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1.  INTRODUCTION 

Small organisms such as insects, marine larval life 
stages and juvenile sea turtles utilize air and water 
flows to disperse away from natal sites to develop-
ment and/or settlement sites (Kinlan & Gaines 2003, 
Siegel et al. 2003, North et al. 2008, Chapman et al. 
2010, Monzón-Argüello et al. 2010). They can dis-
perse over tens to tens of thousands of kilometers and 

have evolved a variety of behaviors to help ensure 
that they remain in favorable habitats. Insects and 
planktonic larvae can vary their vertical position to 
remain in favorable flows (North et al. 2008, Chap-
man et al. 2010) whilst larger animals like juvenile 
sea turtles embark on periods of directed horizontal 
swimming in response to a range of environmental 
cues (Fisher et al. 2005, Lohmann et al. 2008, Fux-
jager et al. 2011). Due to their small size and wide-
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turtles is vital for understanding the distribution and population dynamics of sea turtles.  
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spread dispersal in oceanic habitats, little is known 
about the ecology of juvenile sea turtles, but under-
standing how oceanic variability affects their fate is 
vital because juvenile dispersal shapes the dynamics, 
distributions and behaviors of later life stages (Scott 
et al. 2014b, Ascani et al. 2016). 

When newly hatched sea turtles first enter the ocean, 
an initial ‘swimming frenzy’ helps them to escape 
shallow coastal water (Wyneken & Salmon 1992) and 
reach favorable offshore current flows (Putman et al. 
2012a). This marks the beginning of a dispersal phase 
known as the ‘lost years’ (after Carr 1952), during 
which turtle hatchlings disperse into the pelagic 
realm (e.g. Scott et al. 2014a). However, reports of 
juvenile turtles caught by fishers as bycatch and dis-
persal simulation studies provide insights into their 
whereabouts and have confirmed that surface ocean 
current systems drive their dispersion (e.g. Blumen-
thal et al. 2009, Boyle et al. 2009, Monzón-Argüello 
et al. 2009, 2010). In the North Atlantic, juvenile log-
gerhead sea turtles Caretta caretta traverse the entire 
ocean basin during their development phase, as shown 
by matching genetic signatures of juvenile turtles 
found in development habitats around the Azores 
archipelago to American nesting populations (Bolten 
et al. 1998, Monzón-Argüello et al. 2009, LaCasella et 
al. 2013). The east coast of America hosts one of the 
world’s largest aggregations of nesting loggerhead 
sea turtles, spanning from Florida to North Carolina, 
with the majority of nests (90%) concentrated in 
southeast Florida (Murphy & Hopkins 1984, Casale & 
Tucker 2015). Sea turtles originating from this popu-
lation, as well as Kemp’s ridley Lepidochelys kempii 
and green turtles Chelonia mydas, use the Gulf Stream 
and North Atlantic subtropical gyre to disperse to 
warm oceanic development habitats in the North 
Atlantic basin (e.g. around the Azores archipelago; 
Wyneken et al. 2008, Monzón-Argüello et al. 2010, 
Putman et al. 2010, 2012a, 2020, Scott et al. 2012a). 

However, due to their small size, juvenile turtles 
risk being advected to unfavorable habitats. There-
fore, hatchlings have evolved directional swimming 
behaviors to help them stay in warm waters (Putman 
et al. 2012b, Scott et al. 2012a). Sea turtles are ecto-
thermic, their body temperature is regulated by water 
temperature, and laboratory experiments indicate 
that hatchling loggerhead turtles become inhibited 
in their ability to swim (they become cold-stunned) at 
temperatures below 15°C and that temperatures of 
10°C and below are fatal (Schwartz 1976, Davenport 
et al. 1997). If their ability to swim is inhibited due to 
cold-stunning (Davenport et al. 1997), they risk being 
advected with currents like the North Atlantic Cur-

rent and/or storms towards northern Europe. For 
example, there are records dating back to ca. 1758 of 
cold-stunned juvenile sea turtles (predominantly log-
gerhead sea turtles) in the UK. 

The oceanographic systems that hatchlings rely on 
for transport are subject to spatial and temporal vari-
ability (e.g. Richardson 1985, Meinen et al. 2010, Scott 
et al. 2017). For example, in the North Atlantic, the 
strength of westerly winds modulates north and west-
ward transport of key surface water masses on inter-
annual and decadal timescales such as the Gulf 
Stream and North Atlantic Current. The wind-driven 
gyre circulation in the North Atlantic responds to 
changes in the atmospheric forcing, which are cap-
tured in the North Atlantic Oscillation index (NAO). 
Climatic indexes can be a useful indicator of climate 
modes and factors that influence ecological processes 
(Ottersen et al. 2001, Visbeck et al. 2003, Ascani et al. 
2016). Oceanic variability, particularly in ocean cur-
rents, has been proposed as a potential explanation for 
reports of cold-stunned turtles stranding in the UK, as 
stranding reports show high inter-annual variability 
(Witt et al. 2006), and the genetic signature of stranded 
turtles in Europe has been traced back to nesting pop-
ulations in America (Monzón-Argüello et al. 2012). 

