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Hurricane Frequency and Intensity
May Decrease Dispersal of Kemp’s
Ridley Sea Turtle Hatchlings in the
Gulf of Mexico

Morgan J. DuBois'*, Nathan F. Putman? and Susan E. Piacenza’

" Biology Department, University of West Florida, Pensacola, FL, United States, ? LGL Ecological Research Associates,
Bryan, TX, United States

Environmental variability can be an important factor in the population dynamics of many
species. In marine systems, for instance, whether environmental conditions facilitate
or impede the movements of juvenile animals to nursery habitat can have a large
influence on subsequent population abundance. Both subtle differences in the position
of oceanographic features (such as meandering currents) and major disturbances
(such as hurricanes) can greatly alter dispersal outcomes. Here, we use an ocean
circulation model to explore seasonal and annual variation in the dispersal of post-
hatchling Kemp’s ridley sea turtles (Lepidochelys kempii). We simulated the transport
of 24 cohorts of young-of-the-year Kemp’s ridley sea turtles dispersing from the three
primary nesting areas in the western Gulf of Mexico to describe variability in transport
during the main hatching season and across years. We examined whether differences
in transport distance among Kemp’s ridley cohorts could be explained by hurricane
events. We found that years with high numbers of hurricanes corresponded to shorter
dispersal distances and less variance within the first 6 months. Our findings suggest
that differences in dispersal among sites and the impact of hurricane frequency and
intensity could influence the survivorship and somatic growth rates of turtles from
different nesting sites and hatching cohorts, either improving survival by encouraging
retention in optimal pelagic habitat or decreasing survival by pushing hatchlings into
dangerous shallow habitats. Considering such factors in future population assessments
may aid in predicting how the potential for increasing tropical storms, a phenomenon
linked to climate change, could affect Kemp’s ridley and other populations of sea turtles
in the Atlantic Ocean.

Keywords: dispersal, hurricane, sea turtle, ocean circulation model, movement ecology, spatial ecology

INTRODUCTION

Many marine species move across widely separated habitats to seek conditions that are favorable for
the development, growth, and survival of different life-stages (Harden Jones, 1968; Putman, 2018).
These periods of habitat transition are considered “critical periods” for understanding population
abundance and may be closely linked to dynamic ocean circulation processes that either facilitate
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or impede movement into favorable locations (Hjort, 1914;
Secor, 2015). In particular, temporal fluctuations in population
abundance are hypothesized to be driven by variability in the
oceanic transport of juveniles to nursery grounds (Sagarese et al.,
2015; Liu et al., 2016). Sea turtles are iconic examples of the
life-history strategy in which juveniles disperse long-distances
from their natal site to reach nursery habitat (Carr, 1987).
Hatchling turtles dig out from nests deposited on sandy beaches,
and upon entering the water for the first time, undertake a 1
to 2 day “swimming frenzy” to move offshore as quickly as
possible, but hatchlings are small and cannot swim very quickly
(Wyneken and Salmon, 1992; Lutz and Musick, 1996). The initial
entrance into the water is the most dangerous, and it is estimated
that an average of 30% of hatchlings do not make it through
the initial gauntlet of nearshore predators (Witherington and
Salmon, 1992; Gyuris, 1994). Ocean currents push hatchlings
along and assist in dispersal to pelagic habitat where they remain
in the open ocean traveling with the major current systems
and, at a smaller scale, associating with habitats such as pelagic
Sargassum (Carr, 1987; Collard and Ogren, 1990; Witherington
et al,, 2012). Upon reaching the large juvenile life stage, they
depart for coastal waters and their neritic habitat (Witherington
et al,, 2012; Wildermann et al., 2018). Upon reaching maturity
(perhaps a decade or more later), they return to the vicinity
of their hatching site to reproduce (Lohmann et al., 2008). If
currents move hatchlings offshore faster, they spend less time in
the coastal zone, where they are presumed to be most vulnerable
to predators (Witherington and Salmon, 1992; Gyuris, 1994).
Owing to natal homing, locations that produce more surviving
hatchings might also have higher numbers of turtles returning to
nest (Putman et al., 2010a).

The role of hatchling dispersal on regional variation in
population abundance is well-established: beaches positioned
closer to ocean circulation features that consistently aid in
the transport of hatchlings to offshore habitats host larger
sea turtle populations than beaches further away (Putman
et al, 2010ab; Okuyama et al, 2011; Shillinger et al,
2012; Ascani et al., 2016; Putman, 2018). There are also
indications that temporal variability in ocean circulation could
influence population dynamics (Ascani et al., 2016; Scott et al.,
2017). Intuitively, periods when ocean currents are more
favorable for transport should result in higher survival and
subsequently higher recruitment into the adult age classes, but
a direct link has been challenging to demonstrate. In part,
insufficient data has been collected on temporal variability in
the dispersal of hatchlings to rigorously test the hypothesis
(Arendt et al., 2013).

