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The effective conservation of highly migratory marine species is only possible

if core areas of activity and critical habitat can be identified within the

vast and dynamic oceanic environment and later on used to delineate

marine protected areas (MPAs). However, gathering population-level data and

identifying universal patterns within a species or population can be difficult

when only a small sample size exists and individuals are not ecologically

interchangeable. In addition, the open ocean beyond the Exclusive Economic

Zone (EEZ) of a country is considered the high-seas and is not part of any

jurisdiction and therefore challenging to govern by laws. Granting protection

to species using these waters is sometimes virtually impossible. Another

challenge is the dynamic nature of the oceanic environment. MPAs are

usually based on spatially explicit and static areas, but migratory routes can

shift following available food, currents, and temperatures or else, potentially

rendering designated areas useless. The red-listed olive ridley turtle is known

for its nomadic migratory and feeding behavior and a divergent nesting

strategy among females. Our study used two approaches to identify critical

habitats for the population nesting in Costa Rica and feeding in the Eastern

Tropical Pacific. One was based on a static Kernel Density Approach to

identify core areas. The other was a habitat preference model that took into

account changing environmental variables such as sea surface temperature

and chlorophyll-a concentrations. We were able to identify core areas at the

population level by pooling two datasets and increasing our sample size. Our
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habitat preference model showed a high correlation of olive ridley presence

with all tested environmental variables, except chlorophyll-a concentration.

Our results reveal that olive ridleys use mainly regions that fall within EEZs

and, therefore, the jurisdiction of six countries in Central America and provide

an essential conservation tool.

KEYWORDS

olive ridley turtle, Lepidochelys olivacea, conservation, marine protected areas,
migration, Eastern Tropical Pacific, satellite tagging, habitat preference model

Introduction

Conservation planners are interested in implementing
measures that will affect and protect the greatest number of
individuals of a target species. To do this, it is essential to
identify patterns that are truly reflective of the entire species
or sets of populations and should consider the potentially high
variability in behavior and resource use among populations,
subpopulations, and even individuals. A crucial dimension
of effective conservation and management is delineating
critical habitat for an endangered or threatened species, which
encompasses the specific geographic areas occupied by a species,
containing the physical or biological features essential to their
survival (US Fish and Wildlife Service, 2017).

Identification of critical habitat and how this relates to
conservation strategies is particularly challenging for wide-
ranging marine vertebrates, where populations use habitat that
is both geographically expansive and that often spans multiple
geopolitical boundaries (Block et al., 2011; Harrison et al., 2018).
However, effective conservation across borders is only possible
with coordinated international efforts in management, and
clear scientific information about critical habitat of the species.
The last decade has seen substantial progress in illuminating
the movement ecology of large marine vertebrates, which has
provided novel conservation opportunities (Shillinger et al.,
2008; Block et al., 2011; Harrison et al., 2018). Satellite telemetry
is still the most commonly used method for tracking wide-
ranging marine animals (Block et al., 2011; Harrison et al., 2018).
However, satellite telemetry is expensive, and often only small
sample sizes inform policies and other conservation measures.
This might not be a problem when most individuals of a
population exhibit the same or very similar spatial patterns
(Shillinger et al., 2008), and a small sample already reveals the
general population patterns.

Identification of patterns in ecology typically depends on
analyses of subsamples from a population, usually based upon
a mean-field approach. Analyses of animal movements are no
exception, especially when studying wide-ranging species that
are followed with costly telemetry technology. It has been argued
that only a small sample size is needed to deduce general

spatial patterns for the entire population (Sequeira et al., 2019).
However, that is only true for species and populations in which
individuals are similar, almost ecologically interchangeable, in
their migratory behavior. For instance, the mean-field approach
might work well for species that migrate in large groups from
one spatially explicit area to another using the same migratory
corridors, such as herds of large mammals [e.g., wildebeest
(Williamson et al., 1988), caribou (Fancy et al., 1989)], migratory
birds that fly in large flocks between summer and winter grounds
(Berthold, 2001), or fish [e.g., salmon (Thorpe, 1988), freshwater
eels (Todd, 1981; van den Thillart et al., 2009)]. By contrast, for
species where tracking is initiated in an area in which different
populations with different patterns mingle, or where individuals
exhibit high variation in behavior, small sample sizes can bias
or hide overarching patterns. Even when a mean-field approach
is used, parametric estimates are sensitive to the underlying
density and dispersal (Bernardo, 1998).

