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ABSTRACT
ECOLOGICAL AND OCEANOGRAPHIC INFLUENCES ON LEATHERBACK
TURTLE BEHAVIOR AND SCYPHOZOAN JELLYFISH DISTRIBUTIONS IN THE
GULF OF MEXICO
by Katrina T. Aleksa
December 2017

Leatherback turtles (Dermochelys coriacea) are a wide-ranging, oceanic species
that feed exclusively on gelatinous zooplankton. Leatherback have been spotted in the
Gulf of Mexico (GoM) for several decades and consistently had a high level of
interactions with longline fisheries. However, no quantitative studies have been
performed to address the spatiotemporal distribution of these turtles in the GoM. This
research determines 1) leatherback movements and high-use areas in the GoM, 2) their
association with oceanographic features, 3) the distribution and density of two abundant
medusae in the northern GoM and any association with biophysical parameters, and 4)
the body composition and energy density of a select leatherback prey, Drymonema
larsoni.

Satellite telemetry data from 10 nesting and 6 in-water tagged leatherbacks were
analyzed using a switching state-space model (SSSM) and a kernel density estimation to
identify high-use areas. The SSSM revealed that foraging behavior was dominant in GoM
and two high-use areas were present, one in the northeast GoM between Louisiana and
the Florida panhandle, and the second in the southwest GoM along the Yucatan shelf
waters in the Campeche Bay, Mexico. The leatherback positioning data were compared to
physical oceanographic features (sea surface height anomalies, temperature and salinity



fronts, ocean currents, divergence and convergence) to investigate their potential
influence on turtle movement and space use. The turtle observations were found to be
positively associated with sea surface lows and salinity fronts. Turtles also benefitted
from their relationship with ocean currents more during migration than foraging
behaviors.

The distribution and density of scyphozoan species (Chrysaora quinquecirrha and
Aurelia spp.), potential leatherback prey items, were analyzed with generalized additive
models (GAM) to determine the biophysical parameters that are associated with
collection of these jellyfish in the northern GoM. These species were found to be
associated with salinity, surface currents, temperature, chlorophyll a concentrations, and
distance from shore. Visual observations of leatherback foraging in the northern GoM
suggested a preferred prey item of Drymonema larsoni. This elusive species has been
rarely studied, with only a few reports on its predation of Aurelia spp. A database search
was conducted to determine the occurrence of D. larsoni in the northern GoM and how it
compared to the biomass of Aurelia spp. D. larsoni specimens were also collected and
processed to determine body composition and energy density. A high biomass of Aurelia
spp. over consecutive years was linked to the presence of D. larsoni in the northern GoM.
Sexually mature D. larsoni had a mean energy density of 0.19 kJ g WM for the whole
organism, and gonadal tissue had the highest amount of energy.

Overall, the research suggests that the GoM is a foraging destination for
leatherback turtles with two high-use areas. The location and density of jellyfish prey
coincided with the identified leatherback foraging, signifying support for sustained
foraging efforts. The selective prey item, D. larsoni, has a similar energy density to



selective prey in other known foraging locations, revealing the potential for high energy
consumption in the GoM. Lastly, leatherback movements were associated with

parameters that were descriptive of jellyfish density, suggesting space use was linked to
the search for prey. These findings can be utilized for the conservation and management

of leatherbacks in these waters.
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CHAPTER I — General Introduction

Large charismatic megafauna are often what ignites the public’s interest in the
ocean. These majestic creatures invoke a wide range of emotions in humans from fear, to
caring, to inspiration. This emotional tie drives the conviction to maintain and protect
these species and their habitat. However, different goals exist when dealing with our
desire for convenience in the uses of resources, both natural and manmade, and our desire
to conserve the environment. In order to truly understand the anthropogenic pressures
that influence marine organisms, we must uncover basic ecological information that is
still lacking for so many of these threatened species.

Large, long-lived marine animals generally have extensive migration patterns
which makes them hard to observe and requires the need for technological monitoring.
Advancements in technology over the past decades has provided tools (satellite tags,
hydroacoustic sampling, in situ imaging, and remote sensing data) that can measure GPS
locations, dive depths, prey fields, and physical oceanographic features. Combining these
datasets has led to an increase in the understanding of migratory pathways, foraging/
reproductive locations and behaviors, specific prey items, and behavioral influences of
oceanographic features (Croll et al. 1998, Block et al. 2011). However, large gaps still
exist in the data, both species wide and among inhabited locations. More studies have
been conducted on marine species that exit the water (seals, sea lions, penguins, sea
turtles), because the animals are more accessible for deployment of satellite tags. Certain
genders or stages of life (e.g., mating, birthing, and nesting) are also easier to study due
to proximity to coastlines and abundant numbers of individuals. A comprehensive
approach that represents a demographically diverse sampling is required to describe
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important ecological dynamics that are directly related to the conservation of a species.
Conversely, organisms that remain in the open ocean and have little to no contact with
the coast are more elusive to sampling and consistent monitoring. Studying rare species
leads to difficulties with spatial sampling and detectability; however, borrowing
information or sharing data as well as using state variables like occupancy and species
richness can provide reasonable inferences (MacKenzie et al. 2005). Therefore, data on
only a few specimens can provide information on unknown behaviors and movements
and provide insight to effects of rare species on the environment (Lyons et al. 2005).
Ecological information about life histories helps to identify potential anthropogenic
stressors, both strengthening our ability to manage and conserve vulnerable marine
species.
1.1 Leatherbacks, Jellyfish, and the Gulf of Mexico

Leatherback turtles (Dermochelys coriacea) are the largest species of sea turtle
and have the broadest distribution of any living reptile on the planet, yet population
numbers are regionally variable due to human interactions. Leatherbacks are listed as an
International Union for Conservation of Nature and Natural Resources (IUCN)
vulnerable species and an endangered species under the U.S. Endangered Species Act.
However, the threat level varies among oceanic basins and subpopulations (Wallace et al.
2013). For example, in the Pacific Ocean leatherbacks are critically endangered and
continuing to decline, due to continued harvesting of adults and eggs, incidental
capture/bycatch, and climate-induced changes to habitat and prey availability (Jones et al.

2012). Conversely, the leatherback population in the Northwestern Atlantic Ocean is



recovering due to stable foraging habitats and safe guards established to protect nesting
grounds (Bailey et al. 2012).

Similar to other long-lived, migratory marine animals, adult leatherbacks
routinely return to the tropical nesting grounds during the summer and then migrate to
distant foraging grounds using a number of behavioral and physiological adaptations.
Individuals can travel up to tens of thousands of kilometers across ocean basins to reach
successful foraging or nesting grounds within a single year (Eckert 2006, Eckert et al.
2012). Natal homing is common among all sea turtles, but due to the leatherbacks long
oceanic migrations where landmarks are scarce, if present at all, advanced navigational
skills enable them to locate productive foraging/mating grounds after traversing an ocean
basin in seemingly straight lines (Lohmann et al. 1999). Such advanced navigational
mechanisms include detecting and following the Earth’s magnetic field (Lohmann et al.
1999, Lohmann et al. 2008), detection of chemical cues (Lohmann et al. 2008, Endres
and Lohmann 2012), and other sensory cues that allow them to follow oceanographic
features such as discontinuities or oceanic fronts (Luschi et al. 2003, Eckert 2006, Benson
et al. 2007). Foraging regions are located between tropical and temperate latitudes. As
cold-blooded animals, leatherbacks are able to survive in temperate waters due to their
thick layers of insulating fat, countercurrent circulatory systems, increased metabolic
activity (maintaining a higher internal body temperature), and gigantothermy (reviewed
by Eckert et al. 2012). In order to maintain these and other basic physiological demands
(i.e. respiration, somatic growth), leatherbacks must be able to reliably and efficiently

locate and forage on a sufficient amount of prey.



Leatherback turtle diets are entirely comprised of gelatinous zooplankton
(Bjorndal 1997, Dodge et al. 2011), specifically cnidarian medusae and ctenophores, here
after referred to as jellyfish, and to a lesser extent salps and pyrosomes. Jellyfish typically
are considered a low energy, low nutrient food source, but energy content varies among
species and tissue type. Water content in jellyfish commonly preyed upon by
leatherbacks is ~96%, with protein making up the greatest percent of the organic material
(~12.8%) followed by carbohydrates (~0.83%), and lipids (~0.32%; Doyle et al. 2007).
Within a medusa, the oral arms contain the largest amount of nutrition, followed by the
gonads and the bell (Doyle et al. 2007). For example, in the lion’s mane jellyfish (Cyanea
capillata) the mean gross energy density was found to be 7.81 KJ g Dry Mass (DM)! for
the oral arms, 7.19 KJ g DM for the gonads and 2.16 KJ g DM for the bell (Doyle et
al. 2007). It has been suggested that 26% of the turtle’s body mass must be consumed
daily to meet their metabolic requirements (Jones et al. 2012). For an average adult
leatherback (250-450 kg), this translates to 65-117 kg of jellyfish per day, leading to a
lifetime consumptions of 1014 tons (Jones et al. 2012). Interestingly, leatherback
hatchlings have been observed to eat 100% of their body mass per day, and adults have
been reported consuming 50% or greater of their body mass per day (Heaslip et al. 2012).
In the foraging grounds off Nova Scotia, the daily energy intake for a single adult
leatherback feeding on C. capillata is estimated to be 66,018 kJ, leading to a daily
consumption of 261 medusae, or 330kg (Heaslip et al. 2012). This high consumption rate
in the foraging ground is nearly three times the basal metabolic energy requirement.
These productive areas have been shown to allow for a ~33% increase in mass of turtles
before they begin the southward migration back to tropical nesting locations (Heaslip et
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al. 2012). Therefore, locating these prey abundant foraging areas is critical to the survival
of a leatherback turtle and the sustainability of the species itself.

Aggregations of jellyfish are often the result of physical oceanographic features.
Jellyfish are typically found along convergence zones (fronts, upwelling, eddies),
discontinuities (thermoclines, pycnoclines, nutriclines, haloclines), and gradients
(hydrostatic pressure changes, turbulence; Graham et al. 2001, McClatchie et al. 2012,
Luo et al. 2014, Greer et al. 2015). Certain species of jellyfish have the ability to form
blooms. The formation of a bloom can be classified as a ‘true bloom’ by which jellyfish
are increasing in biomass due to rapid population growth or an ‘apparent bloom’ where
physical oceanic features concentrate the current population (Graham et al. 2001).
Aggregations and blooms of jellyfish can be problematic to humans (i.e. clog fishing nets
and industrial saltwater intakes, damage aquaculture stock, and detrimental to tourism),
but to predators they provide valuable hot spots of foraging.

Located in the southeast region of North America, the Gulf of Mexico (GoM)
spans approximately 600,000 miles? (1.5 million km?), making it the ninth largest body of
water in the world (Gulf of Mexico Program (GMP) 2014; www.epa.gov/gulfofmexico).
Around sixty percent of the Gulf’s water volume is located on the board intertidal and
continental shelf regions, which represent depths up to 200m (GMP 2014). Fluvial input
into the Gulf is massive, with over 60% of the continental United States draining into the
basin through 33 river systems and 207 estuaries, as well as large contributions from
Mexico and Cuba (GMP 2014). Strong nutrient input from the freshwater supply
combined with diverse physical interactions and processes, including mixing water
masses, shelf break circulations, eddy dynamics and the Loop Current, help to create a
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nutrient-rich, productive marine ecosystem. This supports a biodiverse marine
environment with approximately 15,400 different species inhabiting the waters (Felder et
al. 2009). Included in this list are five species of sea turtles and approximately 117
species of Medusozoans (Segura-Puertas et al. 2009, Jones and Seminoff 2013). This
productive region is ideal for leatherback foraging because it can support a large biomass
of gelatinous zooplankton. Within the Gulf of Mexico, potential jellyfish prey items that
could support a leatherback population include several Aurelia spp., Chrysaora
quinquecirrha, Cyanea capillata, Drymonema larsoni, Pelagia noctiluca, Phyllorhiza
punctata, Rhopilema verrilli, and Stomolophus meleagris (Segura-Puertas et al. 2009).
Unfortunately, data are lacking on the distribution, annual abundance, and ecology of the
majority of these species, which limits investigations on predator-prey interactions.

This abundant biodiversity and productivity has led to an industrious exploitation
of resources that can have adverse effects on the ecosystem. The GoM fisheries provide
more shellfish, shrimp, and finfish annually than the combined efforts all along the
eastern coast of the United States. Four of the Gulf’s fishing ports are in the top seven in
the nation by weight of fishes landed, and eight of the fishing ports make the nation’s top
twenty list for revenue (GMP 2014). Aside from direct fishing pressures, the biota are
also taxed with habitat loss and pollution, such as oil spills and debris. The large
megafauna are also faced with detrimental impacts of shipping traffic, boat strikes, and
fisheries bycatch. These anthropogenic threats can be detrimental if left unchecked or are

improperly managed.



1.2 Research Objectives

Sightings of leatherbacks in the GoM have occurred for decades, though no
systemic ecological studies have been conducted on distribution or behavior, and the
majority of information gathered from bycatch studies. Leatherbacks found in the GoM
are from Caribbean nesting beaches located on the shores of Costa Rica, Panama,
Trinidad, and French Guiana (Evans et al. 2007, Stewart et al. 2016), with the GoM
utilized by a greater proportion of the nesting population in Costa Rica and Panama
(Stewart et al. 2016). Bycatch records for the U.S. Atlantic coast show that the GoM has
been regularly responsible for the highest number of interactions between leatherbacks
and longline fisheries (Garrison and Stokes 2014). As studies have identified that these
leatherbacks are from nesting stocks outside of the GoM, it would be presumed that the
turtles are using this environment for post-nesting foraging behavior. Identifying the
turtles’ foraging landscape is crucial to understanding their ecology and protecting the
species. Knowledge of the temporal and spatial distribution, turtle behavior, as well as
food availability and selection will provide a better understanding of how the
leatherbacks are utilizing the environment, and can promote successful management of
the species alongside the extensive commercial fisheries.

This research represents the first quantitative look at leatherback movement and
behavior in the GoM and their connection with potential prey species. Specific focus of
the dissertation will address 1) Is foraging the main behavior expressed by leatherbacks
in the GoM? 2) Do leatherbacks use the GoM non-uniformly in both space and time? 3)
Are leatherback movements associated with ocean circulation and frontal features? 4)
Will biological and physical oceanographic parameters be able to describe the

7



distribution and density of scyphozoan jellyfish in the GoM? 5) Which parameters are
most descriptive? 6) What is the body composition and energy density of a selected
leatherback prey item, Drymonema larsoni? and 7) Would a difference in energy density
explain help explain selective predation? Representing the first assessment of leatherback
foraging within the Gulf of Mexico, these results can provide valuable information
needed to establish a conservation and management plan for leatherbacks utilizing the

GoM.



CHAPTER Il — Space Use and Movements of Leatherback Turtles (Dermochelys
coriacea) in the Gulf of Mexico
2.1 Introduction

Leatherback turtles (Dermochelys coriacea) are a large, migratory marine species
that have the widest range of any reptile on the planet. Leatherbacks are listed as an
IUCN vulnerable species and an endangered species under the U.S. Endangered Species
Act; however, the threat level varies among oceanic basins and subpopulations (Wallace
et al. 2013). Nesting beaches are found in tropical and sub-tropical regions, yet foraging
areas reach latitudes as high as 71°N and 47°S, and reside across ocean basins, tens of
thousands of kilometers away from nesting sites (Eckert et al. 2012). Female leatherbacks
migrate between productive foraging areas and reproductive/nesting sites every 1-4 years,
depending on the length of migration and food resources (James et al. 2005, Wallace et
al. 2006, Benson et al. 2011). However, in the North Atlantic it has been shown that
juvenile and adult turtles routinely make migrations out of temperate foraging areas when
water temperatures drop during the winter and move southward covering a broad range of
the ocean (James et al. 2005, Fossette et al. 2010b). Limited data on males reveal
potential annual round-trip migrations for mating in the Western Atlantic (James et al.
2005).

