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Dedication

When | heard the learn’d astronomer,

When the proofs, the figures, were ranged in columns before me,

When I was shown the charts and diagrams, to add, divide, and measure them,

When I sitting heard the astronomer where he lectured with much applause in the
lecture-room,

How soon unaccountable | became tired and sick,

Till rising and gliding out | wander’d off by myself,

In the mystical moist night-air, and from time to time,

Look’d up in perfect silence at the stars.

- Walt Whitman (When | Heard the Learn’d Astronomer)
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Abstract

Modeling underwater visual ability and varied color expression in the diamondback
terrapin (Malaclemys terrapin) in relation to potential mate preference by females

Abigail Elizabeth Dominy

Co-Supervisor: Harold W. Avery
Co-Supervisor: James R. Spotila

Color vision is utilized by animals to navigate the environment, distinguish
between objects (e.g. prey and conspecifics), perceive differences in fitness between
potential mates, as well as a number of other visual tasks. Color vision varies greatly
among species and as a consequence a visual signal varies greatly in how it is perceived.
The conditions of the environment additionally impact the ability of an animal to
perceive the intrinsic value of a visual signal. The field of visual ecology has only
recently received a great deal of attention due to technological advancements that allow
objective measures of animal coloration. However, ease of organismal sampling has
created a bias in the literature, with avian and mammalian taxa garnering greater attention
than reptilian taxa. The estuarine diamondback terrapin (Malaclemys terrapin), hereafter
called terrapin, is an aquatic turtle facing human-induced population declines. Population
models and estimates of viability only hold under the assumption of random mating,
which is often not the case. In this study | tested the hypothesis that female terrapins
exhibit preferences for mates with color or color patterns that differ from the general
population. | captured gravid females and males in Barnegat Bay, New Jersey as part of
a long term population study conducted by my lab. To determine if non-random mating is

occurring in the Barnegat Bay terrapin population, I conducted a paternity analysis on



XVi

hatchlings that were obtained from captured gravid females. | genotyped blood samples
for six highly polymorphic microsatellite loci from all adult males and gravid females,
and tissue samples from all hatchlings. To determine whether genotype-matched fathers
exhibited color phenotypes different from the population, I implemented the three
concepts of visual ecology: (1) measure physiological visual ability, (2) measure the
visual target being perceived, and (3) measure the light environment in which the visual
target is perceived. | found four distinct classes of photoreceptor cones in the terrapin and
modeled their sensitivity in the UV, blue, green and red portions of the electromagnetic
spectrum (~355-640 nm), conferring tetrachromatic visual ability. Terrapins exhibited
unusual absorbance of light in the ocular media, resulting in unusual spectral tuning of
photoreceptor sensitivities. | measured the light environment in the water column at the
surface and at half-meter intervals below the surface. The downwelling irradiant light
environment at the surface of the water column spectrally matched the visual sensitivity
modeled here in the terrapin, resulting in optimal photon capture. | measured spectral
reflectance of ten distinct color patches on the terrapin which also spectrally matched
modeled sensitivities and surface downwelling light, resulting in optimal perception of
conspecific coloration at the surface of the water column. Five color patches were
measured on the skin and five on the shell. Skin color patches exhibited a clear UV and
longwave components, while the shell only exhibited a longwave component. Hatchling
paternity results suggested that females potentially preferred males with higher color
contrast between the shell and the skin, as well as greater hue saturation of the shell.
Although the number of genotype-matched fathers was low (N = 14), this study suggests

that non-random mating may be occurring in the Barnegat Bay, NJ terrapin population.






CHAPTER 1: General Introduction

1.1 Visual ecology

Secondary sexual characteristics are a common phenomenon across the animal
kingdom and are often cited to be a result of sexual selection leading to evolutionary
changes (Emlen & Oring 1977; Schluter & McPhail 1992; Higashi, Takimoto &
Yamamura 1999). In most examples, it is the male that exhibits bright colors, acoustic
rhythms and/or intricate courting behavior. The diamondback terrapin (Malaclemys
terrapin) exhibits sexual size dimorphism, with adult females being much larger than
males (Hartsell 2001; Lee & Chew 2008), and highly variable color patterns shared by
both sexes. The terrapin expresses extreme within-population variation, with skin color
ranging from dark gray to light blue or green with spots, and shell colors from dark

brown and yellow, to blue and green.

It has been long appreciated that color vision is one of the ways influencing how
an organism perceives and interacts with its environment (Kelber, Vorobyev & Osorio
2003). The capacity to utilize wavelength-specific information from the environment
requires the presence of at least two different chromatic channels and the neural
mechanisms for interpreting differences in their outputs. Most mammals have the
requisite two spectrally different channels (usually a short and medium; blue and
green/yellow) and are called dichromats; but some primates have three channels with an
additional long wavelength-sensitive channel and are called trichromats. Most diurnal
reptiles, birds and some fishes can have more channels due to gene duplication or the

addition of another channel in the ultraviolet (UV). In addition to rods supporting



scotopic vision, turtles have four spectral classes of cone, including UV, providing them
with potential tetrachromatic vision (Loew & Govardovskii 2001; Honkavaara et al.
2002). In addition to cones, the turtle, and other diurnal reptiles and birds, have colored
oil droplets associated with their cone cells which not only shape the spectral sensitivity
of the photoreceptor but may also create a new chromatic channel (Loew & Govardovskii

2001).