For example, the International Union for Conservation of
Nature (IUCN) typically focuses on species-level assessments
(IUCN, 2019). The Endangered Species Act [ESA, United States
(1983)] goes a step further, providing an explicit mechanism to
categorize evolutionarily significant units (ESU) of conservation
importance, which are considered distinct for conservation
purposes because they are geographically separated, genetically
different at neutral markers, or exhibit locally adapted
phenotypic traits caused by differences in selection (Crandall
et al., 2000). Another perspective was added by Crandall
et al. (2000), who introduced the concept of ecological non-
exchangeability and its implications for conservation. A further
consideration that receives little attention and recognition
is the individual variation in behavior which is also highly
relevant to conservation (Sutherland, 1998). This relative
lack of attention reflects the typological thinking that often
characterizes ecological research (Bolnick et al., 2003; Violle
et al., 2012).

The practice of using a typological approach in conservation
is also illustrated in marine turtle stock assessments. While most
marine turtle species exhibit intraspecific (among populations)
variation in resource use (Figgener et al., 2019a) and
genetically defined subpopulations have long been recognized
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as management units (Wallace et al., 2010; Pearson et al., 2017),
most species have only been assessed globally for the IUCN
red list (IUCN, 2019). The exceptions are the leatherback turtle
(Dermochelys coriacea), loggerhead turtle (Caretta caretta), and
green turtle (Chelonia mydas), where regional subpopulations
have recently been assessed independently.1 Surprisingly little
attention has been given to the most abundant of all species, the
olive ridley turtle (Lepidochelys olivacea), which is still one of the
least studied (Plotkin, 2007; Figgener et al., 2019b). It is classified
globally as “vulnerable” by the IUCN, with some populations
being stable or increasing [Abreu-Grobois and Plotkin (IUCN
SSC Marine Turtle Specialist Group), 2008]. Olive ridleys exhibit
two nesting behaviors (synchronized mass nesting, also called
arribada nesting, and solitary nesting) that are sometimes both
present within the same population (Bernardo and Plotkin,
2007). Most data informing the IUCN report are derived
from arribada beaches, but little is known about the ecology
and migratory behavior of solitary nesting individuals and
populations [Abreu-Grobois and Plotkin (IUCN SSC Marine
Turtle Specialist Group), 2008], although these might differ
substantially from arribada females.

Unlike other marine turtle species, olive ridleys do not have
clearly outlined spatially explicit foraging areas as adults, and
post-breeding migrations appear randomly nomadic rather than
directed (Plotkin, 2010). This migratory behavior is likely the
result of their broad and opportunistic diet (Figgener et al.,
2019a) and the diffuse nature of resources in the oceanic realm
(Pennington et al., 2006; Sigman and Hain, 2012). This makes
delineating critical habitats and predicting occurrences for olive
ridleys difficult. As a result, a large sample size would be
needed to identify spatially explicit areas of high use at the
population level. Here, an additional habitat preference model
could help identify underlying patterns that direct movements
(Drexler and Ainsworth, 2013).

Another challenge for conservation efforts is that olive
ridleys occur in oceanic, pelagic waters (Plotkin, 2010). Most
areas of our ocean are beyond the national jurisdiction of a
specific county and are called international waters or the high
seas (Corrigan and Kershaw, 2008). If the areas of highest
occurrence of olive ridleys were to fall within international
waters, future attempts to implement conservation measures
or establish protected areas could be challenging. However,
some oceanic-pelagic waters still fall within the jurisdiction of
individual countries. These waters are the Exclusive Economic
Zones (EEZs) which extend 200 nautical miles (370 km) from
the coastline (Vallega, 2002; Corrigan and Kershaw, 2008;
Leathwick et al., 2008; Game et al., 2009). They could help
establish protected migratory corridors for marine species
governed by individual countries’ laws.

We pooled two datasets of locations from arribada and
solitary nesting olive ridleys derived from post-nesting satellite

1 https://www.iucn-mtsg.org/statuses

tracks. We then took two approaches to identify and characterize
the critical habitat for the population of olive ridley turtles
nesting in Costa Rica and foraging in the wider Eastern Tropical
Pacific (ETP). First, we used a Utilization Distribution (UD)
modeling approach to delineate core areas of occurrence and the
overall observed range of adult olive ridleys (Worton, 1989). To
examine whether differences exist between arribada and solitary
females, we calculated separate UDs for the two groups. Second,
we employed a Habitat Preference Model (HPM) to correlate
the presence of olive ridleys within the ETP to a selection
of environmental variables related to productivity and static
topographic features. Our aim is to provide concrete spatial
guidance to governments and stakeholders in planning and
developing marine protected areas (MPAs), including migratory
corridors in the ETP.

