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Abstract

During contests over resources, animals may avoid escalating to physical
combat by first signaling their fighting ability. Numerous studies have
demonstrated that colored patches can be used as agonistic signals. However,
there are few studies investigating agonistic color signaling in aquatic
invertebrates, or in animals with complex visual systems. Stomatopods have the
most complex vision known, with up to 20 photoreceptor classes. During
territorial contests over refuges, many stomatopod species perform a threat display
which exposes a colored patch, the meral spot. Despite several studies predicting
that stomatopods assess the meral spot during contests, few have examined this
hypothesis. Here, I conduct an in-depth investigation into stomatopod agonistic
color signaling using Neogonodactylus oerstedii, a stomatopod found on shallow
Caribbean reef and seagrass flats. Using mathematical visual models, I suggest
that the meral spot is a concealable signal; N. oerstedii color morphs provide
camouflage from a trichromatic fish predator in seagrass and rubble habitats, but
the meral spot is probably detectable by this predator. I also show that meral spot
color variation associated with habitat does not function to increase contrast with
the local background. Despite this, during territorial contests stomatopods do
assess each other’s meral spot color. Stomatopods increased their rate of offensive
behaviors when competing against a stomatopod with experimentally reduced
meral spot UV reflectance. By also manipulating stomatopods’ ability to detect
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chemical cues, I provide evidence that meral spot UV reflectance and chemical
cues convey different information to a receiver. In a separate experiment,
stomatopods facing an opponent with lightened meral spots increased their rate of
coiling behavior (curled position in which the head is above the tail). Further
investigation demonstrated that stomatopods with darker meral spots exhibited
greater fighting ability, suggesting that meral spots are an honest signal of
resource holding potential. In natural conditions, assessment of visual signals may
be affected by turbidity fluctuations. I found that increased turbidity affected
contest winner, and transmission or perception of visual stimuli. Together, these
studies provide a better understanding of stomatopod communication, and, more
broadly, help us to understand the evolution of color signals across organisms and
visual systems.

iv

Acknowledgements

Firstly, I would like to thank my adviser Dr. Sara Lewis for her support,
guidance and mentorship throughout my PhD. I greatly appreciate how she
encouraged me to explore and develop my own research ideas, attend conferences,
start collaborations and conduct projects in the field. I have thoroughly enjoyed
my time in the Lewis lab, from continuing the Carrie Bow Cay tradition, to lab
lunch out and the various iterations of lab meeting. Sara is an excellent role model
and I am so honored to have completed my PhD in her lab.

I was also fortunate enough to have a great committee that supported me
throughout my PhD. Dr. Randi Rotjan was amazing, providing advice about
experiments, support in the field, and answering my questions about careers in
science. I’m very grateful that she always made time for me in her busy schedule.
Dr. Francie Chew asked fantastic questions, making sure I took a step back and
thought about my research more broadly. It was always enjoyable catching up in
the hallway in the morning. Dr. Jan Pechenik warmly welcomed me into his lab so
I could get my fill of marine science. I’ll miss discussing Crepidula, hermit crabs
and mantis shrimp over coffee. Dr. Phil Starks helped me develop a solid
grounding in animal signaling theory. It was great having joint lab meeting with
the Starks lab for my final year. Dr. Elizabeth Crone agreed to join my committee
later in my PhD, but her guidance in statistics, teaching and modeling were hugely
v

beneficial for me. I’ll always appreciate the opportunity to join the Moody Blues
project, and teach the R computer lab. Lastly, thank you to Dr. Tamra Mendelson
who agreed to be my outside committee member and provide feedback at the final
stage.

The community at Tufts has been amazing and provided me with excellent
collaboration opportunities. Dr. Eric Tytell and Cassie Donatelli had no hesitation
in helping me conduct a research project outside my area of expertise. It was
wonderful to complete that experiment with such enthusiastic collaborators. Dr.
Fio Omenetto and Dr. Matt Applegate were also fantastic collaborators and their
help and guidance were integral to the success of a project that seemed a little ‘out
there’.

Many members of the stomatopod community provided me with advice
and support. Dr. Justin Marshall helped me enter the world of visual modeling and
has provided great advice on several of my projects. Dr. Sheila Patek encouraged
me right from the beginning of my PhD. She provided feedback on the different
research projects I was considering and provided valuable technical advice on my
final research project. Dr. Tom Cronin and Dr. Mike Bok were always willing to
discuss my research, give advice and help me develop my projects. Dr. Roy
Caldwell was so helpful and willing to share his extensive of knowledge of
stomatopods.

vi

Throughout my PhD I have worked with some amazing undergraduate and
Masters students. They have helped with experiments, keeping the stomatopods
alive and provided an atmosphere of curiosity and enthusiasm. So, a big thank you
to Liz Rae, Annie Nguyen, Charlene Brew, Alejandra Munoz, Michelle Ysrael,
Adina Feinstein, Casey Culligan, and Stephanie Bassi.

No Tufts Biology dissertation would be complete without thanking the
Biology department. Mike Grossi, Eileen Magnant, Liz Palmer and Dee Mc Cann
were always incredibly helpful, no matter what the question/problem was. The
Lewis Lab members, Nooria Al-Wathiqui, Natasha Tigreros and Avalon Owens,
provided such a great environment to work in. I can’t thank Nooria Al-Wathiqui
enough, she’s been like family throughout my time in Boston. The biology
graduate students provided so many laughs and lifelong memories. A very special
thank you to Kelsey Graham and Rachael Bonoan for welcoming me into your
families and being fantastic officemates. I’m also so happy to have such developed
such wonderful and supportive friendships with so many people at Tufts. To name
a few: Kasey Rodgers, Becca Levy, Kelly Boisvert, Jenn Nguyen, Simran Kaushal,
Emily Pitcairn, Jen Mortensen, Casey Diederich, Rob Burns, Alex Neil, Katia
Spivakovsky, Natalie Kerr, Brenna Gormally, Sarah Gilliand, Jenny Pugesek, Esther
Miller and Charles van Rees.