Ocean models have become a well-established tool 
to study the cryptic pathways and the fate of small 
marine organisms, like sea turtle hatchlings, that are 
too small to track directly (Putman et al. 2012b, Bal-
tazar-Soares et al. 2014, Scott et al. 2014a). Here we 
use an oceanographic model to simulate the dispersal 
of hatchlings to investigate if inter-annual variability 
of observed stranding numbers in the UK could be 
 explained by variations in simulated and observed 
oceano graphic conditions. We assess how potential 
environmental drivers affect observed stranding vari-
ability and how estimated temperature-induced mor-
tality rates of drifting juvenile turtles relate to strand-
ing events, drift pathways and expected mortality. 
Loggerhead turtles dominated in the stranding re -
cords of juvenile turtles reaching the UK; hence, we 
used loggerhead turtle nesting regions and seasons as 
the spatial and temporal focus of our drift simulations. 

2.  MATERIALS AND METHODS 

2.1.  Reports of juvenile sea turtles stranding  
in the UK 

We obtained reports of sea turtles stranding in the 
British Isles from the TURTLE database operated by 
Marine Environmental Monitoring (available through 
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Rod Penrose) where turtle strandings are compiled as 
part of the UK Cetacean Strandings Investigation Pro-
gramme (CSIP). TURTLE, established in 2001, logs val-
idated reports of sea turtles stranding on UK beaches or 
occurring in UK waters from members of the public, 
governmental agencies, and marine environmental or-
ganizations. The database also includes historic reports 
of sea turtles in the UK since ca. 1758 gleaned from 
published literature (Brongersma 1972, Penhallurick 
1990), unpublished data and governmental reports. 
Whilst precise stranding locations were not known, we 
used observational reports (dead, alive, stranded and 
at sea sightings) of juvenile turtles encountered around 
the UK between 1960 to 2014 match with the period for 
which we had high resolution oceanographic model re-
sults. Our analysis included 182 re ports for all 3 species 
of hard-shelled turtle which were subjected to cold-
stunning (between 1960 and 2014: 92 loggerhead tur-
tles Caretta caretta, 20 Kemp’s ridleys Lepidochelys 
kempii, 5 green turtles Chelonia mydas, and 65 turtles 
of unknown species, the majority of which [40] were 
confirmed hard-shelled turtles). Given the high pro-
portion of loggerhead turtles among the records identi-
fied to species level, we assumed that this species was 
also dominant among the unidentified records, and 
hence we also included the unidentified turtle records 
in our analyses. All 3 species use the North Atlantic 
Gyre for dispersion and spend the first years in pelagic 
habitats, although the loggerhead turtle is the most 
common species in this system (Putman et al. 2020). 

We only included juvenile turtles (size classification 
in accordance with Bjorndal et al. 2000, Bolten 2003), 
i.e. if they measured <60 cm in carapace length (using 
both straight and curved carapace length measures). 
When carapace length was not available, we in -
cluded records of total length <80 cm (records with 
size measured: n = 157). We also included records 
that were classified as ‘small’ (n = 19) or ‘juvenile’ 
(n = 6) in the notes section of records that did not 
have exact measurements. The number of stranded 
juvenile turtles was determined by summing up the 
number of records meeting the above outlined crite-
ria for each year. Based on the size distribution of 
juvenile turtles with reported size information, the 
median size was 32 cm (across measurement types, 
including straight carapace length, curved carapace 
length, total estimated size; Fig. 1). Previous studies 
have estimated the mean age of the stranded turtles 
in northern Europe between 1.8 and 3.75 yr (Witt et 
al. 2006, Scott et al. 2012b). However, age estimates 
of cold-stunned individuals are caveated by the fact 
that growth rates are influenced by temperature and 
inhibited in cold temperatures (Scott et al. 2012b). 

2.2.  Ocean model set up 

We used an ocean model (VIKING20) to obtain 
drift trajectories for virtual particles (virtual turtles). 
Our model comprised a 2-way nesting scheme (De -
breu et al. 2008) using a high resolution (1/20°) North 
Atlantic grid spanning 32° and 85° N (VIKING20; 
Böning et al. 2016) nested within a coarser (1/4°) 
global ocean/sea-ice model (ORCA025; Fichefet & 
Maqueda 1997, Barnier et al. 2006). The atmospheric 
forcing that drives the model used bulk formulations 
and data products (1948−2009) as suggested by the 
Co-ordinated Ocean-ice Reference Experiments 
(CORE2, 6-hourly wind speed, humidity and atmos-
pheric temperature; Large & Yeager 2008, Griffies et 
al. 2009). The global model was initialized using a 
temperature and salinity climatology (Levitus et al. 
1998). After a 30 yr spin-up period, during which the 
model equilibrates, a hindcast experiment for the 
nested VIKING20 model was conducted (1948−
2007). We excluded the first 12 yr of hindcast data to 
exclude secondary spin up effects which can result 
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Fig. 1. Size distribution of 157 records of juvenile sea turtles 
stranded or sighted in the UK included in this study, for 
which size measurements were available. Presented as 
smoothed kernel density distribution of size (m) for each spe-
cies. Red dashed line: median size of 0.32 m. We excluded 25 
records for which size measurements were not available (but 
turtles were included based on information in the notes sec-
tion of each record in the TURTLE database). Density lines  

are colored by species identification of each record
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from the initialization of the nested model. We thus 
obtained current fields and temperatures of the sur-
face layer, defined as the upper 6 m grid box in the 
model, for 1960−2007, which were stored as 5 d aver-
ages. The ocean model VIKING20 has been set up 
and validated to accurately represent oceanic cur-
rent and water mass variability of the North Atlantic 
of the past decades (Behrens 2013, Breckenfelder et 
al. 2017). The model has been extensively used to ex -
plore the Atlantic Ocean circulation variability (Bön-
ing et al. 2016, Breckenfelder et al. 2017) and as an 
input for dispersal studies about juvenile eels (Bal-
tazar-Soares et al. 2014) and deep-sea mussels 
(Breusing et al. 2016), both following the same tech-
nique (see Section 2.3). 