We hypothesized that our combined data and hence
larger sample size would reveal a population-level spatial
pattern for olive ridleys nesting in Costa Rica. Additionally,
we hypothesized that migratory routes differ between the
two groups of females showing divergent nesting behaviors
(arribada versus solitary). We further hypothesized that
movements of solitary olive ridleys would have an equal
amount of variation in core areas as those of arribada females.
This would support the initial findings of nomadic migratory
behavior (Plotkin, 2010) and a high degree of individual
variation in movement patterns observed first in arribada
females. Lastly, we hypothesized that the presence of olive ridley
within the ETP could best be explained by the limitations of
water temperatures, given that marine turtles are ectotherm,
and high levels of primary productivity, which indicates the
availability of food.

Materials and methods

Study sites and transmitter deployment

Our goal was to understand the oceanic movement ecology
of olive ridleys in the ETP region using satellite telemetry.
The coastal waters of Central America harbor large numbers
of nesting sites and individuals (Bernardo and Plotkin, 2007;
Abreu-Grobois and Plotkin (IUCN SSC Marine Turtle Specialist
Group), 2008). One arribada population in the region, at
Nancite Beach, Costa Rica, has previously been studied
extensively (Plotkin, 1994, 2010; Plotkin et al., 1995, 1996, 1997;
Valverde, 1996; Fonseca et al., 2009), but as yet nothing is
known about the movement ecology of individuals from the
other arribada beach, Ostional, nor from the numerous solitary
nesting sites in Costa Rica. Therefore, we studied individuals
from five nesting beaches (Ostional and four solitary beaches)
along the Pacific coast of Costa Rica (Figure 1) between August
and September 2016 and 2017.

Because olive ridleys lay multiple egg clutches in a single
nesting season (Plotkin, 2007), we wanted to identify only
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FIGURE 1

Map of Costa Rican nesting sites and respective samples sizes where satellite transmitters were attached to olive ridley females about to depart
on their post-nesting migrations between 1990 and 1992 (*Plotkin, 2010) and in 2016 and 2017 (this study). Open circles indicate solitary
nesting beaches, and stars indicate arribada nesting beaches.

post-nesting females that would be departing nearshore areas
after their last nesting event to begin a new foraging cycle.
To determine reproductive status, we used ultrasonography
(SonoSite 180+) to identify females that had completed their
nesting cycle. We scanned the inguinal cavity of females
that had completed nesting to examine the ovaries for
evidence of vitellogenic follicles and oviducts for shelled eggs
(Rostal et al., 1998). If no shelled eggs and vitellogenic
follicles were present in either oviduct or ovary, we inferred
that the turtle was a suitable candidate for the attachment
of a satellite transmitter. We attached satellite transmitters
only to turtles that appeared in good health and had no
apparent injuries.

We attached satellite transmitters to the second vertebral
scute of the carapace using the fiberglass-resin method (Plotkin,
1998) in 2016 and cold-setting two-phase epoxy (Pure50 +,
POWERS TM) in 2017 (Mansfield et al., 2009; Arendt et al.,
2012). Turtles were restrained on the nesting beach by hand
during the attachment procedure (approximately 4 h in 2016,
2 h in 2017). We used several types of transmitters: SeaTagTT
in 2016 (n = 7, Deserts Star LLC), SeaTrkr-4370-4 in 2017
(n = 2, Telonics, Inc.), and TAM-4310-3 in 2017 (n = 17,
Telonics, Inc.). After transmitter attachment, we marked each
turtle with two metal tags (Inconel 601, National Band and Tag
Company, Inc.), one on the trailing edge of each front flipper.

We then released turtles from restraint so they could return
to the water. Our transmitters in 2016 were solar-powered
and consistently turned on. The transmitters in 2017 were
programmed with a transmission (duty) cycle of alternatingly
6 h on/50 h off and 6 h on/58 h off, resulting in transmissions
alternating between UTC 11:00–17:00 and UTC 19:00–01:00
(early morning and late afternoon local time). We chose
these times by combining the knowledge of peak times for
surface sun-basking behavior in olive ridleys (CF personal
observations) and the predicted satellite overflights for the
region (ARGOS website).

