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Abstract

We model the habitat suitability of Lepidochelys olivacea in the Eastern Tropical Pacific using
remote sensing data from 59 individuals tagged in Panama and Costa Rica between 2009 and
2018. The response was modeled with MaxEnt, using a presence-only approach and
environmental variables including sea surface temperature, ocean mixed layer thickness,
chlorophyll-a concentration, and current velocity. The model categorized months into cold
(EI'Nifio) and warm (La Nifia) conditions, providing insight into climate change effects. Results
reveal that chlorophyll-a concentration and sea surface temperature best predicted the
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presence of L. olivacea. The intertropical convergence zone exhibited high habitat suitability,
especially in the Central Pacific. During El Nifio, suitable habitat declined, primarily along
coastlines, while, during La Nifia, it expanded, favoring oceanic waters and temperate
temperatures in upwelling zones. These findings suggest climate change could significantly
impact L. olivacea distribution, potentially shifting nesting and foraging areas.

Keywords: MaxEnt, ENSO, habitat, marine ecology, Maximum entropy, modeling.
1. Introduction

The olive ridley turtle Lepidochelys olivacea is considered the most abundant of all marine
turtle species (Abreu-Grobois and Plotkin, 2008). It inhabits tropical and subtropical waters
in the Pacific, Atlantic, and Indian Oceans (Whiting et al., 2007). Its habitat use has been
observed to be either neritic or oceanic, depending on the population and also likely,
depending on prey availability variations among regions (Plotkin, 2010; Polovina et al., 2003).
For example, studies in Australia have revealed that female olive ridley turtles do not
undertake extensive migratory movements but remains in neritic waters close to their
nesting sites (McMahon et al., 2007; Whiting et al., 2007). Similarly, along the coast of French
Guiana, this species remains above the continental shelf in areas with high abundance of
food as a result of the formation of eddies (Chambault et al., 2016). Conversely, juvenile
olive ridley turtles observed near Hawaii have been shown to belong to distinct western and
eastern Pacific populations and to be associated with warmer oceanic waters in the center
of the subtropical gyre (Polovina et al., 2003). In the Eastern Tropical Pacific (ETP), females
exhibit long yet nomadic oceanic migratory behaviors characterized by non-directional
movements (Plotkin, 2010; Swimmer et al., 2009). Recent studies suggest that in this region
olive ridley turtles spend 30% of their time migrating and 70% foraging in oceanic areas
searching for food (Guzman et al., 2019), with core utilization areas off the coast from
Guatemala to Panama (Figgener et al., 2022).

In 2008, the International Union for Conservation of Nature (IUCN) classified the olive ridley
turtle as vulnerable based on an estimated global population decline of approximately 30%
(Abreu-Grobois and Plotkin, 2008). Although a new evaluation is pending to assess its current
conservation status, the olive ridley remains exposed to negative impacts derived from
multiple human stressors including climate change, bycatch environmental pollution, and
habitat loss (Caceres-Farias et al., 2022). Among all these threats, climate change represents
a growing challenge to conservation efforts for this species (Root et al., 2003), as it is for
marine ecosystems and biodiversity more generally (IPBES, 2019). In part, this comes from a
knowledge gap regarding the response strategies of Lepidochelys olivacea to specific regional
changes in environmental factors. Climate change is predicted to affect marine turtles by
influencing their metabolic rates (Patricio et al., 2019), sex ratios (Maurer et al., 2021),
migration patterns (Quifiones et al., 2010), and phenological cycles (Ariano-Sanchez et al.,
2020). Studies have shown that prolonged warm periods by rising global temperatures can
decrease reproductive frequency and hatching success, as observed in Dermochelys coriacea
(leatherback sea turtle) in the ETP (Saba et al., 2008; Santidridn et al., 2012), or alter the
distribution of nesting sites as seen in Caretta caretta (loggerhead) in the Mediterranean Sea
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(Mancino et al., 2022). Additionally, projected sea-level rise is expected to impact existing
nesting sites, potentially leading to the loss of critical nesting habitats and necessitating shifts
in nesting locations (Simantiris, 2024). However, no relationship between these events and
the abundance of females has yet been reported during the nesting season of Lepidochelys
olivacea (Santidrian-Tomillo et al., 2020). Climate change is projected to contribute to the
population growth of marine turtle species through population feminization (Patricio et al.,
2019). Uncertainty around the scope of these individual- and population-level impacts is
contingent upon and interacts with how suitable habitat for this species will be altered or
shift, likely towards higher latitudes. This may affect the suitability of existing nesting sites
and, furthermore, affect the distance this species has to travel from nesting to feeding
grounds and vice versa (Caceres-Farias et al., 2022). The resulting conservation risk for this
species increases when other anthropogenic activities (such as fisheries) overlap with
present or future high-use areas (Montero et al., 2016), emphasizing the critical need for a
nuanced and multi-faceted understanding of this species’ responses to environmental
conditions.