As a step toward understanding the population-level
implications of temporal variability in hatchling sea turtle
dispersal, we used an ocean circulation model to simulate
the post-hatchling movements of Kemp’s ridley sea turtles
(Lepidochelys kempii) from their nesting beaches in the western
Gulf of Mexico. Kemp’s ridleys are the smallest sea turtles in
both size and abundance (Lutz and Musick, 1996). Kemp’s
ridley sea turtles are also somewhat unique in that they often
reproduce in large aggregations known as arribadas which
occur only a few times in a season (Bevan et al, 2016).

They are listed as critically endangered by the IUCN and as
endangered by the United States. Endangered Species Act
(NMFS, 2015; ITUCN, 2019). Their three primary nesting beaches
are Rancho Nuevo in Tamaulipas, Mexico, where >90% of
the population nests, several beaches in Veracruz, Mexico,
and a head-started population established in 1978 at Padre
Island, TX, United States (Putman et al., 2013; Putman, 2018).
Kemp’s ridley sea turtles spend their first 2 years in oceanic
habitats before recruiting to coastal waters along the Gulf of
Mexico and the East Coast of the United States (Collard and
Ogren, 1990; Putman et al., 2010b). Kemp’s ridley sea turtles
reach maturity within 10 to 15 years (Avens et al., 2017) and
return to the vicinity of their natal site to reproduce, thus
contributing to different demographic and genetic trajectories
for distant nesting aggregations (Putman and Lohmann, 2008;
Shaver et al., 2016). The Kemp’s ridley sea turtle reached
dangerously low numbers in the late 1900s, but responded
well to intensive conservation efforts that led to a considerable
population increase (Marquez et al.,, 2005; Bevan et al., 2016).
However, since 2010, population growth appears to have abruptly
stopped and has been in decline or fluctuation, and intensive
management is still necessary to protect this species (NMFS,
2015; Caillouet et al., 2018). Ultimately, understanding how
environmental factors influence hatchling dispersal may help
increase the accuracy of population assessments that assist
conservation managers in decision making for this critically
endangered species.

Here, we used “hindcasts” of historical ocean conditions
from the Global Hybrid Coordinate Ocean Model (HYCOM)
paired with virtual particle-tracking to describe daily variability
in transport during the main hatching season (June through July)
and annual variability over the past quarter century (Putman
et al.,, 2020). In these simulations, we did not attempt to simulate
swimming behavior, as our aim was simply to produce indices
that reflect variability in environmental conditions that influence
dispersal. To better understand the processes contributing to
variation in Kemp’s ridley sea turtle dispersal, we examined
whether tropical storm frequency and intensity contributed to
yearly differences in transport predictions (Monzoén-Argiiello
et al., 2012). Though hurricanes often have catastrophic effects
on biological communities, they also may aid in the dispersal
of various species both native and invasive (Eggleston et al.,
2010; Johnston and Purkis, 2015; Smith et al, 2017). As
hurricane season coincides with nesting and hatching seasons for
many populations of sea turtles, it is plausible that hurricanes
have acute impacts on nest survival, hatchling survival and
hatchling dispersal (Monzon-Argiiello et al., 2012). Finally, we
discuss how this work to identify environmental factors that
influence hatchling dispersal may help increase the accuracy of
population assessments.

METHODS

To simulate the initial dispersal of hatchling Kemp’s ridley
sea turtles during their first year of life, we used the particle
tracking software Ichthyop (v. 2.2) and velocity field outputs
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from the Global Hybrid Coordinate Ocean Model (HYCOM 3.1)
(Chassignet et al., 2007; Lett et al., 2008). HYCOM is an eddy-
resolving model that assimilates in situ and satellite observations
to depict oceanic conditions that occurred at specific times in the
past (Chassignet et al., 2007). Global HYCOM portrays ocean
circulation features, such as fronts, filaments and mesoscale
eddies, which are relevant to the transport of marine organisms
(Chassignet et al.,, 2007; Putman and He, 2013). We obtained
HYCOM data for the years 1993 through 2017 from Reanalysis
and Hindcast Experiments 19.0, 19.1, 91.0, 91.1, and 91.2%.

Using Ichthyop, we released particles from defined release
polygons close to the shore of the three main nesting regions of
Kemp’s ridley sea turtles. The central points of these polygons
are as follows: Padre Island, Texas (27° 14’ 9.78”N, 97° 20
42""W), Rancho Nuevo (23° 22" 12”N, 97° 45’ 20.88” W), Mexico,
and Veracruz, Mexico (20° 28" 49.44"N, 97° 0’ 44.64"W, and
19° 1’ 20.28"N, 95° 58 30”W) and correspond to those used
in Putman et al. (2019). These release locations encompass the
beaches used by the majority of females in the species (Putman
et al., 2013; Putman, 2018). To simulate dispersal throughout
the height of the hatching season, we released 350 particles
day~! from June 1 to July 31, the primary hatching period
for this species (Rostal et al., 1998), and repeated simulations
yearly between 1993 and 2016. This 24-year period encompasses
a wide range of variability in environmental conditions within
the Gulf of Mexico. Particle tracking took place for 12 months
after release to model the initial dispersal into the Gulf of
Mexico. Ichthyop simulates movement using a Runge-Kutta 4th-
order time step method with 30 min time steps and saves the
particle locations daily. These simulations of sea turtle dispersal
use the same methods as were applied in Putman et al. (2016)
that were shown to account for variability in observed turtle
distributions. Specifically, dispersal simulations from Rancho
Nuevo and Veracruz predicted temporal variation in the number
of small juvenile Kemp’s ridley sea turtles that stranded along
the west coast of Florida and dispersal simulations from Texas
predicted temporal variation in Kemp’s ridley strandings along
the Texas coast (Putman et al., 2020). The agreement between
model predictions and Kemp’s ridley strandings suggests that
these dispersal simulations can be used to examine the role of
ocean circulation dynamics on temporal changes in sea turtle
movement and distribution (Putman et al., 2020).