Leatherbacks feed exclusively on gelatinous zooplankton and display specific
feeding strategies to optimize their prey consumption. As visual predators (Heaslip et al.
2012, Wallace et al. 2015) leatherbacks can selectively feed on a particular prey
(Houghton et al. 2006, Benson et al. 2007, Aleksa et al. in prep), as well as feed only on
the most caloric-rich part of the prey when food is abundant and large (Scott Benson,
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pers. comm). Leatherbacks have also been observed to synchronize arrival to an area with
times when food is most abundant (Eckert 2006). Within the foraging areas, leatherbacks
perform Levy walk search behavior to locate patches of prey (Sims et al. 2008). A Levy
walk consists of two movement patterns: an intensive foraging mode when the predator
has located a patch of prey and remains in an isolated position, and an extensive foraging
mode where the predator is within a region of potential prey and is searching for a patch
of prey (Shlesinger et al. 1987, Sims et al. 2008), herein referred to as “foraging” and
“casting” respectively. This specialized, random-walk strategy is utilized by a diverse
range of organisms that feed on prey that is heterogeneously distributed (“patchy”) or
sparse (Viswanathan et al. 2002, Humphries & Sims 2014). Previously, leatherback
telemetry studies have not addressed the occurrence of casting behavior within behavioral
models, and have differed in their ability to distinguish between foraging and migration
because of measurements in the “gray area” between distinct behavioral shifts. As
obligate gelatinous zooplankton consumers, they rely on the ingestion of large quantities
of this low caloric prey to meet their metabolic needs. Therefore, highly successful
leatherback foraging grounds are associated with large medusa species that are
commonly found in mass aggregations, thus providing an ample supply of food and low
energy cost for prey search (Houghton et al. 2006).

Productive foraging regions have been identified from the tropics to temperate
waters around the globe (James et al. 2005, Benson et al. 2007, Benson et al. 2011,
Heaslip et al. 2012, Eckert et al. 2012). Although leatherbacks have adaptations that
allow them to travel and reside in temperate waters (reviewed by Eckert et al. 2012),
there is a trade-off between the energy expense needed to survive the environmental
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conditions and the energy gained from the consumption of the available prey. Foraging
typically occurs along physical oceanic boundaries (i.e. convergences, discontinuities,
and gradients) that aggregate prey in the open ocean and coastal habitats (Graham et al.
2001, Eckert 2006, Hays et al. 2006, Benson et al. 2011). Typical parameters that
regulate the abundance of jellyfish include salinity, temperature, nutrients, distance from
shore, and water movements (Purcell 2012, Lucas et al. 2014, Aleksa et al. in press). The
investigation of leatherback distributions and their association with oceanographic
properties that aggregate prey is possible with the use of satellite tags.

The use of satellite telemetry has transformed our ability to address ecological
questions about many marine vertebrates that are difficult to study because of their long
migrations and extended time away from easily accessible environments (Gillespie 2001,
Hussey et al. 2015). Telemetry studies allow researchers to track migration patterns,
identify high-use areas, and investigate how organisms react and respond to
environmental and anthropogenic interactions (Hussey et al. 2015). Satellite telemetry
also allows for analysis of dive behavior and characteristics, water temperature, and other
oceanographic features (James et al. 2005, Fossette et al. 2010b, Roquet et al. 2014,
Lander et al. 2015, Wallace et al. 2015). Coupling these data with behavioral models
allows for the distinction between reproductive, foraging, and migration behaviors.

Differentiation between behavioral modes has been observed by several analyses
and results are consistent amongst leatherback studies. Leatherback migration, compared
to area restricted search (ARS) behavior, is characterized by a nearly straight trajectory of
faster swimming speed (mean 2.2 vs. 1.6 km h'), with fewer dives that have a deeper
maximum depth (mean 81.5 vs. 45.2 m; max 792.3 vs. 359.2 m) and a longer duration
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(mean=16.2 vs. 8.7 mins; max 71.7 vs. 40.4 mins; values derived from the Eckert et al.
2012 review). Because ARS behavior can represent reproduction or foraging, parameters
such as time of year, location, and visual observation of nesting can be used to
differentiate between these behaviors (Eckert 2006, Hays et al. 2006, Jonsen et al. 2007,
Fossette et al. 2010a, Benson et al. 2011, Bailey et al. 2012, Wallace et al. 2015).

Little is known about the leatherbacks that utilize the GoM. Genetic analysis from
GoM bycatch samples showed that the largest proportion of leatherbacks caught were
from the Trinidad/French Guiana nesting stock (~ 54%), followed by Costa Rican
(~43%), St. Croix (~2%), and Brazilian (~1%) nesting populations (Stewart et al. 2016).
Satellite telemetry from the Costa Rica/Panama rookery has shown leatherbacks utilizing
the Gulf of Mexico (GoM) during post-nesting periods (Evans et al. 2007, Evans et al.
2012). Consistently, the GoM has been the greatest contributor to leatherback bycatch
interactions for the U.S. Atlantic Coast, including 2013 when the GoM fisheries were
responsible for 144 out of 362 longline interactions (Garrison & Stokes 2014). These data
provide evidence that the GoM is a high-use area; however, no studies have been
published to date that quantify the leatherbacks’ basic ecological information within the
GoM, including, but not limited to, stock assessment, spatio-temporal movements and
patterns, residence times, and habitat usage. This study utilized satellite telemetry data to
run a switching state-space model (SSSM) and analyze dive characteristics to examine
movement patterns and behavioral modes of leatherback turtles travelling to, from, and
within the GoM, as a means to answer if foraging is the main behavior expressed in the
GoM, is the space use distributed non-uniformly, and if movements are associated with
ocean circulation and frontal features? It is hypothesized that leatherbacks within the
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GoM are foraging and reside within the region throughout multiple seasons. Investigating
and quantifying these parameters will provide a better understanding of how leatherbacks
are utilizing this environment and can help with future management and protection of the

species.

2.2 Methods
2.2.1 Data Collection

To address the movement of leatherbacks in the GoM, two sets of satellite
telemetry data were utilized: 1) a nesting beach tagging operation in Panama and 2) an in-
water deployment in the northern GoM. The beach tagging was part of the Sea Turtle
Conservancy’s (STC) effort named “Sea Turtle Tracking: Caribbean Leatherback
Tracking and Conservation Project”. Satellite transmitters were affixed to 10 nesting
leatherbacks at Chiriqui Beach and Soropta Beach, Panama from 2004 to 2015. During
operation, curved carapace length (CCL) was measured and a monel tag was applied to
each rear flipper. SirTrack KiwiSat 101 Argos satellite transmitters (n=3 of the 10 tags)
were attached using a custom-fit harness made from polyvinyl tubing and nylon webbing
connected with two elastic rings, each with an integrated corrodible link to facilitate
release of the harness (Eckert & Eckert 1986). SirTrack KiwiSat 202 Argos satellite
transmitters (n=3) and Wildlife Computer SPOT5 (n=1) and SPOT-317A (n=3) Argos
satellite transmitters were attached directly through the dorsal ridge of the carapace using
wires or cable ties with an integrated corrodible link to facilitate release of the transmitter

(Dodge et al. 2014). The nesting beach project was facilitated under the Cooperative
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Agreement for the Conservation of Sea Turtles of the Caribbean Coast of Costa Rica,
Nicaragua and Panama, cooperative agreement number F14AP00361.

The in-water tagging took place off the coast of Destin, Florida during September
of 2015, and was the first in-water tagging of leatherbacks in the GoM. Captures were
made aboard the NOAA vessel R/V Hildebrand via the direct capture methodology
utilizing a hoop net to capture free-swimming leatherbacks. A breakaway hoop net fitted
with breakaway stays to attach the net was pursed over the turtle. Turtles were quickly
brought to the stern of the vessel and lifted from the water in a lift basket for satellite tag
attachment. Turtles were taken out of the net, quickly examined and secured so that their
limbs were held close to their body to prevent injuries to the turtle and crew. Once on
board, turtles were measured, visually sexed, satellite tagged, and flipper and PIT tagged
following procedures described in the SEFSC Sea Turtle Research Techniques Manual
(NMFS 2008). Data-Collecting GPS Argos Satellite tags (Wildlife Computers MK-
10AF) equipped with FASTLOC to provide GPS positions were deployed. Tags were
attached via tether to the caudal peduncle (NMFS 2008). Turtles were immediately
released following completion of sampling procedures and transmitter attachment. All
efforts were made to assure that turtles, once landed, were in good physical condition
before being tagged and returned to the sea. The SEFSC had a NMFS Section 10ala
permit to conduct this study (NMFS permit 16733).

For the spatial analysis, the GoM study area was defined by the coastline of
enclosed basin and latitudes above 21.8°N in the Caribbean Sea (line across the Yucatan
Channel). The east boundary of the Gulf between Florida and Cuba was set at 80.4°W.
To remove movement associated with nesting or reproductive behaviors, all telemetry
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data below 15°N was omitted from analysis. This extension beyond the GoM boundary
was included in the study to assess the behavior expressed while entering and exiting the
GoM.
2.2.2 Movement and Behavioral Analysis

A Bayesian switching state-space model (SSSM) was applied to the satellite
telemetry data (Jonsen et al. 2005, Jonsen et al. 2007). The SSSM is a two-step time
series model that first uses the measurement equation (Eq. 2.1) to correct for Argos
location errors and interpolates the data into equal time steps to determine the animal’s
most likely position.

Yti = (1-i)Xe1 + jixe + € (Eg. 2.1)
where Y is the observed position at a specific time interval (t) associated with the
proportion of time interval when the ith observation was made (j) of the two-dimensional
Argos position vector (x), adjusted by the Argos error value (€; Jonsen et al. 2007). The
second step determines the animal’s behavioral mode based on a correlated random walk,
using the transition equation (Eq. 2.2; Jonsen et al. 2005, Jonsen et al. 2007).

dt ~ No[yptT(Obt)dt-1, X] (Eq. 2.2)
where d represents the difference between positions, N2 is the bivariate Gaussian
distribution of the covariance matrix X (variance in the longitude and latitude), y is the
autocorrelation of direction and speed and bt denotes the behavioral mode. T(0) is the
transition matrix specifying the mean turning angle (8) required to move from dt.1 to dk.
The provided behavioral value (by) for each location allows for the distinction between

behavioral modes: migration and area restricted search (ARS).
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The models were run with R software (v 3.2.4 revised; R Core Team 2016) using
the bsam package (v 0.43.1; Jonsen 2016) and JAGS software (v 4.2.0; Sourceforge). A
switching difference correlated random walk (DCRWS) model and the Markov Chain
Monte Carlo (MCMC) method (2 chains with 12 hour time steps) were used, with an
initial burn-in phase of 30,000 iterations to eliminate the effects of the initial conditions.
A collection phase of 10,000 Markov Chain iterations where every tenth value was
retained for analysis to remove the effects of autocorrelation (Bailey et al. 2008, Benson
et al. 2011). Telemetry tracks with 20 days or more of consecutive positioning gaps were
separated into independent tracks to reduce positioning error (Bailey et al. 2008). The
Gelman and Rubin’s convergence diagnostic (Gelman and Rubin 1992) was run using the
R package “coda”, to test for convergence between the two chains (convergence
represented by a value close to 1) which ensures a stable parameter estimation. Three of
the eighteen turtle tracks had not converged after the initial burn-in phase, so increments
of 10,000 steps were applied until convergence was achieved. For all three cases, 60,000
burn-in steps were appropriate. Initial analysis separated the behavioral modes based on
the probability of transit, where values with a probability greater than 0.5 were
considered transit (Benson et al. 2011). A secondary analysis divided the behavioral
modes based on the visual inspection of the SSSM data distribution and the separation of
modes represented by troughs in the data.

Kernel density estimation (KDE) was applied to define clusters of observations
which represent frequently used areas for the behavioral modes identified within the
GoM. The KDE was performed using the Spatial Analyst Tools in ArcGIS (v 10.3; Esri).
The max kernel density was used to scale each individual behavior mode, with a program
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derived cell area of approximately 89 km?. A colored contoured density map, in
increments of 12.5 % of the total density, was used to visually represent the high use
areas for each mode.

Dive behavior analysis was only applied to the leatherbacks tagged from the in-
water tagging operation, as tags deployed from the nesting beaches were not equipped
with the instrumentation to record dive information. Dive behavior was divided based on
the three behavioral modes using the SSSM temporal resolution (12 hr). Dive parameters
analyzed consisted of maximum dive depth, dive duration, and surface duration between
dives. Dive behavior was averaged by individual turtles for each behavioral mode.

2.2.3 Physical Oceanographic Properties Analysis

Leatherback locations were analyzed for association with sea surface height
anomalies, ocean currents, divergence or convergence, and temperature and salinity
fronts. Association analyses were performed for the entire GoM data as well as
individually for any determined high-use foraging regions. Sea surface height data were
gathered from E.U. Copernicus Marine and Environment Monitoring Service (CMEMS;
marine.copernicus.eu; delayed time, global, allsat). Ocean current data, as well as mean
daily temperature and salinity values, were accessed through the Hybrid Coordinate
Ocean Model (HYCOM) database (hycom.org).

MATLAB (v R2016a) was utilized for extracting and processing data for the sea
surface height analysis, as well as the ocean current and divergence/convergence
associations. Turtle associations with sea surface height were investigated using weekly
sea surface height anomalies (SSHa) fields. The anomalies were categorized into five
levels (sea surface high, sea surface low, sea surface high boundary, sea surface low
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boundary, or the mean height as common water) based on Gulf-wide SSHa percentiles
and water velocities (Domingues et al. 2016). Turtle positions were categorized based on
their spatial overlap with SSHa features. Ocean current association was analyzed by
calculating the turtle velocity from the change in latitude, longitude, and time between
consecutive satellite SSSM locations. Turtle association with the currents was measured
by level of effort exerted by the turtle, which was quantified by dividing the ocean
current corrected turtle speed by the turtle speed ‘over ground’ in both the latitudinal and
longitudinal directions. An effort of 1 represents a 100% independent movement relative
to ocean currents (i.e. no aid or hindrance by the currents). An effort below 1 signifies the
turtle exerted less energy than needed (i.e. help from the current) and an effort value
above 1 means the turtle exerted more energy than needed to reach its destination (i.e.
hindered by the currents). Swimming efforts between the behavioral modes were
compared using a Kruskal-Wallis test and pairwise comparison to determine if
leatherbacks were utilizing ocean currents differently amongst the behavioral modes.
GoM divergence was derived from the HYCOM model velocities using the 2D
MATLAB divergence function (in MATLAB). A divergence value was assigned for each
turtle point based its spatial overlap within the divergence surface plot. Positive values
signified divergence whereas negative values represented a convergence within the
resulting continuous value range.

The analysis between leatherbacks and temperature and salinity fronts was
performed in ArcGIS (v 10.3, Esri). Surface temperature and salinity fronts were detected
individually from the daily HYCOM data by the Cayula-Cornillon edge detection
algorithm from the ArcGIS (v 10.3, Esri) Marine Geo Ecology Tool (Roberts et al. 2010).
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Distance between turtle position and front edge was measured in kilometers using the
geodesic method of the ArcMap “near” tool, and the position relative to the warm or cold
side in the temperature front analysis and fresh or saline side of the salinity front analysis
was recorded visually. To confirm the presence of a relationship between oceanographic
properties and the leatherback observations, a spatially random point was generated for
every turtle observation and the same analyses were run on the random position dataset.
The results of the observed data and the random data were compared using a Kruskal-
Wallis test to determine if the relationship in the observed data was different from the
random position dataset. A Bernoulli Trial was used to compare actual frontal position
preferences to a sequence of random trials. The summation of the trial outputs was used
to calculate quantiles and determine the 95% confidence interval to justify a behavioral
association.
2.3 Results

The beach and in-water tagging efforts resulted in satellite telemetry data for
sixteen leatherback that utilized the GoM from 2005 to 2015. Active telemetry data
ranged from 30 to 413 days, while tracking within the GoM basin lasted between 12 to
316 days. The average curved carapace length (CCL) of the turtles tagged was 147.9 £
8.0 cm. Leatherbacks tagged at nesting beaches were reproductive females; however, the
in-water tagging operation identified two turtles as possible males from tail length, two
females, and two with unknown gender. Turtle movements covered a large area of the
GoM from the coast to the deep open ocean (Fig. 2.1). Clusters occurred in the northern
Gulf from Louisiana to Florida and along the shelf break of the states Tabasco and
Campeche in Campeche Bay, Mexico. Leatherbacks made a direct movement when
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migrating to and from Caribbean nesting beaches by traveling through the Yucatan

Channel (n=12; Fig. 2.1).
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Figure 2.1 Leatherback telemetry data

Telemetry data from the A) Panama nesting beaches (n=10) and B) northeastern GoM in-water (n=6) deployments.
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2.3.2 Behavioral Distribution

The SSSM revealed the expression of both migration and ARS behaviors within
the GoM (Fig. 2.2A & B). The mean turning angle (0) for ARS behavior was 193°+ 2
suggesting frequent turns and reversals in direction, while during migration it was
essentially a straight forward heading of 0.6°+ 0.3 (Fig. 2.2A). The autocorrelation
between speed and distance was greater in the migration behavior revealing the greater
likelihood to swim fast when maintaining the same direction (Fig. 2.2B). The average (+
se) swimming speed also differed between the behavioral modes, with an average speed
of 0.21 + 0.00 m s** during ARS behavior and an average speed of 0.58 + 0.01 m s*
during migration (Fig. 2.2C). ARS behavior was displayed on average 59% of the time
while in the GoM (Table 2.1). However, if the mean was calculated only after the first
mode switch from migration to ARS for leatherbacks tagged on the nesting beaches (i.e.,
removing the initial migration period into to the Gulf) then foraging represents 77% of
the behavior expressed in the GoM. ARS behavior in this study is presumed to be
detection of foraging because it occurred in the GoM after migration from nesting

locations and without contact with the shoreline, which is observed in nesting behavior.
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Figure 2.2 Switching state-space model outputs

Movement parameters of area restricted search (ARS; black) and migration (white) modes based on the switching state-space model
positioning. A) Mean turning angle (theta) in degrees, B) Mean autocorrelation in speed and direction (gamma), and C) Histogram of

speed values in km hr?,
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Table 2.1 Behavior expressed by individual leatherback turtles

Turtle ID  #of Days Migration (%) Casting (%) Foraging (%)

Tracked
T1 64 19 28 54
T2 290 30 23 47
T3 72 22 78 0
T4 108 15 85 0
T5 316 35 51 14
T6 12 100 0 0
T7 38 100 0 0
T8 18 100 0 0
T9 176 17 33 50
T10 97 0 94 6
TA 29 29 71 0
B 75 42 24 33
TC 42 0 100 0
TD 108 36 33 30
TE 97 42 13 45
TF 41 0 99 1

Percentage of behavior expressed by each track and number of days track was active (T1-T10 are nesting beach tags, TA-TF are in-

water tags).