Analyses

We obtained locations from the satellite transmitters via the
Argos Satellite System (Maryland, United States), excepting the
two SeaTrkr transmitters, which utilize the IRIDIUM Satellite
System (Maine et al., 1995; Figgener et al., 2018). Argos supplies
an accuracy estimate via location classes (LC) for each calculated
latitude and longitude; these include LC 3, 2, 1, 0, A, B, or
Z (Douglas et al., 2012). Argos has estimated that accuracy in
latitude and longitude for LC 3 is < 150 m, from 150 to 350 m
for LC 2, from 350 to 1,000 m for LC 1, and > 1,000 m for LC
0 (Argos, 1996). Locations from class Z were rejected because
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they constitute invalid locations. Argos provides no estimation
of location accuracy for LC A, and LC B. Hays et al. (2019) found
that the accuracy of LC A was comparable to that of LC 1 and
LC B had less accuracy than LC A. However, the lowest level
of accuracy was found in LC 0. IRIDIUM provides coordinates
based on GPS, and the accuracy estimations for each location
are < 11 m (Figgener et al., 2018). Data were filtered using a
maximum speed of 5 km d−1, and only one daily location (in the
case of ARGOS locations, the most accurate based on location
class) was retained.

Utilization Distribution
In our first approach to delineate critical habitat, we

used a Utilization Distribution (UD) based on Kernel Density
Estimates (KDEs). These estimates address the space use of
populations and individuals (Burt, 1943) via location probability
density estimates (Worton, 1989; Fleming and Calabrese, 2017)
focused on the identification of high-density regions (HDRs,
Hyndman, 1996). More specifically, the use of areas within the
ETP by females was characterized by the number of locations per
grid cell. The UD was calculated by first determining the number
of positions per grid cell and then normalized to the proportion
of total locations per grid cell by dividing by the total number of
locations used in the analyses. These proportions were sorted
from largest to smallest and the cumulative proportion of
locations per grid cell was determined to create UDs. This
was done using ArcGIS (Version 10.6, ESRI). We used Percent
Volume Contours to depict the areas that were used most
intensely, PVC50 (core areas, which are simply the 50% HDR
of the location distribution), as well as the overall range, PVC95

(95% HDR of the location distribution). For these analyses, we
combined the data from the newly tracked turtles in this study
with previously published data from Nancite beach (Plotkin,
1994, 2010).

To determine differences in critical habitat between arribada
and solitary females, as well as among individuals, we calculated
separate UDs at two hierarchical levels. The first comparison was
arribada (18 tracks, 658 locations) versus solitary (16 tracks, 479
locations) female tracks. Arribada female tracks were derived
mainly from the Plotkin dataset with two additional tracks from
this study. The second comparison contrasted the tracks of 10
solitary females (n = 10) from 2017. The solitary female data
included tracks with more than 30 locations (after filtering) from
all five beaches. ArcGIS v. 10.6.1 was used to calculate overlaps
and generate maps.

Habitat Preference Modeling
In our second approach, we attempted to identify which

environmental variables best predicted the occurrence of olive
ridley females in the ETP in 2016 and 2017. Because data
on the true absence of olive ridleys were unavailable, we first
created a presence-absence raster in ArcGIS 10.6.1 based on
our satellite locations (Barbet-Massin et al., 2012). To do this,

we randomly generated a raster of an equal amount of pseudo-
absence locations compared to our present locations from cells
of no presence records (Barbet-Massin et al., 2012). While
we only know the locations visited by our tagged turtles, all
the turtle movements represent habitat choices, presumably
driven by habitat preferences and the niches occupied by the
species. Therefore, any locations our turtles could have feasibly
visited in our study area but chose not to visit, represent
potentially true absences for the purposes of understanding
habitat preferences. Next, we overlaid our locations (presence
and absence) with remote sensed environmental data using the
automated annotation service EnvData on MOVEBANK.2 All
of the subsequent data layers for our environmental variables
are derived from MOVEBANK: bathymetry data at a spatial
resolution of 0.017◦ were provided by the global relief model
(ETOPO1); distances to the nearest coast at a spatial solution of
0.04◦ (NASA); 8-day composites of chlorophyll-a (as an index
of phytoplankton biomass and proxy of primary production),
particulate organic carbon, particulate inorganic carbon, and
sea surface temperature at a spatial resolution of 4 km (MODIS
Ocean); 8-day composites of euphotic depth as another proxy of
primary productivity [the depth at which 1% of the sea surface
photosynthetically active radiation remains (Kirk, 1994)] at a
spatial resolution of 4 km (Suomi-NPP VIIRS Ocean). We used
R (R Core Team, 2019) to test for covariance between the
environmental variables. Last, we used the annotated locations
in a general additive modeling (GAM) approach to explain
the observed presence-absence pattern of olive ridleys in the
ETP (MacLeod and Zuur, 2005). We chose the GAM approach
because many environmental variables that define the niches
occupied by marine species have non-linear relationships.
GAMs can cope with non-linear relationships without making
any a priori assumptions as to their shape, which is crucial
when investigating habitat preferences. We fitted the GAM
using the gam function in the R package mgcv (Wood, 2017)
and ran a total of 23 models which we compared to the full
model with all environmental predictor variables. The best
models were chosen using the Akaike information criterion
(AIC). To better understand the results of our GAM models,
we created a classification tree (De’ath and Fabricius, 2000;
MacLeod and Zuur, 2005) using the rpart R-software package
(Therneau et al., 2013).