Human color vision is based on retinal photoreceptors with peak spectral
sensitivities (Amax) in the yellow, green, and blue regions of the visible spectrum. Many
species in the Teleostei, Aves, and Reptilia have a fourth retinal photoreceptor with a Amax
in the near UV region, conferring tetrachromatic vision. As a result, many anthropogenic
assessments of animal coloration may have drawn faulty conclusions about their
ecological significance due to our physiological inability to incorporate UV signals into
our color vision system (Dominy & Lucas 2001; Eaton 2005; Hastad & Odeen 2008).
These additional 'colors’ that can be perceived may reveal additional or cryptic coloration
upon which conspecific recognition and sexual selection occurs. In an attempt to perform
unbiased and quantitative assessments of bird coloration, recent studies have used a
reflectance spectroradiometer to measure avian coloration (Figuerola, Senar & Pascual
1999; Heindl & Winkler 2003). As a result, several studies have revealed formerly non-
dichromatic species as dichromatic in the UV spectrum, such as in the blue tit
(Andersson, Ornborg & Andersson 1998; Hunt et al. 1998; Hunt et al. 1999), discovered
independently by two different research groups. In addition to baseline visual ability,
visual perception may also be influenced by ambient light conditions and other

environmental factors. Air pollution has been shown to direct the phenotype of the



peppered moth due to visual predation, but can these external factors also impact the

direction of sexual selection?

Spectral reflectance measurements have been used for quantifying color in many
studies (Endler & Thery 1996; Font, De Lanuza & Sampedro 2009; Rowe et al. 2009).
Rowe et al. (2006) utilized reflectance spectra to assess the phenotypic plasticity of turtle
carapace and skin color and how they change to match substrate coloration. The authors
surmise that the ability to change coloration to blend in with the environment is an
evolved trait that assists in predator-avoidance. Endler and Thery (1996) utilized
reflectance spectra of birds to assess whether male birds required a specific quality of
ambient light to perform the mating behavior known as lekking. They found that
deforestation changed the ambient light quality and prevented these male birds from
optimally displaying their colors. Font, De Lanuza and Sampedro (2009) found ocellated
lizards performed mate selections based on different skin reflectance patterns in the
ultraviolet spectrum, providing evidence for UV sensitive photoreceptors and mate
selection based on coloration in reptiles. The diamondback terrapin may also have this
additional UV channel (and tetrachromatic color vision) and perform mate selection
based on color patterns that reflect within the UV-VIS spectrum. The boundary
conditions for a color vision system can be determined by measuring the spectral
sensitivity of individual photoreceptor cells using a technique such as
microspectroradiometry (MSP). This technique can also measure the spectral properties
of any inert color filters such as oil droplets. MSP has been successfully used for

obtaining sensitivity spectra for retinal cones as well as absorbance spectra for retinal oil



droplets in the red-eared slider turtle (Trachemys scripta; Liebman and Granda (1971);

Loew and Govardovskii (2001)).

Reputedly monochromatic bird taxa, such as the blue tit, were originally
considered to be sexually indistinguishable based on human perceived coloration.
However, with the advent of objective assessment using reflectance spectroradiometry
and UV photography, new patterns were observed outside the human visual experience.
The blue tit was found to be monochromatic in human perceived colors, but dichromatic
with the addition of UV sensitivity (Hunt et al. 1998). It was found that 100 percent of
the blue tits captured and sexed with DNA fingerprinting were correctly categorized
based on reflectance spectra alone. Males expressed UV reflecting ornamentation while
females did not. Thus, female blue tits are selecting for males with prominent or brighter
UV ornamentation which may be a signal of some greater fitness (Hunt et al. 1998; Hunt
et al. 1999). Andersson, Ornborg and Andersson (1998) further discuss the merit of UV
signaling in the blue tit. Male tits attempting to court a female will use optimal
backgrounds, microhabitat and time of day in order to optimally display their UV
reflectance; UV reflectance contrasts very strongly against non-UV reflecting vegetation
and morning light is rich in UV wavelengths. The authors also found that blue tits mated
assortatively based on UV-reflecting ornamentation. Andersson & Amundsen (1997)
found that female bluethroats were also selecting males based on UV ornamentation.
They teased apart the effects of UV reflectance and brightness by using UV-absorbing
and brightness reducing chemicals on male UV reflecting ornaments. Females clearly
chose males that reflected UV, even when total brightness was controlled. The authors

also found that there was a significant difference in UV reflectance between male age



classes, indicating a possible signal of reproductive readiness to females (Andersson &
Amundsen 1997). Another previously assumed sexually monochromatic bird species is
the blue-fronted Amazon parrot. Santos, Elward and Lumeij (2006), just as in the
previous studies described above, were able to correctly predict the sex of each parrot by
measuring plumage reflectance in the UV spectrum. In addition to reclassifying this
species as dichromatic, the authors were able to determine the optimum body regions to
measure for cryptic UV signals and also the most reliable incidence-angle to capture

these reflected shortwave colors (Santos, Elward & Lumeij 2006).

Eaton and Lanyon (2003) surveyed over 300 bird species covering over 100
families of birds. They found that all families contained species that reflect significantly
in the UV spectrum among feathers reflecting in the visible spectrum. The authors
strongly suggest that due to the prevalence of apparently hidden UV signaling across bird
families, any ecological study of bird populations should take into account the broader
‘chromatic’ world of birds, which seems to rely on UV reflection just as much as
reflection in the wavelength range available to humans (Eaton & Lanyon 2003).
Figuerola, Senar and Pascual (1999) and Eaton (2005) reviewed assessments of bird
coloration and advancements in the field from subjective qualification. While the use of
Munsell color codes had a relatively high reproducibility, they are still biased to human
perceived colors. The use of a reflectance spectroradiometer (or colorimeter) allows
assessment of bird coloration in respect to the visual ability of the intended receiver,
which may be more or less than what humans are capable of seeing. Most (if not all) bird
species are capable of perceiving short UV or violet wavelengths, and have potential for

tetrachromacy. Most bird species also display and perform courtship behaviors that



strongly involve UV signals on various body regions. These facts should be reason
enough to make it a necessity to use a reflectance spectroradiometer for any study of

color relating to non-human ecology.