Kernel density estimation (KDE) highlighted two high-use areas and a third
moderately used area in the GoM for foraging behavior (Fig. 2.3A). The northeast region
of the GoM along the coastline of the Florida panhandle (Panhandle) and Campeche Bay,
Mexico along the western shelf edge of the Yucatan Peninsula (Campeche) were isolated
as the two high-use foraging areas in the GoM. The moderately-used area was located on
the southwestern shelf of the Florida coast and was only occupied during 2005 by a
single leatherback and by two leatherbacks in 2015. The highest kernel density for the
foraging behavior reached 2.1 obs/km?. Foraging locations also showed a strong temporal
pattern with a high residence of leatherbacks in the Panhandle region during the fall and
high occurrence in the Campeche during the winter and spring months (Fig. 2.4). The

high-use transit areas identified by the KDE overlap with the foraging areas and expand
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to a wider region, particularly the central and eastern Gulf and to the Yucatan Channel
(Fig. 2.3B). Peak density for a transit behavior kernel cell was 0.5 obs/km?. The nesting

females began entering the GoM basin in late June.
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Figure 2.3 Kernel density estimation for two behavioral modes

Kernel density estimation for A) area restricted search (ARS) and B) migration behaviors isolated by the switching state-space model.

Gray line represents the 200m isobath.
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Figure 2.4 Monthly distribution of leatherback foraging observations
Monthly temporal distribution of leatherback observations for the foraging areas identified in the Gulf of Mexico.

A histogram of the behavioral mode (b:) produced by the SSSM elucidated three
peaks, one during the transit mode (b: =1.0) and two in the ARS mode (b: =1.65 and 2.0;
Fig 2.5). Isolating behavioral modes based on the histogram distribution led to a three-
behavior mode classification consisting of an initial migration mode for values less than
1.35, an intermediate foraging mode from 1.35 to 1.75 (casting), and an intensive
foraging mode for values greater than 1.75 (Fig. 2.5). Separate KDE maps created for the
three behavioral modes (Fig. 2.6) illustrate the strong spatial overlap between the
foraging and casting behaviors (Fig. 2.6A & B) and a spatially separate migration

behavior (Fig. 2.6C).
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Figure 2.5 Histogram of switching state-space model behavioral (bt) values

Histogram of switching state-space model behavioral (b;) values for total track data. Shades of gray depicts mode separation based on
the three behavior modes (migration, casting, and foraging), while the vertical dashed line represents the initial separation into two

modes.

26



Gulf of Mexico

"Yucalan "

‘Channe!

85°W

Guif of Mexico

\Yucatdn
Channel

95°W 90°W 85°W 80°W

Figure 2.6 Kernel density estimation for three behavioral modes

Kernel density estimation for A) foraging, B) casting, and C) migration behaviors isolated by the switching state-space model

behavior (by) values.
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2.3.3 Dive Behavior

Diving behaviors, measured as dive depth, duration, and surface intervals, were
unique amongst the six individual turtles equipped with depth recording tags (Fig. 2.7).
The shallowest average foraging and casting dives were recorded by Turtle D. Turtle E
displayed the most similar foraging and casting dives which were approximately 30
meters in depth with a 10 minute duration. This turtle also displayed the longest surface
intervals and the greatest percentage of “V-shaped” dives. Turtle F was not tracked
during any casting or migration behavior. The two turtles that were tracked while
migrating south (C and E) had extremely different surface intervals during migration
dives, with Turtle C only surfacing for an average of ~ 1.5 minutes and Turtle E
remaining at the surface for typically 7 minutes or longer (Fig. 2.7C). Turtle B expressed
migration dive behavior but was not tracked out of the GoM.

While differences were apparent between each individual turtle, some consistent
patterns were observed amongst the dive behaviors expressed. The deepest dives
corresponded with the longest dive durations; however, the surface intervals did not
follow this trend or any apparent trend between the three behavioral modes (Fig. 2.7).
The dive shape most commonly used in all behavioral modes was “U-shaped” rather than
“V-shaped”. No regular difference was observed between the dives associated with the
foraging and casting behaviors (Fig. 2.7). The dive behavior expressed by turtles C and E
during migrations back to Caribbean nesting locations was different from those

associated with foraging and casting behaviors. This dive behavior consisted of deep
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Figure 2.7 Leatherback dive behavior characteristics

Dive behavior characteristics (mean + se): A) maximum dive depth, B) dive duration, and C) surface duration between dives.

dives of long durations (Fig. 2.7). The average depths of the migration dives were twice

the depths of the other two modes (Fig. 2.7A).
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2.3.4 Impact of Physical Properties on Leatherback Movement

Leatherback movements were often associated with sea surface lows within the
GoM. Approximately 46% of the observations recorded in the GoM were overlapped
with a sea surface low feature. Isolating observations by behavioral modes revealed that
~63% of foraging behavior and ~60% of casting behavior was associated with sea surface
lows (Fig. 2.8). Migration behavior overlapped ~60% with the common water (SSHa ~0).
However, migration was the only mode found to be associated with sea surface highs

(~9%; Fig. 2.8).
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Figure 2.8 Percent of overlap between leatherback observations and sea surface height
anomaly

Percent of overlap between leatherback observations and sea surface height anomaly features in the Gulf of Mexico. (CW=common

water, HR=sea surface high, LR=sea surface low, HB=sea surface high boundary, LB=sea surface low boundary).
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Analysis of turtle effort revealed similar swimming efforts during foraging and
casting behaviors, but significantly less effort exerted during periods of migration
(Kruskal-Wallis, p<0.05; Fig. 2.9). The time series of an individual turtle’s effort showed
an extreme saw-toothed pattern during foraging and casting behaviors, likely due to the
oscillating swimming direction seen by the average 193° turn angle. The effort during
migration periods had a higher occurrence of efforts below 1, indicating some current-
aided swimming behavior. This relationship was also apparent spatially as all but one
turtle entering the GoM basin swam on the west side of the Yucatan Channel, the location
of the strongest northward current, and the two turtles that were observed leaving the

GoM swam on the east side of the Channel.
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Figure 2.9 Histogram of leatherback swimming efforts

Histogram of leatherback swimming efforts during migration, casting, and foraging in the Gulf of Mexico. (A value of 1 is equivalent

to no influence from currents, <1 = aided swimming, >1 = hindered swimming).

Divergence or convergence associations showed a Gulf-wide average for foraging

behavior was related to convergence and casting behavior occurred at divergent
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structures (Table 2.2). Between the two high-use foraging regions, the Panhandle had an
average convergent association for both foraging and casting, whereas the Campeche
high-use area was associated with divergence (Table 2.2). Migration behavior was
associated with divergence Gulf-wide. However, the extreme variability of these results
and the lack of significant difference from the randomly distributed points, provides
evidence that the results are inclusive for the resolution of the turtle observation data (12
hr).

Table 2.2 Divergence, temperature, and salinity associations with leatherbacks

Gulf-wide Panhandle Campeche
FORAGING
Divergence -3.24e” -5.94e7 (3.30e) 1.27e7 (2.97¢7)
Temperature (°C) 27.1(0.1) 27.8 (0.1) 25.8 (0.1)
Salinity 35.3(0.1) 34.7 (0.1) 36.3 (0.0)
CASTING
Divergence 450¢” -9.18¢° (2.00e®) 1.62e° (3.68¢e7)
Temperature (°C) 27.4 (0.1) 27.6 (0.1) 27.0 (0.1)
Salinity 34.9 (0.0) 34.4 (0.0) 34.7(0.1)
TRANSIT
Divergence 1.71e-6 - -

Physical oceanographic properties associated with leatherback observations in the Gulf of Mexico for foraging, casting, and migration
behaviors for the whole Gulf, and the Panhandle and Campeche high-use areas. (positive divergence values = divergence,

negative=convergence)

Leatherbacks occupied a sea surface temperature range of 20.8°C to 31.5°C, with
95 % of the observations occurring between 23.6°C and 30.9°C. The temperature ranges
differed between the Panhandle (subtropical) and Campeche (tropical) foraging regions
(Table 2.2). The average temperature for Panhandle foraging and casting behaviors were

27.8 £0.1°C and 27.6 £ 0.1 °C, respectively. In the Campeche foraging area, the foraging
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temperature was 25.8 + 0.1 °C and the casting temperature was 27.0 £ 0.1 °C. The span
of salinity associated with the leatherbacks in the GoM ranged from 26.8 to 36.7;
however 95% of the observations were between 32.4 and 36.5. Again the Panhandle
region was more precise between the foraging and casting behaviors with an average
salinity of 34.7 + 0.1 °C and 34.4 + 0.0 °C, respectively. The Campeche region showed
foraging occurred at a higher salinity (36.3 + 0.0 °C) than casting (34.7 £ 0.1 °C).

Table 2.3 Distance between fronts and leatherback observations

Gulf-wide Panhandle Campeche
Foraging
Temperature Front  17.87 (0.57) 16.14 (0.63) 20.77 (1.06)
Salinity Front 14.83 (0.37)* 15.37 (0.57) 14.21 (0.47)
Casting
Temperature Front  21.94 (0.68) 18.82 (0.51) 29.64 (1.93)
Salinity Front 18.29 (0.62) 15.35 (0.36) 25.55 (1.92)
Random Samples
Temperature Front  18.39 (0.40) 17.70 (0.50) 19.39 (0.67)
Salinity Front 16.62 (0.37) 15.58 (0.45) 18.10 (0.63)

Mean (se) distance (km) from nearest front (temperature or salinity) for the whole Gulf, and the Panhandle and Campeche high-use

areas. * denoted significant difference between leatherback observations and random samples.

The distance measurement between the average daily fronts (temperature and
salinity) and the turtle positions revealed that salinity fronts had more impact on
leatherback movement. Leatherbacks were located closer to salinity fronts than
temperature fronts during both foraging and casting behaviors (Table 2.3). However, the
only front association that was significantly different from the random points was the
Gulf-wide mean salinity front distance (Kruskal-Wallis, p<0.05). Visual analysis of
frontal positioning preference (i.e. warm vs. cold or salty vs. fresh) exposed an

association with salinity fronts only. Associations were found for foraging and casting in
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the Campeche and West FL areas, as well as casting in the mid-Gulf region. No
association was identified for the Panhandle high-use area. Differential preference
occurred between the salinity gradient amongst the two behaviors and within different
regions (Table 2.4).

Table 2.4 Leatherback frontal gradient positioning preference

Location Front Preference by Behavioral Mode
Forage Cast

Panhandle - -

Campeche Fresh Saline

West FL Saline Fresh

Mid-Gulf (Casting only) - Saline

Salinity front position preference for leatherbacks in the Gulf of Mexico relative to the gradient of the nearest front.

Deployment of satellite telemetry introduced two levels of bias into the data. First,
the deployment on nesting beaches only accounts for the movements of adult female
leatherbacks and is a common bias in sea turtle investigations due to the accessibility and
ease of operation at nesting beaches. The second bias is the deployment of the in-water
tags in the northeast GoM. This location was chosen because of the reported aerial
sighting of leatherbacks in the region (unpublished NOAA data). However, the six in-
water Panhandle tracks may have led to the apparent higher density observed in the KDE
compared to Campeche. Therefore, both high-use foraging areas were treated with the
same level of importance in this study.

2.4 Discussion

The SSSM analysis of the satellite telemetry data demonstrated a distinctive shift

in behavior within the GoM consistent with a transition from migration to foraging.

While migrating, leatherbacks traveled at faster rates and in a relatively constant direction
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compared to the ARS behavior. The ARS behavior observed in the GoM occurred after
migration from nesting beaches and after the mating/nesting season, therefore it is
assumed to be a representation of foraging behavior. The turning angle (60) and
autocorrelation (y) parameters were similar to values reported elsewhere for leatherback
sea turtles (Jonsen et al. 2007, Bailey et al. 2008, Benson et al. 2011). Subsequent
inspection of the SSSM by values revealed two peaks within the ARS mode which were
interpreted as casting and foraging behaviors. Identification of 3 behaviors deviates from
studies (Jonsen et al. 2005, Jonsen et al. 2007, Bailey et al. 2008, Benson et al. 2011),
which consider 2 modes. The addition of casting addresses the uncertain behavior
expressed between migration and foraging modes, which has been not been detected in
other studies (Jonsen et al. 2005, Jonsen et al. 2007, Breed et al. 2009).
2.4.1 Spatial Distribution

The division of the ARS mode into two behaviors revealed a better classification
of movement within the high-use areas in the GoM. Whereas the initial analysis
expressed a strong overlap between the ARS and migration modes, the second analysis
reassigned the behaviors to include casting, and the overlap between the migration and
foraging high-use areas was greatly reduced. The spatial overlap between the casting and
foraging behaviors highlights the importance of the Panhandle and Campeche high-use
areas for energy consumption in the GoM (Fig. 2.6A & B).

Distinctive migration patterns were also observed for leatherbacks utilizing the
GoM. Turtles in this study traveling to and from Caribbean nesting beaches swam
through the Yucatan Channel. This differs from other Caribbean tagged leatherbacks
heading to alternate foraging sites in the Atlantic Ocean, as they swam east through the
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Greater Antilles (STC 2015; conserveturtles.org). None of the leatherbacks tracked into
the GoM exited eastward through the Straits of Florida to reach a different foraging
location. Furthermore, leatherback tracks returning to the Caribbean from the northwest
Atlantic foraging locations do not enter the GoM (Michael James, pers. comm.). This
behavior suggests that the GoM is a distinct leatherback foraging destination.