Unequivocal evidence has shown global oceans are warming under human influence (IPCC,
2021). This warming has widespread implications, including rising sea levels, changes in
ocean productivity, and more extreme weather events. However, certain areas in the world
are experiencing the cooling of their waters (Belkin, 2009). The ETP exemplifies these
contrasting trends, with most of its coastal and oceanic waters showing significant warming
while localized upwelling areas have shown significant seasonal or decadal cooling (Zevallos-
Rosado et al., 2023). The observed divergent trends are partly due to the recurrence of El
Nifio Southern Oscillation (ENSO) events, whose warm and cold phases have increased in
both frequency and intensity. This anticipated increase in ENSO frequency suggests that El
Nifio and La Nifia phases may occur more often and with greater variability in timing,
particularly if global mean temperatures rise 1.5°C above pre-industrial levels (Cai, 2014;
Wang et al.,, 2017). Furthermore, these increasingly extreme processes can result in
significant changes to sea surface temperature and impact ocean productivity (Cai, 2014;
McPhaden et al., 2009; Zevallos-Rosado et al., 2023). Because strong ENSO events can
change environmental variables, they can limit and change the distribution of migratory
species by changing their preferred habitat conditions and distribution of prey items (Wang
and Fiedler, 2006), as predicted to occur under climate change (McPhaden et al., 2020).
Thus, understanding ENSO effects on suitable habitats could shed light on future responses
of species such as Lepidochelys olivacea to a changing environment and the potential impacts
of climate change on marine life.

As an approach to exploring the impacts of climate change on species habitat and
distributions, species distribution models (SDM) are gaining popularity (Pearson and Dawson,
2003), allowing evaluation of changes in habitat suitability through a habitat index (HSI) using
only presence data (Jiménez-Valverde et al., 2011). The use of SDM has provided important
insights into the spatial ecology of many species, including sea turtles, across diverse global
regions. These models have facilitated the identification of critical habits for species such as
Caretta caretta in the Mediterranean (Guo, 2014), Lepidochelys olivacea on the Atlantic coast
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of Central Africa (Pikesley et al., 2013), Dermochelys coriacea in the ETP (Costanza et al.,
2021; Davalos, 2021), Chelonia mydas in the southwestern Atlantic Ocean (Carman et al.,
2016), and Lepidochelys kempii in the Gulf of Mexico (Fujisaki et al., 2020). These studies
reveal differing habitat preferences among species, highlighting the need for species-specific
models that incorporate data from various life stages and activities such as migration,
reproduction, and foraging to enhance model accuracy. By recognizing these individual
habitat preferences, we can develop more accurate models that reflect the true diversity of
migratory behavior among marine turtles.

At present, a lack of understanding of the effect of climate variability (e.g., ENSO events),
coupled with its nomadic migratory behavior, makes conservation efforts on Lepidochelys
olivacea extremely complex in the ETP. Our study aims to describe the habitat suitability of
the olive ridley turtle Lepidochelys olivacea in the ETP, determine the oceanographic
conditions associated with its distribution, and assess the impact of past ENSO events on its
distribution patterns along the Pacific coast of Central and South America, thus shedding
light on potential impacts of climate change. Harnessing SDM derived from satellite-
telemetry and local individual tracking offers an opportunity to close the understanding gap
on how Lepidochelys olivacea responds to specific regional changes in environmental
variables, allowing for a comprehensive spatiotemporal exploration of how climatic
variability may shape the distribution of this turtle. It also provides insight into how increasing
global temperatures could impact this species’ distribution.

2. Materials and methods
2.1. Study Area

The study area is in the Eastern Tropical Pacific (ETP) between latitudes 8° S - 20° N and
longitudes 75° W — 110° W and includes the coasts of Mexico, Guatemala, El Salvador,
Nicaragua, Costa Rica, and Ecuador (Fig. 1). This region is influenced by equatorial currents
from the north and south that flow westward and are derived from the temperate currents
of California and Humboldt, respectively (Pennington et al., 2006). Along the coast from
southeastern Mexico to Panama, temperatures in the ETP exceed 25 °C, while relatively
cooler waters (< 25 °C) are found to the west in the adjacent waters of the Baja California
Peninsula north and south of the equatorial line in Ecuador and Peru (Zevallos-Rosado et al.,
2023). The oceanographic dynamics of this region are influenced by winds that generate
nearshore eddies that affect sea surface temperature and circulation (Pennington et al.,
2006). Major mesoscale features include cyclonic and anticyclonic eddies in the Gulf of
Panama, Costa Rica dome, and the Gulf of Tehuantepec, which originate offshore of Panama,
Costa Rica, and southern Mexico, respectively. These features are the result of strong, highly
seasonal wind gusts that deliver nutrients to marine areas located up to 1000 km offshore
(Lavin et al., 2006; Rodriguez-Zarate et al., 2018). These key features are thought to generate
biological hotspots that make this region one of the most biodiverse in the world (Rodriguez-
Zarate et al., 2018; Seminoff et al., 2012).
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Fig. 1. Map of the study area. Main panel, olive ridley post-nesting movements based on
satellite-tagged individuals in Panama (2009-2011, blue dots) by Guzman et al. (2019) and in
Costa Rica (2016-2018, pink dot) by Figgener et al. (2022). Inset, tagging locations along the
coast of coast Costa Rican and Panamanian coasts; Solid lines, exclusive economic zones;
Dashed lines, marine protected areas.

2.2. Data collection

2.2.1. Telemetry data

In this study, satellite telemetry data published by Guzman et al. (2019) and Figgener (2022)
were used, comprising a total of 59 adult individuals (51 females and eight males) during the
nesting season (June — December). Guzman et al. (2019) tagged 34 adult olive ridley turtles
(26 females and eight males) between 2009 and 2021 on Panamanian beaches and
surrounding waters in the Las Perlas Archipelago, Gulf of Panama. and the Coiba National
Park, Gulf of Chiriqui. Figgener et al. (2022)tagged 35 female turtles between 2016 and 2018
in six Costa Rican beaches: El Jobo, Nancite, Ostional, Playa Hermosa, Baru, and Rio Oro (see
Fig. 1).