Given the rather recent discovery that many formerly assumed monochromatic
species are in fact dichromatic in the UV spectrum, we may be facing a larger problem of
biodiversity loss than previously estimated. It is important to again emphasize the need to
assess an animal's behavior from the view point of how those behaviors are perceived by
the intended viewer. Making assumptions and conclusions about an animal’s behavior
based on how humans perceive the signal or action, only results in biased and incomplete
science. With the discovery that birds have potential tetrachromatic vision, there has been
a flurry of research into the visual ability of other related taxa and potential sexual
selection. Recent research has revealed a similar balance between natural and sexual
selection in dichromatic reptile species (Stuart-Fox & Ord 2004; Font, De Lanuza &
Sampedro 2009). While extensive research has delved into the mechanisms of sexual
selection in avian taxa, we know very little about the mechanisms in reptilian taxa. Only
very recently was it discovered that cryptic dichromatism exists outside of bird taxa, e.g.

the ocellated lizard (Font, De Lanuza & Sampedro 2009).

1.2 Visual ability in vertebrates
The vertebrate retina is comprised of photoreceptor cells feeding into a network of
neuronal cells responsible for the encoding and preprocessing of photoreceptor outputs.

Underlying the photoreceptor cell layer, and often interdigitated with it is a supportive



epithelial layer, the retinal pigment epithelium. Vertebrate photoreceptors are divided into
two morphological and physiological classes: rods and cones. Rods primarily function at
low-light, scotopic levels, while cones function in daylight or high-light environments
and subserve high acuity and color vision. When a photoreceptor is activated by photon
absorption, both rods and cones relay the resulting signal first to bipolar and horizontal
cells that feed these signals to amacrine and ganglion cells. The axons of retinal ganglion
cells course over the inner surface of the retina converging at the optic disc where they

form the optic nerve that carries the signal to higher centers (Kroeger & Katzir 2006).

Photoreceptor cells are divided into inner and outer segments. The inner segment
contains the nucleus and other organelles as well as the previously mentioned oil droplets
in diurnal birds and most diurnal reptiles. The outer segment consists of stacks of
membranes laying perpendicular to the direction of photon flux. These membranes
contain the visual pigment. The visual pigment molecule consists of a transmembrane
protein, the opsin, and a bound molecule of vitamin A aldehyde, the chromophore, in the
11-cis configuration. Absorption of a photon causes a change from the cis to the all-trans
isomer of the chromophore. This change activates a second messenger cascade ultimately
resulting in membrane potential changes of the photoreceptor that is transmitted to the

rest of the ascending neuronal pathway (Partridge & Cummings 1999).

The absorption characteristics of a visual pigment including its quantum
efficiency and spectral range is determined by both the amino acid sequence of the opsin
and the form of vitamin A/retinal used as the chromophore. Rhodopsins are visual
pigments that use vitamin Al (A1) and porphyropsins are visual pigments using vitamin

A2 (A2). Almost all terrestrial vertebrates and marine teleosts have rhodopsins; while



freshwater fish, the aquatic phase of most amphibians and some reptiles, use A2 or a
mixture of Al and A2 (Lythgoe 1979). Since all visual pigments of a given chromophore
class have similar shape, a single metric, the wavelength of maximal absorbance or Amax
can be used to define a given pigment. As mentioned above the Amax can be ‘tuned’ by
modifying either the amino acid sequence of the opsin, or the chromophore used. For a
given opsin, the substitution of A2 as the chromophore shifts the total absorbance
spectrum towards the red. For vertebrates, the range of Amaxes ranges from about 355 nm

in the near UV to 640 nm in the near infrared (IR) (Cronin et al. 2014).

1.3 Model organism background

The diamondback terrapin is an aquatic turtle with a large geographic distribution
in coastal estuaries ranging from Cape Cod, Massachusetts to Corpus Christi, Texas
(Schoepff 1792; Gray 1844). Diamondback terrapins were heavily exploited for
commercial soup stock from the late 1800s to the 1920s but eventually became too scarce
for profitable harvest and fell out of favor as a desirable food item in the 1930s (Hay
1892; Hay 1904; Coker 1906; Babcock 1926; McCauley 1945; Finneran 1948; Carr
1952). Historical and current anthropogenic factors—over-harvesting, shoreline
development, vehicular mortality, boat traffic, loss of natal nesting sites, and
unintentional trapping in crab pots (Bishop 1983; Roosenburg et al. 1997)—appear to
have caused population declines of this once common species.

Human population densities are highest along the eastern coast of the United
States, especially in the northeast (Culliton 1998). The state of New Jersey has the

highest human population density of any other state in the union with approximately



1200 people per square mile (US Census Bureau 2009). Most of New Jersey’s population
is concentrated along coastal habitats. These facts lead to diminished environmental
quality and fragmented habitats utilized by native wildlife (Butler et al. 2006, Culliton
1998). As a result, the northern diamondback terrapin population is currently under
consideration by the state of New Jersey as a species of special concern (NJDEP 2008),
due to threats of habitat loss and increased motor vehicle mortality. Management action
may be necessary to prevent the negative impacts of inbreeding depression, which is
commonly the result of habitat loss and fragmentation in many turtle species (Gray 1995,
Lewis et al. 2004, Sheridan 2010). Understanding changes in animal behavior in relation
to mating strategies that might affect reproductive success is an important component of

the long-term population study being conducted by our research group.