Specific locations identified in this study as foraging high-use areas agree with the
environmental conditions needed to supply leatherbacks with a sustainable food source.
Both regions are adjacent to robust riverine outflows from the two largest river systems
(the Mississippi and Usumacinta-Grijalva rivers) that drain into the GoM (David &
Kjerfve 1998). These high-use areas are also located over submarine canyons, Desoto
Canyon (Panhandle) and Campeche Canyon (Campeche) and exist where the continental
shelf edge (200m isobath) intrudes closer to the shore. With a close-proximity nutrient
input and dynamic physical processes (e.g. upwelling, upcanyon flow, shelf edge fronts,
eddies; Merino 1997, Salas-de-Ledn et al. 1998, Morey et al. 2003, Zavala-Hidalgo et al.
2003, Salas-de-Leon et al. 2004) the Panhandle and Campeche high-use areas maintain
highly productive waters (primary production > 0.3 and 0.04 gC m2d%, respectively;
Lohrenz et al. 1997, Soto & Escobar-Briones 1995). Likewise, high biomass of
zooplankton aggregates in locations of physical and bathymetric discontinuities, such as
haloclines, pycnoclines, canyons, and shelf breaks (Genin 2004, Salas-de-Leon et al.
2011, Monreal- Gomez et al. 2013, Greer et al. 2015), making these regions optimal for
sustaining the gelatinous zooplankton consumed by leatherbacks. The Panhandle high-
use area overlaps with a high abundance of jellyfish (cnidarian medusozoans) during the
fall season (Aleksa et al. in press) which coincides with the leatherback period of use for

36



this region. The northern sector of a year-round Desoto Canyon fishing closure overlaps
with the highest density of foraging behavior in the Panhandle (Garrison & Stokes 2014).
The estuaries and mangrove forest off Tabasco and Campeche, Mexico are recognized as
some of the most productive nursery areas in the GoM, which supports many species of
offshore fishes and shrimp (Yafiez-Arancibia et al. 1988, Barbier & Strand 1998).
Furthermore, a fishery for the human consumption of cannonball jellyfish (Stomolophus
meleagris) was recently located in Campeche Bay (Monica Reza, pers. comm.). This
research provides further evidence to the importance of this region to leatherback turtles
and the continuing need to monitor the species and safeguard these ecosystems.
2.4.2 Dive Behavior

Spatial movements provide some understanding to the discrepancy in the average
dive behaviors amongst the individual turtles. The large separation in the dive depth and
duration between the foraging and casting dives seen for Turtle A possibly occurred
because all the foraging dives took place in one location and within a short time window
(within one 12 hour time step) for only a total of 16 dives, while the casting behavior
spanned 30 days and included 3460 dives. Therefore, an isolated intensive foraging
opportunity was most likely acted upon and caused the deviation in the results for this
turtle. The migration behavior displayed by Turtle B occurred towards the end of the tag
activity when the track was headed south. This could have been the beginning of a return
trip to a nesting location but the tag became inactive, so possibly only the shift between
foraging and migration was captured. Turtle D displayed the shallowest dive depths of all
the turtles in all behavioral modes, which is most likely because this turtle stayed on the
western Florida continental shelf during the time when its tag was active. Turtle F only
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had dive data for its foraging behavior mode; however, casting behavior was identified by
the SSSM for the last three days the tag was active, but no corresponding dive data were
transmitted.

The analyzed dive behavior showed a measurable difference in behavior that
supports the classifications used in the spatial analysis. The casting and foraging
behaviors had similar characteristics and the extensive migrations were distinctly
different (Turtles C and E). These data were consistent with previous studies, reporting
that foraging leatherbacks, presumably searching the water column for prey, perform
shorter, shallower dives when compared to migration when dive depth could be
influenced by thermoregulation and predator avoidance (Eckert et al. 2012). The
expected relationship between maximum dive depth and dive duration (deeper dives =
longer duration) was observed, but no specific trend was detected between the surface

intervals and the dives, which was similarly reported by Wallace et al. (2015).

2.4.3 Influence of Physical Properties on Distribution

Sea surface height anomalies (SSHa) are usually associated with oceanographic
features that can concentrate or disperse ocean productivity (i.e. eddies, currents,
upwelling/downwelling; Morey et al. 2003, Wang et al. 2003, Zavala-Hidalgo et al.
2003). Leatherbacks have been observed navigating around and within SSHa during
migration and foraging movements (Luschi et al. 2006, Fossette et al. 2010a). These
associations are also displayed by other large marine vertebrates that target patchy prey,
like the gray seal and blue whale (Etnoyer et al. 2006, Breed et al. 2009). Sea surface
lows are generally representative of colder, nutrient rich waters, whereas sea surface

highs represent warm, low nutrient waters (Bakun 2006). The relationship seen here
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between leatherback foraging and casting observations and sea surface low regions
correspond with the regions of high productivity that enable the presence of jellyfish
aggregations. Transit patterns of the observed leatherbacks also followed the expected
rotation of the associated sea surface highs and lows, providing more evidence that these
features influence leatherback movement. Migration behavior in the GoM was largely
associated with common water and represented links between sea surface low foraging
spots. The association with sea surface highs occurred with the Loop Current in the
Yucatan Channel and anticyclonic eddies that had pinched off from the Loop Current.
During these times the swimming direction of the turtle coincided with the direction of
current rotation, such that the turtle was utilizing the feature to reduce swimming effort
and promote transit velocity.

Satellite telemetry data have shown that leatherback migration and foraging
movements are influenced by ocean currents (Luschi et al. 2003, Gasper et al. 2006,
Shillinger et al. 2008, Fossette et al. 2010b). Similar to the results found here, migration
swimming effort can be greatly reduced (up to 50%) by the association with prevailing
ocean currents (Luschi et al. 2003, Gasper et al. 2006). Luschi et al. (2006) also reported
the influence of eddies on the rotational swimming pattern of foraging turtles. Studies
have shown minor directional changes in apparent migration patterns (i.e. swimming
further offshore, or slightly more north) to encounter concurrent prevailing currents
(Luschi et al. 2003, Gasper et al. 2006). Leatherback migration patterns, for both
hatchlings and adults, were observed to be similar to ocean drifter paths in certain

locations (Fossette et al. 2010b). This correspondence suggests the association with ocean
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circulation, but because the paths did differ, turtles may only be using them when it is
advantageous for transit and it is a behavioral choice as opposed to a passive association.

The distance from temperature or salinity fronts did not produce significant
differences from the randomly generated samples in most cases. It has been shown that
animals can detect and follow gradients on such a fine scale that models and edge
detection algorithms do not identify them (Etnoyer et al. 2006). The aggregation of
jellyfish can also occur along gradients much finer than mesoscale structures (Graham et
al. 2001, McClatchie et al. 2012, Greer et al. 2015) which are missed by the horizontal
and vertical gradients of the available oceanographic data. Therefore, based on the spatial
and temporal resolution of the turtle positioning data and the ocean model, a valid
relationship may not have been detected. At this point the data is inconclusive for an
association with temperature fronts and only a tenuous relationship may be expressed
with salinity fronts in the GoM. Although distinct distances to specific fronts may not be
conclusive, regions that contain the presence of many fronts, like areas with mixing
fluvial and oceanic water masses and near the shelf break as seen in the high-use foraging
areas identified in the GoM, may provide successful foraging opportunities due to the
high probability of aggregated prey.

The temperature and salinity ranges occupied by the leatherbacks did elucidate
some behavioral patterns. The 7°C temperature range that accounts for 95% of the
leatherback observations only occupied 28% of the total GoM temperature range
observed in the random sample analysis (10.3-34.9 °C). This total surface temperature
range represents the GoM basin year round. Temporal analysis showed that the
leatherback observations in the winter months occurred in the warmer tropical areas of
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Campeche and Southwest FL. Although the mean temperatures associated with the
Campeche high-use area are slightly lower than the Panhandle, the turtles are utilizing
these regions in different season and may be exploiting a more constant environment.
This may also be an effect of the production and physical aggregation of the jellyfish.
Currently, leatherbacks in the GoM are known to prey on jellyfish species that are more
abundant in warmer temperatures; however, jellyfish data is lacking in winter and spring
months. For example, the lion’s mane jellyfish (Cyanea capillata) is regularly found in
the northern GoM during the winter (reviewed by Seguro-Puertas et al. 2009) and is a
common prey item of leatherbacks in other regions (James et al. 2005). Furthermore,
bycatch records do show the presence of leatherbacks in the northern GoM during winter
months (Stewart et al. 2016), but those observations are absent in the current satellite
telemetry data. Currently, data are also lacking on the abundant jellyfish that are
occurring in the Campeche high-use area in winter, with the exception of Aurelia spp.

A stronger association was found between leatherback observations and salinity
within the GoM. The salinity range utilized by 95% of the leatherback observations only
makes up 11% of the randomly sampled total GoM salinity range (5.4-40.7). The slightly
larger variation in foraging and casting mean associated salinity in the Campeche high-
use area is most likely due to the higher impact of freshwater directly to the foraging area
compared to the Panhandle which is offset from massive freshwater influx and more
influenced by oceanic waters. This oceanic water influence may also account for the
reduced link between frontal positioning preferences in the Panhandle area. The
differential use of the “fresh” vs. “salty” side of the fronts in different regions may be a
reflection of the leatherbacks maintaining residence in a narrow range of salinity, which
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is potentially indicative of the conditions that produce the greatest abundance of prey.
Salinity has been recognized as a driving force on the distribution and abundance of
jellyfish (Decker et al. 2007, Lucas et al. 2014, Greer et al. 2015, Aleksa et al. in press),
which would cascade up the food chain to influence the distribution of jellyfish predators.
2.4.4 Advantages of foraging in the Gulf of Mexico

Foraging within tropical and subtropical regions has the potential to reduce the
energy demand on reproductive leatherbacks. Telemetry data has elucidated the use of
both tropical and temperate foraging locations for the nesting population of the southwest
Pacific Ocean (Benson et al. 2011). It was hypothesized that establishing a tropical
foraging site may allow for a shorter interval between reproductive activity because less
energy is required for the migrations (Benson et al. 2011). Wallace et al. (2006)
calculated that ~80% of a female leatherback’s reproductive energy cost is used for the
round-trip migration between nesting and foraging locations. Therefore, Caribbean
nesting leatherbacks that utilized the GoM (< 5000 km round-trip) for foraging, instead of
a temperate site where the migration can reach an excess of 10,000 km (James et al.
2005), may have a reduction in their energetic need. Reducing the interval between
reproductive events was also shown to increase the proportion of energy spent on
reproduction verses metabolic functions (Wallace et al. 2006), again supporting the
notion that a shorter migration distance could lead to a reduced time interval, which
indicates a smaller energetic requirement. Lastly, foraging in a warmer climate removes
the higher energy demand associated with processing cold prey items (Davenport 1998)
and maintaining a core body temperature much warmer than the surrounding water
(Davenport 1998, Southwood et al. 2005, Bostrom & Jones 2007), so leatherbacks
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utilizing the GoM may have a lower energy demand and a reduced energy expense from
a shorter migration and reproductive interval compared to individuals that foraging in
temperate waters.
2.4.5 Anthropogenic Impacts of Foraging in the Gulf of Mexico

Foraging closer to nesting beaches has energetic and reproductive advantages, yet
there are also costs associated with the threat of anthropogenic interactions within the
GoM. Leatherback foraging areas are known to occur within highly productive waters
that also sustain large fisheries (Hays et al. 2003, Lewison et al. 2004, Houghton et al.
2006, Benson et al. 2007, Benson et al. 2011, Heaslip et al. 2012), and the nutrient-rich
GoM is no exception with this productive marine ecosystem being exploited by large
scale fishing, energy, and industrial trades. The GoM fisheries provide more shellfish,
shrimp, and finfish annually than the combined efforts along the entire east coast of the
United States (GMP 2014). The extensive longline effort for tuna, swordfish, and sharks
represents the largest threat to the leatherbacks in the GoM, causing entanglement and
drowning (Garrison & Stokes 2014). Locations of reported U.S. leatherback-fishery
interactions coincide with this study’s identified Panhandle foraging area and extend into
the identified migration regions (Garrison & Stokes 2014, Stewart et al. 2016). Currently
no data are available to compare the fishing effort with the leatherback movements in the
high-use Campeche area. Continued monitoring and investigation is needed to provide
the necessary information for proper management of the species.

To further understand leatherback space use, residence time, post-nesting
intervals, and foraging dynamics in the GoM, additional telemetry studies are needed. In-
water tagging of leatherbacks within the Campeche Bay foraging area would further help
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determine space use and diving behavior within this region as well as further differentiate
behavior between these two high-use foraging areas. Lastly, in order to fully comprehend
the foraging of leatherbacks in the GoM more studies need to be done on the jellyfish,
especially in Campeche Bay where data are extremely sparse. This continued research
will improve our understanding of the subpopulations of leatherbacks utilizing this area,
how to reduce interactions of leatherbacks with anthropogenic threats, and allow for

better management and conservation of the species in the Gulf of Mexico.
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CHAPTER Il — Descriptive Density Models of Scyphozoan Jellyfish in the northern
Gulf of Mexico
3.1 Introduction
Jellyfish (Cnidarian medusozoans) have existed in the world’s oceans for

approximately 500 million years (Cartwright et al. 2007), but only in the last couple
decades have they been studied for their ecology and importance to the structure and
health of an ecosystem. As planktonic organisms, most horizontal movements are
controlled by the flow of ocean currents. However, jellyfish are motile organisms that
have the ability to perform directional movements with muscular contractions allowing
them to migrate throughout the water column in search of prey (Hays et al. 2008, Hays et
al. 2012). Jellyfish are primarily carnivorous, feeding on a diverse range of prey from
protists to fish larvae, which enables them to live in a variety of environments
(Richardson et al. 2009). Previous experimental and observational work has shown that
the occurrence and distribution of jellyfish can be affected by water temperature, salinity,
dissolved oxygen, as well as ocean currents, fronts or other discontinuities such as
thermoclines and pycnoclines (Decker et al. 2007, Purcell 2012, McClatchie et al. 2012,
Lucas et al. 2014, Luo et al. 2014, Greer et al. 2015). Biological factors, such as primary
production and zooplankton biomass (as food abundance), are also important for jellyfish
development, growth, and reproduction (Purcell 2012, Lucas et al. 2014). Addressing the
coupling of oceanographic features with the density distribution of jellyfish species is
necessary to describe their population dynamics and investigate favorable and detrimental

interactions within the environment.
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The use of biological parameters as descriptors of jellyfish distributions can be
difficult to quantify because of trophic interactions. Most studies that address ecological
interactions with jellyfish use remotely sensed surface chlorophyll a concentrations as a
proxy for the presence of jellyfish (Hays et al. 2006, Fossette et al. 2010b, Bailey et al.
2012); however, the surface signal of chlorophyll a may not always be valid. For
example, trophic interactions with zooplankton may suppress the chlorophyll a signal in
the location of the jellyfish, or a phytoplankton bloom may not overlap in time and space
with zooplankton (Mackas and Boyd 1979, Lucas et al. 2012). Although no proxy is
ideal, satellite derived chlorophyll a concentrations only measure surface concentrations,
when it has been shown that phytoplankton blooms can occur subsurface out of the range
of satellite instrumentation (Gould and Wiesenburg 1990, Richardson et al. 2000, Perry et
al. 2008). Although remote sensing-based observations are wide spread and easily
accessible, they have limitations; therefore, a more comprehensive environmental
approach that combines satellite and in situ data should produce a better representation of
jellyfish distribution patterns.

Jellyfish data are limited and inconsistent in most regions of the world (Brotz et
al. 2012). The study and quantification of jellyfish is difficult because of their fragile
bodies and high water content (Hamner et al. 1975, Remsen et al. 2004, Doyle et al.
2007). A small number of regions have time series data on jellyfish populations (Condon
et al. 2013) where larger ecological questions are being addressed (Uye and Ueta 2004,
Milisenda et al. 2014, Decker et al. 2014, Quifiones et al. 2015, Robinson et al. 2015).

The need for continued monitoring and investigations on jellyfish is crucial to managing
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the health of the ocean’s ecosystems (Richardson et al. 2009, Purcell 2011, Brodeur et al.
2016).

Biophysical models that incorporate multiple parameters can provide a better
prediction to the location and density of jellyfish where observational data are lacking.
Several biophysical models have been developed to address the movement and
abundance of jellyfish in terms of regime shifts and climate oscillations (Brodeur et al.
2008, Decker 2010). Decker et al. (2007) produced a jellyfish predictive model for the
Atlantic sea nettle (Chrysaora quinguecirrha) based on temperature and salinity in
Chesapeake Bay that is available on NOAA’s National Weather Service, Ocean
Prediction Center website, and was later included in the Chesapeake Bay Ecological
Prediction System (CBEPS) which forecasts physical, biogeochemical and organismal
data (Brown et al. 2013). To date, a jellyfish biophysical model has not been developed
for the Gulf of Mexico (GoM), possibly due to its large extent and dynamic ecosystems
(Robbins et al. 2009, Salmeron-Garcia et al. 2011). An understanding of the environment
is essential to producing an effective biophysical model.