In this present study, we calculated the net straight-line
distance from each particle’s starting location to its position
after 10 days, 6, and 12 months of drift. We measured the
straight-line distance (km) using Python (v2.2) and geospatial
data from the particle tracking simulation. Thus, for each release
day, we calculated the mean and standard deviation of dispersal
distance for each of the 350 particles released from a given
site. With this data, our first aim was to describe temporal
variation in dispersal distance for turtles hatching at different
dates during the hatching season and whether differences exist
across years. We then sought to explore whether annual variation
in dispersal could be accounted for by major storm events
(Monzén-Argiiello et al., 2012).

To examine if hurricane frequency and severity affect dispersal
distance and variability in dispersal distance, we compiled a list

of Atlantic hurricanes, including the total number for the entire
season, the number in the Gulf of Mexico each year, and the
number occurring during the hatching season. We considered
storms entering the ocean between the bounds of 16°N and
78°W to be near enough to the Gulf of Mexico to potentially
impact Kemp’s ridley dispersal. Due to the wide distribution of
hatchlings throughout the Gulf of Mexico as they disperse and the
wandering nature of hurricanes, we did not divide the study area
further but rather sought a holistic analysis of hurricane impact.
We quantified the severity of the hurricanes by two indices. First,
the average maximum wind speed of storms in the entire Atlantic
season (kph) (NOAA, 2019). Second, we calculated the average
maximum wind speed of hurricanes that occurred in the Gulf
of Mexico (kph) (NOAA, 2019). These covariates were used to
determine the severity of hurricanes as a potential source of
environmental variability during neonate dispersal.

We statistically analyzed if dispersal distances at 6 months
varied across the three nesting sites and over time. We selected
6 months of drift to statistically evaluate for hurricane impacts,
as the first 6 months of life is a critical period for hatchlings
and we wanted to investigate the longer term impacts of
hurricane frequency and severity on hatchling dispersal, rather
than evaluate the short-term effects on early stage (<3 months)
neonates. In addition, we tested whether the number of
hurricanes that occurred in the Atlantic Ocean and the Gulf
of Mexico annually and during the hatching season, the total
average peak wind speed in the Atlantic Ocean, and the average
maximum wind speed in the Gulf of Mexico resulted in a
net lower dispersal distance and smaller standard deviation.
All continuous explanatory variables were standardized to be
centered at 0 by taking the value minus the mean divided by the
standard deviation using the scale function in R, so that effects
across variables could be more easily compared. The dispersal
distance did not meet the assumptions of a normal distribution,
based on a Shapiro-Wilkes test and visual inspection of qq plots.
We tested for collinearity of the explanatory variables using
variance inflation factors, and all variables were <3, our a priori
threshold, and thus all were included in the global model (Zuur
et al., 2009). Initial exploratory analyses of the simple model of
hatchling dispersal over 6 months regressed with the number
of Gulf of Mexico hurricanes and year suggested a degree of
temporal autocorrelation, based on ACF plots, and including an
autocorrelation structure substantially increased the model fit. As
the sites were reasonably far apart (the two closest sites, Padre
Island, Texas and Rancho Nuevo, Mexico are 561 km apart), we
did not account for spatial autocorrelation (and including this as
a model term did not improve fit). Thus, we used a generalized
linear mixed effects model (GLMM), with year as random effect
(due to the temporal autocorrelation), and a gamma distribution
with a log link.

We used the information theoretic approach to evaluate
if hurricane frequency and severity were predictors of
hatchling dispersal, using the global model Dispersal
distancejj = Bo + PB1 -Hurr_gulf + B, -Hurr_season + f3
-Hurr_hatch + B4-Total_avg_wind + Bs-Peak_wind_gulf + Site;
+ aj + &1 j, where a; ~ N(0,0%year), and &1, ~ N(0, 02), of site i and
year j. We ranked candidate models using Akaike Information

Frontiers in Marine Science | www.frontiersin.org

May 2020 | Volume 7 | Article 301


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

DuBois et al.