I must also thank all my friends and family back home in Australia.
Without their encouragement and unwavering support, I wouldn’t have been able
to move halfway around the world. My lifelong friends Skye, Cathy and Jen have
vii

been there through my ups and downs and are always ready to listen, laugh or
complain. Jess, Erin, Kahn, Nick, Dave, Nat, Alice and Tess have remained my
close friends, despite the distance, and always have time to chat. Diana, Colin and
Gem have made time to visit us twice, and, along with Rod and Rosh, have been so
supportive even though I took their son/brother to the other side of the world!
Kathy and Mike, my brother and sister, are both so inspirational and their
dedication and enthusiasm for their careers has always inspired me to work
harder. My parents are absolutely amazing. They have always encouraged me to
follow my dreams, and told me that, if I put my mind to it, I can reach my goals.
They set an excellent example for me, showing that respect, hard work and
responsibility, combined with laughter, family and friends can lead to a happy,
fulfilled life.

Last, but not least, is my wonderful husband, Doug Fountain. He had no
hesitation in uprooting his life for me, and, since then, has continuously believed
in me and grounded me through the ups and downs of a PhD. Without him, I
would not have made it this far and I’m forever grateful.

viii

Table of Contents

ABSTRACT ................................................................................................................. III
ACKNOWLEDGEMENTS ............................................................................................ V
LIST OF TABLES .......................................................................................................... X
TABLE OF FIGURES ...................................................................................................XI
CHAPTERS
1.

Introduction & Overview .......................................................................... 1

2.

Differences in signal contrast and camouflage among color morphs of
a stomatopod crustacean, Neogonodactylus oerstedii ............................ 7
For submission to Scientific Reports
Franklin A. M., Marshall N. J., Feinstein A. D., Bok M. J., Byrd A.
D., Lewis S. M.

3.

Multimodal signals: Ultraviolet reflectance and chemical cues in
stomatopod agonistic encounters ......................................................... 45
Published, 2016, Royal Society Open Science, 3: 160329
Franklin A. M., Marshall N. J., Lewis S. M.

4.

Stomatopods detect and assess achromatic cues in contests .............. 78
In press, 2017, Behavioral Ecology
Franklin A. M., Applegate M. B., Lewis S. M., Omenetto F. G.

5.

Meral spot brightness signals fighting ability in the mantis shrimp
Neogonodactylus oerstedii (Stomatopoda) .......................................... 105
For submission to Journal of Experimental Biology
Franklin A. M., Donatelli C. M., Culligan C. R., Tytell E. D.

6.

Turbidity affects stomatopod contest behaviors and response to UV
light ........................................................................................................ 129
For submission to Journal of Experimental Marine Biology and
Ecology
Franklin A. M., Ysrael M., Lewis S. M.

7.

Summary and Conclusions ................................................................... 153

LITERATURE CITED ................................................................................................ 160
ix

List of Tables

Table 2.1: Stomatopod camouflage: hue and saturation. ............................... 29
Table 2.2: Stomatopod camouflage: pattern and total reflectance. .............. 30
Table 3.1: Statistical models used to assess the effect of various factors on
meral spot color and agonistic behaviors. ............................................ 61
Table 3.2: The effect of UV reflectance and chemical cues on agonistic
behaviors of N. oerstedii intruders. ...................................................... 62
Table 3.3: Means and SEM for all behaviors measured in each of the four
treatment groups. ................................................................................. 63
Table 4.1: The effects of increasing meral spot total reflectance on
stomatopod behavior. .......................................................................... 95
Table 5.1: Results of marginal hypothesis tests for the effects of day, punch
number within day and arm number on strike force and strike
impulse. ................................................................................................. 121
Table 5.2: Results of marginal hypothesis tests for the effects of PC1, PC2,
PC3 and length on peak force and peak impulse. ............................... 121
Table 6.1: Description of the behaviors recorded during stomatopod
contests. ............................................................................................... 138
Table 6.2: Statistical analyses investigating the effect of UV reflectance and
turbidity on stomatopod contest behaviors. ...................................... 145

x

Table of Figures

Figure 2.1: Spectra of stomatopod colors and background colors.................. 11
Figure 2.2: Stomatopod signaling: meral spot. ............................................... 23
Figure 2.3: Stomatopod signaling: meral spot. ............................................... 24
Figure 2.4: Stomatopod camouflage: hue and saturation.............................. 27
Figure 3.1: Meral spot of Neogonodactylus oerstedii. .................................... 53
Figure 3.2: The effect of paint treatment on meral spot reflectance (mean ±
SD) of Neogonodactylus oerstedii. ....................................................... 53
Figure 3.3: Neogonodactylus oerstedii spectral sensitivities and quantum
catch. ..................................................................................................... 56
Figure 3.4: Correlations of length with meral spot (A) hue (peak
wavelength), (B) visual spectrum luminance and (C) UV spectrum
luminance. ............................................................................................ 65
Figure 3.5: The effect of chemical cues and UV reflectance on the rate of
offensive behaviors (mean, 95% CI) performed by Neogonodactylus
oerstedii intruders towards residents. ................................................. 67
Figure 3.6: Proportion of Neogonodactylus oerstedii pairs still competing
over a refuge after a certain amount of time (s). ................................ 67
Figure 3.7: Speed of approach (mm/sec) by intruder Neogonodactylus
oerstedii towards a resident’s refuge (mean, 95% CI) at the beginning
of a fight. ............................................................................................... 69
Figure 4.1: A stomatopod performing a threat display, the meral spread. ... 82