A distinct environmental shift occurs in the northern Gulf of Mexico (nGoM)
around Mobile Bay, AL and the submarine Desoto Canyon. In this area, the continental
shelf shortens and the reach of the Mississippi River plume is lessened (Morey et al.
2003). From this point westward, the coastline contains many estuaries, marshes, and
barrier islands and is dominated by riverine input. The consistent input of freshwater
leads to a dynamic state of mixing water masses (Morey et al. 2003, Zavala-Hidalgo et al.
2003). Here the waters are turbid from the high amount of suspended particulate matter
deposited from the Mississippi River system (Huh et al. 2001). The nutrient input from
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the Mississippi River supports high productivity and its reach changes seasonally based
on the prevailing winds and currents (Morey et al. 2003). Salmeron-Garcia et al. (2011)
showed distinct differences in the chlorophyll a concentrations between regions
dominated by Mississippi River discharge and eastern region in the nGoM in space and
time. East of the Mobile Bay/Desoto Canyon divide, herein referred to as the eastern
nGoM, the shelf is large and shallow, and is influenced by the prevailing winds and the
Loop Current circulation (Robbins et al. 2009). The nutrient levels are more oligotrophic
compared to the western region. Seasonal changes that occur in the physical environment
(e.g. temperature, salinity) also have an impact on the occurrence and distribution of
jellyfish species. In the nGoM, the prevalent large medusae are Chrysaora quinquecirrha
(sea nettle; herein referred to as Chrysaora) in the summer months and Aurelia spp.
(moon jellyfish; herein referred to as Aurelia) in the fall (Graham 2001, Robinson and
Graham 2013).

In efforts to expand the ecological knowledge of jellyfish in the productive waters
of the nGoM, this study assessed density data for two jellyfish (Chrysaora and Aurelia)
during the summer and fall seasons in order to determine the environmental parameters
that can be used to model their distribution patterns within the nGoM. This investigation
used multiple oceanographic datasets to determine how their changes affect jellyfish
densities, and to compare the descriptive power of satellite measurements versus in situ
measurements. Knowledge of jellyfish densities could assist in the management of some
of the many anthropogenic interactions, both economically negative effects caused by
jellyfish and detrimental effects on species that benefit from the presence of jellyfish,
which occur in the nGoM.
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3.2 Methods
3.2.1 Data

Jellyfish data were assembled for two scyphozoan medusa, Chrysaora and
Aurelia, collected during the groundfish survey cruises of the Southeast Area Monitoring
and Assessment Program (SEAMAP) from 2003 to 2013 (Stunz et al. 1985). Data for the
west coast of Florida began in 2008. Individual trawl specimen counts were converted to
density measurements using the water column trawl depth and volume filtered to
determine jellyfish density (ind m2). The oceanographic in situ data collected
concurrently with the groundfish trawls were also obtained from the SEAMAP database.
Remote sensing data were gathered from NASA’s Ocean Color WEB
(oceancolor.gsfc.nasa.gov; MODIS-Aqua, L3, 4km resolution, 8day), the Physical
Oceanography Distributed Active Archive Center (PO.DAAC; podaac.jpl.nasa.gov;
OSCAR, L4, 1 degree), and E.U. Copernicus Marine and Environment Monitoring
Service (CMEMS; marine.copernicus.eu; delayed time, global, allsat). The Open-source
Project for a Network Data Access Protocol (OPeNDAP) software framework
(http://www.opendap.org) was used to acquire the data from the satellite databases
mentioned. Due to the varying resolution scale of the satellite data obtained, the
spatiotemporal satellite grid that contained the specific time and coordinates of the
jellyfish collection was used.

Data were further processed to correct for autocorrelation and skewness. A
variance inflation factor (VIF) analysis was used to test for collinearity and eliminate any
redundant variables. The only variables found to be correlated were the in situ
environmental parameters measured at different depths (e.g. surface temp., mid-depth
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temp., max-depth temp.) but they were retained in the pool of variables to be used
independent of each other to discern if different sections of the water column were more
descriptive to the distribution of jellyfish and to help evaluate the comparison between
the remote sensing and in situ models. To correct for the extreme skewness of certain
data (Sharipo-Wilks and Kolmogorov-Smirnov tests), log transformations (log(n+1))
were applied to the environmental parameters: chlorophyll a concentrations, light
attenuation, normalized fluorescent line height (standard measurement to discern living
organisms from detritus; Gower and Borstad, 1981) and distance from shore, as well as
the response variable, jellyfish density. The jellyfish density exhibited extreme skewness
and a high amount of variance, so the log transformation was applied to reduce the
skewness. Not transforming the density also gave nonsensical adjusted R? values. The
complete list of oceanographic variables and their abbreviations are given in Table 3.1.
All data was sorted by month into two time windows, summer (June and July) and
fall (October and November), due to the timing of the SEAMAP cruises. Using ArcGIS
(v 10.3; Esri), the jellyfish combined densities (herein referred to as the observed data)
were mapped to a 25 x 25 km fishnet grid, and all oceanographic variables were averaged
to within the grid cells. This grid size was chosen to correct for the inconsistent catch
effort across the northern Gulf, yet still retain detailed local distributions. Jellyfish
species data were included as a binary presence/absence variable for each grid cell. Two
Gulf-wide seasonal models (summer and fall) were constructed that incorporated the
entire continental United States coastline in the GoM. The data were then separated into
the west region and east region at longitude 87.9°W, roughly Mobile Bay, AL, to account
for the environmental shift across the nGoM. This separation led to the development of
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four distinct regional models: summer west (SumW), summer east (SumE), fall west

(Fallw), and fall east (FallE).

Table 3.1 Oceanographic Variables for Jellyfish Biophysical Model

Variable Name Abbreviation Units
Remote Sensing Variables
Chlorophyll a Concentration chlor_a mg m-3
Sea Surface Temperature sst °C
Colored Dissolved Organic Matter cdom m
Diffuse Attenuation Coefficient (@490 Kd m?
nm)
Photosynthetically Available Radiation par E m? day?
Normalized Fluorescence Line Height  nflh mW cm2um? srt

Sea Level Height Anomaly (positive,

negative)

Surface Current Velocities (zonal,

meridional)
Surface Speed

Eddy Kinetic Energy (positive,

negative)

Distance from Shore

Sea Surface Temperature Horizontal

Gradient

Water Temperature (surface, mid, max

In situ Variables

depth and vertical gradient)

Salinity (surface, mid, max depth and

vertical gradient)

Oxygen (surface, mid, max depth and

vertical gradient)

Chlorophyll a (surface, mid, max

depth and vertical gradient)

Turbidity (surface, mid, max depth and

vertical gradient)

Maximum Water Depth

sla_pos, sla_neg
zonal, meridional

surfspeed
eke pos, eke _neg

shoredist

gsst

TEMPSUREF,
TEMPMID,

TEMPMAX, VGTEMP
SALSURF, SALMID,
SALMAX, VGSAL
OXYSURF, OXYMID,
OXYMAX, VGOXY
CHLSURF, CHLMID,
CHLMAX, VGCHL

TURBSURF,
TURBMID,

TURBMAX, VGTURB

DEPTHMAX

cm
cm st

cm st

°C per degrees
(North/West)

°C

ppt
ppm
mg m-

Percentage (%)

m

Description of all variables used in the generalized additive models (GAMs), separated by collection method: remote sensing and in

situ.

51



3.2.2 Model Development

The following model development steps were completed independently for each
of the 6 models described above and implemented in R software (v 3.2.4 revised; R Core
Team 2016). The oceanographic variables were pre-screened for predictive power by
calculating the Information Value (IV; Larsen 2015; multithreaded.stitchfix.com)
utilizing the R package ‘Information’ (Larsen 2016). Briefly, the 1V tests the univariate
strength of the variable by calculating the weighted sum of all the weight of evidence
(log-odds + log-density ratio) for each predictive variable. A negative 1V result
eliminated the variable from the analysis. The remaining predictive oceanographic
variables were divided based on the collection method, remotely sensed (RS) or in situ
(1S) and a third method which included both the RS and IS descriptive variables to
produce an all-parameter method (AP). The use of different methods (RS, IS, AP) were
chosen to determine if there was a difference in the functionality of data sources and their
potential for broader use. For example, if the RS methods produced similar results to the
IS and AP methods then a RS model could be used more frequently and possibly on a
wider area because of the availability of the data. The use of exclusively in situ variables
could help determine the importance of below sea surface variables, which has been
shown to be descriptive in jellyfish models, particularly in regions where stratification
occurs (Liu et al. 2010).

A generalized additive model (GAM; Hastie and Tibshirani 1990) was applied to
describe the relationship between the oceanographic variables and the log density of
jellyfish by using the ‘mgcv’ R package (Wood 2011). A GAM analysis is a
nonparametric regression where cross-validation is included in the model selection and
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the functional relationships are determined by the data via smoothing. The restricted
maximum likelihood (REML) optimizing method was used along with a thin plate
regression spline and a Tweedie distribution. Forward selection was used to retain any
descriptive variables that improved model performance (increased the deviance
explained, or decreased the REML value). Descriptive variables were determined for
each genera of jellyfish using a variable coefficient model (Hastie and Tibshirani 1990),
which is commonly used in ecological studies to account for heterogeneity in species
abundance (Zuur et al. 2009). Variable interactions (f(x,y)) were tested to further
optimize the model fit and, finally the best fit GAM was chosen by the lowest Akaike
Information Criterion (AIC) value. A RS, IS, and AP GAM was constructed for each
model.

Each model was run for a total of 500 iterations each time using a randomly
selected 80% of the data to train the model, which described the remaining 20%. The
selection of 500 iterations was based on the time to stability and an adequate predicted
output for each grid cell. Any model density output greater than 50 log ind m was
flagged as an infinity value and removed from the analysis. The resulting density
predictions, deviance explained (DE), r-squared values (R?), estimated degrees of
freedom (EDF), and residual sum of squares (RSS) were averaged and reported for each
method to express the fit of each descriptive model. The overall average density and
standard error of each model was calculated to compare the magnitude of the density
provided by the models to the magnitude of the observed data. The descriptive models
were mapped using the average predicted GAM log density from the 500 iterations. The
jellyfish log density color scale was segmented in 0.25 ind m™ intervals with the initial
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segment between 0 and 0.0001, representing a value less than 1 jellyfish. Missing grid
cells represent a location where data was missing and no density was calculated.
3.3 Results

The general trend from the observed data show a higher average density of
jellyfish in the fall (0.58 + 0.04 log ind m) compared to the summer (0.16 + 0.01 log ind
m?) (Fig. 3.1). In both seasons, the abundance was greater closer to the shoreline and
most dense patches appear adjacent to fresh water inputs (Fig. 3.1). The regional division
applied to the nGoM shows a difference in jellyfish density between the west and east
region. The average regional densities for the summer were 0.26 + 0.02 log ind m™ for
the west and 0.03 + 0.01 log ind m for the east, and the fall regional densities were 0.52
+ 0.04 log ind m™2 for the west and 0.67 + 0.07 log ind m for the east. In summer, the
presence of Chrysaora (n= 127) was concentrated in the western region of the nGoM
(Fig. 3.2A). The total presence of Aurelia (n=136) in the summer was lower compared to
Chrysaora in the west, but was more abundant in the east (Fig. 3.2A). Less abundant in
the fall season, Chrysaora (n= 93) were distributed throughout the nGoM but were
clustered along the shoreline. Aurelia presence was dominant over the entire nGoM shelf
during the fall (n=268; Fig. 3.2B). The overall highly variable densities reported reflect

the patchy distribution of jellyfish.
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Figure 3.1 Jellyfish densities for summer and fall

Combined jellyfish densities (Chrysaora and Aurelia) from the SEAMAP survey database (averaged in 25 x 25 km grid) for A)

summer and B) fall in the northern Gulf of Mexico.

Gulf-wide seasonal models had a lower descriptive fit than the regional models
(Table A.3 in Appendix A). These models were unable to predict any zero density grid
cells and underestimated the high density grid cells seen in the observed data. The
summer gulf-wide model produced a nearly homogeneous distribution east of Louisiana
(Fig. A.1), and the fall used variables that were descriptive in the western half of the
nGoM and left a large amount of missing grid cells in the eastern half (Fig. A.2). These
results support the notion that the high abundance of jellyfish in the west was driving the

descriptive power of the models. This abundance difference seen in the observed density
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between the east and the west regions supports the application of regional models verses
a Gulf-wide model. Therefore, because the Gulf-wide seasonal models produce results
that were less descriptive than the regional models, they were excluded from the

subsequent analysis.

S Summer Jellyfish Presence
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H Aurela

05° W 20°W 85°W

Fall Jellyfish Presence ;
% Chrysaora e

25°N+
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Figure 3.2 Presence data for Chrysaora spp. and Aurelia spp.

Location of sampling presence for Chrysaora and Aurelia jellyfish from 2003-2013 during the A) summer and B) fall.
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3.3.2 Descriptive Variables

No single variable was found to be descriptive in every regional model; however,
relationships with certain oceanographic features were apparent. A measurement of
salinity was included in every model, and chlorophyll a concentration, surface currents,
temperature and distance from the shoreline were components in 3 of the 4 models (Table
3.2). Even though the specific variable changed (i.e. mid-depth salinity vs. vertical
salinity gradient), the continuous presence of a feature was taken to show its importance
to the distribution and abundance of jellyfish in the nGoM. All in situ variables found to
be descriptive were measurements taken at depth (mid or max), with the exception of
surface turbidity in the SumW model. Between the two jellyfish genera, distance to shore
was exclusively used and chlorophyll a concentrations were dominant when describing
Aurelia distributions. More variables were also required to describe the distribution of

Aurelia compared to Chrysaora (Table 3.2).
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Table 3.2 Descriptive Variables for Regional Jellyfish Biophysical Models

Summer West
RS
IS

AP

Summer East
RS
IS

AP

Fall West
RS

AP

Fall East
RS
IS
AP

Aurelia

Chrysaora

chlor_a, zonal*

TEMPMAX, CHLMAX,
SALMID

chlor_a, zonal*, TEMPMAX,
CHLMAX, SALMID

zonal, shoredist, cdom,

CHLMAX, SALMAX,
DEPTHMAX

zonal, shoredist, cdom,
CHLMAX, SALMAX

chlor_a, cdom, shoredist, sla_pos

DEPTHMAX, CHLMID,
SALMAX, OXYMID

(chlor_a, CHLMID), cdom,
shoredist, sla_pos, DEPTHMAX

sst, shoredist, (zonal, eke_pos)
VGSAL, TEMPMID
sst, shoredist, TEMPMID

eke_pos, chlor_a

TEMPMAX, TURBSURF*

eke_pos, chlor_a, TEMPMAX,
TURBSURF*

zonal, cdom

DEPTHMAX

cdom, DEPTHMAX

par

VGOXY, TEMPMAX

TEMPMAX

(zonal, eke_pos)
VGSAL
(zonal, eke_pos), VGSAL

Variables selected by the GAMs to describe the density distribution of jellyfish, separated by region, method (remote sensing, in situ,

and all-parameter), and genera of jellyfish. () indicates interaction used between variables. * indicates smoother not factored by a

genera of jellyfish. Variables defined in Table 3.1.
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Dynamic relationships were observed between the jellyfish density and the
descriptive oceanographic variables (Fig. 3.3). Jellyfish density increased with salinity,
and steeper vertical salinity gradient. Zonal surface currents associated a higher density
of jellyfish with westward currents. In the eastern region, distance from shore had a
negative trend with the density of Aurelia; however, the west had no apparent trend
across the shelf. In the SumE model, the DEPTHMAX variable followed the same trend
as the distance from shore for Aurelia, but had a hump-shaped trend for Chrysaora with a
peak in density around 50m deep. Temperature had a positive effect on Chrysaora
densities, suggesting their density increases with higher temperatures. The reverse
occurred with temperature and the density of Aurelia. Chlorophyll a concentrations had a
varying affect in the different regions as well as whether remotely sensed or measured in
situ. Other relationships revealed included a positive trend with eke_pos for both species,
and the positive trend for Aurelia with sla_pos, suggesting mesoscale eddies are

important for aggregated jellyfish in the nGoM (Fig. 3.3).
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Figure 3.3 GAM descriptive variable relationships

Relationship between the changes in jellyfish log density and the descriptive variables used in the all-parameter (AP) regional models.
Grey area indicates the 95% confidence intervals. Variables defined in Table 3.1 and :Chr/:Aur represents which genera the variable

was applied to (Chr =Chrysaora, Aur =Aurelia).

3.3.3 Model Fitness
The AP method provided the best fit for each model, shown in the output values

of average DE and adjusted R? (Table 3.3). The AP method used more independent
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variables than the RS and IS methods (ranged from 6-9), and therefore had a higher
average EDF. In the fall, the AP method resulted in the lowest RSS which expresses a
better precision between the observed and predicted jellyfish densities. The higher RSS
observed in the summer models, especially the SumE, was most likely due to the limited
number of non-zero data grid cells, which caused some iterations to be trained with or
describe only all zero grid cells. The IS method described the jellyfish densities slightly
better in 4 of the 6 models and was within 1% DE of the RS method in the remaining 2
models (Table 3.3). However, no distinct trend was observed in the differences of the fit
between regional or seasonal IS and RS methods. All models underestimated the
observed extreme high densities and slightly overestimated the density of jellyfish in true

zero density grid cells (Fig. 3.4 & 3.5).