Hurricanes Decrease Dispersal of Turtles

Criterion correction for small sample sizes (AICc¢; Burnham and
Anderson, 2002; Hobbs and Hilborn, 2006). AICc, as an index of
model fit to the data, balances the maximum log-likelihood and
model complexity (i.e., number of model parameters; Burnham
and Anderson, 2002; Johnson and Omland, 2004). As such,
AICc is a superior metric to assess model fit than traditional
adjusted-R?> goodness-of-fit tests commonly used in frequentist
statistical approaches (Johnson and Omland, 2004). Models
with AAICc < 2 from the top ranked model were considered
to have comparable fit to the data while balancing parsimony in
the number of explanatory variables and were included in the
confidence model set. We used evidence ratios to quantify the
probability of the top-ranked model compared to the null model,
with an intercept only (Burnham and Anderson, 2002).

RESULTS

Temporal Variability in Dispersal Across
the Nesting Beach Sites

There was considerable variation in the dispersal distance across
time and sites within the first 10 days (Figures 2B,D), a crucial
time when the turtles are small and vulnerable (Wyneken and
Salmon, 1992). The first 10 days of post-hatching dispersal across
all releases from all years had an absolute minimum mean
dispersal distance of 22 km and an absolute maximum mean
distance of 378 km (Figure 2B). The ocean currents at the three
nesting beaches are different due to their positioning within the
Gulf of Mexico (Figure 1A). Rancho Nuevo sits at an optimal
location for hatchlings as they are transported directly into a
large gyre with a western boundary current that takes them into
the deep waters of the Gulf of Mexico while allowing them to
avoid both inward coastal currents and the Atlantic bound Loop
Current in the eastern Gulf of Mexico (Sturges and Blaha, 1976).
As such, there is a consistent pattern of dispersal where Rancho
Nuevo has the highest dispersal distance, followed by Veracruz,
with Padre Island having the lowest yearly and seasonal dispersal
(Figures 2B,D).

There were considerable differences in dispersal across years
with a range of 45-246 km across the sites (Figures 2A,B).
Rancho Nuevo, Veracruz, and Padre Island had average yearly
distances of 165 (454 SD) km, 89 (447 SD) km, and 64 (£18 SD)
km (Figure 2B). There are visible differences in the intensity and
placement of currents during different years (Figure 2A). Rancho
Nuevo and Veracruz followed a pattern of years with high and
low dispersal distance. Padre Island also matched the pattern in
several years. In general, and across all three sites, there was a
decrease in dispersal distance between 1993 and 2016, which was
most evident in Rancho Nuevo (Figure 2A).

In Rancho Nuevo and Veracruz, there were also distinct
seasonal peaks in dispersal at 10 days based on what day the
turtles hatched. A turtle hatching in early June, early July, and
late July traveled much farther and much faster than hatchings
in the middle of the month (Figure 2D). The seasonal range was
from 50 to 194 km across the sites. Rancho Nuevo, Veracruz, and
Padre Island had seasonal average distances of 161 (£67 SD) km,
87 (£54 SD) km, and 60 (20 SD) km. The Veracruz beaches

) water depth
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wind speed
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2 Y
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FIGURE 1 | (A) Map of the Gulf of Mexico with major circulation patterns and
bathymetry. Nesting beaches of the Kemp’s ridley sea turtle are indicated by
colored markers. Sites from top to bottom are Padre Island, TX, United States
(Red), Rancho Nuevo, Tamaulipas, Mexico (Green) and Veracruz, Tamaulipas,
Mexico (Blue). (B) Map of Gulf of Mexico and Kemp's ridley sea turtle nesting
beaches with the paths of selected hurricanes, Georges (1998), Rita (2005),
Alex (2010), and Harvey (2017). Colors of tracks indicate wind speed of the
storm, triangles indicate direction of travel.

had smaller within-season peaks than Rancho Nuevo; dispersal
started relatively higher and decreased over time with peaks in
early June, early July, and late July (Figure 2D). Padre Island
lacked within season variability, but instead dispersal distance
tended to increase over the season (Figure 2D).

Hurricane Frequency and Intensity as
Predictors of Hatchling Dispersal

Distance
Across 1993-2016, there were 378 Atlantic hurricanes, with 147
of them passing through or near the Gulf of Mexico, and 64
of them taking place during the hatching season for Kemp’s
ridley sea turtles (NOAA, 2019; Supplementary Table S1, see
Supplementary Material). 2005 had the highest number of
storms (n = 31), while 2014 and 1997 had the lowest (n = 9). The
average yearly peak wind speed of the storms, used as a proxy for
storm severity, ranged from 54 mph in 1994 to 91 mph in 2004.
We analyzed models predicting mean dispersal distance over
6 and 12 months. We included the candidate explanatory
variables of (i) the number of hurricanes in the Gulf of Mexico,
(ii) number of hurricanes during the hatchling season only, (iii)
the number of hurricanes for the entire season in in the Atlantic
and Gulf of Mexico, (iv) peak wind speed, (v) average wind speed,
and (vi) nesting beach site (Texas, Rancho Nuevo, and Veracruz).
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As there was significant temporal autocorrelation in the dataset,
we also included year as a repeated effect in the GLMM. Model
output for dispersal distance at 12 months was similar, but did
not show as strong of relationships as 6 months, so we do not
discuss it in the main body (but see Table 1 and Supplementary
Material for model output).