Results

Utilization Distribution

In total, 23 olive ridley females were fitted with satellite
transmitters on five nesting beaches along the Pacific coast of

2 http://www.movebank.org/node/7471
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Costa Rica (Figure 1) between August and September 2016
and 2017. We also used previously published data from 19
females (20 tracks) departing from the arribada beach Nancite
in Costa Rica (Plotkin, 1994, 2010). The UDs based on a sample
size of all 43 tracks (1,553 locations) revealed a population-
level spatial pattern for the occurrence of olive ridleys in
the ETP (Figure 2). The collective core areas (PVC50) of all
locations fell within 400 km of the coasts of Panama, Costa Rica,
Nicaragua, El Salvador, Guatemala, and Mexico. Further, it is
important to note that core areas fell within the EEZs of these
countries (Figure 2B).

The comparison between UDs of arribada and solitary
females revealed substantial differences (Figures 3, 4 and
Table 1). Only 19.7% of arribada females’ core areas (PVC50)
overlapped with the core areas of solitary females. Only 14.3%
of solitary females’ core areas overlapped with the core areas of
arribada females (Table 1). The core area of arribada females
was one large connected area that was overall smaller (Table 1)
and in general closer to the coast stretching along the coast of
northern Costa Rica, Nicaragua, El Salvador, and Guatemala
than the solitary female core areas (Figures 3, 4 and Table
1). By contrast, the core areas of solitary females were four
disconnected areas that were overall larger (Table 1) than the
core area of arribada females. Three solitary core areas were
close to the coast whereas one area was farther from the
closest coastline. In general, arribada females had no core areas
south of their nesting beaches, whereas solitary females had
two large areas.

The comparison of tracks among ten solitary females from
2017 and their respective core areas (PVC50) showed little
overlap (Figure 5).

Habitat Preference Modeling
Our habitat preference model aimed to correlate the

observed presence of olive ridley presence based on seven
environmental predictor variables: water depth (depth),
distance to coast (dist_coast), particulate organic carbon
(POC), particulate inorganic carbon (PIC), euphotic depth
(euph_depth), chlorophyll-a concentrations (chlo-a), and
sea surface temperature (SST). The only strong covariance
existed between POC and chlo-a, which we considered in
our model choices and interpretations. The best two models,
identified by the AIC, were the full model and the model
that did not contain chlorophyll-a as a variable [AIC 515.1
and 514.0, respectively (Table 2)]. Both models explained the
same amount of variation in olive ridley presence-absence
(deviance of 71.8% and had an adjusted R2 of 0.76) (Figure 6
and Tables 2, 3). All predictor variables showed a significant
relationship to olive ridley presence (excepting chlorophyll-a)
with p < 0.005. Our CART identified euphotic depth, SST, and
distance to coast, as the most important variables, followed by
POC. In general, presence was lowest in shallow waters through
depths of 4,000 m where presence increases. The relationship
between olive ridley presence and distance to the nearest coast

is negative, with presence decreasing farther away from land.
The relationship between euphotic depth and presence was
similar, with presence decreasing with increasing depth. The
maximum presence is at a euphotic depth of 20 m or less.
Presence increases with increasing water temperature and
plateaus at values of approximately > 25◦C. Both PIC and POC
have a curved relationship with presence. However, PIC has an
inverted relationship, with presence decreasing with increasing
PIC values until a minimum at 0.0005 and then increasing
again. For POC, presence increases with increasing values until
a maximum of 150 before decreasing.