Table 3.3 GAM results for the regional Gulf of Mexico models

DE R? EDF RSS
Summer West
RS 60.4 (0.12) 0.54 (0.002) 8.6 (0.04) 3.4(0.12)
IS 65.6 (0.11) 0.59 (0.001) 10.7 (0.03) 2.4 (0.18)
AP 73.2(0.12) 0.75 (0.002) 13.8 (0.07) 6.1 (0.96)
Summer East
RS 92.7 (0.08) 0.79 (0.004) 6.7 (0.07) 3.5(1.3)
IS 91.8 (0.07) 0.71 (0.004) 6.5 (0.05) 5.3 (2.6)
AP 96.6 (0.06) 0.94 (0.002) 9.5 (0.09) 18.0 (5.8)
Fall West
RS 82.3(0.11) 0.58 (0.002) 10.4 (0.04) 7.9 (0.15)
IS 82.4 (0.13) 0.54 (0.002) 12.1 (0.05) 7.6 (0.19)
AP 82.4 (0.09) 0.67 (0.003) 18.5 (0.08) 6.7 (0.19)
Fall East
RS 70.3 (0.14) 0.63 (0.002) 5.2 (0.03) 12.9 (0.20)
IS 72.2 (0.13) 0.63 (0.001) 6.0 (0.03) 13.8 (0.22)
AP 76.8 (0.13) 0.75 (0.001) 7.2 (0.03) 10.6 (0.19)

GAM output results (mean (standard error)) for deviance explained (DE), adjusted r-squared (R?), estimated degrees of freedom

(EDF) and residual sum of squares (RSS) from 500 iterations of remote sensing (RS), in situ (IS) and all-parameter (AP) methods.
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Figure 3.4 Summer regional jellyfish density GAM results

Summer regional jellyfish density GAM results for the A) remote sensing (RS), B) in situ (IS) and C) all-parameter (AP) methods.

Each figure contains both the west and east models, separation shown by the vertical black line.
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Figure 3.5 Fall regional jellyfish density GAM results

Fall regional jellyfish density GAM results for the A) remote sensing (RS), B) in situ (IS) and C) all-parameter (AP) methods. Each

figure contains both the west and east models, separation shown by the vertical black line.

63



The regional models produced well-fit descriptions of the observed data based on
the DE (73-96% for the AP method) and adjusted R? (0.67-0.94 for the AP method)
(Table 3.3). The east models performed well in replicating the extreme variation of
densities and describing the hotspots of high jellyfish density. The west models were
adequate in describing zero density grid cells, but were unable to match the magnitude of
high density areas (Fig. 3.4 & 3.5). With a more evenly distributed density, the models
had significantly different variances (F-test, p<0.05) than the observed data, except in the
SumW RS and AP models. Overall, the models produced significantly similar medians of
density (Kruskal-Wallis test, p<0.05), but lower total density for the regions, with the
exception of SUmE where a greater density was described due to the overestimation of
the zero grid cells. Although models underestimated the magnitude of the observed high
densities, they were able to describe the similar distribution trends within the regions

(Fig. 3.6).
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describe the regional models.

The use of the consistent density scale, described in the methods, to visualize the data,

restricts the visualization of the trends in the model outputs because of their lower

densities. Therefore, as an example, the model output densities for the Fall AP method
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were scaled to the minimum and maximum densities reported, making the distribution

trends visually apparent (Fig. 3.7).
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Figure 3.7 Scaled fall regional model

Fall regional map for the all-parameter (AP) method with each region (west/east; separated by vertical black line) scaled to the highest

predicted jellyfish density (log ind m).

3.4 Discussion

The regional models determined that the most descriptive factors for describing
the distribution of jellyfish in the nGoM were salinity, surface currents, temperature,
chlorophyll a concentration, and distance from shore. Similar variables were used to
describe the two jellyfish genera within each region (Table 3.2). The models were able to
reproduce the distribution trends seen in the observed data, specifically the locations of
high density and the general increase of density closer to shore. The predicted density
values were lower than the observed data, which lead to differences the amount of

variance.
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3.4.1 Effects of Oceanographic Features

The influence of salinity, surface currents, temperature, chlorophyll a
concentration, and distance from shore are consistent with current knowledge of jellyfish
distribution drivers. Both salinity and temperature impact jellyfish density and
distribution by regulating asexual reproduction, growth rates, and predator-prey
interactions (Bamstedt et al. 1999, Purcell 2005, Lucas et al. 2014). Salinity and
temperature were the only two predictive measurements used in the Chesapeake Bay
jellyfish model (Decker et al. 2007), and temperature has been included in distribution
models produced for the Bering Sea (Brodeur et al. 2008, Liu et al. 2010). Similar to the
findings in these reports, salinity had a positive relationship with jellyfish in this study.
The relationship with temperature was different between the two genera in the nGoM. An
increase in temperature was associated with a greater density of Chrysaora, which
supports their prevalence in the warmer summer season. Conversely, Aurelia were more
abundant as temperatures decreased, which follows the cooling trend from summer to fall
when Aurelia were dominant across the nGoM.

The presence of chlorophyll a was found to be descriptive of the density and
distribution of jellyfish in the nGoM. The chlorophyll variables were more descriptive for
Aurelia than Chrysaora (Table 3.2), and varied depending on season and region. The
descriptive power of chlorophyll a found here is not in agreement with the analysis of
global cnidarian biomass predictors, nor was chlorophyll a concentrations included in the
Bering Sea or Chesapeake Bay biophysical model (Decker et al. 2007, Brodeur et al.
2008, Lucas et al. 2014). However, the resolution of data used in the global model was 5°
grid cells which could wash out the fine scale patchy distribution of chlorophyll a (Lucas

67



et al. 2014). Although chlorophyll a was neglected in the Bering Sea model, zooplankton
biomass was included which has a closer trophic relationship to large jellyfish, and was
determined to be predictive in the summer model (Brodeur et al. 2008). Several studies
have shown the connection between chlorophyll a and zooplankton biomass throughout
the water column (Grimes and Finucane 1991, Genin 2004, Greer and Woodson 2016), as
well as the overlap between gelatinous zooplankton and chlorophyll a (Graham et al.
1992, Benson et al. 2007, Greer et al. 2015). Although chlorophyll a concentrations were
found to be descriptive variables in our model for the nGoM, the varying relationship
between chlorophyll and jellyfish makes using the presence of chlorophyll as a proxy for
the presence of jellyfish troublesome. A better alternative would be the combination of
chlorophyll with additional parameters like salinity and temperature to signal the possible
presence of jellyfish.

Distance from shore was only descriptive for Aurelia. The majority of the
Chrysaora biomass was collected close to the shoreline (Fig. 3.2), so the lack of variation
in the observed distance to shore may have reduced its descriptive power for Chrysaora.
Coastal, hard substrate is the typical habitat for the polyp stage of development in these
scyphozoan jellyfish; therefore, higher densities of medusae are often observed near the
source of new biomass (Lucas et al. 2012, Lucas et al. 2014). Further evidence to explain
the differing jellyfish distributions observed between the seasons is the variation in the
surface currents. Northerly (coastal) currents in the summer and the southerly currents in
the fall (Morey et al. 2003), could lead to the greater density observed across the

continental shelf by Aurelia in the fall.
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The use of drifters amongst similar east and west regions of the nGoM showed
high transport and retention time in the west (Morey et al. 2003). The higher density of
jellyfish observed with westward currents is consistent with the prevailing westward flow
across the Louisiana and Texas shelves (Zavala-Hidalgo et al. 2003) and the seasonal
southwestern flow of the GoM in the fall (Morey et al. 2003). Large aggregations of
jellyfish can be the result of advection and convergent currents (Graham et al. 2001), and
longer residence time of a slow moving water mass that contains jellyfish would lead to a
higher local density (Graham et al. 1992). Such entrainment and advection was modeled
in the GoM when a large density of the invasive Phyllorhiza punctata was present in the
nGoM in 2000 (Johnson et al. 2005). Furthermore, the formation of mesoscale eddies and
subsequent interactions are a factor in both the western and eastern nGoM regions (Wang
et al. 2003, Morey et al. 2003). Eddy circulations can entrain jellyfish and contribute to
higher measured densities, which is seen in the presence of positive eddy kinetic energy
(eke_pos) as a descriptive variable in the SumW and FallE models. The descriptive
power of sla_pos in the FallwW model also supports the presence of convergent mesoscale
features that can aggregate jellyfish. Since these driving surface currents differ between
the two spatial regions, their establishment as a descriptive variable was only observed
when the nGoM was divided in the regional models, and may be an essential factor in
describing the distribution of jellyfish in the dynamic nGoM waters.

3.4.2 Model Performance

Using oceanographic measurements to describe jellyfish density in the nGoM is
complex due to the dynamic environmental conditions. To reconcile some of the
complexity, a spatial divide applied east of Mobile Bay, AL (87.9°W) to separate the two
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overarching ecosystems on the shelf of the nGoM: the eutrophic, river dominated west
and the oligotrophic, oceanic east. A similar division of environments has also been
applied to effectively address the oceanographic variables affecting jellyfish in the Bering
Sea (Brodeur et al. 2008) and fishes in coastal Italy (Bonanno et al. 2016). Furthermore, a
similar study investigated the influences of environmental factors on the distribution of
shrimp in the nGoM with the development of Gulf-wide GAMs and had a median of DE
equal to 33.6% (Drexler and Ainsworth 2013), which are lower than our results for the
Gulf-wide model. These investigations show that a universal model for a large area with
different underlying abiotic conditions will not obtain the same level of precision as
isolating the different environmental regimes. Therefore, understanding the basic
environmental conditions and drivers and how they affect jellyfish is key to producing an
effective model.

The RS and IS methods produced comparable results amongst the models (Table
3.3). The IS method revealed the importance of the mid and max-depth water column
measurements, as they were found to be descriptive variables in all models. Although
similar, the slight advantage seen in the fit of most IS models could be explained by the
fact that the IS measurements were taken at the time and location of the jellyfish
collection. Therefore, they may be more relevant to the jellyfish distribution in the ever
changing waters of the nGoM than the satellite measurements, which may not capture the
same trends due to the lower temporal and spatial resolution of the data. Nevertheless, the
remote sensing or in situ data only can provide guidance to jellyfish distributions and

density, but if both datasets are available the AP methods are the most descriptive.
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The descriptive models produced in this study have multiple applications for
further research. These models help to detail the jellyfish distribution in the nGoM and
could be used to investigate how changes in environmental conditions would affect
jellyfish populations. Seasonally persistent jellyfish aggregations could be recognized
with these models for large areas where public and industrial interactions may occur and
should be monitored. Density data at this resolution could be used in predator-prey
analyses to elucidate distribution overlaps. The output descriptions from this model could
also be used to investigate the suggested association between persistent mesoscale eddies
and jellyfish density. Conversely, at the resolution presented (25 x 25 km), this model
would not be appropriate for sub-grid scale navigational avoidance or forecasting of
jellyfish. At this time it is not feasible to construct a predictive model of sufficient time or
spatial resolution to be used in ecological management models for higher trophic levels.

Knowledge was gained on the nGoM oceanographic parameters that contribute to
the density and distribution of jellyfish in the summer and fall, but continued work would
be advantageous. Future improvements to the model could include a finer resolution of
the spatial grid as well as the satellite data to alleviate some of the averaging in the
distribution and could allow for the evaluation of smaller regions of the coastline. The
addition of other oceanographic variables like zooplankton biomass and mixed layer
depth, which were excluded from this analysis due to lack of data across the study area,
could provide a better fitting model. Lastly, with the collection of more data, models
could be developed independently for specific jellyfish species or fit to include more
species to investigate if certain oceanographic variables differently affect co-occurring
jellyfish or jellyfish that are temporally separated.
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CHAPTER IV — Body Composition and Energy Density of the Pink Meanie
(Drymonema larsoni) in the northern Gulf of Mexico with Implications to Leatherback
Sea Turtle Foraging

4.1 Introduction

Knowledge of body composition and energy density is important when addressing
ecological interactions such as food web dynamics and the transfer of energy. An
organism’s water content and percentage of inorganic ash is inversely proportional to its
nutritional value and energy content (Doyle et al. 2007). Foraging success has been
shown to be optimized by targeting prey that is the most nutritionally advantageous
(DeMott 1989, Duffy and Paul 1992, DeMott 1995, Plath and Boersma 2001). Gelatinous
zooplankton characteristically have high water and low carbon content (Lucas et al. 2011,
Kigrboe 2013), yet have been shown to play a dynamic role as predators, prey,
competitors for resources, and as protection or shelter for smaller organisms in many
ecosystems (Broduer et al. 2008, Pauly et al. 2009, D’ambra et al. 2015, Hays et al. 2012,
Milisenda et al. 2014, Robinson et al. 2015). Despite their trophic interactions and
importance to the diet of leatherback turtles, data are lacking on the caloric composition
of many jellyfish species.

The Gulf of Mexico (GoM) has approximately 117 species of Medusozoans
(herein referred to as jellyfish), 16 of which are scyphomedusae (Segura-Puertas et al.
2009). In northern GoM, the most seasonally-abundant, large medusae are Aurelia spp.
and Chrysaora quinquecirrha. However, over the last two decades, sightings of the genus
Drymonema have increased in the northern GoM. Among the scyphozoans that inhabit
the GoM, Drymonema sp. appears to be the largest jellyfish and have a greater body mass
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and denser tissue, specifically in the oral arms and gonads, which are nutrient rich (Doyle
et al. 2007). Drymonema spp. are rarely occurring, and therefore can often be
misidentified or mistaken for more common species such as Cyanea spp. Because of its
elusive nature, very little is known about the ecology of this family.

Only a few taxonomic and ecological studies of Drymonema spp. have been
conducted worldwide. Bayha and Dawson (2010) define the scyphozoan family,
Drymonematidea, which includes three species: the Mediterranean based Drymonema
dalmatinum, Drymonema gorgo from South America, and a new species, Drymonema
larsoni, from North America. Prior to the late 1980’s, only sporadic observational data
had been recorded. Since then, a few ecological studies have been conducted when large
densities were observed, addressing their diet and occurrences (Larson 1987, Williams et
al. 2001, Bayha et al. 2012, Malej et al. 2014). Similar to other scyphozoans, the
production of Drymonema medusae are presumably influenced by oceanographic
parameters like temperature and salinity. However, due to their seemingly erratic pattern
of abundance, Drymonema spp. production may also be a biological response to a high
availability of prey (Bayha and Dawson 2010). In the Mediterranean, observations of D.
dalmatinum were predicted on a cycle of approximately 30 years (Stiasny 1940), which
differs from cycles of other jellyfish that are known to be primarily driven by abiotic
factors only (~12 year cycle; Stiasny 1940, Kogovsek et al. 2010). Irregular observations
in the western Atlantic Ocean (reviewed by Bayha and Dawson 2010), presented similar
challenges to determining the distribution, abundance, and ecological impacts of these

large medusae.
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Drymonema larsoni (“pink meanies™) are found in the western Atlantic Ocean
along the coast of the U.S., Bermuda, the Caribbean Sea, and the GoM (Bayha and
Dawson 2010). They have been measured to have bell diameters up to 111 cm and have
been observed to be as large as 200 cm (Williams et al. 2001). Drymonema spp. feed
almost exclusively on species of Aurelia (Larson 1987, Williams et al. 2001, Bayha et al.
2012). Isotopic analysis showed that approximately 85% of the D. larsoni diet in the
northern GoM was Aurelia spp. (D’ambra 2012). D. larsoni has also been found with an
average of 2.7 Aurelia medusae captured with a determined digestion time between 2-3
hours (Bayha et al. 2012). To jellyfish predators the difference in size and potential
nutrition could be an important advantage if D. larsoni is available and selectively preyed
upon. Furthermore, a diet containing D. larsoni provides the opportunity for jellyfish
predators, like the leatherback, to possibly consume multiple species at one time if
Aurelia spp. are captured in oral arms or digestive tissue of Drymonema spp.