For the mean dispersal distance for 6 months, all models
in the confidence set (AAICc < 2) included nesting beach
site as an explanatory variable, while hurricanes in the Gulf

of Mexico, hurricanes in the Atlantic, peak wind speed, or
average wind speed were included in some of the models as well
(Table 1). Interestingly, the number of hurricanes during the
hatching season was not included as an important variable in
the confidence set. All models in the confidence set included one
of the hurricane frequency variables (hurricanes in the Gulf of
Mexico, or hurricanes in the Atlantic). In general, mean dispersal
distance at 6 months decreased with increasing hurricanes in the
Gulf of Mexico or throughout the Atlantic Ocean (Figures 3A,B).

Mean dispersal distance (km)

a
&

Year

P A S S S S
& EF S L ES S ST S S

Site
=~ Padre Island

+~ Rancho Nuevo
+ Veracruz

A - N
2 @ 3
8 g 8

Hatchling dispersal distance (km)

a
&

Site

~ Padre Island
- Rancho Nuevo
+- Veracruz

FIGURE 2 | Seasonal and annual variation in hatchling dispersal at 10 days post-hatching. (A) Annual variation in East/West currents (small arrows) on July 1, 2000,
July 1, 2013, and July 1, 2016. Red coloration indicates stronger eastward currents, blue coloration indicates stronger westward currents (speed units are m/s).
(B) Mean annual dispersal distance after 10 days post-hatching. Error bars indicate the 95% Cl. Red corresponds to results for Padre Island, green for Rancho
Nuevo, and blue for Veracruz. (C) Seasonal variation in surface currents in the western Gulf of Mexico on June 1, 2015, July 1, 2015, and July 30, 2015. Other
conventions as in panel (A). (D) Mean seasonal dispersal distance after 10 days based on the year of hatching. Other conventions as in panel (B).

TABLE 1 | Confidence set for models describing mean dispersal distance and standard deviation of dispersal distance at 6 months.

Model Hurricanes Hurricanes Hurricanes Peak wind Total Avg Site Degrees of AlCc AAICc AlCc
Gulf of Hatching Atlantic Gulf of Peak Wind freedom weight
Mexico Season Mexico
Mean -0.14 + 6 805.56 0.00 0.25
—0.14 + 6 805.63 0.07 0.24
—-0.12 —0.05 + 7 807.13 1.57 0.11
—-0.12 —0.05 + 7 807.27 1.71 0.11
—0.08 —0.07 + 7 807.34 1.78 0.10
-0.12 —0.05 + 7 807.53 1.97 0.09
-0.12 -0.04 + 7 807.56 2.00 0.09
St Dev -0.20 -0.12 + 7 724.01 0.00 0.34
—0.23 + 6 72417 0.16 0.32
-0.20 —0.09 + 7 725.25 1.28 0.19
—0.29 0.12 -0.15 + 8 725.59 1.58 0.16

Model selection variables include the number of hurricanes in the Gulf of Mexico, the number of hurricanes during the hatching season, the total number of hurricanes
in the Atlantic, the peak wind speed of hurricanes in the Gulf, the peak wind speed of all hurricanes in the season, and the nesting beach site. The (+) symbol indicates
significance in the categorical variable of site while the values indicate the beta for the factor. All models AAIC < 2 AICc from the top-ranked model are included in the
confidence set. Year was included as a random effect in the model, as there was important temporal autocorrelation in the data, and thus year was not subject to model
selection process and was present in all candidate models.
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There were strong differences in dispersal distance across the
three nesting beach sites, but the negative relationship between
dispersal distance and hurricane frequency was conserved across
the sites. As the evidence ratio of the top-ranked model, relative
to the null model (Dispersal distancei; = Bo + ai + &)
was 1.02 . 10%, there is strong support for the effects of
hurricane frequency and nesting location on dispersal outcome.
The two indices of hurricane severity (total average peak wind
speed for the season and the peak wind speed in the Gulf of
Mexico) were also important explanatory variables and figured
in the confidence model set (Figures 3C,D). Increasing storm
severity in a season was correlated with decreased mean dispersal
distance, albeit this relationship was not quite as strong as the
number of hurricanes (Figure 3).

