centre for Medium-Range
Weather Forecasts via MétéoFrance, at 6-hourly resolution. The ocean currents data used in
this study have a daily temporal resolution and a spatial resolution of 0.083°. These data are
extracted from the GLOBAL_MULTIYEAR_PHY_001_030 product of the Mercator Ocean
model, available on the Copernicus Marine Environment Monitoring Service website. This
product is derived from the Operational Mercator global ocean analysis and forecast system at
a 1/12 degree resolution, validated by observations. It provides long-term reanalysis from Jan-
uary 1, 1993, to May 28, 2024, making it particularly suitable for climate studies. Bathymetry
data for the Iberian coast is provided by the General Bathymetric Chart of the Ocean at resolu-
tions ranging from 1 arc-minute to 5 arc-minutes.

Two simulation directions are available. The direct drift consists of having an initial loca-
tion at sea on day named Dy, and an endpoint on day named D; with D; = Dy + number of
drift days. This direction can be used to determine where a dolphin bycaught at sea should
strand. The reverse drift consists in starting from a stranding point on land on day D, and
obtaining the initial location on day Dy with Dy = D; — number of drift days. The aim is to find
the origin of stranded animals. Two methods of calculation are available: either a deterministic
method or a probabilistic method. The deterministic approach predicts one drift at a time, so
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only one trajectory is predicted for each cetacean. The probabilistic approach predicts 8671
drifts for each cetacean with a combination of different buoyancy rates, floating behavior and
surface wind.

In this study we use the direct drift direction with the deterministic approach.

Parameters selection

For each dolphin, the carcass drift was simulated, using direct drift, with the initial point of the
drift was the release location at sea. Five bathymetry data spatial resolutions were tested, rang-
ing from the finest to the most degraded resolution (from 1 to 5 arc-minutes). The resolution
of the bathymetry influences the drifts made in shallow waters (< 100m) by taking better
account of the details that influence currents. The inclusion of low-frequency currents in drift
modeling was also evaluated (simplified by the term “currents” for the rest of the analysis).
Wind and surface currents are systematically taken into account in the simulations.

From those, the set of parameters that predict the most realistic location of the stranding
was selected based on two criteria. The first criterion was the computational time, which can
be a limit when large numbers of drifts are calculated. The second criterion was the distance
between the real and the predicted stranding location for each individual. Based on the fact
that the work is carried out on a regional scale, it is assumed that when the distance is less than
10 km, the pair of parameters can be selected as having an accurate prediction. In the event
that the distances exceed 10 km for all combinations, the combinations associated with the
three shortest distances are selected. If the drift simulation did not result in stranding on
shore, then the distance between the predicted stranding and the real stranding could not be
calculated and was indicated as N/A. A Kruskal-Wallis test was conducted to evaluate the dif-
ferences in measured distances among the parameter groups identified as the most accurate.
This choice is justified by the small sample size, which necessitates the use of a non-parametric
test to ensure reliable results.

Drift simulations of all tagged dolphin carcasses

The direct drift of the 24 tagged carcasses was predicted over 25 days using the best set of
parameters. Simulations are based on the assumption that all dolphins would float and that if
they reach the coast they would be reported to the local authorities. This analysis focuses on
two different aspects: firstly, the number of dolphins predicted to be stranded that are indeed
found ashore; secondly, the total number of dolphins predicted to be stranded, whether or not
they are eventually found. In other words, we examine both the accuracy of the model’s predic-
tions by comparing observed results with positive predictions, and the overall coverage of the
model by considering all predicted cases, whether confirmed by observation or not.