The ecological influences of D. larsoni are unknown, so investigation on the
temporal distribution and body composition would help elucidate predator-prey
interactions and nutritional value. In 2015, leatherback sea turtles were observed to be
selectively feeding on D. larsoni in the northern GoM (Aleksa et al. in prep). This
observation could have a large impact on the energy intake and population dynamics of
these turtles. Here, a comprehensive record of D. larsoni sightings was gathered for the
northern GoM and compared to the biomass of Aurelia spp., to investigate if a temporal
association is present between high abundance of Aurelia spp. and the presence of D.
larsoni in the GoM. Samples of D. larsoni were also collected and processed to calculate
body composition, water content, ash percentage, and energy density, to address if a
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difference in energy density explain help explain selective predation? These data will
provide necessary information on the occurrence and nutritional value of a possible
ecologically impactful species of jellyfish and their potential role in the diet of
leatherback sea turtles.
4.2 Methods
4.2.1 Occurrence of Drymonema larsoni

Multiple datasets were utilized to gather information on D. larsoni and Aurelia
spp. in the northern GoM. Data for D. larsoni sightings were collected from the Southeast
Assessment and Monitoring (SEAMAP) groundfish trawl and plankton survey data
(Stunz et al. 1985), Fisheries Oceanography of Coastal Alabama (FOCAL) data
(Carassou et al. 2012), jellywatch.org, and literature (Bayha and Dawson 2010, Bayha et
al. 2012). Currently no distribution or concentration data exist for D. larsoni in the GoM;
therefore, the results of this search only represents years when a medusa was observed or
collected, which may be an underestimate of actual occurrences. Aurelia spp. biomass
was gathered from the SEAMAP groundfish trawl data following the methods of

Robinson and Graham (2013).

4.2.2 Analysis of Body Composition and Energy Density

The analysis of body composition and energy density was performed on a total of
14 D. larsoni specimens which were collected using snorkel gear and a large dip net for
from two northern GoM sites during 2016. A single juvenile specimen was collected in
September near Horn Island, MS. In October, 13 additional jellyfish were gathered from
2 locations on the coast of Panama City, FL. The first location was the beach

approximately 20 meters from shore in water less than 2 meters deep and the second was
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a large boat basin. Specimens were stored separately in large plastic bags and kept on ice
for approximately 12 hours before dissection.

A consistent dissection protocol was followed for each collected specimen. First,
the bell diameter and total wet weight was measured, followed by the dissection of
organism into oral arms, gonads, and bell sections. A sample of the gonadal tissue was
preserved in 80% buffered formalin for gender identification under a compound
microscope. Fresh dissected tissue sections were weighed (wet weight), and 5% of each
tissue sample by weight (1% for extremely large specimen) was placed in glass jars and
freeze dried (Labconco, FreeZone® Freeze Dry System: model 7753020) for 24 hours.
The dry weight of the samples were recorded and then combusted at 550 °C for 8 hours
(Thermo Scientific, Thermolyne Furnace Benchtop Muffle: Type F48000). The percent
water content, revised ash weight, and proximate composition energy density (gross
energy density (kJ g Wet Mass™) = 1.21-0.0132 (revised ash %)) of the tissues and whole
animal were calculated using the methods of Doyle et al. (2007). Based on the
relationship between percent ash and energy density, a revised ash % that is over 91.7 %
calculates a negative energy density. An ANOVA was used to test for significant
differences in the mean energy content among tissue types, followed by Tukey’s HSD
tests for pairwise comparisons.

4.3 Results
4.3.1 Occurrence

Presence of D. larsoni was positively associated with a high biomass of Aurelia
spp. suggesting a link between predator and prey. Based on published literature, marine
databases, as well as citizen science, the first confirmed observation of D. larsoni was
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recorded in 2000 and mid-September has been the earliest recorded sighting date. The
first two sighting years (2000 and 2002) occurred during the end of an abundant period of
Aurelia spp. (Fig. 4.1). Consecutive years of low biomass for Aurelia spp. followed from
2003 to 2007, during which no sightings of D. larsoni were reported. In 2008, Aurelia
spp. were back to a similar biomass as 2000 and sightings of D. larsoni reappeared. D.
larsoni occurrences have been consistent in the northern GoM since 2008, corresponding

with high abundances of Aurelia spp. (Fig. 4.1).

1400

n

1200
1000 -+

n

600

Rifpy

200 | D D
N | N

Biomass (100s kg/km?)

1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 4.1 Temporal overlap between Drymonema larsoni and Aurelia spp.

Temporal overlap between sightings of Drymonema larsoni (presence denoted with a red box) and biomass of Aurelia spp. (blue line)

in the northern Gulf of Mexico.

4.3.2 Body Composition and Growth
The 14 D. larsoni samples collected had bell diameters ranging from 18 to 45 cm

and total wet weights (TWW) between 0.9 and 22.8 kg. The specimen collected were
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identified as 8 males, 5 females, and one immature juvenile (Fig. 4.2). Investigation of

the gonadal tissue showed all females appeared to have already released their eggs.

Figure 4.2 Images of Drymonema larsoni gonadal tissue

Microscopic images of Drymonema larsoni A) male and B) female gonadal tissue.

Based on the wet and dry weights, the three tissue types each represent approximately
one third of the total animal (Table 4.1). Mean water content for the whole organism was
calculated to be 96.1% + 0.7%, with no significant difference between the tissue types
(Tukey’s HSD; p< 0.05; Table 4.2). The length-weight relationship for D. larsoni was W
=0.1 L~ 3.12 (r? = 0.81), where wet weight (W) is measured in grams and length (L) is

measured in cm (Fig. 4.3).
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Table 4.1 Drymonema larsoni wet and dry mass measurements

ID Sex Bell Wet Mass (g) Dry Mass (g)
Diameter
(cm)

B OA G w B OA G W
1 - 18 236 638 68 941 03 17 01 21
2 F 30 1000 237 218 1455 24 05 04 33
3 F 32 1200 1157 199 2556 19 21 04 44
4 M 38 2500 1800 900 5200 |45 3.7 18 100
5 M 45 2500 2500 2100 7100 1.0 06 05 21
6 M 25 800 900 238 1938 14 16 04 35
7 F 34 1300 1600 1600 4500 |23 3.2 3.8 93
8 M 31.5 1700 1900 1700 5300 |3.0 34 34 938
9 M 45 4500 5100 6000 15600 | 1.6 1.8 24 57
10 F 35 1800 1000 1000 3800 |34 18 24 76
11 M 38 2200 2100 2700 7000 |05 05 09 20
12 M 32 1400 1800 2700 5900 3.6 6.3 1.2 11.1
13 F 31 1200 1200 1000 3400 2.3 2.6 3.1 7.9
14 M 34 1400 1500 1100 4000 2.7 3.3 2.7 8.7
Mean 1695 1674 1537 4907 2.2 2.4 1.7 6.2
(SD) (988)  (1115) (1500) (3497) | (1.2) (1.5) (1.2) (3.2)

Drymonema larsoni sex, bell diameter (cm), wet and dry mass (grams) for individual tissue sections (B= bell, OA=oral arms,

G=gonads) and the whole organism (W).
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Table 4.2 Drymonema larsoni dry mass and water content

ID Dry Mass (% WM) Water Content (% WM)
B OA G w B OA G w

1 0.1 5.4 0.1 3.9 99.9 94.6 99.9 96.1
2 4.6 4.1 3.9 4.4 95.4 95.9 96.1 95.6
3 3.1 3.7 3.8 3.4 96.9 96.3 96.2 96.6
4 3.6 4.1 3.9 3.8 96.4 95.9 96.1 96.2
5 2.5 2.4 2.5 2.5 97.5 97.6 97.5 97.5
6 3.5 3.6 3.7 3.6 96.5 96.4 96.3 96.4
7 3.6 4.0 4.7 4.1 96.4 96.0 95.3 95.9
8 3.5 3.5 4.0 3.7 96.5 96.5 96.0 96.3
9 3.4 3.5 3.9 3.6 96.6 96.5 96.1 96.4
10 3.8 3.6 4.6 4.0 96.2 96.4 95.4 96.0
11 2.3 2.6 3.3 2.8 97.7 97.4 96.7 97.2
12 5.0 6.9 4.7 5.5 95.0 93.1 95.3 94.5
13 3.8 4.3 6.2 4.7 96.2 95.7 93.8 95.3
14 3.8 4.4 5.0 4.3 96.2 95.6 95.0 95.7

Mean

(SD) |3.3(1.1) 4.0(1.0) 3.9(1.3) 3.9(0.7) | 96.7(1.1) 96.0(1.0) 96.1(1.3) 96.1(0.7)

Drymonema larsoni dry mass and water content as a percentage of wet mass for individual tissue sections (B= bell, OA=oral arms,

G=gonads) and the whole organism (W).
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Figure 4.3 Weight-Length relationship of Drymonema larsoni

Weight-Length relationship of Drymonema larsoni in the north Gulf of Mexico.
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4.3.3 Energy Density

Significant differences were observed in the ash content between the three tissue
types. Mature jellyfish had less ash in the gonad tissue than in the bell and oral arms
(Tukey’s HSD, p< 0.01; Table 4.3). The oral arms contained slightly less ash than the
bell (Tukey’s HSD, p=0.06). For the juvenile, there was a difference in the ash content
between all three tissue types, with the gonads having the most as followed by the bell,
and oral arms containing the least amount of ash (Table 4.3).

Table 4.3 Drymonema larsoni revised ash percentage and energy density

ID Bell Revised Ash % (% DM) Energy Density (kJ g WM)
Dia.
B OA G wW B OA G wW
1 18 565 17.3 80.7 27.9 |0.46 0.98 0.14 0.83

2 30 501 277 807 510 |055 084 014  0.39
3 32 860 734 473 772 |008 024 059 0.16
4 38 812 655 587 718 |014 035 044  0.20
5 45 856 815 670 787 |008 013 033 0.0
6 25 86.6 792 473 783 |007 016 059  0.10
7 34 925 776 704 794 |-001 019 028 0.1
8 315 725 753 669 717 |025 022 033 0.8
9 45 911 722 649 749 |001 026 035 015
10 35 772 606 529 664 |019 041 051 024
11 38 934 1027 749 891 |-002 -015 022 0.5
12 32 797 511 607 623 |016 054 041  0.42
13 31 760 646 63.6 683 |021 036 037 021
14 34 743 727 530 679 |023 025 051 0.8
Mean 805 695 622 721 |015 029 039 0.9
(SD) (11) (17) (10) (9 |(.16) (0.22) (0.13) (0.10)

Drymonema larsoni revised ash percentage (as a percentage of dry mass) and energy density (kJ g-1 WM) for individual tissue

sections (B= bell, OA=oral arms, G=gonads) and the whole organism (W). Mean was calculated for mature medusae (ID 2-14) only.

The energy density analysis of D. larsoni revealed differences among tissue types
and changes in energy distribution as the animal grows. The mean energy density of

whole mature jellyfish was 0.19 (0.10) kJ g WM™ and 4.71 (1.87) kJ g DM, The mature
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gonads had the significantly highest energy density, followed by the oral arms, and the
bell (Tukey’s HSD, p<0.05; Table 4.3). The juvenile had an energy density of 0.82 kJ g
WM, with more energy in the orals arms than the bell or gonads (Table 4.3). The
comparison of energy density to bell diameter revealed that the energy decreased in both
the bell and oral arms as the jellyfish grew in size (Table 4.3). Conversely, the gonadal
tissue had an increasing trend as the bell diameter increased (Table 4.3). Because of the
strong relationship between the bell diameter and the total wet weight, the same tissue
energy trends were observed when comparing energy density and total wet weights.
4.4 Discussion

The presence of Drymonema larsoni in the northern GoM appeared to be related
with the biomass of Aurelia spp. Abundance of Aurelia spp. has shown a clear link to
climatological patterns, which cause natural cycles of high and low densities (Robinson
and Graham 2013). D. larsoni was only observed when the average biomass of Aurelia
spp. was greater than 30,000 kg km in consecutive years (Fig. 4.1). The lag between
initial observations of Aurelia spp. (summer) and D. larsoni (fall) in the northern GoM,
and the corresponding absence of D. larsoni when Aurelia spp. abundance is extremely
low, supports the notion that biological cues may be required for the production of D.
larsoni medusae. The synchronous appearance of Drymonema spp. with periods of high
abundance of Aurelia spp. has also been documented in the Caribbean and Mediterranean
Seas (Williams et al. 2001, Malej et al. 2014).

Results for body composition and energy density of D. larsoni were consistent
with findings from other scyphozoan medusae. Recorded water content of jellyfish have
all been approximately 96% (Doyle et al. 2007, Palomares and Pauly 2009), including D.
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larsoni studied here, and the dry mass (as % wet weight) of D. larsoni matches the
average found for the Order Semaeostomeae (3.84 %; Lucas et al. 2011). The division of
body mass based on tissue sections are consistent with the findings reported for 3 large
Atlantic scyphozoans, with the bell having the largest proportion of mass followed by the
oral arms and then gonads (Doyle et al. 2007). The length-weight relationship for D.
larsoni was also consistent with the other scyphozoan medusa (reviewed by Palomares
and Pauly 2009). The % ash and energy density calculated for D. larsoni were the most
similar to the results for Cyanea capillata (revised % ash = 76.8(2.0), energy density =
0.18(0.05) ki gWM; Doyle et al. 2007). These two species have similar body
composition and energy density because of their similar morphologies. The juvenile
specimen (DL#1) had the highest energy density. For this specimen, 70% of the body was
oral arms which had the highest energy density of any tissue sampled (0.98 kJ g WM™).
The findings from Doyle et al. (2007) also showed a higher energy density in the orals
arms of medusae with smaller bell diameters. Presumably the consumption of juvenile D.
larsoni could be advantageous to predators if encountered in dense aggregations because
of the reduced handling time of the smaller organism and the high energy density.

As jellyfish predators, leatherback turtles have been shown to selectively target
prey species with the densest tissue within a foraging location (Houghton et al. 20086,
Dodge et al. 2011, Heaslip et al. 2012). During September of 2015, leatherback turtles
were observed to be spatially associated and feeding on D. larsoni. In fact, all
observations of leatherback foraging were of D. larsoni, even when the turtles were in the
presence of both Aurelia spp. and D. larsoni. This observation of foraging was the first
time leatherbacks have been recorded to feed on Drymonema spp. and the first record of
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leatherback prey selection in the Gulf of Mexico (Aleksa et al. in prep). D. larsoni and
Aurelia spp. have a similar percentage of dry mass and water content (Lucas 1994, Uye
and Shimauchi 2005). With an energy density of 4.71 kJ g DM, D. larsoni has the
potential to have twice as much energy as Aurelia spp. (2.3-3.6 kJ g DM; Arai 1997).
Furthermore, if the abundance of D. larsoni is comparable to the density of C. capillata
in established northern Atlantic leatherback foraging areas (Heaslip et al. 2012), the GoM
could provide the same nutritional support.

Variability in the samples collected could be a result of the level of post-mating
degrowth or senescence among specimen. The collection of D. larsoni from the coastal
waters of FL occurred during a large aggregation event. The presence of both sexes and
state of the females (spent) within the aggregation indicate recent mating behavior.
Therefore, advection could have shifted the mass aggregation near the shoreline or
reduced function due to senescence made them more susceptible to surface currents and
tides. The level of degrowth in samples for both the males and females could lead to
deviation in body composition and energy. For example, DL #2 was identified as a
female by the presence of eggs in the gonadal tissue; however, the small weight and body
composition was more similar to the juvenile sample than the mature jellyfish, suggesting
a further stage of senescence. The lack of difference in energy density between the sexes
could be the result of post-mating body conditions, but it is unresolved if a difference
would have been present between egg-bearing females and sexually mature males.

Further investigation is needed to address the distribution and abundance of D.
larsoni in the northern GoM. Analysis of carbon and nitrogen content, as well as, the
organic composition of protein, lipids, and carbohydrates would aid in our understanding
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of the nutrient and energy transfer between predators and prey. With the potential to be
the largest and most energetically valuable jellyfish in the GoM, D. larsoni could play a

major role in the diets other jellyfish predators.
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CHAPTER V - General Summary and Conclusions

Leatherbacks have been known to exist in the waters of the GoM for decades, but
no quantitative investigations have been conducted until the last several years. Because of
the growing number of fishery interactions and the unstable populations of leatherbacks
around the globe, research on the GoM leatherbacks started with bycatch records and
observations (Garrison and Stokes 2014, Stewart et al. 2016). Successful tagging
operations from nesting sites started to elucidate some movement patterns (Evans et al.
2007). A genetic study from fishery interactions also provided some spatial distribution
information and nesting stock identification (Stewart et al. 2016). Challenges to studying
these marine turtles include their distance from shore and large habitat range. Biological
surveys conducted within the GoM have reported sightings of leatherbacks, yet these data
are unpublished. This research was the first attempt to quantify leatherback movement
and behavior within the GoM and couple these movements with oceanographic processes
that drive distributions of prey. The investigation of the potential prey field resulted in the
development of a biophysical model for large medusae in this region, as well as an
analysis of the occurrence and energy density of an observed preferred prey item,

Drymonema larsoni.