2.3.  Hatchling dispersal simulations 

To simulate juvenile turtle dispersion in the ocean 
model, we released virtual turtles into the ocean 
model current fields, using the particle tracking soft-
ware ARIANE (http://stockage.univ-brest.fr/~grima/
Ariane/; Blanke et al. 1999). We released 1659 virtual 
turtles every 5 d during the 4 mo-long hatching sea-
son of loggerhead turtles (July to October) from 1960 
to 2009, resulting in 41 475 virtual turtle dispersion 
trajectories per year, released in every second model 
grid box in both the x and y direction. The release 
grid spanned a region off the east coast of the USA 
(73−80° W and 32−34° N; Fig. S1 in Supplement 1 at 
www.int-res.com/articles/suppl/n048p015_supp.pdf), 
a key region through which hatchlings from the 
major loggerhead sea turtle nesting beaches in our 
study region would drift following an initial offshore 
swimming frenzy. Hatchlings of other sea turtle spe-
cies that nest in the northwest Atlantic and use the 
North Atlantic Gyre for dispersion (i.e. green and 
Kemp’s ridley turtles from southeast USA and the 
Gulf of Mexico (Putman & Naro-Maciel 2013, Put-
man et al. 2020) would also pass through this region. 
Near shore coastal waters are not well represented in 
the model, and it is therefore important to release vir-
tual turtles in or near major ocean currents. 

Virtual turtles were passively advected in the sur-
face flow fields, and their positions and associated 
water temperature were reported every 5 d for the 
first 2 yr of drift, the time during which juvenile tur-
tles would be most vulnerable to displacement (e.g. 
Putman et al. 2020). Turtle hatchlings are positively 
buoyant (Milsom 1975) and found primarily in sur-
face waters, so the virtual turtles were restricted to 
the surface layer (upper ~6 m). The number of virtual 

turtles (i.e. ‘simulated arrivals’) in the UK was deter-
mined by counting virtual turtles reaching within 
2 km of the coast, summed over each year. 

2.4.  Mortality estimates 

We used the temperatures that virtual turtles expe-
rienced along their dispersion paths to estimate tem-
perature-induced mortality rates. In accordance with 
Putman et al. (2012a), we assumed that during their 
first year of drift, when they are most vulnerable, vir-
tual turtles experiencing temperatures of 10°C or 
lower die and that turtles encountering temperatures 
of 15°C or lower for 10 d or more  have a 50% chance 
of survival. ‘Mortality’ is the number of virtual turtles 
that fit these criteria summed up per year. 

2.5.  Quantification of environmental drivers 

To assess the possible influence of physical drivers 
on the fate of juvenile turtles (observed stranding 
records and simulated virtual turtles that reached UK 
waters), we quantified inter-annual variability of a 
range of environmental conditions using generalized 
additive models (GAMs, see Section 2.6 for model 
and GAM details). These variables were (1) the 
strength of the northward flow of the Gulf Stream 
(GS) and North Atlantic Current (NAC) (blue boxes 
in Fig. 2), (2) storms over the North Atlantic (storm 
index), (3) the NAO, (4) regional storms around the 
UK (storm count) and (5) mean sea surface tempera-
ture (SST) around the UK. Sources and details are 
presented in Table 1 and Text S1 in Supplement 1, 
and all covariates are plotted in Fig. 3. In the GAMs, 
‘Storm_count’ refers to the storm count per year 
around the UK. ‘Storm_index’ is the yearly number of 
time steps >2 SD above mean wind speed over the 
North Atlantic. To increase overlap with the observa-
tional period, we here used a more recent product 
(JRA55-do) than the atmospheric data which forces 
the model (COREv2). ‘Mean_SST’ is the yearly mean 
sea surface temperature calculated from 14 stations 
around the UK (°C), ‘NAO_index’ is the North At -
lantic Oscillation index which is the difference of 
normalized sea level pressure (SLP) between Stykk-
isholmur/Reykjavik, Iceland, and Lisbon, Portugal. 
‘NAC transport’ and ‘GS transport’ are the yearly 
maximum northward current transport of the North 
Atlantic Current and Gulf Stream, respectively, in 
Sverdrup. We checked for excessive autocorrelation 
between these predictor variables (Table S2 in Sup-
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Fig. 2. Dispersal pathways of turtles’ estimated mortality and distribution of mortality events. (A) Mean dispersal (virtual tur-
tles km−2) pathways of ‘cold’ virtual turtles, those encountering 10°C or less during their first year of drift, integrated over the 2 
yr drift period. Blue boxes indicate where ocean current strength was obtained. (B) Model estimated mortality rates of virtual 
turtles in the North Atlantic Current (NAC) system (within first year of drift). It varies around a mean of 19% ± 2.7 SD between 
10.8 and 25.6%. Mortality was calculated under the assumption that 100% mortality occurs at ≥1 d of 10°C exposure, plus 
50% mortality at ≥10 d of 15°C exposure, based on experimental data by Davenport et al. (1997). (C,D) Density distribution of  

locations where virtual turtles first encountered (C) 10°C and (D) 15°C

Variable (units) Variable name                                 Data                                     Sources 
 