xi

Figure 4.2: Ultrafast laser permits precise control over patterning and
degree of lightening. ............................................................................. 92
Figure 4.3: The effect of the ultrafast laser on Neogonodactylus oerstedii
meral spot lightening. .......................................................................... 92
Figure 4.4: Intruder behaviors in response to increased total reflectance of
the resident’s meral spot. ..................................................................... 94
Figure 5.1: Schematic images of a mantis shrimp performing the meral
spread and the experimental set up. .................................................. 107
Figure 5.2: Spectral reflectance of Neogonodactylus oerstedii meral spots. . 117
Figure 5.3: Strike force and strike impulse were positively correlated with
each other and with the darkness of the meral spot. ......................... 117
Figure 5.4: Stomatopods with darker meral spots (lower total reflectance)
had higher peak force (A) and peak impulse (B). .............................. 118
Figure 5.5: Larger stomatopods strike with greater peak force (A) and peak
impulse (B). .......................................................................................... 120
Figure 5.6: Stomatopods in captivity for longer durations strike with less
force. Grey dots are individual strikes and black crosses indicated the
Weibull estimates for each stomatopod. The black line is the
relationship predicted from the generalised linear model. ............... 120
Figure 6.1: The effect of UV reflectance and turbidity treatment on intruder
N. oerstedii contest behaviors. ............................................................ 141
Figure 6.2: Frequency of resident or intruder N. oerstedii that won the
contest in each treatment group. ....................................................... 142
Figure 6.3: Effect of UV reflectance and turbidity treatment on resident N.
oerstedii rate of offensive behaviors. .................................................. 142
xii

Figure 6.4: The effect of difference in body length between resident and
intruder stomatopods on whether the intruder would initiate a
contest. ................................................................................................. 143

xiii

Chapter 1
Introduction & Overview

Animal communication has intrigued mankind since the earliest scientific
endeavors. Aristotle (384 – 322 B.C.) devoted an entire section of his work, A
History of Animals, to discussing animals’ use of sound (Aristotle, 1907). He even
highlighted that birds call more during mating season or when engaged in
territorial disputes (Aristotle, 1907). We now know substantially more about bird
song, and animal communication in general. For example, females of many bird
species assess males based on their calls (Catchpole, 1987), and male birds can
assess their opponent’s aggressive intent through their opponent’s song (Searcy &
Beecher, 2009). Countless studies have been conducted that investigate animal
signals across a range of taxa, yet there is still much to be learned about the
different types of signals used and what information is conveyed.

Signals used during contests are particularly interesting due to the
potential for deception. Individuals could benefit through deceiving their
opponent by signaling greater fighting ability or aggressive intent than the
individual possesses. However, a receiver will only benefit from responding to a
signal if the signal is honest. Thus, dishonest signals should not persist in a
population, and signals that do persist are considered to be ‘honest on average’
(Johnstone & Grafen, 1993; Maynard Smith, 1979; Searcy & Nowicki, 2005). To
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maintain signal honesty, there are usually costs or constraints for the signaler. For
example, roars of red deer stags signal fighting ability and honesty is maintained
through anatomical constraints (i.e., the larynx must be fully retracted against the
sternum to reach the minimum formant frequency; Clutton-Brock & Albon, 1979;
Reby & McComb, 2003). By signaling honestly, both competitors in a contest can
benefit from resolving a contest without physical combat.

The use of color to signal motivation or resource holding potential (i.e.,
fighting ability; Maynard Smith & Parker, 1976) is common throughout the animal
kingdom (e.g., birds: Pryke et al., 2001; Siefferman & Hill, 2005; reptiles: Ligon &
McGraw, 2016; Whiting et al., 2006; fish: Gerlach et al., 2014; Kelley et al., 2016; and
cephalopods: Adamo & Hanlon, 1996; Scheel et al., 2016). For example, male
chameleons signal submission by darkening their body coloration (Ligon &
McGraw, 2016), and male widowbirds signal resource holding potential via the
‘redness’ of their epaulettes (Pryke & Andersson, 2003). The honesty of these
signals is maintained by costs, such as social costs (Ligon & McGraw, 2016) or
physiological constraints (Lozano, 2001). While there are many examples of
agonistic color signals throughout the animal kingdom, there are few examples in
aquatic invertebrates (Adamo & Hanlon, 1996).

Stomatopods (mantis shrimp) are marine crustaceans known for
possessing the most complex visual system. They have up to 20 photoreceptor
classes, which allow them to see UV, visible and polarized light (Marshall &
Arikawa, 2014; Marshall et al, 2007). Generally, 12 to 13 of these receptor types are
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associated with chromatic vision; however, stomatopods appear to have relatively
coarse color discrimination capabilities (Thoen et al., 2014). Nonetheless,
stomatopods do appear to assess color signals during intraspecific interactions
(Caldwell & Dingle 1976; Chiou et al., 2011; Mazel et al., 2004). For example,
removing blue polarized reflectance on male Haptosquilla trispinosa increased
male courtship duration and decreased mating duration (Chiou et al., 2011).
Despite many studies suggesting that stomatopods use color signals in courtship
and contests (Caldwell and Dingle, 1975, 1976; Cheroske & Cronin, 2005; Chiou et
al., 2011; Hazlett, 1979; Mazel et al., 2004), we still have a very limited
understanding of color signaling in stomatopods.