Sheridan (2010) demonstrated that skewed sex ratios resulting from vehicular
mortality have significant impacts on the terrapin mating system in Barnegat Bay, NJ, the
study site for my research. Multiple paternity, in which multiple fathers contribute to a
clutch, is significantly lower in areas with high road mortality of nesting females, which
may be indicative of non-random mating patterns in which individual females have
mating preferences (Sheridan 2010). If there is indeed non-random mating, then on what
basis are females choosing mates? Does sexual selection play a role in the morphological
diversity observed in the diamondback terrapin population in Barnegat Bay, NJ?

As with many turtle species in the Emydidae, the terrapin is sexually dimorphic in
size with females attaining sizes three times larger than males. Sexual dimorphism is
widespread in the animal kingdom and is often cited as a consequence of sexual selection

(Emlen and Oring 1977, Schluter and McPhail 1992, Gray 2006). When sexual selection
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occurs in a population, it is often female preference for males that express a preferred
trait or suite of traits. Terrapins exhibit a high degree of variation in colors and patterns;
however there is no apparent dichromatism between the sexes. This is most likely due
to the fact that terrapins, like most reptiles, lack sex chromosomes and as a result have no
sex-linked genes. Sex is determined by the temperature of the nest during incubation.
There is then the possibility that sexually selected traits could be expressed in all

offspring, whether male or female, resulting in cryptic sexual selection.

This study will determine whether color variation could be maintained in the
terrapin through sexual selection in the Barnegat Bay estuary. My research on color
variation will elucidate the behavioral ecology of the northern diamondback terrapin in a
model estuarine ecosystem affected by anthropogenic impacts. My findings will
contribute to an effective conservation plan for Barnegat Bay and elsewhere, using the

diamondback terrapin as a model estuarine vertebrate.

Major research questions

Does intraspecific color variation in the diamondback terrapin play a role in
female mate preference? How do terrapins visually perceive each other in their
environment? Does the terrapin have a visual system similar to the closely-related

freshwater red-eared slider turtle (Trachemys scripta elegans)?
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CHAPTER 2: Modeling underwater irradiance with photoreceptor sensitivity in the
estuarine diamondback terrapin (Malaclemys terrapin)

Abstract

To model physiological visual ability against measured ambient irradiance spectra
| obtained the absorbance spectra of the ocular media (i.e. lens, cornea), oil droplets and
visual pigments in retinal photoreceptors of the estuarine diamondback terrapin
(Malaclemys terrapin). The oil droplets and ocular media act together with the visual
pigments to determine the ultimate spectral sensitivity of the individual photoreceptors.
Terrapins have the potential for a tetrachromatic visual system like the red-eared slider
(Trachemys scripta elegans), a closely related freshwater turtle. However, the estuarine
terrapin is markedly different in ocular media and subsequent visual pigment absorbance.
I identified four visual pigments by microspectroradiometry (MSP) in the single cones
with Amax = 370 nm (UV sensitive), 457 nm (blue sensitive), 527 nm (green sensitive),
and 615 nm (red sensitive). The ocular media measured in avian and other reptile species,
including the red-eared slider, generally transmit light equally between 400 and 700 nm.
However, the ocular media (lens, cornea, vitreous fluid) measured in the terrapin
absorbed maximally at 505 nm, causing the ocular media to act unusually as both a short-
pass and long-pass filter of light before it reached photoreceptors behind the retinal
epithelium. This preretinal filtering resulted in alteration of photoreceptor cell spectral
sensitivity producing four spectral channels with Amax (the wavelength of maximum
absorbance) at 356 nm (UV sensitive), 427 nm (blue sensitive), 572 nm (green sensitive),
and 630 nm (red sensitive). Measured ambient irradiance spectra, just below the surface

of the water column, had a minimum of irradiance around 500 nm in the blue-green
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region. This resulted in relatively low photon capture probability by photoreceptors in the
blue-green region. Given that the closely related red-eared slider turtle does not have the
same ocular media absorbance as measured in the diamondback terrapin, I hypothesize
that the terrapin “color space’ is a result of adaptation to the light environment that occurs
in dynamic estuarine ecosystems. The filtering effects of the ocular media represent an
evolutionary adaptation by the terrapin to match maximal light availability in their

underwater habitat. This has implications for conspecific recognition and prey detection.

Introduction

Human color vision is primarily limited by the spectral sensitivities of retinal cone
photoreceptors in the ‘blue’, ‘green’ and “yellow-red” wavebands of the electromagnetic
spectrum (i.e. ~400 to 700 nm), conferring trichromatic color vision (Bowmaker &
Dartnall 1980; Jacobs 2009). However, solar radiation as short as 300 nm (ultra-violet)
and as long as 800 nm (infrared) has the potential to produce the photochemical reactions
that would be perceived as light in vertebrates. Vertebrates as a whole have four classes
of cone photoreceptors characterized by wavelength spectral sensitivities (Amax) as
follows for A1l chromophore usage: 500-570 nm for longwave-sensitive (LWS), 480-530
nm for middlewave-sensitive (MWS), 400-470 nm for shortwave-sensitive type 2
(SWS2), and 355-445 nm for shortwave-sensitive type 1 (SWS1). The total wavelength
range used by humans for color vision and the shape of our perceptual color space can be
explained by invoking the ecology of our mammalian progenitors; nocturnal dichromats
whose limited color vision became maladaptive with the move to diurnality and modified