Storm events       Storm_count                  Regional storms over UK,                   Lamb & Frydendahl (1991) 
 (count yr−1)                                                    events over 47 knots                        Met Office, UK 

Multiple sources: https://github.com/ 
EllenJCoombs/cetacean-strandings-project 

Storm index         Storm_index             Storms over the North Atlantic               JRA55-do, yearly count of 6-hourly time 
steps with wind >2 SD from mean (Tsujino 
et al. 2018) 

SST (°C)                  Mean_sst              Yearly mean SST around the UK             Met Office: HadISST 
                                                         (14 locations, Fig. S2 in Supplement 1) 

NAO (mb)             NAO_index              Hurrell station-based index of               https://climatedataguide.ucar.edu/climate- 
                                                               normalized difference between              data/hurrell-north-atlantic-oscillation-nao- 
                                                                SLP Stykkisholmur/Reykjavik,               index-station-based 
                                                                 Iceland and Lisbon, Portugal 

GS current (Sv),  GS transport,      Maximum yearly northward transport         VIKING20 model 
 NAC (Sv)          NAC transport              derived from the horizontal  
                                                        streamfunction of 3D velocity fields in a  
                                                        representative area (Fig. 2A blue boxes)

Table 1. Possible environmental drivers on the fate of juvenile loggerhead turtles assessed as predictor variables in general-
ized additive model analysis (GAMs). Units, data type and sources are presented; more details on the processing of these data 
can be found in Supplement 1  (Text S1). SST: sea surface temperature; NAO: North Atlantic Oscillation; GS: Gulf Stream;  

NAC: North Atlantic Current; SLP: sea level pressure; Sv: Sverdrup
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plement 1) but found that values were not higher 
than expected for this type of data. To validate the 
selection of parameters obtained from the ocean 
model we also assessed the effect of physical drivers 
on the number of virtual turtles arriving to the UK 
within the ocean model (Table S1 in Supplement 1). 

2.6.  Generalized additive modelling 

We used GAMs to assess the relationship between 
the numbers of observed turtles stranding in the UK 
(the response variable) and simulated numbers of 
virtual turtles arriving in the UK, temperature-
induced mortality rate estimates, and physical driv-
ers (outlined in Section 2.5). We ran 3 models to 
look for relationships between multiple explanatory 
variables and the response variable (turtle strand-
ings). Details on the model checks and outputs for 

Model 2 and Model 3 are included in Supplement 2 
(at www.int-res.com/articles/suppl/n048p015_supp.
pdf; summary of variables in Figs. S6 and S8, 
respectively, GAM checks in Figs. S7 & S9, respec-
tively, and significance of smooth terms is presented 
in Table S1). The models were constrained to spe-
cific years due to the availability of data for each 
variable. We ran Model 1 with NAO, mean SST, 
storm count, and storm index as the predictor vari-
ables. The model was run from 1960−2014. We 
report the results using the Poisson distribution as 
this was the best fit for the data (compare Figs. S2 to 
S5 in Supplement 2). We ran Model 2 with GS 
transport and NAC transport as the predictor vari-
ables from 1960−2009. We report the results using 
the Tweedie distribution as this was the best fit for 
the data (Fig. S7 in Supplement 2). We ran Model 3 
with mortality rate and simulated arrivals as the 
predictor variables from 1961−2007. We report the 
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Fig. 3. Predictor variables thought to correlate with reported 
turtle strandings. (A) North Atlantic Oscillation index, (B) 
UK human population (millions), (C) mean sea surface tem-
perature (°C), (D) storm count, and (E) storm index. All data  

shown from 1960−2014
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re sults using the Tweedie distribution as this was 
the best fit for the data (Fig. S9 in Supplement 2). 

We chose to run 3 separate models due to the in -
creased uncertainty that arises when there are many 
covariates and few observations. Such complications 
can include highly uncertain estimated smooth func-
tions. The more variables added to a model, the higher 
the number of coefficients — this becomes a problem 
when there are more coefficients than observations, 
especially for a small data set (i.e. 1961−2007). 

GAMs allow for smoothed relationships between a 
response variable (here observed turtle strandings) 
and multiple explanatory variables (here simulations 
and environmental variables) (Wood 2011). We used 
GAMs because, unlike in a generalized linear model, 
the relationship between the predictors and response 
are not assumed to be linear (Wood 2011), making for 
a more flexible model especially when considering 
seasonal or cyclic variables. We used a link function 
to establish a relationship between the mean of the 
response variable and a ‘smoothed’ function of the 
predictor(s) (Guisan et al. 2002). To allow us to con-
sider the effect of each term on the response individ-
ually, we modelled smooths using a thin plate spline 
basis with shrinkage (Marra & Wood 2011) so that 
during the initial stages of model fitting each term is 
removed in turn from the model (i.e. the effect size is 
shrunk to zero). The same was done for time (‘Year’) 
in the model; see below for details. 