To assist in visualizing the effect of hurricanes on hatchling
dispersal, we created maps of the years with the greatest and
least numbers of storms to illustrate the positions of the released
particles after 6 months (Figure 4). In 2005, the year with the
highest number of storms, virtually no particles exited the Gulf of
Mexico after 6 months - only 0.0047% of particles from Rancho
Nuevo and none from Veracruz or Padre Island. In contrast, for
years with the lowest numbers of hurricanes, 1997 and 2014, 3.35
and 1.16% of particles from Rancho Nuevo, 0.02 and 0.34% of
particles from Veracruz entered the Atlantic within each year,
respectively (but still none from Padre Island). The number
of hurricanes in the Atlantic was inversely correlated with the
percentage of particles entering the Atlantic from Rancho Nuevo
and Veracruz within 6 months (Pearson’s r = —0.43, p = 0.036,
n = 24 for both), but less so for Padre Island (Pearson’s r = —0.28,
p =0.185, n = 24). In contrast, there was no relationship between
the percentage of particles that beached (i.e., advected into the
model coastline) and hurricane frequency for Rancho Nuevo
and Veracruz (Pearson’s r > —0.10, p > 0.641, n = 24, for
both), but a positive relationship was apparent for Padre Island
(Pearson’s r = 0.45, p = 0.027, n = 24). Thus, hurricanes appear
to differentially impact the dispersal potential from different
nesting areas, increasing retention in the Gulf of Mexico for
Rancho Nuevo and Veracruz (with little impact on beaching)
and increasing beaching for Padre Island (with little impact on
transport to the Atlantic).

Standard Deviation in Dispersal Distance

As with mean dispersal distance, the magnitude of the standard
deviation of dispersal distance typically followed the pattern of
Rancho Nuevo having the highest values and Padre Island having
the lowest, though the standard deviation lacked the consistency
seen in the values of mean dispersal distance. Variability in
dispersal distance tended to decrease with increasing hurricane
frequency and storm severity (Supplementary Figure S1 and see
Supplementary Material). The standard deviation of dispersal
distance at 6 months was most heavily influenced by both site and
the number of hurricanes in the Gulf of Mexico, and all models
in the confidence set included both variables (Table 1). Hurricane
severity was also an important predictor, and all but one model
included either the peak wind speed in the Gulf of Mexico or
average peak wind speed. One model included two measures of
hurricane frequency (seasonal total and Gulf of Mexico total) and

total average wind speed. As with dispersal distance and the 6-
month dispersal observations, there was a noticeable difference
between the three nesting sites, where Rancho Nuevo had the
highest and Padre Island had the lowest standard deviation of
dispersal distance. Hurricane severity (peak wind speed or total
average wind speed) also occurred in the confidence model
set, and greater storm intensity was correlated with decreased
standard deviation of dispersal distance across all three nesting
beaches (Supplementary Figure S3).

DISCUSSION

Variation in Dispersal Distance Across
Nesting Beaches and Time

As shown in previous modeling studies for Kemp’s ridley sea
turtles and other sea turtle species, ocean currents near populous
nesting sites optimize hatchling movement to safe, productive
nursery areas (Hays et al., 2010; Putman et al., 2010a,b, 2012a;
Okuyama et al., 2011; Shillinger et al., 2012; Casale and Mariani,
2014; Putman, 2018). It is possible that better dispersal dynamics
lowers hatchling mortality (Witherington and Salmon, 1992;
Gyuris, 1994), causing more turtles to survive to adulthood and
to lay nests at their natal beach (Putman et al., 2010a). Dispersal
distance from Rancho Nuevo was consistently highest, followed
by Veracruz, and then Padre Island, which coincides with the
rank order of nesting population size (Putman et al, 2013).
While the Padre Island nesting beach, in general, had the lowest
dispersal distance nesting here was previously supplemented
by translocation of eggs/hatchlings from Rancho Nuevo, and a
head-starting program, making it difficult to draw conclusions
about the effect of low dispersal on nesting at this location
at this time (Shaver and Caillouet, 2015). Due to the arribada
nesting strategy of Kemp’s ridley sea turtles, understanding the
dispersal dynamics specifically when the nests are hatching en
masse could help us predict the impact of ocean currents during
those specifically timed events (Bevan et al., 2016). For instance,
dispersal distance from both Rancho Nuevo and Veracruz peaked
at approximately the beginning of each month during the
hatching season. Relating the seasonal variability in dispersal
conditions to nesting events and subsequent hatching may
provide further insight into the environmental drivers of nesting
phenology (Bézy et al., 2020). Similarly, individual years also have
clear distinctions in dispersal distance that could provide some
insight into the overall survival of all turtles hatching by year.

Hurricanes

Our analysis revealed that there are considerable temporal
differences in hatchling dispersal distance across sites and among
years. Hurricane frequency and intensity appear to decrease
dispersal distance and variability in that distance for Kemp’s
ridley hatchlings. Many hurricanes enter the Gulf of Mexico
from the south and move westward (Figures 1B, 4). When this
occurs, hurricanes most likely push hatchlings back into the
Gulf of Mexico, perhaps even back onto the continental shelf,
counter to prevailing currents, and reduce the distance traveled
(Monzon-Argiiello et al., 2012). Hurricanes do not necessarily
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have to be in the vicinity of the nesting beaches or occur during
the hatching season to decrease dispersal distance. Hurricane
severity, as measured by wind speed, also decreased hatchling
dispersal distance. A year with many hurricanes in a season
pushes the turtles back many times, and a year with strong storms
likely pushes them with more intensity.