Throughout this dissertation, I address this knowledge gap in stomatopod
color signaling. Specifically, I assess the role of color signals during territorial
contests between Neogonodactylus oerstedii (Hansen, 1895) individuals.
Neogonodactylus oerstedii, commonly known as the rock mantis shrimp, are
located throughout the Caribbean. These stomatopods are 30 – 65 mm long as
adults and are common in waters less than 10 m deep. Like other stomatopod
species, they will aggressively defend their territory, which comprises a cavity in
coral rubble or rock. During these contests, they perform a threat display, called
the meral spread, which exposes a colored patch, the meral spot, located on the
inside of their raptorial appendages. After performing the meral spread,
stomatopods may escalate contests to physical combat in which they strike one
other with their raptorial appendages. These strikes are extremely powerful and
fast (Patek & Caldwell, 2005) and may injure, or even kill, their opponent (Berzins
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& Caldwell, 1983). It is thought that stomatopods assess the meral spots during
contests (Caldwell and Dingle, 1976; Hazlett, 1979); however, we do not know if
they convey information about signaler fighting ability or motivation.

In Chapter 2, I investigate the trade-off between conspicuous visual signals
and background matching for camouflage. Neogonodactylus oerstedii collected
from rubble habitats in Belize have lighter meral spots than stomatopods collected
from seagrass habitats (Franklin et al., 2016). I examine whether this variation
functions to increase contrast with the stomatopod’s local habitat, as perceived by
a stomatopod receiver. I also investigate a trichromatic fish predator’s perception
of stomatopods. To avoid detection by predators, the meral spot may be either a
secret signal (not conspicuous to predators) or a concealable signal (conspicuous
to predators, but can be hidden). In addition, the various color morphs of N.
oerstedii may provide camouflage from predators in different habitats, such as
seagrass beds and rubble fields. Using visual models to predict how stomatopods
might be perceived by a trichromatic fish predator, I assess whether the meral spot
is conspicuous and whether stomatopods match the background in pattern and
color.

I then investigate the role of N. oerstedii meral spots during intraspecific
territorial contests. I conducted two experiments, both involving staged territorial
contests between a resident stomatopod with a refuge for shelter, and an intruder
stomatopod without a refuge. In Chapter 3 I examine whether stomatopods assess
meral spot UV reflectance, and whether UV reflectance and chemical cues convey
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different information to a receiver. To achieve this, I manipulated residents’ meral
spot UV reflectance, and intruders’ ability to detect chemical cues. All trials were
conducted outdoors in Belize, in an experimental arena. During this fieldwork, I
noted that N. oerstedii exhibit individual variation in meral spot total reflectance.
Thus, I conducted a second manipulation experiment to examine whether
stomatopods assess meral spot total reflectance during territorial contests
(Chapter 4). I used an ultrafast laser to increase resident meral spot total
reflectance, and staged contests in an experimental arena in the lab at Tufts
University.

Upon determining that the meral spot is likely used as a signal during
territorial contests, I designed an experiment to assess whether the meral spot is
an honest signal of fighting ability (Chapter 5). Strike force and strike impulse
were recorded by presenting a force sensor with shrimp paste to a stomatopod in
its refuge. I recorded several strikes from each individual, then used a Weibull
distribution to estimate peak performance (Hagey et al. 2016). I also recorded
spectra of the meral spots for each stomatopod, and calculated total reflectance
and chroma. To determine whether meral spot color signals fighting ability, I
investigated whether peak strike force or peak strike impulse correlated with
various aspects of meral spot color.

Lastly, I investigate how N. oesterdii’s signaling environment influences
agonistic behaviors and transmission of visual signals (Chapter 6). Stomatopods
reside in shallow waters where turbidity can increase due to storms or runoff. In
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the lab, I manipulated turbidity levels and staged contests between stomatopod
pairs. I also manipulated the presence of UV stimuli. These manipulations address
whether turbidity affects stomatopod assessment behaviors, and whether the
transmission or perception of visual stimuli is influenced by turbidity.

These experiments provide information about the perception, transmission
and information content of stomatopod signals. By conducting ecologically
relevant manipulations of meral spot color, and follow-up assessments of fighting
ability, these studies enhance our understanding of the role of the meral spot in N.
oerstedii territorial contests. Together, these experiments help us to understand
the evolution of signaling behaviors in stomatopods, and, more broadly, signaling
behaviors in non-model study organisms.
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Chapter 2
Differences in signal contrast and camouflage among color
morphs of a stomatopod crustacean, Neogonodactylus
oerstedii

2.1

Abstract

Animal coloration is often a trade-off between background matching for
camouflage from predators, and conspicuousness for communication with con- or
heterospecifics. Stomatopods are marine crustaceans known to use color signals
during courtship and contests, while their overall body coloration may provide
camouflage. However, we have little understanding of how stomatopods perceive
these signals in their environment or whether overall body coloration does provide
camouflage from predators. During territorial contests in Neogonodactylus
oerstedii, competitors assess both UV and total reflectance of a colored patch, the
meral spot. The color of an individual’s meral spots varies depending on its
habitat. By calculating quantum catch for N. oerstedii’s 12 photoreceptors
associated with chromatic vision, we assess whether such variation increases
contrast relative to the specific habitat background. Our results suggest that
variation in meral spot total reflectance does not function to increase contrast in
the local habitat. Neogonodactylus oerstedii also show between-habitat variation in
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dorsal body color, total reflectance (c.f., luminance) and pattern. We use visual
models to examine whether such color morphs provide camouflage from a
trichromatic fish predator, both in seagrass and rubble habitats. Sandy colored
stomatopods match rubble backgrounds in color, total reflectance and pattern,
whereas green stomatopods only match seagrass habitats in pattern and total
reflectance. However, the spectral reflectance measurements of green stomatopods
and both seagrass species are very similar. Thus, we predict that sandy and green
stomatopods are camouflaged from a typical fish predator in rubble fields and
seagrass beds, respectively. To our knowledge, this is the first study to investigate
signal contrast and camouflage in a stomatopod crustacean. These results provide
new insight into the function and evolution of coloration in a species with a
complex visual system.