Ethics statement

This work reports new results that have not been previously reported and will not be reported
elsewhere. This work has been carried out in accordance with the European regulation on the
use of stranded dead cetaceans for scientific and conservation purposes. The authors have
therefore followed the general guidelines for the ethical use of animals in research, the legal
requirements in Europe. No live animals were used in this study, only dead cetaceans bycatch
and/or found stranded along Galician coast in Spain. No samples were used in this study. The
administrative authorisation for the handling of specimens stranded or rescued off the coast of
Galicia, the collection and preservation of their biological samples and the performance of nec-
ropsies for scientific and conservation purposes was granted by the Spanish Ministry of Eco-
logical Transition and Demographic Challenge.
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Table 1. Simulated trajectory characteristics of five common dolphin carcasses (I, IL, III, IV, V) tagged in 2009 and 2010.
2009

Bathymetry resolution 1 arc-minute 2 arc-minutes 3 arc-minutes 4 arc-minutes 5 arc-minutes

with currents

Computational time 7:25:00 0:40:00 0:08:00 0:03:30 00:01:30
Distance real/ predicted stranding .20 km L. 25 km I.17 km L. 23 km L. 16 km
II. 9 km II. 9 km II. 20 km II. 5 km IL. 5 km
III. 10 km III. 10 km III. 1 km III. 8 km III. 8 km
without currents
Computational time 7:00:00 0:46:00 0:06:30 0:03:00 00:01:30
Distance real/ predicted stranding I. 18 km I. 18 km .19 km L. 23 km I. 18 km
II. 10 km II. 10 km I1. 17 km II. 6 km II. 11 km
I 11 km IIL. 11 km III. 19 km IIL. 1 km III. 11 km
2010
with currents
Computational time 5:10:00 0:25:00 0:04:45 0:02:00 00:01:00
Distance real/ predicted stranding IV.N/A IV.N/A IV.N/A IV.N/A IV.N/A
V.N/A V.N/A V.27 km V.37 km V.N/A
without currents
Computational time 04:45:00 0:25:00 0:05:00 0:02:00 00:01:00
Distance real/ predicted stranding IV.N/A IV.N/A IV.N/A IV.N/A IV.N/A
V.25km V.25km V.99 km V.37 km V. 181 km

The computational time line corresponds to the time taken to calculate all strandings. The distance between actual and predicted stranding is given in kilometers for

each carcass. Simulated trajectories of the carcasses are shown in Fig 4.

https://doi.org/10.1371/journal.pone.0315593.t001

Results
Parameters selection

The first criterion, the computational time, strongly depends on the accuracy of the bathyme-
try. The use of bathymetry with a resolution of 1 arc-minute leads to trajectory calculation
times ranging from 4h45 to 7h25 (Table 1). These calculation times seem too high for a large-
scale application of this model (i.e. simulation of several hundred trajectories). It will therefore
not be considered as a potential parameter of the model. Using a resolution of 2 arc-minutes,
the calculation time is between 25 minutes to 46 minutes. Bathymetric resolutions 3, 4 and 5
arc-minutes have calculation times shorter than 10 minutes. The shortest computational time,
between 1 minute and 1 minute 30, corresponds to the least precise bathymetry (5 arc-
minutes).

The second selection criterion was the distance between the real and the predicted strand-
ing location for each individual. The wind and surface currents is always considered in the
model by default. As mentionned above, the inclusion or not of the currents refers to low fre-
quency currents. The trajectories of carcass IV are excluded from the selection of parameters
because the drift simulation never led to a stranding (Table 1, Fig 4B).

In the case of carcass I, the three shortest distances between the real and predicted stranding
are 16 km, 17 km and 18 km. Consequently, the combinations selected are the bathymetric res-
olution of 2 arc-minutes without the addition of currents, the bathymetric resolution of 3 arc-
minutes without currents and the bathymetric resolution of 5 arc-minutes with and without
the addition of currents. The trajectory of carcass II is more accurately predicted with a 4 arc-
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Table 2. Summary of the results for each carcass drift (I, II, III, and V) to select the best parameters to fit the model.