It is unlikely that there is an optimal dispersal distance
to ensure the greatest survival rate for hatchlings. Generally,
after the frenzy swimming period ends, Kemp’s ridley sea
turtles aim to associate with floating mats of pelagic Sargassum
(Witherington et al., 2012). This habitat provides food sources
and critical protection from oceanic predators. Thus, it seems
likely that dispersal distances that result in reaching these offshore
habitats would be ideal. However, these offshore Sargassum
mats often become entrained in the Loop Current, which exits
the Gulf of Mexico and coalesces into the Gulf Stream. There
is evidence that older, oceanic-stage juvenile Kemp’s ridleys
orient themselves to remain in the Gulf of Mexico (Putman
and Mansfield, 2015). Staying in the Gulf of Mexico keeps
young turtles in comparatively warmer waters than they might
encounter within the Atlantic Ocean, lessening the chance of
cold stunning and keeping them out of sub-optimal habitats
(Coleman et al., 2017; Avens and Dell’Amico, 2018). Thus, if
hurricanes do indeed act as a retention mechanism for Kemp’s
ridley sea turtles in the Gulf of Mexico, there may be some
benefit for juveniles. Alternatively, when hurricanes push small
hatchlings back onto continental shelf habitats where predation
is more likely (Witherington and Salmon, 1992; Gyuris, 1994),
this could be potentially harmful. Interestingly, hurricanes seem
to result in more favorable dispersal outcomes for post-hatchlings
from Rancho Nuevo and Veracruz (decreasing transport into

the Atlantic) than those from Texas (increasing beaching). This
factor may also contribute to large population sizes at the
Mexican nesting beaches (Fuentes et al., 2011).

However, survival could be impacted when hatchlings
experience rough seas during hurricanes, so any purported
benefit of retention in the Gulf of Mexico may be outweighed
by additional losses due to physical injury (Monzon-Argiello
et al., 2012). Our preliminary work using Ichthyop particles to
estimate beaching, exiting the Gulf of Mexico, and approximate
position at 6 months shows that there is likely a combination of
both outcomes at play (Figure 4 and Supplementary Figures S2,
$3). The survival of turtles depends upon the circumstances of
their final position in the Gulf of Mexico, as well as their natal
beach and the severity of hurricanes in a given year. Though
it is already known that dispersal from the Rancho Nuevo
site is better at achieving transport to Gulf of Mexico foraging
grounds (Putman et al, 2010b), future research addressing
spatio-temporal dynamics in neonate survival and empirical
estimates of hatchling migratory pathways would be beneficial for
extending our understanding of population dynamics during the
first year of life for this species (Scott et al., 2014).

Model Caveats/Limitations and Future

Research Directions

Our simulations suggest that hatchling dispersal (and thus,
potentially, survival) broadly varies over time and across nesting
beaches. An important caveat is that, unlike their representatives
in Ichthyop, turtles do exhibit active swimming (Wyneken
and Salmon, 1992; Putman and Mansfield, 2015). Dispersal
distances from our particle tracking model represent how the
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FIGURE 4 | Distribution of virtual particles released from Padre Island (red),
Rancho Nuevo (green) and Veracruz (blue). Particles were released from each
site (colored squares) and tracked for 6 months (n = 21,000 per year, per site).
The thin black line delineates the continental shelf (200 m water depth) and
the thicker gray lines indicate paths of hurricanes and tropical storms for a
given year. Starting locations of storms are marked by a square, the end
location is shown with a triangle. Results are shown for (A) 1997, a year with
few hurricanes (9 in the Atlantic, 1 in the Gulf of Mexico); (B) 2005, a year with
many hurricanes (31 in the Atlantic, 14 in the Gulf of Mexico); and (C) 2014, a
year with few hurricanes (9 in the Atlantic, 2 in the Gulf of Mexico). Differences
in the numbers of virtual particles shown among panels primarily result from
“beaching” within the model, but also from overlap among particles and exit
from the Gulf of Mexico. Annual differences in the percentage of particles that
beach and exit the Atlantic from each nesting site and year (1993 through
2016) are shown in the Supplementary Material.

oceanic currents are acting upon the hatchlings and are not a
direct prediction of location, but rather an index of whether
environmental conditions are more or less favorable for dispersal.