by evolution over time (Walls 1942; Heesy & Hall 2010). Improved trichromatic visual
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ability likely evolved in our direct ancestors when they adopted diurnal habits (Jacobs
2009) and possibly also linked to frugivory and folivory (Dominy & Lucas 2001). As a
consequence of largely avoiding an adaptive nocturnal stage, species in older lineages
such as the classes Aves and Reptilia, and infraclass Teleostei, have a fourth retinal cone
photoreceptor with a spectral sensitivity Amax in the ultra-violet (300-400 nm) region
(Losey et al. 1999; Loew & Govardovskii 2001; Ventura et al. 2001; Hunt et al. 2009).
This potential for tetrachromatic visual ability reflects their long term evolution in diurnal

habitats.

Visual pigments, located in the outer segment of the photoreceptor cell, are
composed of an opsin protein and a bound aldehyde of vitamin A, either A1 or A2—the
chromophore. The absorption of a photon causes a cis-trans isomerization of the
chromophore that activates a second-messenger system leading to a membrane potential
change. It is these receptor potentials that represent the input to the visual system and
ultimately to the perceptual representation of the visual space experienced by an observer

(Archer 1999; Rao & Ballard 1999).

Rod photoreceptors are specialized for dim-light “scotopic vision” and provide
only luminosity (i.e. brightness) information about the environment (Walls 1942). For
terrestrial vertebrates, rod photoreceptors are maximally sensitive in the blue-green
region of the spectrum around 500 nm. For aquatic vertebrates, rod photoreceptors are
maximally sensitive to the dominant waveband of light available (Partridge & Cummings
1999). As a general rule, diurnal organisms have, in addition to rod photoreceptors, at
least two types of cone photoreceptors that are maximally sensitive to different spectral

regions making color vision possible. Their differential stimulation and subsequent
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analysis allow for wavelength (i.e. color, hue) discrimination (Daw 1973). The ability to
visually distinguish a color pattern or the color of an object as distinct from background
may be ecologically important for detection of potential mates, prey, and avoidance of

predators (Couldridge & Alexander 2002; Heindl & Winkler 2003; Stevens 2007).

Two photoreceptors having different spectral sensitivities are the minimum
requirement for a color discrimination system (Bowmaker & Hunt 1999). Organisms that
are ‘dichromats’ have limited hue discrimination. The average human is trichromatic with
three inputs defining a color space. Organisms with the potential for tetrachromatic visual
ability typically have four distinct classes of cone photoreceptors with Amaxes in the UV or
violet, blue, green and yellow-red wavebands (~355-640 nm). Thus, the general rule is
the greater the number of unique spectral channels, the greater the range of hue
discrimination, assuming that the necessary neuronal networks are present (Archer 1999).
In addition to visual pigments, the colored oil droplets, commonly found in reptiles, birds
and some fish, serve as optical filters that shift the absorbance maximum and narrow the
bandwidth of the receptor’s spectral sensitivity (Stavenga & Wilts 2014). This filtering
and the resulting sensitivity change further improve color discrimination and enforce
color constancy in dynamic light environments (Bowmaker 1980; Kelber, Vorobyev &

Osorio 2003; Vorobyev 2003).

I measured the spectral absorbance of the visual pigments, oil droplets and ocular
media of the diamondback terrapin (Malaclemys terrapin), a diurnal turtle that lives
exclusively in coastal saltmarsh and mangrove habitats along the Eastern and Gulf coasts
of the United States. Heterogeneous, and often eutrophic, these coastal environments are

dynamic with frequent changes in the color characteristics of light in the water column



15

(Kennish et al. 2007). Given that terrapins are closely related to the potentially
tetrachromatic red-eared slider turtle (both in family Emydidae), and it has been found
that shallow-water light dynamics may have driven or enforced tetrachromacy in
shallow-water fish (Sabbah et al. 2013), | hypothesized that the terrapin would have
tetrachromatic vision adjusted to the unique spectral characteristic of light it experiences

in its shallow estuarine environment.

Given our inability to name colors at wavelengths below ~400nm, it is necessary
to model visual capability in animals that have the potential for UVS tetrachromatic
vision, in order to interpret behavioral responses to visual tasks such as predation and
mate choice. Thus, | developed a visual model to assess the visual capability of terrapins.
The underlying assumptions in the visual model presented here were adapted from well-
developed avian models (Hart & Hunt 2007), that have been well tested (Partridge 1989;
Hart 2001; Stoddard & Prum 2008). Given the strong parallels that have been drawn
between avian and reptilian visual systems (Vorobyev 2003), | hypothesize that the
models designed for the assessment of avian visual tasks are largely applicable to the
assessment of reptilian visual tasks. To date, there has been no attempt to build a model
for a reptilian visual system using measured ambient light data. Incorporating measured
ambient light into a visual model elucidates the evolutionary impact of different light

regimes.

The inputs to the model developed in this study took into account the spectral
absorbance of visual pigments, filtering by associated oil droplets, and light transmission
through the ocular media, e.g. lens, cornea, and vitreous fluid (Hart & VVorobyev 2005).

Presumed spectral sensitivity and the construction of a color space is determined by the
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integrated product of the receptor’s spectral sensitivity with measured ambient irradiance
spectra. Given that terrapins are highly aquatic (Bels, Davenport & Renous 1998;
Brennessel 2006), | measured underwater irradiance from various depths in the water

column to model predicted visual sensitivity.