2.2

Introduction

Animal body coloration is subject to opposing selective pressure. Predation
often selects for patterns and colors that blend in with the background whereas
communication selects for colors that have high contrast with the background
(Endler, 1993a; Stevens & Merilaita, 2011). Many strategies have evolved to deal
with these opposing pressures. For instance, conspicuous signals may be hidden
from potential predators. Male agamid lizards are cryptically colored dorsally for
camouflage from birds, but have conspicuous colors on their throat and chest that
are visible to conspecifics during mate choice (Stuart-Fox & Ord, 2004).
Alternatively, animals may communicate with conspecifics via signals that the
8 | Stomatopod signalling and camouflage

predator cannot detect. For example, the Ambon damselfish, Pomacentrus
amboinensis, uses UV face markings for species recognition (Siebeck et al., 2010).
Because several reef predators are UV-blind, including the larger fish species, this
is considered a secret communication channel. Many animals also alter their
signaling behaviors when predators are present or most active. Guppies, Poecilia
reticulata, perform visually conspicuous courtship behaviors during times of the
day when predators are least active (Endler, 1987). Lastly, some species can change
color depending on the context. A popular example are chameleons, which can
change color either to match their background (Stuart-Fox et al., 2008) or to
become conspicuous during contests and courtship (Stuart-Fox & Moussalli, 2008).
Research into the trade-off between camouflage and conspicuousness provides
insight into the evolution of animal coloration and mechanisms to ameliorate the
cost of conspicuous signals.

Investigations into signaling and camouflage should consider the visual
system of the intended receiver, background coloration and the lighting
environment. Visual systems differ significantly in the number of spectral classes,
some organisms having only a single photoreceptor type, whereas others, such as
some butterflies and stomatopods, have between 10 to 20 photoreceptor classes
(Cronin et al., 2014; Marshall & Arikawa, 2014). Employing visual models that are
based on receiver visual physiology allows predictions to be ecologically relevant.
The signaling environment, including the background and lighting conditions, can
also affect the perception of colors. For example, certain colors and patterns that
appear highly conspicuous outside of natural conditions can match natural
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backgrounds through disruptive camouflage (Merilaita, 1998). Furthermore,
lighting conditions, such as filtering through a forest canopy or depth in water, can
influence how colors are perceived (Endler, 1993b; Wilkins et al., 2016). Thus,
studies which incorporate these factors into predictions of conspicuousness or
camouflage are more likely to produce ecologically relevant predictions. However,
it can be difficult to make predictions for animals with complex visual systems.

Stomatopods possess the most complex visual system known (Marshall &
Arikawa, 2014). These marine crustaceans have up to 20 photoreceptor classes,
allowing them to see UV, visible and polarized light (Marshall et al., 2007; Chiou et
al., 2008; Marshall & Arikawa, 2014; Thoen et al., 2014; Bok et al., 2015). Unlike
most other organisms, they do not appear to process visual information using
opponent mechanisms, resulting in coarse color discrimination (Thoen et al.,
2014). Nonetheless, stomatopods have been shown to use color signals in both
courtship and agonistic encounters (Caldwell & Dingle, 1975, 1976; Hazlett, 1979;
Chiou et al., 2011; Franklin et al., 2016). For example, during territorial contests,
stomatopods increase agonistic behaviors in response to increased total reflectance
of the meral spot (Chapter 4), a colored patch exposed during the meral spread
threat display (Figure 2.1A). Furthermore, darker meral spots correlate with
increased punch force, suggesting that meral spot color indicates fighting ability
(Chapter 5). For these color signals to be effective in natural conditions, they
should contrast with the background habitat, and with any adjacent colors on the
stomatopod.
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Figure 2.1: Spectra of stomatopod colors and background colors. A)
Schematic of a stomatopod performing the meral spread and displaying the meral
spots. Inset depicts the meral spot center and meral ring. B – F) Average spectra (±
SD) of stomatopod meral spot centers and meral rings (B), background habitat (C),
and stomatopod sandy (D), green and speckled green (E) and brown (F) color
morphs. Images show representative examples of color morphs.
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Neogonodactylus oerstedii (Hansen, 1895) are shallow water (<10 m),
Caribbean stomatopods that exhibit habitat-specific variation in the color of the
meral spot (Franklin et al., 2016). Stomatopods collected from sandy, rubble
habitats have lighter meral spots than those collected from adjacent seagrass
habitats (Franklin et al., 2016). This variation in total reflectance (c.f., luminance)
may increase contrast between the signal and the background to a stomatopod
receiver. Here, we tested this prediction by modeling contrast between the meral
spot and seagrass or rubble backgrounds, as perceived by a stomatopod receiver.
We also examined whether contrast within the meral spot (i.e., between the
colored meral spot center and the surrounding pale ring) may help conspecific
receivers to assess meral spot center total reflectance.

Some species of stomatopod also exhibit intraspecific variation in dorsal
body coloration that encompasses both color, total reflectance, and pattern. In
some cases, coloration is sexually dimorphic and, thus, likely to play a role in
sexual selection or sex recognition (Foster et al., 2004; Ahyong, 2012). In other
instances, body coloration varies even within each sex. For example, N. oerstedii
can be solid green, speckled green, speckled brown or speckled sandy colored
(Figure 2.1D-F). Although this variation in color and pattern may reflect local
background-matching, the camouflage function of stomatopod body coloration
has yet to be investigated. Neogonodactylus oerstedii are likely predated upon by
reef fish such as triggerfish, snapper and wrasse (Randall, 1968). Here, we assess N.
oerstedii camouflage in terms of chromatic aspects (hue and saturation), total
reflectance and pattern. To assess camouflage of different N. oerstedii color
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morphs in both seagrass and rubble habitats, we model perception of stomatopod
coloration and background coloration by a trichromatic reef fish. We also
investigate whether the meral spot is visible to a fish predator, or whether
stomatopods may be using a secret communication channel (i.e., the meral spot is
conspicuous to conspecifics, but not to a fish predator).