All individuals were equipped with a satellite transmitter that broadcasted the location
(latitude and longitude) of the turtle after its release. Different types of transmitters were
used: SPOTT5 AM-S244A in 2009 — 2011 (n=34, Wildlife Computers Inc.); SeaTagTT in 2016
(n=7, Deserts Star LLC); SeaTrkr-4370-4 in 2017 (n=2, Telonics Inc.). Transmitters were
approximately 6 cm long and had an approximate weight of 270 g, which is < 1% of an adult
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turtle’s body weight. Female turtles were immobilized on nesting beaches after egg-laying.
Males were captured on the reefs surrounding the nesting beaches. Devices were placed on
the highest point of each turtle's shell, ensuring the antenna pointed towards the animal’s
back. The transmitter was attached with epoxy glue and then painted with anti-fouling paint.
From 2009 to 2011, transmitters were programmed to transmit data every hour. The 2016
transmitters were solar-powered and remained continuously active. The 2017 and 2018
devices were set to have a transmission cycle of 6 hours on and 50 hours off, and 6 hours on
and 58 hours off, respectively, and transmitted between 11:00-17:00 and 19:00-01:00
Coordinated Universal Time (UTC). Turtle’s movements were monitored by the Argos and
IRIDIUM systems and subsequently imported into the SEATURTLE.ORG satellite tracking and
analysis tool (Coyne and Godley, 2005).

All relocations with a precision classification of “Z” (unknown location) were removed from
the dataset to ensure data quality. In addition, any value that indicated a speed of > 5 km/h
was discarded according to the procedures established by Rees et al. (2012). The remaining
data have an approximate maximum spatial location error of about 1 km. To avoid spatial
and temporal autocorrelation of satellite telemetry data, we followed Edrén et al. (2010) to
1) exclude all satellite positions from the first 48 hours after tagging the individuals, and 2)
use a random selection of a fixed number of relocations from each tagged individual. All
analyses were performed using the R programming language ( R Core Team, 2023).

2.2.2. Environmental data

Environmental variables were obtained from the Copernicus Marine Environment
Monitoring Service. Variables included sea surface temperature (°C), salinity (unitless),
chlorophyll-a concentration (mg m=), ocean mixed layer thickness (m), sea surface height
above geoid (m), and zonal (UO) and meridional (VO) components of current velocity (m s-
1). These variables were selected because they collectively provide a comprehensive
understanding of the marine environment that influences the habitat behavior of
Lepidochelys olivacea. Sea surface temperature and salinity are crucial for assessing
physiological conditions and habitat suitability (Esteban et al., 2020; Olson et al., 2022).
Chlorophyll-a concentration indicates the availability of primary production, which is vital for
understanding prey distribution (Richardson et al., 2003). The mixed layer thickness helps in
understanding nutrient availability and the vertical distribution of temperature (Xue et al.,
2021). The sea surface height is used as a proxy for frontal systems, which are important for
understanding the distribution of nutrients and prey (Graham, 2014). Finally, the current
velocity components facilitated the analysis of migration pathways and oceanic transport
dynamics that affect the species’ distribution and behavior (Luschi et al., 2003). These
variables were downloaded as monthly averages from 1997 to 2021 for the study area. Data
for all variables except chlorophyll-a were obtained from Copernicus at a spatial resolution
of 9.2 km (Drévillon et al., 2022). Chlorophyll-a was downloaded from the Global Ocean
Chlorophyll database with a spatial resolution of 4.6 km (Colella et al., 2022). Chlorophyll-a
data were spatially averaged to pixels of 9.2 km to ensure consistency among environmental
layers. Current velocity (CUR) was calculated as the result vector from the components UO
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and VO following the formula CUR = /UO? 4+ V0? by making use Pythagorean theorem. In
addition, to include only one variable associated with the current, the cosine sign of the
direction (in degrees) associated with the velocity of the currents was used. In this way,
velocities with directions between 0°-90° and 270°-360°, i.e. predominantly northwards, are
positive, while directions between 90°-270° (south) are negative.

To analyze long-term trends and ensure robustness in our results, we built climatology layers
of the environmental variables by averaging those for periods 2009-2011 and 2016-2018,
which represented the years with available telemetry data. The processing of all
environmental databases and the extraction of the values matching the turtle’s locations was
done using the satin R package (Villalobos and Gonzalez-Rodriguez, 2020). The inclusion of
highly correlated environmental variables can affect the perception and interpretation of
models (Huang et al., 2011). To avoid this, correlations between available environmental
variables were examined with the virtualspecies package (Leroy et al.,, 2015), which
computes them directly from the spatial matrices. The variables with a Pearson correlation
coefficient of > 0.5 were eliminated from further analyses. Since a high correlation was found
between sea surface temperature and salinity (p= -0.58; see Appendix 1), the latter was
excluded from the following SDM analysis. The correlation (in absolute value) for all the other
variables was between 0.04 and 0.5.

Finally, to meet the requirements of the specific SDM algorithm used here, namely MaxEnt,
all environmental variables were exported from R in ASCIl format. These text files contain a
header with information about the number of columns and rows of the environmental data
matrix, the coordinates of the upper left corner of the matrix, and the cell size (spatial
resolution), followed by the values of the individual cells that make up the raster layer.