The differences in the tracks among the 10 solitary females
that were compared are also evident in the large range in
mean values for depth, distance to coast, and size of core areas
(Table 4). By contrast, little variation existed in mean SST
(Table 4). Most core areas were north of Costa Rica except those
of two individuals whose core areas were far South [off southern
Colombia and northern Ecuador, and off southern Costa Rica
and northern Panama (Figure 5)].

Discussion

Our first approach to delineate critical habitat for olive
ridleys pooled two datasets to increase sample size and used UDs
to estimate core areas of high use for the population and describe
its overall range in the ETP. This revealed a population-level
spatial pattern and indicates areas of conservation importance
(Figure 2) within the EEZs of six countries: Mexico, Guatemala,
El Salvador, Nicaragua, Costa Rica, and Panama.

However, given the divergent nesting strategies within the
Costa Rican population, we also compared the UDs between
arribada and solitary females (Figure 3). It showed that
core areas differed substantially from each other in their
spatial distribution, as well as in size. This aligns with the
findings of previous studies comparing other aspects of arribada
and solitary females documenting differences in life history,
physiology, and ecology between the two groups. For instance,
the inter-nesting interval of arribada females is 28 days whereas
solitary females re-nest in intervals of 14–20 days (Kalb, 1999;
Bernardo and Plotkin, 2007; Figgener et al., 2018). A recent
study also demonstrated that arribada females have an enhanced
capacity of maintaining an extended embryonic arrest in
their eggs compared to solitary females (Williamson et al.,
2019). Further, arribada females show a higher level (90%)
of multiple paternity in their clutches than solitary females
(30%) (Jensen et al., 2006). Our quantitative characterization
of differences in the spatially explicit foraging patterns between
arribada and solitary females lends further support to the
argument that the two groups should be assessed separately for
conservation purposes.

To determine whether the nomadic nature of arribada
females is a universal pattern within the studied population
of olive ridleys, we compared the tracks of 10 solitary females
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FIGURE 2

Utilization Distributions (UD) of olive ridleys within the Eastern Tropical Pacific (ETP) based on KDEs from 43 individual females tracked during
their post-nesting migrations from Costa Rican nesting grounds (Data: Plotkin, 2010 and this study). (A) Identified high use areas using locations
and a UD in the ETP based on 43 tracks. Red polygons demark PVC50 (=core areas) and sand colored polygons demark PVC95 based on KDEs.
(B) Locations and core areas of high use overlaid onto the outlines of the Exclusive Economic Zones (Flanders Marine Institute, 2014) within the
ETP.

and their respective core areas (Figure 5). It showed that
little overlap exists among areas and that tracks appear
undirected, similar to the individual tracks of arribada females
previously described (Plotkin, 2010). While marine turtles
are not social animals and do not move in aggregations,
in other marine turtle species, individuals or subgroups
of the same population share migratory corridors because

their breeding grounds and foraging grounds are the same
spatially explicit areas (Shillinger et al., 2008). This is not the
case for olive ridleys. This interindividual variation presents
a challenge for the delineation of spatially explicit critical
habitat for olive ridleys in the ETP and indicates that a
typological approximation is not the most robust approach for
this population.
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FIGURE 3

Comparison of UDs from arribada and solitary olive ridley females. Red polygons demark PVC50 (=core areas) and sand-colored polygons
demark PVC95 based on KDEs. (A) Locations and UD of arribada females. (B) Locations and UD of solitary females.

Our second approach to characterize the critical habitat for
olive ridleys in the ETP used a habitat preference model based
on environmental variables. This approach might correlate the
presence more accurately as it takes into account the dynamic
nature of the oceanic environment and might better explain
the apparently undirected migratory routes not leading to
specific locations, and the high degree of individual variation in
migratory behavior. Our habitat preference model indicated that
all variables, except chlorophyll-a, had a significant relationship
with the dependent variable (presence) and the model
containing all of these variables (not including chlorophyll-a)

had the lowest AIC and explained the highest proportion of
deviance (71.8%) (Tables 2, 3). During model selection, we were
able to identify SST as one of the variables with the highest
explanatory power (Figure 6), which indicates that temperature
might be a restricting factor for occurrence. Marine turtles
are ectotherms, and their core body temperature generally
ranges from 26 to 30◦C (Mrosovsky, 1980). The associated
limitations in the thermal regime are reflected in the summary
of our model, which shows that the species presence is highest
in water temperatures above ∼25◦C. Additional evidence of
the importance of water temperatures for the prediction of
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FIGURE 4