2.3

Methods

2.3.1 Sample collection

This research was conducted at the Smithsonian Institution’s research
facility at Carrie Bow Cay, Belize (16° 48' 9”N, -88° 4' 55”W) in July 2015.
Neogonodactylus oerstedii were collected from coral rubble, rock and conch shells
found in shallow (<3 m deep) mixed seagrass beds (Thalassia testudinum and
Syringodium filiforme) and adjacent rubble fields. Stomatopods were extracted
from rubble using a pick and then housed in 19 L white, plastic buckets with
running seawater. Upon transfer to the lab, all stomatopods had their body length
(top of rostrum to tip of telson), wet weight and sex recorded. Each stomatopod
was classified by body coloration as either brown, speckled green, solid green or
sandy (Figure 2.1D-F). Immediately before photographs and spectral
measurements were to be recorded, stomatopods were euthanized by cooling in
the freezer (-13 °C) for 30 minutes. This does not affect color if stomatopods are
kept wet. We also collected ten blades each of T. testudinum and S. filiforme
seagrass, ten pieces of rubble, and ten samples of sand.
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2.3.2 Photographs

Stomatopods were photographed in the field in both seagrass and rubble
habitats (Figure S2.1). Photos were taken between 11am to 2pm on sunny days. We
used a Canon G16 digital camera (Tokyo, Japan) set to record RAW files. White
balance was set using an 18 % grey card, and a waterproof color card (DKG Color
Tools, Boston, USA) was included in each photo. Focal length was kept constant at
6mm (fully zoomed out). Stomatopods were weighed down using fishing sinkers
and positioned in the appropriate habitat with their dorsal surface upwards.

2.3.3 Spectral measurements

Color measurements were recorded using a JAZ spectrophotometer (Ocean
Optics, Dunedin USA) with a PX-2 pulsed xenon light source. Reflectance was
recorded between 300 nm and 800 nm, and measured relative to a WS-1 white
standard. The light source was positioned at 45° to the sample and the collector
probe perpendicular to the sample to mimic natural conditions (Endler, 1990).
Both probes were 600 µm UV-VIS fiber optic cables (Ocean Optics, Dunedin USA)
with collimating lenses attached to the end and were fixed in position to
standardize distance between the probes and the sample. Measurements were
recorded in a dark box so only the light source was illuminating the sample.

14 | Stomatopod signalling and camouflage

Multiple spectral measurements were recorded from every sample. For
each habitat type (S. filiforme, T. testudinum, rubble and sand) we recorded three
to five spectra. Spectra were recorded from the base of seagrass blades and the top
surface of rubble pieces. For each stomatopod, we recorded seven spectral
measurements of each color present (one from the carapace, four from different
abdominal segments, and two from the raptorial appendages). Therefore,
stomatopods with speckled coloration (brown, sandy and speckled green) had 14
spectral measurements recorded, seven from light patches and seven from dark
patches.

Spectra of meral spot centers (Figure 2.1A) were recorded following the
same methods, at the same field site, in 2014 (Franklin et al., 2016). We recorded
meral spot center measurements from 24 stomatopods collected in seagrass
habitat and 30 stomatopods collected from rubble beds. Two measurements were
recorded from each meral spot. Meral ring measurements were recorded similarly,
however, measurements were recorded at University of Maryland Baltimore
County with a USB-2000 spectrophotometer and 400 µm UV-VIS fiber optic cables
(Ocean Optics, Dunedin USA). These stomatopods were ordered commercially
from KB Marine Life in Florida, USA. Whilst this is a different population of N.
oerstedii to those at Carrie Bow Cay, there are no human visible differences in body
coloration between Floridian and Belizean populations. Furthermore, meral spot
spectral measurements from both populations are extremely similar (Figure S2.2).
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All spectra were smoothed with a loess smoother to remove noise. For all
background samples, meral spot measurements and green stomatopods, we
obtained one spectra for each sample by averaging all spectra within a sample. For,
sandy, brown and speckled green stomatopods, we calculated two averages per
sample, a light patch average and a dark patch average.

2.3.4 Analysis

Analyses were conducted in R 3.1.0 (R Core Team 2014).

Stomatopod signaling: meral spot

We calculated Weber contrasts to investigate whether the variation in
meral spot total reflectance between different habitats functions to increase signal
contrast against the background to a stomatopod receiver. A ‘typical’ background
spectrum was obtained for each habitat by averaging across all samples of rubble
and T. testudinum. We elected to use T. testudinum because it is the most
abundant species in the seagrass habitat where we collected stomatopods. For
each meral spot center spectra, ring spectra, and average habitat spectra, we
estimated quantum catch for N. oerstedii’s 12 photoreceptors associated with
chromatic vision (Figure 2.2A). Spectral sensitivity curves were adapted from
Marshall et al. (2007) and Bok et al. (2014). Quantum catch is an estimate of the
number of photons each photoreceptor detects (Vorobyev et al., 2001a) and can be
calculated as:
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800

𝑅𝑖 (𝜆) 𝑆(𝜆) 𝐼(𝜆) 𝑑𝜆

𝑞𝑖 = ∫

(1)

300

where Ri(λ) is the spectral sensitivity of photoreceptor i, S(λ) is the reflectance of
the sample and I(λ) is the irradiance. Integration was done over the sensitivity
range of the stomatopod. Stomatopods that exhibited variation in meral spot color
with habitat were collected at <2 m depth (Franklin et al., 2016), so we calculated
quantum catch using irradiance for 1 m depth on a tropical reef (Figure S2.3;
Marshall et al., 2003).