2.3. Lepidochelys olivacea ecological niche model

The maximum entropy algorithm (MaxEnt, v3.3.3; (Phillips et al., 2006) was used to develop
the SDM through the kuenm package (Cobos et al., 2019). This package can generate many
candidate models with different calibration configurations (class features, regularization
multipliers, and sets of environmental variables) to obtain a species-specific
parameterization. Before the calibration process, a bipartition of the presence datasets was
performed using the get.checkerboardl function from the ENMeval package to enable a
cross-validation approach (Muscarella et al., 2014). This function allowed us to partition the
presence datasets according to the grid pattern of a checkerboard throughout the study
area. Following this, 50% of the data was randomly selected for calibration and the remaining
50% for model validation. Finally, while MaxEnt does not require absence data, it does need
pseudo-absence background points. For this reason, 1839 background points (same
presences) were selected at random.

2.3.1. Modeling parameters

The calibration process to create candidate models was performed by parameter fitting with
the kuenm_cal function based on three class features: linear model (L), linear-quadratic



261
262
263
264
265
266
267
268
269
270

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287

288

289
290
291
292
293
294
295
296
297
298
299
300
301

model (LQ), and linear-quadratic-hinge model (LQH). Class features are defined as
transformations applied to the different covariates used in the models to allow the modeling
of complex relationships (Elith et al., 2011). In addition, five values for the regularization
multiplier (1, 2, 4, 6, and 8) were chosen to define different levels of complexity and avoid
overfitting the data, as recommended by Morales et al. (2017). For each parameter
configuration, two models were created, one based on the entire dataset and the other
based solely on the training data. The former is used to calculate model complexity, and the
latter is used to calculate model performance and omission rates (Cobos et al., 2019). In
addition, the jackknife procedure was used to determine the relative contribution of each
environmental variable (Phillips et al., 2006).

Validation and selection of the final model was performed using the kuenm_ceval function.
This function selects models by cross-validation based on three main criteria: (1) the area
under the partial receiver operating characteristic curve (ROCp), (2) the omission rate (< 5%),
and (3) the Akaike Information Criterion corrected for small sample sizes (AlCc). We specified
a cumulative output for the final model representation before repeating the bootstrapping
and MaxEnt procedure 100 times. The variation in model performance metrics, such as AUC
and TSS, was assessed across these repetitions to evaluate the stability and robustness of
the model. The range of AUC and TSS values provided insights into how model performance
varied with different tuning parameters. The results averaged from these 100 MaxEnt
models, were used to create a map identifying favorable areas. This map employs the Habitat
Suitability Index (HSI) on a scale from 0 to 1, where low values indicate unsuitable habitat
and high values suitable. A contribution percentage from 0 to 100% was assigned to
determine the contribution of each environmental variable to the final model. In addition,
response curves were generated to visually represent the relationships between
environmental variables and the predicted probability of presence for the olive ridley turtle;
limiting the model to three class features enabled a relatively straightforward interpretation
of these relationships.

2.3.2. SDM projections

The final model results were mapped to the different environmental conditions experienced
in the ETP during warm and cold periods. To ensure the model’s robustness and validate its
overall quality, independent olive ridley turtle records from Plotkin (2010) were used,
consisting of 438 presences registered using satellite tags from 21 females and 9 males of
olive ridley turtles tagged at Nancite Beach, Costa Rica, between 1990 and 1993. For more
details on the used satellite tags and their configuration, see Plotkin (2010) and Plotkin et al.
(1995). Although the independent occurrence data did not cover both warm and cold
periods, this validation process was crucial for confirming that the model accurately predicts
turtle presence beyond the data used for calibration. In this analysis, environmental variables
were prepared in the same way as previously but were explained before considering the
periods described below. The Extended Reconstructed Sea Surface Temperature v5 (ERSST)
dataset was used to identify the specific ENSO scenarios. The ERSST provides a global
monthly sea surface temperature (SST) analysis in 2°x2° quadrants derived from the
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International Comprehensive Ocean-Atmosphere Dataset (ICOADS) (Huang et al., 2017).
Quadrants with available turtle records were selected to obtain more detailed temperature
information, and to locate extreme temperature changes in areas known to be selected by
the species. This approach helped in identifying shifts in potential habitat distribution in
response to environmental changes. The average year was calculated for the period 1990-
2021 to obtain monthly anomalies per quadrant (Appendix 2). Then, 3-month moving
averages were obtained and plotted for each quadrant and the average for all the selected
guadrants. Based on the Oceanic El Nifio Index definition (ONI) (NOAA, 2023), periods with
anomalies > 0.5 °C were considered warm, and periods with anomalies < -0.5°C were
considered cold. This approach identified a warm period from January 2019 to January 2020
and a neutral period (anomalies between -0.5 and 0.5°C) from January 2020 to December
2021. Extreme scenarios such as El Nifio 1997 and La Nifia 1999 were also considered
(Appendix 3).