Bathymetry resolution 2 arc-minutes 3 arc-minutes 4 arc-minutes 5 arc-minutes

Currents With Without With Without With Without With Without

Carcass I X v v X X X v v
II v X X X 4 v v X
111 X X v X 4 v v X
\4 N/A v v X v v N/A X

The check mark means that the parameters were selected as more accurate. N/A means that the model with its parameters failed to predict the stranding of the carcass.

https://doi.org/10.1371/journal.pone.0315593.t002

minutes resolution, both with and without currents, and with 5 arc-minutes resolution with
currents (Table 1, Fig 4A). The trajectory of carcass III is more accurately predicted with a 3
arc-minutes resolution, considering the addition of currents, and with a 4 arc-minutes resolu-
tion without the addition of currents. Predictions using 4 and 5 arc-minute resolution bathym-
etry and the addition of currents also remain satisfactory in terms of accuracy for the
trajectory of carcass III (Table 1, Fig 4A). In the case of carcass V, the three shortest distances
between the real and predicted stranding are 25 km, 27 km and 37 km. Consequently, the com-
binations selected are the 2 arc-minutes resolution without currents, a 3 arc-minutes resolu-
tion with currents, and a 4 arc-minutes resolution both with and without currents (Table 1,
Fig 4B).

When comparing the results for each carcass, several sets of parameters demonstrated con-
sistency across three trajectories (Table 2). The parameter pairs with a bathymetric resolution
of 5 arc-minutes and currents were selected for carcasses I, II, and III; however, they failed to
simulate the stranding of carcass V. As a result, this set of parameters is not considered a valid
option. Conversely, the sets of parameters with a bathymetric resolution of 4 arc-minutes,
both with and without currents, showed consistency for the trajectories corresponding to car-
casses IL, ITI, and V. Additionally, the set of parameters with a 3 arc-minute resolution and cur-
rents is retained for carcasses I, III, and V (Table 2). The Kruskal-Wallis test revealed that
there was no significant difference in the distances between the sets of parameter (Kruskal-
Wallis chi-squared = 0.126, df = 2, p = 0.939). These results suggest that the use of these sets of
parameter does not significantly influence the distances between simulated and actual strand-
ing locations. The bathymetric resolution of 4 arc-minutes is favored over 3 arc-minutes due
to its faster computational time (Table 1). Considering that the use of currents did not signifi-
cantly affect accuracy or calculation time, and given the small sample size, the decision has
been made to use 4 arc-minutes bathymetry resolution data together with currents as the input
parameters for MOTHY in the Iberian region. The inclusion of currents is motivated by their
potential impact on other trajectories in the study area, beyond the sampling region consid-
ered here.

Drift simulations of tagged dolphin carcass

Of the 24 tagged individuals, stranding was predicted for 10 carcasses after 25 days of drift (Fig
5). Of the five individuals found on-shore, four carcasses were predicted by the model to be
stranded (in blue). A total of six carcasses were predicted to be stranded but were not detected
by the stranding networks (in brown). Finally, only one carcass predicted not to strand was
found stranded (in pink). The average time between the location of release at sea and the
stranding location was 10.43+10.45 days. The distance between the real stranding location and
the predicted stranding location was 18.25+14.77 km (Table 1).
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Discussion

The tests carried out on the drifts of the five tagged carcasses of common dolphins allowed us
to determine that the 4 arc-minutes resolution bathymetry and the use of currents are the best
combination among those tested in the Iberian Peninsula. Although the use of currents did
not have a significant effect on the trajectories of these five individuals, we believe that in some
cases the currents could influence the drift of a floating carcass in the whole area. Around
Spain and Portugal, the currents derive from the circulation of the North Atlantic gyre, with a
current that can carry the carcasses southwards along Galicia and Portugal, and a current that
carries them eastwards along the Spanish coast of the Bay of Biscay. By choosing to keep the
currents in the model parameters, we expect to be closer to reality in most cases.