To account for changes in sampling effort we in -
cluded yearly UK human population size as an offset 
in the model (Fig. 3B). Previous stranding studies 
showed the importance of considering observer effort 
and the use of human population growth as a proxy 
(Maldini et al. 2005, Witt et al. 2006, Pyenson 2011, 
Coombs et al. 2019). We thus used annual UK human 
population data as in Coombs et al. (2019), who ana-
lysed cetacean stranding reports around the UK and 
Irish coast. As human population size in creases, ani-
mals arriving to UK coasts or in UK waters are most 
likely detected, observed, and reported more fre-
quently (Coombs et al. 2019). It is also important to 
note that a reporting scheme for strandings was initi-
ated in 2001 which would increase the probability of 
strandings to be reported officially and which has 
increased public visibility of the issue over the time 
of its existence. However, the TURTLE database in -
cludes records gleaned from historical sources. An ini-
tial review of the data showed an increase in strand-
ing numbers towards the present day, while the 
variability observed in earlier years persisted (i.e. 
some recent years report no strandings). We there-
fore added a smooth of time (‘Year’) to our models. By 

allowing a smooth of ‘Year’ we can remove the effect 
of year from the model and instead focus on the 
effects of the other predictors one at a time. 

The total number of observed stranded individuals 
were modelled using GAMs with the general formu-
lation: 

                         (1) 

where s is the number of stranded individuals, t is 
year, p is an offset of human population size, β0 is the 
intercept and fk are smooths of the J explanatory vari-
ables, k is the maximum complexity, j = 1 is a count of 
these covariates, and ztj is the value of the j th covariate 
at time point t, for example, the value of SST or NAO 
in a certain year (time point). Model fitting and candi-
date response count distributions are presented in 
Supplement 2. Within the GAMs themselves, the k 
parameter for storm events (count) in Model 1 was set 
to 7, to ensure enough flexibility in the model. k is the 
maximum complexity of the basis used to represent 
the respective smooth term, i.e. how many covariate 
combinations there are for that specific predictor. If 
the k value is high enough, we can be sure that there 
is enough flexibility in the model. We examined and 
refitted the model until k was high enough. To avoid 
fitting overly complex models the maximum basis 
size for the smooth terms was limited to these values 
(Wood 2011). The other variables (e.g. NAO_index) 
did not require an altered k parameter, since those 
terms had more unique covariate combinations than 
specified maximum degrees of freedom. We fitted 
models using restricted maximum likelihood (REML) 
in the R mgcv package version 1.8 -33 (Wood 2011). 
REML finds an optimal degree of smoothing for mod-
els with highly correlated covariates (Reiss & Todd 
Ogden 2009). As part of the model validation process, 
we made additional checks for model fit that looked at 
the per-covariate residuals (Fig. S1 in Supplement 2). 
Low variation in the covariate residuals suggests that 
the models are a good fit. We fitted models with the 
following candidate response count distributions: Pois-
son, quasi-Poisson, negative binomial, and Tweedie 
(Figs. S2 to S5 in Supplement 2). 

3.  RESULTS 

3.1.  Reported stranding data and potential drivers 

Inter-annual variability in observed stranding num-
bers was high (0−26 ind. yr−1) with the peak strand-
ing event occurring in 2008 (Fig. 4). This was con-

st = exp log(pt )+ �0 +
j=1

J

�fk(ztj )
�

�
�

�

�
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firmed by GAM analyses, which showed a significant 
effect of year on observed numbers of turtles encoun-
tered in the UK in all models, i.e. across years (sum-
marized in Table 2 and Fig. 5A). We found a signifi-
cant effect (p < 0.001) of the NAO index, and weak 
effects of storm events over the North Atlantic (storm 
index, p < 0.05), UK SST (p < 0.001), and local storm 
events (storm count, p < 0.01) on stranding numbers 
(Model 1 in Table 2 and Fig. 5). The best model fit 
was the Poisson response count distribution (com-
pare Figs. S2 to S5 in Supplement 2), with this model 
providing not only the best fit for the data but also the 
highest deviance explained (75.8%) (Table 2). Low 
p-values indicate that the smooth of that variable was 
significantly different from ‘no effect’ (if we esti-
mated the smooth as a flat line at zero). The esti-
mated degrees of freedom (EDF) for NAO (5.52) 
were highest (Model 1 in Table 2 and Fig. 5) showing 
a non-linear effect of NAO on stranding reports. The 
EDFs for North Atlantic storms (storm_index), local 
storms near the UK (storm_count) and local SST 
(mean_SST) were close to 1, which indicates a linear 
relationship (Model 1 in Table 2). We found no signif-
icant effects of the number of virtual turtles to arrive 
around the UK (simulated arrivals, Model 3 in Table 2), 
temperature-induced mortality rates (Model 3 in 
Table 2), the strength of northward GS transport or 
northward NAC transport (Model 2 in Table 2) on 
observed stranding numbers. Thus, using these spe-
cific models and this dataset and period, only NAO 
and local conditions explain the inter-annual vari-

ability in the observed numbers of turtles in the UK 
(Model 1 in Table 2). Summary plots of the model 
output for Model 2 are found in Fig. S6 and for 
Model 3 in Fig. S8 in Supplement 2. We validated 
that the oceanographic drivers in the GAMs are ade-
quately selected by assessing their influence on vir-
tual turtle arrival to the UK with a separate GAM, in 
which the drivers explain 93.8% of deviance (Table 
S1 in Supplement 1). 