For every photoreceptor, we then calculated Weber contrasts (ωi) for each
stimulus (s) against each background (b) as:
𝑞𝑖𝑠 − 𝑞𝑖𝑏
𝜔𝑖 =
𝑞𝑖𝑏

(2)

The stimulus was either 1) the meral spot center from seagrass collected
stomatopods, 2) the meral spot center from rubble collected stomatopods or 3) the
meral ring. The background was either 1) seagrass or 2) rubble.

We also calculated Weber contrasts to investigate whether the meral ring
functions to increases contrast within the meral spot, to a stomatopod receiver. In
this case, the stimulus was either 1) the meral spot center from seagrass collected
stomatopods or 2) the meral spot center from rubble collected stomatopods. All
ring measurements were averaged to obtain one ring spectrum as the background.

Stomatopod camouflage: hue and saturation
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To determine if stomatopods match the background hue and saturation,
we modeled chromatic contrast from the perspective of a trichromatic fish
predator. Modeled colors are plotted on chromaticity diagrams which depict
variation in hue and saturation, independent of achromatic components (i.e., total
reflectance). We used the spectral sensitivities of the Picasso triggerfish,
Rhinecanthus aculeatus (Figure S2.4), adapted from Pignatelli et al. (2010). This
fish has a visual system representative of common coral reef fish that are likely
predators of stomatopods (Losey et al., 2003). First, we calculated quantum catch
for the short wavelength sensitive (SWS; λ = 420 nm), medium wavelength
sensitive (MWS; λ = 480 nm) and long wavelength sensitive (LWS; λ = 520 nm)
photoreceptors (eqn. 1). We modeled irradiance for a range of depths that N.
oerstedii is commonly located: 0.5 m, 1 m, 3 m, 7 m and 10 m (Figure S2.3).
Irradiance measurements were adapted from Marshall et al. (2003). Integration
was done over the sensitivity range of the Picasso triggerfish, 340 – 700 nm.

Quantum catch values were transformed to a Von Kries adapted value by
dividing quantum catch values by adapting background light:
𝑣𝑖 =

𝑞𝑖
700
∫340 𝑅𝑖 (𝜆) 𝐵(𝜆) 𝐼(𝜆) 𝑑𝜆

(3)

where B(λ) is the background reflectance. We report results from an achromatic
background (B(λ) = 1), but results from a seagrass and rubble background are
shown in supplemental figures (Figure S2.5). These results were then normalized
by dividing by total photoreceptor quantum catch:
𝑛𝑖 =

𝑣𝑖
∑𝑖 𝑣𝑖
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(4)

These corrections normalize photoreceptor response relevant to background
radiance.

We calculated x and y coordinates to project the response onto a 2dimensional chromaticity diagram for trichromats, called Maxwell’s triangle. The
coordinates are calculated by:
𝑥=

𝑛𝐿 − 𝑛𝑆
√2

2 𝑛𝑀 − (𝑛𝐿 + 𝑛𝑆 )
𝑦= √
3
2

(5)

(6)

where nL is the normalized quantum catch for the LWS photoreceptor, nM is for
the MWS photoreceptor and nS is the SWS photoreceptor. This calculation
assumes opponent mechanisms of color processing. Distance from the center of
the triangle corresponds to saturation and other deviations related to hue.

We then estimated whether stomatopod colors contrasted with the
background when viewed by a trichromatic fish predator using the receptor noise
limited vision model (Vorobyev & Osorio, 1998). This model calculates chromatic
discrimination thresholds based on receptor noise. Following previous studies, we
assumed a noise threshold of 0.05, and a receptor ratio of 1:2:2 (S:M:L; Cheney &
Marshall, 2009). For this calculation, we compared all stomatopod color samples
with average quantum catches for each background type (T. testudinum, S.
filiforme, rubble and sand). These quantum catch values and estimates of noise
were substituted into equation 4 from Vorobyev and Osorio (1998) to estimate
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chromatic contrast, or just noticeable difference (JND). The threshold at which
two colors are indistinguishable has not been tested in fish, but studies in other
organisms consider values below 1 JND to be indistinguishable (Vorobyev et al.,
2001b; Avilés et al., 2011). Thus, we considered stomatopods to camouflage from
predatory fish (i.e., to ‘match’ the background) if the 95% confidence intervals of
chromatic contrast estimates included one.

Stomatopod camouflage: pattern and total reflectance

The photographs of stomatopods taken in the field were used to assess
whether a stomatopod’s pattern and total reflectance matches its background
when perceived by a fish predator. We focused on green (n = 11) and sandy (n = 9)
stomatopods because these are the most common color morphs in seagrass and
rubble habitats, respectively. These were analyzed using the micaToolbox plugin
(Troscianko & Stevens, 2015) in Image J (v1.5, Rasband, 1997-2016). First, regions of
interest were selected. In rubble habitat, the regions of interest were the
stomatopod, and similarly sized areas of rubble pieces and sand (four of each
habitat type). In seagrass habitat, the regions of interest were the stomatopod and
similarly size areas of sand, clean Thalassia blades and Thalassia blades covered in
silt (three of each habitat type). Fish likely use their double cones for luminance
vision and pattern discrimination (Kelber et al., 2003). These cones usually are
sensitive around 500 nm which corresponds to the green part of the spectrum
(Lythgoe, 1979). Thus, patterns were analyzed using the green color channel of the
image (Figure S2.1; Stevens et al., 2007; Cheney et al., 2014). For each region of
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interest, we calculated total pattern energy, peak pattern frequency and mean
luminance. Total pattern energy provides an estimate of pattern contrast, peak
pattern frequency indicates primary pattern size and luminance indicates total
reflectance or intensity (Chiao et al., 2009; Stoddard & Stevens, 2010). Thus, we
will refer to these variables as pattern contrast, pattern size and total reflectance.