Overlap of UDs from arribada and solitary olive ridley females. Dark red polygons demark PVC50 (=core areas) for arribada females, light red
polygons PVC50 for solitary females. Dark sand-colored polygons demark PVC95 for arribada females and light sand-colored polygons PVC95

for solitary females.

occurrence can be found in our comparison of mean SST values
among individual tracks. SST was the variable that showed the
least variation. The model summary also reveals that occurrence
peaks in waters within 400 m to the next coastline. Productivity
is usually highest close to the coasts where estuarine run-
off provides many nutrients (Kirk, 1994; Pennington et al.,
2006; Sigman and Hain, 2012). The northeastern tropical waters
close to the coast are especially productive because they harbor
the Middle American Trench running close to the Central
American coastline (Pennington et al., 2006), as well as the
Costa Rican Thermic Dome (Jimenez, 2017). Both features
enhance upwelling close to the coast. The preference for highly

TABLE 1 Comparison of UDs (PVC50 and PVC95) within the ETP
between arribada and solitary olive ridley females.

ARR SOL

Area PVC50 [km2] 174,424 240,712

Area PVC95 [km2] 1,181,289 1,051,760

Overlap ARR PVC50 with SOL PVC50 19.7%

SOL PVC50 with ARR PVC50 14.3%

Mean depth (±SD) [m] −2,072 (±1,940) −2,468 (±1,544)

Mean distance to coast (± SD) [km] 99 (±73) 154 (±151)

productive waters is also reflected in our model as the highest
presence was in waters with euphotic depths of 30 m, as well
as high levels of PIC and POC. We have to point out that the
habitat preferences only apply to the specific individuals we
tagged, but we have no reason to believe that they may not be
representative of different populations or the species as a whole.

Implications for conservation

In order to implement adequate protective measures,
practitioners need to be able to identify migratory corridors
and areas of high use at the population level of a species.
Money is often in short supply in conservation (Plotkin and
Bernardo, 2014), and expensive technologies to gather data are
often used on only a small sample (Sequeira et al., 2019). The
population of olive ridleys in the ETP exhibits a high level of
individual variation and, therefore, identifying critical habitat
for the entire population based on a small subsample is not the
correct approach to inform conservation measures for the entire
population. This individual variation in movement patterns
presents indeed a challenge for conservation as protecting a
static spatially explicit area will not guarantee the protection of
the entire population.
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FIGURE 5

Comparison of tracks from ten solitary olive ridley turtle females and their respective core areas of high use (PVC50) in the Eastern Tropical
Pacific.

TABLE 2 General additive model selection for habitat preference model of olive ridley turtles in the Eastern Tropical Pacific using different
environmental variables as predictors for presence.

Coefficients

GAM
model

Water
(depth)

Distance to
coast

(dist_coast)

Particulate
inorganic

carbon (PIC)

Particulate
organic carbon

(POC)

Euphotic depth
(euph_depth)

Chlorophyll-a
(chlo-a)

Sea surface
temperature

(SST)

AIC Deviance
explained

(%)

GAM16 X X X X X X 514.0 71.8

GAM7 X X X X X X X 515.1 71.8

GAM12 X X X X X X 518.6 71.6

GAM23 X X X X X 532.5 70.5

GAM18 X X X X X X 536.9 70.7

GAM15 X X X X X X 555.2 69.2

GAM14 X X X X X X 568.7 68.6

GAM17 X X X X X X 572.0 70.4

GAM22 X X X X 575.7 67.6

GAM13 X X X X X 604.2 66.1

GAM21 X X X 643.4 63.5

GAM10 X X X X X 893.8 62.6

GAM8 X X X X X X 895.6 62.6

GAM9 X X X X X 993.6 58.3

GAM11 X X X X 1234.8 53.6

GAM20 X X 1506.6 18.6

GAM19 X 1727.9 16.6

GAM2 X X 2098.7 41.2

Models are ranked by the smallest to largest AIC value.

Frontiers in Ecology and Evolution 10 frontiersin.org

https://doi.org/10.3389/fevo.2022.933424
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-933424 August 5, 2022 Time: 7:13 # 11

Figgener et al. 10.3389/fevo.2022.933424

FIGURE 6

Summary plot for the GAM with the highest explanatory power for the presence-absence pattern of olive ridley turtles observed in the Eastern
Tropical Pacific (see also Tables 2, 3). The separate panels depict how each environmental variable (x-axis) interacts with the dependent variable
presence (y-axis): (A) water depth; (B) distance to the nearest coastline; (C) particulate inorganic carbon (PIC); (D) particulate organic carbon
(POC); (E) euphotic depths; and (F) sea surface temperature (SST).