3.2.  Fate of simulated hatchlings and drivers 

Since simulated arrivals to the UK coast do not ex -
plain observed strandings, we demonstrate the ocean -
o graphic mechanisms that can lead to an increased 
abundance in UK waters. The numbers of virtual tur-
tles simulated to arrive in the UK were modulated by 
GS northward transport, NAC northward transport, a 
yearly storm index obtained from atmospheric re -
analysis, and NAO (Table 1 and Table S1 in Supple-
ment 1). The decadal variability in virtual turtles sim-
ulated to arrive in the UK was linked to wind stress 
(the strength of westerly winds) across the North 
Atlantic (i.e. as indicated by storm_index) that drove 
eastward oceanic transport (Fig. 6). The magnitude 
of wind stress was mostly determined by the merid-
ional sea level pressure pattern in the North Atlantic 
(NAO). In the ocean model simulations, virtual tur-
tles either remained in the warm North Atlantic Gyre 
(not shown) or drifted with the North Atlantic Cur-
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Fig. 4. Turtles arriving in the UK. Yearly 
stranding records of 182 juvenile sea 
turtles in the UK shown in orange (indi-
viduals recorded in database TURTLE; 
year of establishment indicated by blue 
dashed line); simulated arrivals of vir-
tual turtles that reached the UK from the 
east coast of the USA in an ocean drift 
model shown in purple (count, normal-
ized to maximum reported strandings to 
match scale, see Supplement 1, Text S2). 
Stranding records shown from 1960−
2014 and simulated arrivals shown from 
1961−2009 based on data availability
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rent into cold waters (Fig. 2). Consistently low num-
bers of virtual turtles reached within 2 km of the UK 
coast after drifting northeast with the NAC, varying 
around a median of 0.83% (lower quartile 0.67%, 
upper quartile 1.02%). Median drift time was 635 d. 
Most virtual turtles that drifted to the UK or were 
exposed to cold temperature during the first year of 
drift, originated from release locations to the west 
(inshore) of the GS core (compare distribution of 
release positions between Panels A, B and C in Fig. 
S1 in Supplement 1). The estimated mortality result-
ing from exposure to 10 and 15°C was consistently 
low (median of 19% ± 2.7 SD) across the ~5 decades 
of our study period (Fig. 2B). The median times at 
first exposure to 10 and 15°C were 185 and 150 d, 
respectively, with the majority (61%) of virtual tur-
tles first experiencing these critical temperatures 
along the northerly boundary of the North Atlantic 
Gyre (~45° N, Fig. 2C,D). 

4.  DISCUSSION 

4.1.  Drivers of juvenile sea turtle strandings  
in the UK 

This is the first study to investigate potential envi-
ronmental drivers of sea turtle stranding events in 
the UK. We confirm that juvenile sea turtles from the 
coast of the USA can disperse to the UK under haz-
ardous conditions (temperatures below 15 and 10°C) 
within the time expected based on the size of re ported 

strandings in relation to size at age curves reported 
(Bjorndal et al. 2000, Bolten 2003, Scott et al. 2012b). 
We show that variations in reported strandings of 
juvenile turtles in the UK are correlated with NAO 
phase, likely driven by westerly winds over the North 
Atlantic (indicated by the NAO index). We detect a 
small effect of storm events over the North Atlantic 
(offshore) but no effect of variable ocean currents 
(GS or NAC northward transport) using a GAM. Both 
storms and ocean currents are, however, indicated by 
NAO phase, and low numbers of reported juvenile 
strandings might inhibit our ability to detect an ef -
fect. We therefore use the drift model to demonstrate 
that NAO phase variation and related changes in 
wind-driven ocean current transport increase the 
supply of simulated juvenile turtles to the UK on 
decadal timescales. Because climatic indexes indi-
cate an environmental mode, it can be useful to assess 
the influence of a set of environmental variates on 
ecological processes, particularly when the resolu-
tion of data does not allow us to disentangle the effects 
of singular variables and their complex interplay 
(Ottersen et al. 2001, Hurrell & Deser 2010). NAO 
phase reflects wind stress and storm track position 
across the North Atlantic (west to east), thus modu-
lating ocean current transport and position, as well as 
SST (Ottersen et al. 2001, Visbeck et al. 2003). We 
demonstrate that this relationship holds true in our 
model and modulates virtual turtle transport to UK 
waters on decadal timescales. 

While we found that numbers of turtles stranded in 
the UK were best explained by NAO, other studies 
found that recruitment to the Azores, a feeding habi-
tat for Atlantic juvenile loggerhead turtles Caretta 
caretta southeast of the UK, is modulated by the 
number of nests at the source population in Florida, 
USA, in preceding years (Vandeperre et al. 2019, 
Putman et al. 2020) and not explained by stochastic 
events. In contrast, nest count numbers were not ele-
vated before years with high stranding numbers in 
the UK in the years where data was available (since 
1998; Ceriani et al. 2019). In fact, notably low nest 
counts during the early 2000s are followed by an all-
time-high of reported strandings between 2000 and 
2009 (Van Houtan & Halley 2011, Ceriani et al. 2019, 
present study). Our re sults indicate that dispersal at 
the edges of the species’ distribution (as simulated 
here) might be more sensitive to environmental vari-
ability than along desirable warmer dispersal path-
ways in the North Atlantic (i.e. to developmental 
habitat around the Azores). 