The underwater visual environment is complex and depends on many factors
including total depth that affects the spectral irradiance due to absorption and scatter,
biological productivity that adds “filters’ such as chlorophyll, and abiotic forces such as
wind and tide (Lythgoe 1985). Water color can range from clear blue in deep ocean water
to green and orange-brown in shallow coastal estuaries. Clear water is most transparent to
short wavelengths, with shorter and longer wavelengths being scattered and absorbed,
respectively (Loew & Lythgoe 1978; Ackleson 2003). In biologically active waters such
as estuaries with high productivity, water color is dictated by the absorbance of
shortwave light by CDOM (colored dissolved organic matter) and Gelbstoffe (yellow
substances), and absorbance of longwave orange-red light by water, typically leaving
middlewave light dictating background spacelight (Lythgoe 1979). The background
spacelight influences the ability to distinguish the reflected color of objects (e.g. food,

potential mates, etc.) in the water column (Partridge & Cummings 1999).

As morphologically similar species, the estuarine terrapin and the freshwater red-
eared slider turtle occupy similar aquatic niches in their respective ecosystems.
Examining the differences between the visual systems of these similar species allows us
to quantify the environmental impact on visual abilities between freshwater and estuarine

ecosystems.
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Methods

Photoreceptor sensitivity model

I studied two adult female terrapins that sustained mortal injuries from vehicular
impact. The individuals were dark-adapted and euthanized as per protocols established by
the Wetlands Institute in Stone Harbor, NJ. Upon expiration, the eyes were enucleated
and transported in light-tight containers to Cornell University. Retinal preparations were
made under dim red and infrared light following the technique of Loew and Govardovskii
(2001). I measured separately the absorbance of each photoreceptor outer segment
containing the visual pigment, each photoreceptor inner segment containing the

associated oil droplet, and the ocular media.

Using Microsoft Excel® and MATLAB® software, | Gaussian-smoothed
absorbance spectra and normalized them to one at their maxima. | used the A2-
porphyropsin templates created by Govardovskii et al. (2000) and references therein to
create fitted template sensitivity curves (S (A)) for each photoreceptor visual pigment
(Fig. 2.3A). Visual inspection of each averaged absorbance spectrum was used to
estimate the initial Amax fOr each photoreceptor type i (where i =1, 2 ... n). All other
parameters in these equations were borrowed from Govardovskii et al. (2000). The visual
pigment template is composed of the linear combination of two curves, designated as the
a- and B-bands (Si = S; « + S; ). The a-band for each template was calculated using
equations 1 and 2; the f-band was calculated using equations 3 and 4. After the
summation of the a- and B-bands for each template, the initial Amax Was then adjusted to

improve goodness of fit to the measured spectrum (Table 2.1; Fig. 2.3A).
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The a-band visual pigment template, proposed by Govardovskii et al. (2000),

takes on the functional form:

S, (4) = 1 Eq2.1
' exp[A(a—x)]+exp[B(b—x)]+exp[C(c—x)]+ D
where
A=62.7+1.834-exp[(4,,., —625)/54.2],
a=0.875+0.0268 - exp[(4,,., —665)/40.7], Eq 2.2

B =20.85b=0.9101, C =-10.37,¢ =1.1123, D = 0.5343, x = (4,,, / 1)
The B-bands for the blue, green and red visual pigment templates were determined by:

S, ;(4) = A, -exp{-[(2 - 4,,) 1 b]} Eq 2.3
where

A, =0.37,

Ay = 216.7+0.287 Ay,
b=317-1.149- 4 +0.00124-1__°.

Eq24

I Gaussian-smoothed and normalized the absorbance spectra for each oil droplet
to one at their maxima (Fig. 2.3B). Due to light leakage and scatter of the highly
refractile oil droplets, a true measure of absolute absorbance is almost impossible using
standard microspectroradiometer (MSP) techniques. Instead, parameters of the rapidly
decreasing long-wave arm were used to characterize the filter properties. These
parameters were determined by fitting a trend line to the absorbance data between 30 and
70%, which was roughly £ 10 nm of 50% absorbance (Lipetz 1984; Hart & VVorobyev

2005). Using the equation of the trend line, | calculated the wavelength points at which
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there was 50% absorbance (Aos5), and 100% absorbance (Acut) for each oil droplet type

(Table 2.1).

Oil droplet transmission templates (Top (1)) were determined from one minus the
absorbance spectra for each oil droplet type. The R-type oil droplet was associated with
the red-sensitive visual pigment, the Y-type oil droplet was associated with the green
sensitive, the C-type oil droplet was associated with the blue sensitive, and the T-type oil
droplet was associated with the UV-sensitive visual pigment as observed using MSP.
Following Hart and VVorobyev (2005), the transmission spectrum of each type of oil

droplet was modeled as:
T o0 (4) = exp[-2.93-exp[-2.89 By - (4 = Ao, )]] Eq25

where the slope of the transmittance was determined by

___05 Eq 2.6

Bmid :
(ﬂ’O.S - /,Lcut)

The T-type oil droplet associated with the UV-sensitive visual pigment was assumed to
have a transmittance =1.0 from 300-700 nm, given that no significant absorbance was

measured from this colorless oil droplet.