TABLE 3 Summary of the explanatory power of the six environmental variables used to predict olive ridley turtle presence in the ETP based on the
best general additive model (GAM16, see Table 2); EDF are the estimated degrees of freedom.

Full Model: PRESENCE∼ depth+ dist_coast + PIC + POC + euph_depth+ SST

R2
adjusted Deviance explained

0.767 71.8%

Predictor variables EDF. p-value

Water depth (depth) 2.981 6.72× 10−08

Distance to coast (dist_coast) 1 1.71× 10−10

Particulate inorganic carbon (PIC) 1.899 4.89× 10−06

Particulate organic carbon (POC) 2.483 4.41× 10−05

Euphotic depth (euph_depth) 1 6.31× 10−07

Sea surface temperature (SST) 2.522 1.26× 10−14

An important observation from our study is that the
core areas of space use of the females examined (based
on 43 tracks) fall within the EEZs of six countries. While
the high seas are, in general, international waters outside

of the jurisdiction of one country, countries do have
authority over their EEZs and can implement protective
measures (Vallega, 2002; Corrigan and Kershaw, 2008;
Leathwick et al., 2008; Game et al., 2009). For instance,
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TABLE 4 Mean values, coefficient of variation (CV), and range in
values for water depth, distance to coast, core area size, and sea
surface temperature (SST) in ten individual tracks of solitary olive
ridley females in the Eastern Tropical Pacific.

Mean (± S.E.) CV Range (Min.-Max.)

Water depth [m] −2,763 (±216) −25 2,041 (−3,666 –−1,625)

Distance to coast [m] 201 (±33) 52 313 (55 – 367)

Core area size [km2] 57,557 (±20,940) 115 223,806 (4,110 – 227,916)

SST [◦C] 27.4 (±0.3) 3.5 2.8 (25.7 – 28.5)

in Gabon, Central Africa, satellite tracking data obtained
for leatherback turtles (Dermochelys coriacea) and olive
ridleys were used to help delineate critical habitats and
identify overlap with human activities, such as fisheries
(Maxwell et al., 2011; Casale et al., 2017; Dawson et al., 2017;
Pikesley et al., 2018; Hays et al., 2019). This information
was then mobilized to extend a marine protected area
network, which now encompasses 27% of the nation’s EEZ
(Hays et al., 2019).

Similarly, our study identifies new opportunities for
conservation. For instance, olive ridleys, like most other
marine turtle species, have a high vulnerability to fisheries
bycatch. One study estimated that 699,600 olive ridleys had
been incidentally caught in fishing lines between 1999 and
2010 within the EEZ of Costa Rica and Panama (Dapp
et al., 2013). Those numbers are likely conservative estimates
based on reported and observed bycatch rates only in
Costa Rican and Panamanian waters. However, the density
of fishing boats is high in the EEZs of Nicaragua, El
Salvador, Guatemala, and Mexico and the numbers might
be a magnitude higher. The delineation of the spatially
explicit critical habitat provides the opportunity to regulate
fisheries in core areas and maybe even to establish no-
take zones.

Recently, ecosystem-based management approaches are
helpful to integrate the satellite tracking data into more
dynamic ocean management. These approaches combine
presence data derived from satellite tracking with real-time
oceanographic data to adaptively predict the presence of a
species and protect it (Maxwell et al., 2015; Hays et al.,
2019). The results of our study suggest that in the case of
olive ridleys, an approach based on real-time oceanographic
data might yield better results in predicting the presence
of individuals within the ETP than classic static critical
habitat approaches.

Conclusion

Our study shows that individual differences in migratory
patterns and the resulting ecological non-interchangeability
paired with the dynamic nature of the oceanic environment

pose a true challenge to conservation planning. But, it also
provides a material basis to inform conservation measures
in the ETP. The identified areas of high use of olive
ridleys departing from nesting sites in Costa Rica are
falling within jurisdictions of specific countries which should
be used in the implementation of conservation measures.
However, our study demonstrates that a typological description
of the critical habitat of olive ridleys in the ETP is
not enough to delineate occurrence and we suggest that
for more effective conservation measures, spatially explicit
data should be combined with a more dynamic species
modeling approach based on environmental variables to
predict presence.
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