In addition to dispersion with currents, surface 
dwellers like juvenile sea turtles are sensitive to 
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Covariates in                                        EDF 
model                             Model 1       Model 2       Model 3 
 
s(Storm_count)                 0.95** 
s(Storm_index)                 0.72* 
s(Mean_SST)                    1.23** 
s(NAO_index)                  5.52** 
s(NAC transport)                                   0.47 
s(GS transport)                                    <0.001 
s(Mortality)                                                              <0.001 
s(Simulated_arrivals)                                                0.56 
s(Year)                               1.12**         2.35**        1.28**

Table 2. Estimated degrees of freedom (EDFs) of covariates 
used to explain variability in observed strandings for the 3 
generalized additive model analyses. Model 1 uses data 
from 1960−2014, Model 2 1960−2009, Model 3 1961−2007. 
s(): smooths of the covariates. Significant p-values (*p < 
0.05, **p < 0.01) show whether the smooth of that variable is 
significantly different from ‘no effect’, i.e. if we estimated 
the smooth as a flat line at zero. Modelled using the Poisson 

response count distribution 
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strong winds and can be displaced thousands of kilo-
meters off course by storms (Monzón-Argüello et al. 
2012, Waters et al. 2018). We found that storm events 
over the North Atlantic had a weak effect on re ported 
strandings (‘storm index’, Table 2 Model 1). While 
primary wind effects are included in the ocean model 
forcing and simulated arrivals should thus reflect 
variability from storms across the North Atlantic, the 
lack of parametrization for secondary physical mech-
anism like ‘Stokes drift’, supplied by waves and 
swell, could be responsible for a model bias (Ardhuin 
et al. 2009, Curcic et al. 2016, Van Den Bremer & 
Breivik 2017). Future studies should thus use models 
parameterized to account for storm effects directly, 
i.e. representing displacement by Stokes’ drift. Stud-
ies that actively tracked hatchlings during their first 
day at sea highlighted the influence of small-scale 
turbulence and wave/tide-induced motions (not rep-
resented or resolved by models) on turtle trajectories 
(Scott et al. 2014a). Nevertheless, due to the limita-

tions of active hatchling tracking studies, ocean mod-
els remain a valuable tool for studying ocean basin 
scale dispersion patterns with modelled drift simula-
tions, and our results corroborate genetic studies link-
ing juvenile turtles found at sea to natal nesting areas 
thousands of kilometers away (Monzón-Argüello et 
al. 2010, 2012). 

We observe an increase in the number of juvenile 
turtles stranding in the UK over our study period. 
This could be partly attributed to an actual increase 
in turtles transported to the UK but can also be 
related to reporting effort, public interest, and the 
founding of marine environmental monitoring pro-
grams such as the TURTLE database in 2001 (see dis-
cussion in Botterell et al. 2020). Stranding numbers 
emerge from a complex interplay of abundance and 
mortality rate, as well as physical drivers on carcass 
drift (Hart et al. 2006, Santos et al. 2018, Cook et al. 
2021) and observer effort (e.g. modulated by people 
at the coast, awareness), but we showcase that in -
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Fig. 5. Generalized additive model 
(GAM) summary plots for variables in-
cluded in Model 1. Covariates of turtle 
strandings: (A) year, (B) storm count, 
(C) storm index, (D) North Atlantic Os-
cillation (NAO) index, (E) mean sea 
surface temperature (°C) for 1960−
2014. y-axis shows the smooth and the 
estimated degrees of freedom (EDF). 
These EDF values are also reported in 
Table 2. The response variable was 
modelled using the Poisson response 
count distribution. The model has a  

deviance explained of 75.8%
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creased oceanic driven transport to waters surround-
ing the UK can mediate stranding numbers in addi-
tion to coastal circulation and weather effects. While 
we control for human population growth over the 
decades as a proxy for effort, smaller scale effects on 
observer effort are difficult to detect and require 
dedicated investigation (Hart et al. 2006, Coombs et 
al. 2019, Cook et al. 2021). We detected a weak posi-
tive effect of locally observed storms and mean SST 
around the UK on the number of reported juvenile 
turtles, variables also modulated by NAO phase (Vis-
beck et al. 2003). Our results indicate that juvenile 
turtles in UK waters are more likely to be detected in 
years with more local storms, perhaps stranded by 
stronger winds or brought closer to shore, where 
they are more likely to be detected during warmer 
years, reflected by the effect of local SST (Hart et al. 
2006, Santos et al. 2018, Cook et al. 2021). These 
local effects on detectability might overpower under-
lying cause effects of long-distance dispersal signals 
that can lead to higher abundance in waters around 
the UK and thus inhibit our ability to detect an effect 
of ocean current transport on reported strandings 
directly in our GAMs (Hart et al. 2006, Santos et al. 
2018, Cook et al. 2021). We lack the resolution to 
detect signals on a seasonal level because the strand-

ing data was compiled to yearly composite, as turtles 
are reported in various states of decomposition, mak-
ing exact arrival times unavailable (see also discus-
sion in Witt et al. 2006 and Botterell et al. 2020). 