To model the distinctive ocular media transmission (Towm (1)) of the terrapin, |
utilized the parameters of the oil droplet template proposed by Hart and VVorobyev
(2005). Trend lines were fitted to both the short- and long-wave arms of the Gaussian-
smoothed average spectrum and created the following ocular media transmission

template:
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Tow (4) = exp[-2.93-exp[-2.89 - B4, (4 — A, )] +

Eq 2.7
exp[—2.93-exp[-2.89- B 4, (4 — Ay,)]]

where the numerical subscripts represented the slopes and intercepts of the long (1) and

short (2) wavelength slopes of the measured ocular media absorbance spectrum.

I modeled probable photon capture (C (1)), from the ocular media transmittance,
the oil droplet transmittance, and the associated visual pigment absorbance (Fig. 2.4A).
Following Endler and Mielke (2005), | calculated wavelength specific capture probability

for each cone photoreceptor type i:
C;(A) =9.52x10 Ty, (A)T, op (A)(1 - 1070251y, Eq2.8

Probable photon capture by each photoreceptor type i can also be modeled by simply
taking the product integral of the visual pigment absorbance, and ocular media and oil

droplet transmissions:
Ci(4) = S;(A)Tom (A)T; o5 (4). Eq2.9
The integrated probable photon capture, Qi (1), in a given light environment with

spectrum | (1) for cone photoreceptor type i, can then be calculated as:

Q = [1(A)C;(A)dA. Eq 2.10

300
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Irradiance Spectroradiometry

I measured irradiance spectra from 30 different locations using an Ocean Optics
USB2000 spectroradiometer and 5 m long, 600 um diameter UV/SR fiber-optic cable
with cosine corrector (Ocean Optics, Dunedin, FL, USA). Downwelling irradiance
spectra is light available to an observer looking up at any depth in the water column.
Surface upwelling irradiance is light available to an observer looking down into the water
column from the surface. Downwelling measurements were taken from just below the
surface and at half-meter intervals into the water column. Upwelling measurements were
taken at the surface and normalized to surface downwelling from the same site. Irradiance
spectra were averaged for each depth, converted from W m2um to photons m2stnm?,
and normalized to the sum of one under the curve (Fig. 2.5A). Measurements were taken
at various locations, weather conditions and times of day within and around Edwin B.
Forsythe National Wildlife Refuge in Barnegat Bay, New Jersey USA, centered at
39.739984 latitude and -74.174139 longitude. The Refuge primarily protects saltmarsh
habitats along the southern New Jersey coast line which serves as crucial habitat for

many vulnerable species.

Results

Photoreceptor Sensitivity Model

Spectral absorbance properties of rod and cone visual pigments, cone oil droplets,
and the ocular media were measured and recorded from the retinae of two specimens.

The presence of five spectrally distinct visual pigments support a UVS tetrachromatic
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visual system with four distinct classes of single cone photoreceptors and one type of rod

photoreceptor, all best fit by a pure vitamin A2 template (Table 2.1; Fig. 2.3A).

The T-type oil droplets associated with UV-sensitive (SWS1) cones transmitted
light between 300-700 nm and did not appear to function as a cut-off filter. In contrast, it
is generally expected that cone oil droplets function as microlenses and long-pass filters
of light before absorbance by the photoreceptor visual pigment (Stavenga & Wilts 2014).
The optical properties of the other three cone oil droplets, which did act as long-pass

filters, are reported in Table 2.1.

The ocular media, composed of the lens, cornea, and vitreous fluid, absorbed
maximally at 505 nm, yet transmitted well below 400 nm and above 546 nm. Thus, the
ocular media acted as both a short-pass and long-pass filter (Fig. 2.3C). After accounting
for the effects of oil droplet and ocular media absorbance, the spectral sensitivity of each
photoreceptor shifted as follows: UV-sensitive (SWS1) from 370 to 356 nm, blue-
sensitive (SWS2) from 457 to 427 nm, green-sensitive (MWS) from 527 to 572 nm, and
red-sensitive (LWS) from 615 to 630 nm (Fig. 2.4B). The terrapin’s SWS1 and SWS2
sensitivities were shifted towards shorter wavelengths and the MWS and LWS
sensitivities were shifted towards longer wavelengths. Additionally, the SWS2 sensitivity
developed a smaller peak within the green region due to the maximal absorbance of the

ocular media within the blue-green region (Fig. 2.4B).
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Photoreceptor sensitivity model with irradiance

Ambient irradiance spectra were measured during the field season in 2011 and
averaged across 30 sites at several depths (up to three meters below the surface) in the
water column in Barnegat Bay, NJ. These measurements demonstrated unequal light
availability across terrapin-visible wavelengths as well as unequal light attenuation with
depth, resulting in unequal photon capture by the spectrally distinct photoreceptors (Fig.
2.5A). Ambient downwelling irradiance at the surface of the water column demonstrated
greater photon capture probability by the SWS1 and SWS2 cones than the MWS and
LWS cones. As light passed through the water column to 0.5 m depth, UV wavelengths
were lost to scattering, causing nearly complete loss of photon capture probability by the
SWS1 cone. The remaining three cones, SWS2, MWS and LWS were roughly equal in
photon capture probability at 0.5 m depth. However, farther down the water column at
1.0 m below the surface, the SWS2 cone had less photon capture probability than the
MWS and LWS cones. Ambient upwelling irradiance spectra at the surface demonstrated
maximal photon capture probability by the MWS cone, with slightly less photon capture
probability by the LWS cone and considerably less photon capture probability by the

SWS2 cone.