Leatherback satellite telemetry data, from nesting turtles in Panama and in-water
turtles captured off the coast of Florida, provided new information on foraging behavior
in the GoM. Leatherbacks aggregated in two foraging high-use areas. The Panhandle
foraging region, extending from Louisiana to the Florida shelf was utilized during fall
months. The Campeche foraging area was occupied during the winter months, and

observations were concentrated in Campeche Bay along the western edge of the Yucatan
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shelf. The Panhandle foraging area overlapped with spatial bycatch records (Garrison and
Stokes 2014, Stewart et al. 2016) suggesting the use of this area makes the turtles
susceptible to fishery interactions. Foraging behavior was positively correlated to the
presence of salinity fronts and sea surface lows. With observations occurring year round,
the GoM should be considered a foraging destination and managed habitat for

leatherback turtles.

Spatiotemporal analysis of scyphozoan jellyfish in the northern GoM supported
the theory of leatherback foraging behavior. A large density of scyphozoans were
observed in the Florida panhandle region during the fall months, which overlaps with
observations of leatherback foraging. Oceanographic parameters found to be descriptive
of jellyfish distributions were salinity, ocean currents, temperature, chlorophyll a
concentrations, and distance from shore. These findings coincide with oceanographic
features identified in previous research to have an effect on the distribution and density in
other regions and for many jellyfish types (Purcell 2012, Lucas et al. 2014, Greer et al.
2015). The leading descriptive variables in the GoM (salinity and ocean currents)
correspond with the factors driving the locations of the leatherback foraging observations.
The consistent presence of prey within the identified high-use areas provides evidence
that the GoM could sustain a foraging population of leatherback turtles. Furthermore, the
number of leatherback turtles in the GoM is not likely to be substantial enough to impact
the abundance of jellyfish. However, with selective foraging, more ecological
information is needed about the abundance and aggregations of D. larsoni, as some

pressure may be applied to the biomass in specific locations.
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The observed selective foraging on D. larsoni by leatherbacks in the northern
GoM may provide a high levels of energy intake compared to the consumption of other
jellyfish species in the GoM. Mean whole organism energy density of D. larsoni was
0.19 kJ g WM. This is similar to the energy found in Cyanea capillata (0.18 k] g WM™;
Doyle et al. 2007), the selected prey in the successful foraging region of the Atlantic
northwest (Heaslip et al. 2012). The consistent presence of D. larsoni over the past
decade (2008-2016) linked with the high abundance of Aurelia spp. may provide a

comparable food supply to leatherbacks foraging in more well-studied areas.

Although the GoM is an active foraging location for leatherback turtles
throughout the year, data are still lacking on the distribution of many species of jellyfish
and the selective foraging potential of leatherbacks. The high-use foraging areas are
located adjacent to fluvial inputs, which supply nutrients that support high levels of
primary, secondary, and jellyfish production. In the northeast GoM, the spatiotemporal
overlap between jellyfish density and leatherback foraging behavior is apparent.
However, large densities of jellyfish occur in the northwest, which was only crossed by
one tagged turtle that maintained migration behavior through the area. One possible
explanation for the lack of foraging in the northwestern GoM may be the absence of
larger medusa in this region. To date, no observations of D. larsoni have been recorded
west of the Mississippi River delta. The observed connection between Aurelia spp. and
D. larsoni leads to the theory that their spatial distribution would be similar, as long as
the conditions are favorable for the production of both species. Because little is known
about D. larsoni, the heavy sedimentation and turbidity of the western GoM may not be

advantageous to the production of medusae, but more research is needed on the polyp
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stage of D. larsoni. As visual predators, leatherbacks may also prefer the clearer, deeper
waters east of the Mississippi River plume. Furthermore, the western GoM has an
extensive continental shelf, which may be less appealing to the typical oceanic
leatherbacks than the shorter shelf intersected by a deep water canyon in the Panhandle
foraging region. Less is known about the prey field in the tropical foraging area in the
GoM. The high-use foraging area in Campeche Bay currently does not have quantitative
data on the density of jellyfish. This region is known to have Aurelia spp. and supported a
fishery for Stomolophus meleagris (cannonball jellyfish). However, the depletion of the
S. meleagris from the region led to the current closure of the fishery. Quantitative studies
need to be conducted on identifying the species of jellyfish at occur in the Campeche

high-use area.

5.1 Suggestions for Future Research

Efforts to continue tagging and tracking both in-water and nesting leatherbacks
are needed to address the space use of leatherbacks in the GoM. Nesting beach tagging in
the Caribbean has been well established for over a decade and should continue to be a
priority to gather information about distribution as well as mating and nesting cycles. In-
water tagging operations are also critical to addressing leatherback foraging destinations
and migratory routes back to mating and nesting locations. In-water tagging, unlike
nesting beaches, can provide information on males and sub-adults, which is lacking in
many regions. Specifically within the GoM, in-water tagging needs to occur in both high-
use foraging areas. In the Campeche foraging area, no in-water tagging has been
completed, so less is known about the number of turtles utilizing this area and migratory

patterns out of the foraging grounds. Continued tagging in the Panhandle region will
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provide more in about the movement patterns in the north Gulf and resident times. For
example, bycatch data show leatherbacks in the Panhandle foraging during winter
months, which has not been seen in the satellite track data. Overall, monitoring the
movement and behavior will help establish a management plan for the protection of

leatherbacks in the GoM.

Continued research on D. larsoni is vital to confirming the potential foraging
success of leatherbacks in the GoM. Research on spatiotemporal distribution and
abundance is needed to assess the overlap with leatherback movements. Biochemical
research to determine the amount of carbon as well as the percentage of organic
compounds (protein, lipid, carbohydrate) would further our ability investigate the nutrient
and energy transfer between jellyfish and their predators. As these large jellyfish also
serve as shelter and a potential source of nutrition for young fishes (D’Ambra et al.
2015), including economically important species like Menhaden, more knowledge about
the life cycle, abundance, and distribution will benefit more than leatherback turtles

alone.

The link to climatologic cycles and the predator-prey interaction between Aurelia
spp. and D. larsoni poses a concern during periods of low Aurelia spp. abundance.
Advancing the quantitative measurements of these jellyfish in the GoM could help to
answer if during these times low abundance is there ample food to support the population
of foraging leatherbacks, and if there is another species that is present during this time.
Expanding the study of jellyfish to Campeche Bay would allow us to investigate if the

same pattern occurs in the tropical Campeche foraging area or can the turtles adjust their
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behavior and move from the Panhandle high-use area to the Campeche high-use area
sooner. Two leatherbacks were tracked in the GoM during the last Aurelia spp. low
abundance period, and both turtles initially migrated to the Panhandle foraging area. The
one tagged in 2005 stayed in the area for about one month before the tag stopped
transmitting, and the other, tagged in the 2006, quickly left the Panhandle region,
migrated west and then south to the Campeche foraging region where it remained
throughout the following winter and spring. Broader monitoring of difference species of
jellyfish and the continued tracking of leatherback movements may lead to insights on

foraging behavior during these periods.

Advances in sampling techniques can address some weaknesses with current
methods and improve our knowledge of leatherback foraging. Currently, stable isotope
analysis is used as a non-invasive way to investigate prey items; however, the
information is of prey indigested typically 2-3 month prior for skin samples of
leatherback turtles (Seminoff et al. 2009). When the turtles are sampled, it is extremely
rare that the location of the turtle is known for the last 4 months to establish where
foraging took place, making isotope analysis difficult to apply to real-time behavioral
data. Stable isotopes also can vary from year to year based on the baseline carbon and
nitrogen levels. Advancements in DNA sequencing has made the identification of prey
items from a fecal swab possible. The use of DNA sequencing and a fecal sample
analysis, allows for discovery of the prey consumed in a specific location and currently
being consumed. This real-time data could help identify selective foraging habits and

energy intake.
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Continued advancements in oceanographic technology is needed to gain a better
understanding of the cues and features utilized by leatherbacks to search for and detect
prey. Marine animals can detect minute changes in the environment and respond rapidly.
Currently, the resolution of oceanographic data and models, as well as algorithms used to
analyze them, are too broad to account for all behavioral nuisances. This includes better
monitoring equipment for physical oceanographic features, such as temperature, salinity,
and oxygen, on the attached satellite tags, finer scale oceanographic satellite sampling,
and more precise modeling techniques for oceanographic processes and animal behavior.
If the data resolution between animal-based sampling (i.e. positioning data, dive
behavior) and satellite data match, then more advanced behavioral models can be used to

conserve critical habitat for threatened species.

The coupling of leatherback behavioral data, prey selection and distribution, and
oceanographic data would provide the baseline for forecasting potential threats and
adaptive management of leatherback turtles. The identification of behavioral patterns can
be recorded and monitored along with the available prey and ocean state to predict
movement patterns and space use. This would allow for seasonal changes in the
management of the species by adjusting fishery closures or protected areas. This active
approach to conservation may provide better protection to species and be less

economically detrimental than long term closures or moratoriums.
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APPENDIX A — Supplementary material for Chapter 3

Table A.1 Gulf-wide GAM descriptive variables

Summer Gulf-wide
RS
IS
AP

Fall Gulf-wide
RS

Aurelia Chrysaora
cdom, shoredist cdom, kd
VGTEMP, TEMPMAX TEMPMAX, SALMAX

cdom, VGTEMP, TEMPMAX

chlor_a, cdom, shoredist,

meridional

CHLMID, TEMPMAX, VGSAL,

SALSURF

cdom, shoredist, CHLMID,
TEMPMAX, VGSAL, SALSURF

TEMPMAX, SALMAX

par, shoredist
TEMPMAX

par, shoredist

Table A.1: Variables selected by the GAMSs to describe the density distribution of jellyfish, separated by season, method (remote

sensing, in situ, and all-parameter), and genera of jellyfish. Variables defined in Table 3.1.

Table A.2 GAM outputs for Gulf-wide Models

DE R? EDF RSS
Summer
RS 60.4 (0.08) 0.30 (0.002) 7.01(0.03) 6.50 (1.19)
IS 65.5 (0.10) 0.49 (0.002) 7.51(0.04) 4.74 (0.10)
AP 67.2 (0.09) 0.44 (0.002) 10.03 (0.06) 4.71(0.10)
Fall
RS 59.6 (0.12) 0.46 (0.001) 11.60 (0.06) 26.82 (0.50)
IS 54.0 (0.13) 0.45 (0.002) 9.78 (0.03) 21.30(0.33)
AP 62.5(0.13) 0.63 (0.002) 15.66 (0.05) 14.88 (0.22)

Table A.2: GAM Gulf-wide results (mean (standard error)) for deviance explained (DE), r-squared (R?), estimated degrees of freedom

(EDF) and residual sum of squares (RSS) from 500 iterations of remote sensing (RS), in situ (IS) and all-parameter (AP) methods.
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Table A.3 Regional GAM REML and R? values for each model run

RS IS AP

variable -REML R? variable -REML R? variable -REML  R?
SumW zonal 143.4 0.080 TURBSURF 103.05 0.036 TURBSURF 103.05 0.036
eke_pos:Chr 87.02 0.488 TEMPMAX:Chr 53.33 0.473 zonal 99.48 0.109
chlor_a:Chr 64.12 0.566 TEMPMAX:Aur  27.31 0.504 eke_pos:Chr 39.64 0.673
chlor_a:Aur 41.87 0.53 CHLMAX:Aur 22.78 0.530 chlor_a:Chr 33.45 0.608
SALMID:Aur 19.11 0.589 TEMPMAX:Chr 29.67 0.655
chlor_a:Aur 8.55 0.645
TEMPMAX:Aur 3.64 0.697
CHLMAX:Aur 0.74 0.722
SALMID:Aur -1.17 0.753
SumE  zonal:Chr 67.43 0.101 DEPTHMAX:Chr 67.34 0.081 cdom:Chr 59.04 0.090
cdom:Chr 58.66 0.169 CHLMAX:Aur 7.98 0.495 DEPTHMAX:Chr 58.55 0.132
zonal:Aur 6.67 0.686 SALMAX:Aur 7.19 0.555 zonal:Aur 4,58 0.691
shoredist:Aur 6.40 0.746 DEPTHMAX:Aur 2.69 0.682 shoredist:Aur 4.08 0.777
cdom:Aur 5.74 0.735 cdom:Aur 3.40 0.756
CHLMAX:Aur -2.23 0.957
SALMAX:Aur -2.59 0.944
Fallw  par:Chr 194.39 0.026 VGOXY:Chr 195,56 0.011 TEMPMAX:Chr 193.66 0.034
chlor_a:Aur 84.32 0.306 TEMPMAX:Chr 193.66 0.034 CHLMID,Chlor_a:Au 72.84 0.399

r
cdom:Aur 78.76 0.362 CHLMID:Aur 77.15 0.245 DEPTHMAX:Aur 58.30 0.452
shoredist:Aur 76.32 0.381 DEPTHMAX:Aur 61.20 0.416 cdom:Aur 56.73 0.500
sla_pos:Aur 68.38 0.583 OXYMID:Aur 61.63 0.419 shoredist:Aur 54.32 0.500
SALMAX:Aur 55.31 0.54  sla pos:Aur 50.24 0.695




G6

Table A.3 Cont.

RS IS AP
variable -REML R? variable -REML R? variable -REML R?
FallE (zonal,eke pos):Chr  208.7 0.056  VGSAL:Chr 206.57 0.095  zonal:Chr 208.66  0.045
sst:Aur 14161 0.484  VGSAL:Aur 13351 0.573  eke_pos:Chr 208.66  0.045
shoredist: Aur 13522 0567 TEMPMID:Aur 132.76 0.625 VGSAL:Chr 206.45  0.113
(zonal,eke_pos):Aur  133.32  0.632 sst:Aur 137.40 0.518
shoredist: Aur 131.78  0.605
TEMPMID:Aur 12341  0.747

GAM forward selection fitness values (REML and R?) for the remote sensing (RS), in situ (IS) and all-parameter (AP) methods of the regional models. Variables defined in Table 3.1 and :Chr/:Aur

represents which genera the variable was applied to (Chr =Chrysaora, Aur =Aurelia).
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Figure A.1 Summer Gulf-wide jellyfish density GAM results

Summer Gulf-wide jellyfish density GAM results for the A) remote sensing (RS), B) in situ (IS) and C) all-parameter (AP) methods.
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APPENDIX B — STC Data Usage Approval Letter

Access to Sea Turtle Conservancy
(Formerly Caribbean Conservation Corporation)
Sea Turtle Tracking Database

e e e e e ke ke kel e e e e ol e e e e e sk s e e e e el ol ke e ol ol ke ke e e ol el sk ok e ol e e ol e ol e e e e e sl ke s e e o ke sl e ke ke o e e e ol o sl o ok ke e e ek ol e de e e o

COMPLETE (AND DELETE) SECTIONS IN RED
Access to the Sea Turtle Conservancy (Formerly Caribbean Conservation
Corporation) Sea Turtle Tracking database requested by:
Katrina Aleksa — PhD Student

University of Southern Mississippi
U.S.A.

Date:
08/27/2015

Reason for requesting data:

Data will be used in applicant’s dissertation research, ‘Patterns in Jellyfish
Distributions and Leatherback Turtle Foraging in the Northern Gulf of Mexico’.
The data will be used to develop a comparison between leatherback locations and
gelatinous prey locations within the Gulf of Mexico. Data will also be used to
assess spatial and temporal movements of leatherbacks in the Gulf of Mexico.
Projected outputs include dissertation/thesis, oral presentation of research at
both university and public scientific meetings, poster presentations at both
university and public scientific meetings, and peer-reviewed publications. Co-
authorship is extended to STC researcher Daniel Evans for presentations and
peer-reviewed publications.

Details of data provided:

Leatherback Sea Turtle Satellite Tag Data from individuals that entered the Gulf of
Mexico Basin. Tag Data consisting of location and time parameters (sensor data if
applicable) from 2003 to present. Corresponding physical turtle data (i.e. sex,
weight, measurements) if applicable.

These data have been provided by the Sea Turtle Conservancy (STC) for
the sole purpose stated above. They remain the property of the STC and
are not to be used in any other form without its written consent.

No permission has been granted by the STC to include these data in any

presentations, reports or publications other than those detailed above. To
do so will be in violation of this agreement.
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