Projecting MaxEnt results to conditions beyond those used to create the model can use three
different strategies: (1) No extrapolation, which considers that all conditions outside the
calibration range are unsuitable; (2) Extrapolation with restraint, which extrapolates
marginal values within the calibration area as predictions for more extreme conditions; and
(3) Unconstrained extrapolation, which extends the response curve based on environmental
trends during the study period. To choose the optimal strategy based on the results, we
calculated the extrapolation risk in transfers between present and El Nifio and La Nifia
scenarios through the mobility-oriented parity (MOP) using the kuenm mop function.
According to Owens et al. (2013), besides extrapolation risk, this function also calculates the
environmental differences between the environmental range used to construct the model
(calibration region) and the transfer scenarios (ENSO periods). Based on these results, we
chose an extrapolation strategy to create binary maps that represent changes in the
potential distribution of the species according to three categories: (1) Lost or contracted
areas (suitable in the present, but not in the transfer scenario); (2) Gained or expanded areas
(not suitable in the present, but suitable in the transfer scenario); and (3) Stable areas
(suitable in both the present and transfer scenarios). Subsequently, the results were
mapped, and the percentage values of gained, lost, and stable suitable areas for the species
were calculated for the transfer scenarios. This analysis allowed for the evaluation of the
different extrapolation strategies and their implications for predicting potential distribution
shifts of the species under different climate conditions.
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Fig. 2. Climatologies of the variables used in the Ecological Niche Model for the olive ridley
turtle Lepidochelys olivacea in the Eastern Tropical Pacific Ocean (2009-2011 and 2016-
2018). a) Sea surface temperature; b) chlorophyll-a concentration; ¢) ocean mixed layer
thickness; d) sea surface height above geoid; and e) current velocity.

3. Results

Oceanographic features in the ETP during the study period, as indicated by the derived
climatologies, indicated that the regions with higher sea surface temperatures were located
to the north of the central Pacific (> 25 °C), while the coldest zones were in the equatorial
region (< 24 °C). Spatial patterns of chlorophyll-a concentration revealed coastal areas as
regions with higher productivity (> 1 mg - m=3). The mixed layer thickness remained around
10 m deep, except at the north and south of the equatorial zone, where it was greater (> 20
m). Current velocity was generally low, ranging from 0 to 0.5 m - s71, except in the western
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Galdpagos Islands, where current velocities exceeded 1.0 m - s71. Altimetry data showed
values close to O m throughout the region, particularly in the southern zone (Fig. 2).

3.1. Species distribution model

A total of 1825 (out of 3492) records of geographic occurrence records were retained to
perform the SDM calculations. These records were kept after geographic positions were
filtered to remove records according to Edrén et al. (2010) methodology. The best habitat
suitability model was obtained with the LQH class and regularization factor 1, showing good
predictive potential (AUC > 0.87 for the cross-validated model). The variables with the
greatest contribution were log10-transformed chlorophyll-a concentration (44.7 %) and sea
surface temperature (20.2 %) (Table 1). The response curves, which describe the
relationships between the probability of presence and the environmental variables, are
illustrated in Fig. 3. There is a greater probability of Lepidochelys olivacea presence in
habitats with a sea surface temperature between 28 -28.5 °C, a chlorophyll-a concentration
<1 mg - m=3, a mixed layer thickness between 10 -11 m, sea surface height above geoid
around 0.3 m and low currents velocities < 0.1 m - s7%.

Table 1 Contribution percentages of the environmental variables used in the final model for
the olive ridley turtle Lepidochelys olivacea in the Eastern Tropical Pacific and Cross-
validation statistics. AUC, Area Under the Curve; AlCc, Corrected Akaike Information
Criterion.

Variable Contribution average (%)
Chlorophyll-a concentration 44.7

Sea surface temperature 20.2

Mixed layer thickness 18.7

Sea surface height above geoid 13.3

Current velocity 3.2

Validation Statistics

AUC 0.87
AlCc 10.02
Omission rate 0.048
Model LQH
Regulation factor 1
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Fig. 3. Environmental response curves of the environmental variables derived from the
Ecological Niche Model of the olive ridley turtle Lepidochelys olivacea in the Eastern Tropical
Pacific. Red curves show how the probability of presence changes as the value of a particular
variable changes; dashed grey lines show higher occurrence probability values.

The HSI map highlights suitable areas along the Eastern Pacific coast, including estuarine
systems and close to upwelling-areas (Fig. 4). Based on our post-nesting data, the HSI
suggests that this species is predominantly found near the coast, mainly in proximity to the
nesting sites in Panama and Costa Rica. Also, the Exclusive Economic Zones (EEZ) of Panama,
Costa Rica, Nicaragua, El Salvador, and Guatemala have a high probability of occurrence. In
contrast, the Costa Rica Dome and certain areas close to the Gulf of Tehuantepec show low
HSI values.
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Fig. 4. Habitat suitability index (HSI) of the olive ridley turtle Lepidochelys olivacea in the
Eastern Tropical Pacific. Black dots represent satellite telemetry observations (From Guzman
et al. (2019) and Figgener et al. (2022)). Grey continuous lines represent the economic

exclusive zones (EEZ), and grey dashed lines the Marine Protected Areas (MPA). The range
of suitability classes are: O = not suitable, 0—0.4 = not very suitable, 0.4-0.6 = moderately
suitable, 0.6—0.8 = suitable, and 0.8—1 = highly suitable.