Simulating swimming behavior in sea turtles can certainly alter
modeled survivorship, dispersal routes, and the proportion of a
population that encounters particular environmental conditions
(Gaspar et al.,, 2012; Putman et al., 2012a,b, 2015; Scott et al., 2012;
Lalire and Gaspar, 2019). Empirical movement data in turtles also
indicates that they are not “passive drifters” during their post-
hatchling and oceanic dispersal stage (Putman and Mansfield,
2015; Christiansen et al., 2016; Mansfield et al., 2017) and actively
orient their movements using a suite of guidance mechanisms
ranging from a large-scale geomagnetic map (Lohmann et al.,
2001; Putman et al., 2011) to fine-scale movements toward
pelagic Sargassum mats (Smith and Salmon, 2009). Swimming
behavior in small-bodied marine animals appears to be relatively
consistent through time and function to move animals toward
regions of the ocean that are typically favorable (Putman et al.,
2012a, 2020; Putman, 2015, 2018; Naisbett-Jones et al., 2017).
Thus, ocean dynamics are likely to be the primary source of
variability in the movements in these animals and, indeed, can
account for much of the spatial and temporal variability in
the distributions of many species (Putman and Naro-Maciel,
2013; Baltazar-Soares et al,, 2014; Hays, 2017; Putman et al,
2020). While it is likely that the relative seasonal, annual, and
site differences detected in our model are representative of
actual conditions, the magnitude of these differences might differ
substantially (e.g., dispersal distance from Rancho Nuevo would
likely always exceed dispersal distances from Padre Island, but
by how much will depend upon aspects of swimming behavior
that we do not have information to parameterize) (Putman et al.,
2012a,b). Thus, the dispersal metrics we present here are better
suited as an index of less to more favorable dispersal conditions,
rather than to determine actual survival (Putman et al., 2013).
While much work has focused on the contribution of large
juvenile and sub-adult age classes for population recovery
(Crouse et al., 1987; Heppell et al., 1996, 2005), our work
suggests that hatchling productivity is mutable and the ability
of those younger age classes to eventually recruit to the
older, more demographically valuable, age classes is extremely
variable. While the older age classes are more sensitive to
small changes in survival and result in large increases in
population growth, our research suggests that there may be
large changes in neonate survival rate that may ultimately
contribute to extreme variability in recruitment to the more
sensitive age classes (Caillouet et al., 2018). Notably, empirical
estimates of survival for neonate Kemp’s ridley sea turtles do
not exist (National Research and Council, 2010; Wildermann
et al, 2018). So, it is not yet possible to parse out how
variability in dispersal distance may influence hatchling survival,
though it seems likely that spatio-temporal variability in dispersal
would indeed influence individual survival rates. Variation in
environmental conditions affect survival and reproduction across
all species of sea turtles. Earlier work in sea turtles indicates that
climate conditions and their influence on resource abundance
are correlated with several reproductive factors, including the
frequency of reproductive events, the number of offspring
produced, offspring sex ratios, and offspring survival (Mrosovsky
and Yntema, 1980; Lutz and Musick, 1996; Solow et al., 2002;
Vincenzo et al., 2005; Pike and Stiner, 2007; Saba et al., 2007;
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Piacenza et al., 2016). As such, environmental stochasticity is an
important factor that influences life histories and, consequently,
their representation in many population models (Lande, 1993;
Legault and Melbourne, 2019). As increasingly detailed and
global environmental data become available, such as we have
generated with these analyses, a promising avenue for further
work is to mechanistically link environmental change and
population dynamics. Sources of variation such as the seasonal
and yearly shifts in ocean currents and the acute disturbances
caused by hurricanes impact geographically dispersed sea turtle
nesting sites differently (Figures 2, 3) and may be important
to consider when designing management strategies and setting
conservation goals.

Kemp’s ridley sea turtles are endangered and in need of careful
monitoring and conservation (Marquez et al., 2005; NMES,
2015; Bevan et al.,, 2016; ITUCN, 2019). Currently, conservation
management for sea turtles implements beach protections, head-
starting hatchlings, and protecting large juveniles and adults
from bycatch, among other strategies (Crowder et al., 1994;
Garciia et al.,, 2003; Shaver and Caillouet, 2015). Given that
climate change is predicted to increase hurricane frequency
and severity, this species’ ability to be resilient to storms is of
utmost concern (Goldenberg et al., 2001; Knutson et al., 2010).
A vital part of conservation management is continual monitoring
and population assessment to estimate population trends and
abundance. Many models integrate environmental stochasticity,
but incorporation of environmental indices to improve predictive
skill is rare, and variation in dispersal distance has yet to be
explored and parameterized for use in these models (Crouse
et al., 1987; Heppell et al., 1996; Heppell, 1998; Piacenza et al.,
2017). Given the wide variability in hatchling dispersal, and
potentially survival rates, it may be imprudent to parameterize
hatchling survival in a population model with a static value or
an internally estimated value. Our work suggests that hurricane
frequency and severity could be a useful environmental index
related to hatchling survival. A particular benefit of including
hurricane frequency in population and stock assessment models
for Kemp’s ridley sea turtles is that it may also be indicative of
habitat changes that are relevant to oceanic-stage turtles, such as
the distribution of pelagic Sargassum (Witherington et al., 2012;
Hardy et al., 2018). A key future step in this effort would be to
relate this and other indices that are potentially associated with
hatchling dispersal and survival to time-lagged indices of adult
Kemp’s ridley abundance, based on age-at-maturity (Caillouet
et al., 2016). Detecting strong relationships would indicate the
need to then empirically study the relationship between hatchling
dispersal and survival rate as it could provide critical information
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