Discussion
The four visual pigments identified in the diamondback terrapin support the
assumption of a tetrachromatic color space with color discrimination in the UV, blue,

green and red portions of the electromagnetic spectrum. The diamondback terrapin and
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many freshwater turtle species have A2-porphoropsin based visual pigments, supporting
the idea that the terrapin most likely evolved in a freshwater environment; sea turtles
having Al-rhodopsin based visual pigments (Liebman & Granda 1971). The spectral
range and visual pigment absorbance of the terrapin was similar to that of the red-eared
slider (Loew & Govardovskii 2001; Vorobyev 2003), however the ocular media
absorbance was markedly different, greatly altering probable photon capture. This
difference is likely attributed to physiological adaptation of these two different species to
the characteristic light regimes that distinguish freshwater and estuarine underwater

habitats.

Most avian visual models use a template for ocular media transmission that
assumes nearly complete transmission of light between 300-700 nm (Endler & Mielke
2005). | found a marked deviation from this assumption having directly measured the
absorbance of the ocular media in the terrapin. The ocular media absorbed maximally at
505 nm, yet transmitted well below 400 nm and above 546 nm. Thus, the ocular media
acted as a short-pass and long-pass filter. Consequently, the terrapin’s SWS1 and SWS2
sensitivities were shifted towards shorter wavelengths and the MWS and LWS

sensitivities were shifted towards longer wavelength.

Wavelength-specific absorbance by the ocular media and oil droplets enhance
color discrimination by reducing overlap in spectral sensitivities among the different
classes of cone photoreceptors (Vorobyev 2003; Stavenga & Wilts 2014). This
absorbance by oil droplets and ocular media allows the observer to perceive and
differentiate between more hues in a given wavelength range than they could otherwise.

However, it is important to note that this improved color discrimination is only effective
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in photopic environments with an abundance of light, as optical filtering by these
mechanisms reduces overall photon capture (Vorobyev 2003). Given that terrapins rely
on solar radiation for metabolism and have no ability to retain heat—heliothermic
poikilotherms (Brennessel 2006)—nocturnal activity is likely limited in this species,

especially due to lack of effective photon capture by photoreceptors in low light.

The visual environment of Barnegat Bay is typical of an estuary. Pure water is
most transparent to blue light at wavelengths between 450 and 480 nm. That is why in the
ocean the light at depths of 60-100 m is limited to the green and blue portions of the
spectrum. In the Barnegat Bay estuary, green phytoplankton, yellow products from the
decay of terrestrial and marine vegetation (CDOM and Gelbstoffe), and sands and silts in
suspension modify ambient sunlight through absorption and scatter, with shorter
wavelengths being attenuated more than long wavelengths (Jerlov & Nielsen 1974;

Kennish et al. 2007).

Estuaries are dynamic light environments that change with solar angle, tidal flow,
rainfall and biological productivity. Tetrachromatic visual ability with oil droplets and
ocular media filtering in the terrapin potentially allow it to optimally perceive chromatic
signals in its underwater light environment. Color vision plays an important role in
conspecific recognition (Couldridge & Alexander 2002) and prey recognition (Stevens
2007). Color discrimination is critical in identifying color patterns on conspecifics and
relatively cryptic prey such as slow moving snails, and potentially cryptic blue crabs

which may have spectral matching between reflected color and background spacelight.
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Ambient underwater irradiance measured at my study site in Barnegat Bay, NJ
demonstrated a characteristic spectral shape at each depth in the water column (Fig.
2.5A). Downwelling irradiance spectra revealed unequal light availability; there was
relatively less light available in the blue-green region of the spectrum. Additionally, a
steep loss of UV wavelengths with increasing depth resulted in unequal attenuation of
light. Surface upwelling irradiance revealed the availability of only long-wavelength light
in the green and red portions of the spectrum (Fig. 2.5A). This is consistent with the fact
that only in pure, clear water will the blue-green colors persist over longer wavelength
green and red colors. The horizontal spacelight, although not directly measured, is
assumed to be similar to the upwelling spectral irradiance. Thus, the apparent contrast,
both brightness and hue, of visual targets will be different depending on direction of
observation (Loew & Zhang 2006). Spectral reflectance measured on the terrapin
matches well with the terrapin photoreceptor sensitivities modeled here. In other words,

terrapins can potentially perceive the colors that they express (Chapter 3).

The maximal receptor sensitivities modeled in the terrapin demonstrate a
sensitivity gap in the blue-green region of the spectrum, consistent with the relatively less
abundant blue-green photons in downwelling light. This striking similarity may be the
result of evolutionary adaptation to wavelength-specific light availability in the estuarine
environment. Visual ecologists have long focused on the molecular structure and
absorbance of visual pigments as the primary adaptive mechanism that responds to
changes in ambient light conditions. In this study, absorbance by the ocular media
appears to have primarily contributed to adaptive vision in the terrapin, causing divergent

maximal sensitivities that markedly differ from the closely related red-eared slider.
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This evolutionary adaptation has implications for color signal reception. UV
signals quickly become undetectable with increasing observer distance from the UV
reflecting target and the surface of the water column. The rapid attenuation of UV
irradiance with increasing depth would suggest that UV signals are more conspicuous to
an observer near the surface. This could be a form of cryptic signaling that allows
terrapins to appear conspicuous to conspecifics in close proximity while remaining
inconspicuous to distant predators. Most mammalian predators are naturally blind to UV
signals (Heesy & Hall 2010), and tetrachromatic avian predators would have difficulty
targeting prey that can dive below the surface (Stevens 2007). This would be especially
important to hatchling and juvenile terrapins most at risk to predation (Witherington &

Salmon 1992).

The visual system of the terrapin makes it well adapted to function in the dynamic
light environment of estuaries along the Eastern and Gulf coasts of the Un