3.2. SDM projections

Based on the results of the projection, we chose No extrapolation strategy to create binary
maps that represent changes in the potential distribution of the species. These maps indicate
that under neutral conditions (year 2021), the habitat suitability of Lepidochelys olivacea
contracted by 12.07% in the central Pacific and coastal areas of Ecuador and Colombia but
increased by 1.16% in oceanic waters to the south of Mexico (Fig. 5). Projections during warm
conditions (2019-2020) experienced a loss of habitat suitability of 3.96% in the central Pacific
and a gain of 5.66% in oceanic zones with a clear expansion towards the south in the
equatorial region. These patterns were accentuated during the ENSO events of El Nifio 1997
and La Nifia 1999. The El Nifio scenario 1997 showed a pattern like the warm period of 2019-
2020 but with a habitat extent loss of 18.57% in the central Pacific and a gain of 7.3% in the
equatorial zone. The La Nifia scenario 1999 was like the neutral period of 2021, showing a
loss of habitat suitability by 7.54% in the central Pacific oceanic areas. The gain during this
period reached 1.73% and was localized towards the oceanic waters to the south of Mexico.
These changes were related to variations in sea surface temperature and chlorophyll-a
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concentration in the region, with high HSI values observed in areas with high chlorophyll-a
production during warm and cold periods. However, the relationship was inverse for zones
with high thermal variability. For example, during warm periods, areas with high sea surface
temperatures showed a loss of suitability, and during cold periods, areas with low
temperatures were also considered less favorable for the species.
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Fig. 5. Results of the SDM projections of the potential distribution of the olive ridley turtle
Lepidochelys olivacea in the Eastern Tropical Pacific, during cold and warm periods (warm
period 2019, neutral period 2021, El Nifio event of 1998, and La Nifia event of 1999).
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4. Discussion

Considering the constant warming of the ocean (IPCC, 2021), understanding the fluctuation
in the distribution of a species as a response to changes in oceanographic changes is key to
developing decision-support tools for the climate-smart management of marine ecosystems
(Boyce et al., 2022). The present study assessed the conditions that favor or limit the suitable
habitat of Lepidochelys olivacea in the ETP, showing that chlorophyll-a concentration and sea
surface temperature variability are this species' most significant factors. Moreover, our
results suggest changes in the oceanographic setting can significantly impact the distribution
of this species. Particularly during extreme ENSO events, low productivity, and warmer
temperatures forced the projected habitat to contract and move towards southern latitudes
and further offshore. These results add to the growing body of literature suggesting a shift
in marine species range could occur along the coast of the eastern Pacific Ocean and
potentially into more oceanic areas due to a changing climate (e.g. Clarke et al., 2020;
Rodriguez-Burgos et al., 2022).

The limitations of this study must be considered in the context of data availability and the
nature of the research. For example, the use of satellite telemetry data in SDM has increased
due to its greater accuracy and its ability to more precisely align with actual environmental
conditions over time, compared to open-access databases that provide similar data on
species locations (Edrén et al., 2010; Pikesley et al., 2013). This temporal alignment enhances
the precision of matching environmental conditions to the data. However, it has not yet been
widely adopted based on the premise that spatially autocorrelated data can bias the resulting
models if not properly dealt with (Cushman, 2010; Miller et al., 2019). It should be noted that
spatial autocorrelation can also be an issue for any kind of data, even open-access databases
(Paradinas et al., 2023). Recently, there has been an increasing effort to explore linking
tagging data to SDMs due to the larger amounts of data availability. Furthermore, SDMs
implicitly assume that geographic data points for species records are independent (Phillips
et al.,, 2009), which is not necessarily true regarding telemetry studies where data is
temporally and spatially autocorrelated (Gurarie, 2009). Following Aarts et al. (2008), Edrén
etal. (2010), and Pikesley et al. (2013) we attempted to overcome limitations within our data
by excluding all satellite positions from the first 48 hours after tagging the individuals, using
randomly selecting a fixed number of relocations from each tagged individual, and by
including one single relocation per day.

Another important factor is the bias associated with the portion of the population under
assessment (Godley et al., 2008). Ideally, in distribution modeling, presence records should
represent many portions of the species’ population life stages, and range, and be collected
in different periods (Varela et al., 2009). The distribution of Lepidochelys olivacea in the ETP
has been previously described to span as far as 150° W over the equatorial region. This may
suggest that our study might not fully capture the species’ ecological niche if certain
latitudinal and longitudinal ranges are inadequately represented. Montero et al. (2016)
assessed 12 years of bycatch by tuna purse seiners and reported this species was found all
across the ETP, yet it was more susceptible to being caught in offshore areas along the
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equator. Conversely, Peavey (2010) obtained contrasting results by modeling suitable
habitats through several statistical tools based on observations collected in front of the coast
of Central America and different environmental variables (e.g. sea surface temperature,
chlorophyll-a concentration, and bathymetry). The only thing Peavey’s models conveyed was
high suitability near coastal areas over the continental shelf, which resembles the results
obtained in our study. The mismatch between these studies can be attributed to a
combination of sampling effort, type of observations, the modeling approach, and species-
specific dispersal constraints (the distance of records from shore) (Matthiopoulos, 2022). Our
datasets focused on a large sample of adult males, especially females tagged at different
years and locations during and after their nesting season, whose movements covered an
important section of its observed distribution (Montero et al., 2016), including the areas used
by early life stages used in the study by Peavey (2010).