A higher number of tagged dolphins could highlight other combinations of input parame-
ters. Given the accessibility of the data, a long-term effort is required to finalize the model. For
instance, the model in the Bay of Biscay was first fitting from about 100 dolphins tagged on
fishing boats, and is updated every year over 10 years [24]. In 2010, the trajectory of the carcass
IV can not be used because the predicted trajectory was too far from the actual stranding loca-
tion. This is the most northerly released individual in Galicia and no other dolphins were
tagged in this area to compare whether this was due to specific environmental conditions in
this area, or other factors. At this stage, we consider the carcass IV as a false negative, indicat-
ing that the model can be further improved. A larger number of tags will also allow us to mea-
sure the sensitivity and accuracy of the model. Another limitation was the restricted release
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area of the five tagged dolphins off the coast of Galicia. It would be useful to increase the num-
ber of tags, but also to extend the tagging experiment area in Portuguese waters. The compro-
mise between large-scale deployment and the specificity of local conditions, such as the
currentology of the Galician rias, can be difficult to find [40-42]. As with the trajectory of car-
cass IV, the model can sometimes fail to predict the real stranding location. This may be due
to a failure to account for local currents, gyres, coastal currents or frontal zone. Dolphins may
also strand but remain undetected, be picked up by the tide and then strand in another loca-
tion, a process that the model cannot predict. More generally, given the large number of drifts
used, we consider that the impact of these drifts may be insignificant in the final estimates.
However, further studies are needed to better understand why the model fails to predict the
real stranding location with other tagged carcasses in the same area and to adjust the model if
the problem is an environmental parameter. In addition, a consistent pattern emerges about
the computational time: the trajectory calculation time increases with greater bathymetry
accuracy. Moreover, increasing the resolution does not lead to a improvement in the accuracy
of the predicted versus actual stranding locations for all individuals. Furthermore, a high level
of precision does not contribute to improved accuracy in the distance between the predicted
and actual stranding for all individuals (Table 1). This can be explained by the fact that the
continental shelf to the west of the Iberian Peninsula is very narrow, between 30 km and 50
km wide, with a shelf break depth of about 160 m [37, 43]. When bathymetry is less than 100
m, its influence on drift currents becomes more significant. As a result, the use of bathymetry
with a resolution of 4 arc-minutes would be sufficient to model the drift of small cetaceans.

The movement of an object drifting on the sea surface is mainly influenced by several forces
acting on its surface: wind, currents and waves. In our simulations, wind and surface currents
are systematically considered. The surface currents generated by waves is known as the Stokes
drift [44]. Stokes drift can be caused by wind seas (waves generated by the local wind) and
swell (waves that are no longer under the direct influence of the wind that generated them).
Only waves generated by the local wind are taken into account in MOTHY. Simulations of the
effect of swell on oil spill drift have given mixed results: for example, they were less accurate
for the Erika drift but showed an improvement for the Prestige accident [26, 45]. In addition,
Dagestad and Rohrs [46] have shown that incorporating Stokes drift into a drift model
improves predictions for fully submerged objects, but has a limited impact for objects exposed
to the surface wind. Thus, Stokes drift is therefore partially integrated into MOTHY with the
sea wind, while swell is neglected as it is considered to have less impact on dolphin carcasses
that are not fully submerged.

A number of methodologies have been devised to ascertain the provenance of megafauna
found stranded, with a view to elucidating the observed trends [47]. The initial approaches
were developed in the context of oil spills pollution, which primarily impacted seabirds. The
aim of these studies was to release drifters or tagged animals at sea in order to estimate the pro-
portion of oiled seabirds that died at sea and were subsequently found stranded [48, 49]. In
more recent times, these approaches have also been employed to assess the significance of
megafauna mortality, such as turtles [50-52], seabirds [53-55], otters [56, 57] and cetaceans
[24, 31, 58]. Hydrodynamic models, such as MOTHY, which is based on the drift of water
masses, are commonly used for simulating the movement of carcass at sea. Haelters et al.
(2006) used a hydrodynamic drift model to determine the origin of porpoises stranded along
the Belgian coast [59]. For sea turtle strandings, several approaches have been investigated. In
2006, Hart et al. used drift and currents models for their studies [60]. Later, in 2013, Nero et al.
used an AMSEAS (American SEAS) hydrodynamic model based on the Navy Coastal Ocean
Model [61]. Santos et al.(2018) used the Ichthyop software, originally designed for
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ichthyoplankton drift, to model sea turtle drift [51]. Finally, in 2019, Liu et al. applied an
advanced community ocean model for the same purpose [62].