4.2.  Mortality and dispersal patterns 

We demonstrate that juvenile sea turtles can be 
advected out of the warm North Atlantic Gyre via the 
NAC, encountering lethally cold temperatures of 
10°C during their first year of drift. We identified haz-
ardous regions that turtles should avoid by mapping 
the locations in which virtual turtles first encoun-
tered lethal (10°C) or detrimental (15°C) tempera-
tures. The most hazardous region, given the seasonal 
timing of hatching and drift pathways, is situated 
along the western edge of the GS. These regions 
coincide with magnetic field variations which elicit 
directed swimming in juvenile loggerhead turtles 
(Putman et al. 2012b). Our results suggest that tem-
perature induced mortality rates are low (median of 
19% ± 2.7 SD) throughout the decades, in line with 
evidence from the Azores which suggests relatively 
stable recruitment when accounting for nesting num-
bers (Vandeperre et al. 2019). While stochastic events 
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Fig. 6. Variability in wind stress, North Atlantic Oscillation (NAO) index and simulated arriving sea turtles in UK. Variability in 
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average using a Hanning window. Thick lines are the smoothed time series (using the 15-yr Hanning window)
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can imperil young turtles, e.g. when they encounter 
eddies at the edge of the GS, these events might be 
avoided by active swimming, lowering the expected 
mortality rate further. Virtual turtles released west of 
the GS were more prone to experiencing cold tem-
peratures, which underlines the importance of the 
initial ‘swimming frenzy’ which helps hatchlings es -
cape predator-rich coastal waters and reach favor-
able offshore currents for transport to developmental 
habitats (Salmon & Wyneken 1987, Whelan & Wy ne -
ken 2007, Putman et al. 2012a). Future studies could 
use a subset of the available strandings data (e.g. the 
more recent years) to assess smaller scale effects and 
surface ocean processes such as Stoke’s drift and 
their interactions on turtle strandings in Europe using 
local circulation models. Sensitivity analyses could 
also be performed to explore how active hatchling 
swimming behavior scenarios may prevent turtles 
from becoming cold-stunned and being advected 
along fatal drift trajectories to the UK. 

Our model simulations show low variability in pas-
sive dispersion scenarios over the 5 decades of the 
study period (1960−2009) and consistently low tem-
perature induced mortality. In contrast, variability in 
ocean-mediated dispersion can be high in other sea 
turtle nesting regions (Gaspar et al. 2012, Ascani et 
al. 2016, Scott et al. 2017) and has been linked to 
variation in recruitment of turtles and fish (Ruiz et al. 
2013, Baltazar-Soares et al. 2014, Ascani et al. 2016). 
In the western North Atlantic, the success of nesting 
rookeries is linked to proximity to the GS, while in 
the Pacific, the variable position of another major 
ocean current modulates juvenile sea turtle survival 
and adult recruitment on decadal timescales (Put-
man et al. 2010, Ascani et al. 2016). In the North 
Atlantic, the stability of broadly favorable oceanic 
conditions encountered by juvenile sea turtles (evi-
denced by low simulated mortality rates) likely helps 
to ensure the population viability and success of the 
largest loggerhead sea turtle rookery reported in the 
world (Casale & Tucker 2015). 

Sea turtle ecology is intimately linked to tempera-
ture regimes across their life cycle (Patrício et al. 
2021). For example, increasing temperatures on nest-
ing beaches affect the sex ratios of hatchlings and 
may render southern nesting regions non-viable 
(Hawkes et al. 2007); changes in SST can lead to 
changing spatial and seasonal distribution of turtles 
and their prey, impacting access to foraging habitats 
(Ascani et al. 2016) and causing range shifts (Mc -
Mahon & Hays 2006). Since the dispersal routes of 
the juvenile life stages influence the migration be -
havior and distribution of adult sea turtles (Scott et al. 

2014b), understanding the impacts of temperatures 
experienced during the juvenile dispersal stage is 
key to understanding how sea turtle populations will 
respond to a changing climate. 

5.  CONCLUSIONS 

Our results suggest that environmental variability 
indicated by the NAO index is a driver of variability 
in sea turtle strandings in the UK since variations 
in westward wind stress drive ocean currents that 
transport turtles to the region. Stranding observa-
tions were only slightly correlated to storm fre-
quency over the North Atlantic and not to tempera-
ture-induced mortality experienced during drift at 
the resolution of our model. Our model indicated 
that local factors such as coastal SST and storms 
had a small effect on stranding observations; turtles 
were more likely to be detected during years with 
local storms and high SST. Nevertheless, future 
studies should further in vestigate these mechanisms 
on shorter timescales which allow the use of higher 
resolution environmental data and more robust 
recent stranding re ports. Furthermore, increased 
understanding of the sea turtle lost years is critical 
for conservation efforts (Bjorndal et al. 2003) since 
the population dynamics of marine species with dis-
persive juvenile stages can be modulated by sur-
vival rates of early life stages (Halley et al. 2018), 
which are susceptible to oscillations in climatic and 
oceanic factors (Baltazar-Soares et al. 2014). With 
anthropogenic climate change causing atmospheric 
and oceanic conditions to change, it is becoming 
ever more important to understand how organisms 
with drifting life stages will be affected by future 
environmental conditions. 
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