It is important to note that differences are expected between the observed distribution and
the suitable habitat modeled for a species when using tracking data as a proxy in SDMs (Van
Moorter et al., 2023). Tracking data reveals the environmental conditions that individuals
seek during different behaviors (e.g. nesting, migrating, foraging) and helps to understand
the geographical areas they can access based on their movement and dispersal abilities
(Soberon and Peterson, 2005). In contrast, SDMs typically provide an average measure of
habitat suitability across these various behavioral states without distinguishing between
them, contrary to the recommendations of Guisan and Thuiller (2005). This can lead to less
accurate predictions because the specific needs and habitats preferred during different
behavioral states are not individually accounted for. For example, Pikesley et al. (2013),
reported a high HSI value of post-nesting olive ridleys over the continental shelf of western
Africa, regardless of the individuals displaying long offshore migrations and extended
distribution. Their results are similar to ours in that individuals were also observed moving
further offshore from Central America, yet coastal areas were depicted as having high HSI.
This supports our results as an important first step for a comprehensive understanding of the
spatial ecology of sea turtles when dispersing from their nesting sites (Hays and Hawkes,
2018), and for modeling the functional habitat of the ETP populations (Bruneel et al., 2018;
Van Moorter et al., 2023). It is nevertheless recommended that the tagging be expanded to
early life stages and individuals traversing offshore feeding grounds to better capture
potential connectivity routes back to nesting sites and model the functional habitat of this
population.

Our results show the habitat of Lepidochelys olivacea is characterized by low chlorophyll-a
concentration (< 0.1 mg - m=3) with low thermal variability (28 - 28.5 °C), slow current velocity
(<0.2 m-s™1), a shallow mixed layer thickness (9.5 — 10.5 m), and low sea surface height (0.3
m). These results are consistent with Peavey (2010), who, using monthly averaged data in a
MaxEnt algorithm, reported that Lepidochelys olivacea prefers temperatures a few degrees
higher (29.5 - 31.5 °C), which remain suitable in our study (Fig. 3). Other studies in the region
showcase diverse habitat preferences due to various types of data and methodologies. For
example, Montero et al. (2016) used generalized additive models (GAMs) on catch data to
model the response of the natural logarithm of the CPUE to the monthly average of
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environmental parameters, and highlighted a higher bycatch probability at temperatures
ranging from 26 to 30 °C, particularly during sets in areas with low chlorophyll-a
concentrations (< 0.36 mg - m~3). More recently, Figgener et al. (2022) also used GAMs to
model the response of presence and pseudo-absence (derived from telemetry data) to the
8-day composites of remotely sensed data and other environmental parameters. Their work
indicated temperature preferences for this species in the ETP within the range of 25.5 t0 28.5
°C. Similarly, Polovina et al. (2003) described a comparable temperature range (24 — 27 °C)
based on turtle bycatch in the central North Pacific. They utilized descriptive analyses and
spatial interpolation on daily and monthly environmental parameters to analyze the
movements and habitat preferences of loggerhead and olive ridley turtles. In Costa Rica,
Swimmer et al. (2009) used a Kalman filter state-space model to analyze light-based
longitude and latitude data, incorporating sea surface temperatures and chlorophyll
concentrations. They found that most turtles were associated with sea surface temperatures
between 25 and 28 °C, and chlorophyll concentrations below 0.4 mg - m=3. They used satellite
data with a daily and weekly resolution. Guzman et al. (2019) extended this analysis by
employing a Hidden Markov Model to differentiate between behavioral states and found
significant variations in monthly chlorophyll-a concentrations. Their results indicate that
tracked turtles foraged in areas with notably higher chlorophyll-a concentrations (0.91 mg -
m=3) compared to the concentrations during migration (0.41 mg - m=3). Despite these
variations, the results across studies underscore the importance of diverse data types and
methodologies in achieving a comprehensive understanding of the spatial ecology of
Lepidochelys olivacea and highlighting the species’ flexible habitat preferences.

In our study, chlorophyll-a concentration is the key variable that defines the presence of this
species in the ETP. Lepidochelys olivacea is not a specialized herbivore or phytoplanktivore
(Peavey et al., 2017), but productivity hotspots are likely to also aggregate higher trophic
levels species, including prey items. Other SDM studies in the North Atlantic and the ETP also
highlight oceanic frontal activity and chlorophyll-a concentration as the most significant
variables for this species (Peavey, 2010; Pikesley et al., 2013). The preferences for
chlorophyll-a concentrations are similarly reflected in the GAM models by Figgener et al.
(2022), who associated a higher presence of the species with euphotic depths (30 m)
alongside elevated levels of particulate organic and inorganic carbon. However, the role of
chlorophyll-a concentration in sea turtle distribution has not yet been fully elucidated. Like
other predators, Lepidochelys olivacea does not feed directly on phytoplankton, but it does
opportunistically on jellyfish and demersal prey in deep neritic and shallow pelagic waters
(Echevengua et al., 2023). Given individuals of this species starve during mating and breeding
season (Santoro and Meneses, 2007), it is likely that post-nesting individuals are in search of
highly productive waters to feed on nutrient-rich prey items that will aid them in recovering
optimal physiological health (Espinoza-Romo et al., 2018).

It is important to note that seasonal upwelling areas, such as the Gulf of Tehuantepec and
the Costa Rica Thermal Dome, were modeled as marginal suitable habitats. The seasonal
dynamics of these systems likely impact the species' habitat selection. The Tehuantepecer
winds, prevalent from November to February, induce coastal upwelling and the formation of
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cyclonic and anticyclonic eddies in the Gulf of Tehuantepec (Trasvifia et al., 1995). Under the
influence of these winds, a cold-water plume is generated, extending over 400 km offshore
and potentially acting as a natural barrier to the species migration in the region (Veldzquez-
Mufioz et al., 2011). The predicted distribution of nesting grounds for this species also
showed a marginal suitable habitat over the coast of the Gulf of Tehuantepec (Pike, 2013),
despite hosting an important arribada nesting ground (Montero et al.,, 2016). While
temperature is considered secondary in importance, its seasonal component could be
flagged as marginal areas of much greater importance for the habitat of this species. This
relationship with habitat selection processes emphasizes the complexity of these
interactions and their role in shaping the species' distribution patterns (Akesson et al., 2021).