However, many of these models primarily take into account the movement of particles in
the water mass, often neglecting or insufficiently considering the influence of wind on the
emerging part of drifting objects. This factor can significantly impact drift trajectories, espe-
cially depending on the species under study. Regarding the drift of small cetacean carcasses,
immersion rate is one of the most sensitive parameters affecting carcass drift simulations [24].
The utilisation of an object drift model, such as MOTHY, allows for the dimensions of the
object in question to be taken into account, thereby improving drift predictions in terms of the
wind and surface currents generated. in addition, the model can be employed to apply buoy-
ancy parameters, which exert a considerable influence on drift speed [24].

Whatever model type is used, they all rely on the same basic parameters, namely wind and
surface currents. Other parameters may be added depending on the area, such as tidal fluctua-
tions [51, 63], wave strength or water temperature [62]. Tidal fluctuations were not accounted
for in this study, as the tidal model for the area has not yet been developed by Météo France
and integrated into MOTHY. However, it would be valuable to test the influence of this
parameter once the model becomes available, to assess whether tides significantly impact drift
trajectories in this area.

The decision to use the deterministic method rather than the probabilistic one is an advan-
tageous in terms of population management. The management unit area for the North-East
Atlantic population of common dolphins comprises OSPAR Regions II (Greater North Sea),
III (Celtic Sea) and IV (Bay of Biscay and Iberian coast) [64]. In the Bay of Biscay, the drift
model utilizes a deterministic calculation method to assess bycatch mortality. Adopting a simi-
lar approach enables the incorporation of mortality estimates for the Iberian coast within the
OSPAR Region IV management unit. This allows for more accurate estimates of bycatch mor-
tality at the population level based on strandings.

The modelling of all tagged dolphins showed that the majority of those found stranded
were predicted to be stranded. Of the five animals found stranded, only one was not predicted
to be stranded. In addition to these four animals, a further six carcasses were predicted to be
stranded. However, the stranding network did not detect all tagged animals as stranded. This
could be explained by the likely high proportion of dolphin that float. The most recent estimate
of the proportion of floating carcasses is 24% CI[17;32] in the Bay of Biscay [65]. The remain-
der sank and were consequently lost for the stranding process. It is possible that these six car-
casses had sunk and therefore could not get stranded. A large number of tagged carcasses
would be needed to determine a rate specific to Iberian waters. Another explanation could be
the advanced state of decomposition of the carcasses. In a highly decomposed state, the tag
may likely have separated from the animal’s body preventing its proper identification. Alterna-
tively, as mentioned above, dolphins carcasses may also strand but remain undetected, be
picked up by the tide.

Reverse drift models can be used to retrace the trajectory of a carcass from the stranding to
the site of death. Identifying areas of mortality is essential for the conservation of vulnerable
species, as it allows the identification of areas and potential conditions that may be detrimental
to specific populations. This information is of the utmost importance if management measures
are to be implemented. For example, in Cape Cod Bay, Massachusetts, the study of Kemp’s rid-
ley turtle (Lepidochelys kempii) strandings revealed a possible link with cold temperatures that
the individuals could not tolerate [62]. Similarly, a contaminated area with botulinum toxin
was identified in northern Lake Michigan based on common loon (Gavia immer) strandings
[54]. In addition, estimating areas of higher mortality can highlight the overlap between
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megafauna occurence areas and fishing activities, as has been observed for sea turtles in Vir-
ginia’s Chesapeake Bay [51], as well as for small cetaceans and fishing efforts in the Bay of Bis-
cay [63].

This study identifies key parameters for adapting a small cetacean drift model to new
regions. Initial work can begin with a limited number of tags and later on, it can be refined by
continuing the tagging of bycaught dolphins. The model is used to estimate mortality from
strandings using reverse drift calculations. When applied to a management unit like the
North-East common dolphin, this approach improves population-level mortality estimates by
using standardized indicators and methodologies. This work can be also applied for other spe-
cies of cetacean in wider distribution areas, supporting global assessment strategies and
management.
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