The complementary effect of temperature on this species cannot thus be ruled out, as shown
by the results presented in our study. Some authors suggest that olive ridley turtles appear
resilient to environmental changes (Ariano-Sanchez et al., 2020) and can quickly recover by
adapting to new habitats (Plotkin, 2010). However, the results of this study indicate that the
species may show consistent changes in the geographical extent of its pelagic and neritic
suitable habitat in response to environmental variation driven by ENSO events, with one
example being its presence in southern latitudes. The ENSO phenomenon is a dominant
source of interannual climatic variability in the ETP, inducing significant warming (El Nifio)
and cooling (La Nifia) of the regional sea surface temperature (Wang and Fiedler, 2006).
During El Nifio, the southeast trade winds weaken, intensifying the equatorial current that
transports warm surface water toward the central Pacific coast (Wang and Picaut, 2004).
According to Zhang et al. (2019) and Fosu et al. (2020), the temperature increase, especially
in coastal areas, results in a change in the thermocline and increased stratification, leading
to reduced nutrient availability and weakened upwelling below 100 m. During La Nifia, the
trade winds strengthen, pushing warm coastal waters westward, weakening the equatorial
current, while the Peru Current and upwelling intensify. As a result, cold, nutrient-rich waters
rise to the surface, cooling the central Pacific (Fiedler and Lavin, 2017). Peavey et al. (2017)
pointed out that habitat alteration could compel the species to travel long distances in search
of better environmental conditions and food sources. This is supported by Montero et al.
(2016), who observed a relationship between higher catches of olive ridley turtles afar from
nesting beaches and over the equatorial region during positive ONI years. The species'
nomadic behavior could exacerbate the observed shift in suitable habitat as an adaptation
to searching for more productive, less warm waters. Previous studies have shown that this
regional environmental variability can also change the dynamics of other pelagic species in
the region, some of which are prey for the olive ridley turtle. For example, Reilly (1990)
suggested that changes in biological productivity in the ETP can act as a mechanism for
vertical aggregation and a biological barrier for fishes and squids, which serve as prey for
higher pelagic species such as dolphins. When considering this concept within an ecological
framework, changes in oceanographic conditions that influence the suitable habitats of
Lepidochelys olivacea could have a cascading effect on the entire food web, impacting not
only the olive ridley turtle but also its predators and prey.
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Long-term monitoring is required to expand further our understanding of the effects of
regional oceanographic variation and climate change on olive ridley turtle populations. Due
to the warming trends in the ETP over the past 40 years (Zevallos-Rosado et al., 2023), the
modeled contraction during ENSO events raises important concerns about how this species
will react to permanent and severe productivity and temperature changes over the coming
century. Zevallos-Rosado et al. (2023) demonstrated significant changes in regional sea
surface temperature since 1982, especially along the continental shelf of Central and South
America, exactly the areas where high HSI values were obtained. At the same time, our
results suggest that the suitable habitat for this species in the ETP is dynamic and changes
spatially and temporally, large-scale climatic variability could lead to strong shifts in the
future distribution of olive ridley turtles. These shifts may have significant implications for
nesting sites. For instance, while the current data from PROTOMAR-UAS indicate that nesting
activity is increasing at certain sites in Mexico (Sosa-Cornejo et al., 2021), there is a possibility
of increased pressure on these sites or the possible displacement of nests from other
locations. This could affect both the availability and suitability of nesting sites. Despite these
challenges, olive ridley turtles exhibit considerable resilience, with some populations
showing an upward trend in nesting abundance even amidst ENSO variability (Ariano-
Sanchez et al., 2020). This resilience is crucial as it suggests that olive ridley turtles may adapt
to changing conditions, like other species observed in the region. For instance, the jumbo
squid, Dosidiscus gigas (Keyl et al., 2008), and various gastropods (Rivadeneira and
Fernandez, 2005) have shown permanent range expansions in response to climate change.
Similarly, pelagic fish and sharks are expected to experience permanent range shifts (Clarke
et al., 2020; Rodriguez-Burgos et al., 2022).

Range shifts pose a challenge for conservation, as protecting a statically defined spatial area
does not necessarily ensure the preservation of the entire population, necessitating a range
of complementary conservation measures to ensure a protected seascape (Tittensor et al.,,
2019). This is why innovative management approaches may be necessary, where dynamic
and effective conservation and management measures are constructed based on climatic
conditions. Juvenile and adult bycatch in neritic and oceanic fisheries are a significant threat
to olive ridley turtles inhabiting the ETP by artisanal and industrial fisheries (Caceres-Farias
et al., 2022). Although it is challenging to determine definitively the overlap between the
ideal habitat and fishing fleets, the results demonstrate the core suitable habitat for post-
nesting individuals remains within the EEZs in the region during normal and ENSO conditions.
Incorporating fishing effort data could further clarify this relationship. While our study
provides valuable insights into the current impacts of ENSO events, it is crucial to consider
the broader implications of climate change. The observed shifts in habitat suitability may
indicate potential future changes in distribution due to long-term climate trends, which the
ecosystem. The SDM allows for the identification of priority conservation areas for this
species in the ETP. A deeper understanding of fishing efforts and bycatch would facilitate an
integrated approach both within and between countries to enhance existing regional
management units from a climate-smart approach.
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