We ran Linear Mixed Models (LMMs) to assess the difference in response
variables (pattern contrast, pattern size and total reflectance) between
stomatopods and background types (rubble habitat: sand and rubble pieces;
seagrass habitat: sand, clean Thalassia blade and silty Thalassia blade). Each
habitat (rubble or seagrass) was analyzed separately with ‘item type’ (i.e. green
stomatopod, sandy stomatopod, or background type) as a fixed effect. All response
variables were log-transformed to meet normality assumptions and each model
included photo number as a random effect to account for any differences between
photos. Model fit was assessed using residual plots. Output from these models
were used to calculate Cohen’s d for repeated measures designs (Cohen, 1988;
Morris & DeShon, 2002). This was calculated for contrasts between stomatopods
(green or sandy) and background types (sand, rubble pieces, clean Thalassia blade
and silty Thalassia blade). Cohen’s d provides an indication of the magnitude of
difference between groups and we considered values of d < 0.8 to indicate a
‘match’ between the stomatopod and the background type (Cohen, 1988; Stoddard
& Stevens, 2010).
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2.4

Results

2.4.1 Stomatopod signaling: meral spot

We examined whether habitat variation in meral spot color (Figure 2.1B)
increases contrast with the respective habitat, as perceived by a stomatopod
receiver. In seagrass habitats, meral spots appear lighter than the seagrass
background (positive contrast values), whereas in rubble habitats meral spots
appear darker than the rubble background (negative contrast values; Figure 2.2).
In the seagrass habitat (Figure 2.2B), the meral spots of stomatopods collected
from rubble habitats provide greater contrast than the meral spots of stomatopods
collected from seagrass habitats (Figure 2.2B). However, in rubble habitats, the
meral spots of stomatopods collected from seagrass habitats contrast more with
the background (Figure 2.2C). This pattern applies across all 12 of N. oerstedii’s
photoreceptors that are associated with chromatic vision.

Generally, the meral ring was brighter than the seagrass background and
darker than the rubble background. However, three photoreceptors in the UV had
greater quantum catch from the meral ring than from the rubble background
(Figure 2.2C). In seagrass habitats, the meral ring contrasted more with the
background than meral spots of stomatopods collected from either habitat. In the
rubble habitat, the meral ring tended to contrast less with the background than
meral spots of stomatopods from either habitat.
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Figure 2.2: Stomatopod
signaling: meral spot. A)
Spectral sensitivities of
photoreceptors associated
with chromatic vision in the
stomatopod Neogonodactylus
oerstedii. Adapted from
Marshall et al. (2007) and Bok
et al. (2014). B – C) Weber
contrast values for N. oerstedii
meral spots (see Figure 2.1B)
when viewed against a
seagrass (B) or rubble (C)
background, as perceived by a
conspecific. Contrasts were
conducted for meral spot
centers of stomatopods
collected from rubble habitats
(light purple) and seagrass
habitats (dark purple).
Photoreceptors are numbered
by their position in the
stomatopod eye’s midband
row (R1-R4) or periphery (Pr)
and whether they are dorsal
(D), proximal (P) or R8
retinular cells.
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Figure 2.3: Stomatopod signaling: meral spot. Weber contrast values for
Neogonodactylus oerstedii meral spot centers when viewed against the meral ring
(see Figure 2.1B). Meral spot centers for stomatopods collected from rubble
habitats are light purple and meral spot centers for stomatopods collected from
seagrass habitats are dark purple. Photoreceptors are numbered by their position
in the stomatopod eye’s midband row (R1-R4) or periphery (Pr) and whether they
are dorsal (D), proximal (P) or R8 retinular cells.
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Meral rings may also provide contrast within the meral spot, assisting
receiver stomatopods to assess meral spot center color. The darker meral spots
from stomatopods collected in seagrass habitats contrast more with the meral ring
than the lighter meral spots of stomatopods collected from rubble habitats (Figure
2.3).

2.4.2 Stomatopod camouflage: hue and saturation

We collected 27 N. oerstedii and classified them into four color morphs:
sandy (n = 10), solid green (n = 8), speckled green (n = 7) or brown (n = 2). Spectral
reflectance measurements of the light patches on patterned stomatopods (sandy,
speckled green and brown), are similar in shape across all color morphs (Figure
2.1D-F). The green patches on both green color morphs are also extremely similar
in shape and total reflectance (Figure 2.1E). All color patches have some UV
reflectance and tend to increase in reflectance towards longer wavelength (600 –
700 nm). Beyond 700 nm, both stomatopods and background types tend to have a
plateau in reflectance.

Across a range of depths, we modeled how stomatopod and habitat colors
affect photoreceptor responses of a typical trichromatic fish predator (R.
aculeatus). Stomatopod and habitat colors are plotted in color space for the fish
predator, called Maxwell’s triangle. Deviations from the center of the triangle
correspond to variation in saturation, and position around the central axis
corresponds to hue. All samples tended to fall in a horizontal line across the
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middle of the Maxwell triangle (Figure 2.4). This suggests little variation in relative
MWS photoreceptor stimulation across samples. Meral spot centers and meral
rings fell towards the SWS photoreceptor in color space, indicating these samples
have relatively more short wavelength reflectance (Figure 2.1; Figure 2.4).
Conversely, habitat colors and stomatopod body colors tend to have relatively
more long wavelength reflectance, thus are plotted closer to the LWS
photoreceptor (Figure 2.1C-F; Figure 2.4). Sandy stomatopods, light markings on
patterned stomatopods, rubble pieces and sand occupy a similar region of color
space, implying a match in hue and saturation for a trichromatic fish predator
(Figure 2.4B, C). Green stomatopods, however, occupied a region closer to the
center of color space than both seagrass species, suggesting green stomatopods are
less saturated in color (Figure 2.4B). As expected, changes in depth shifted hue,
and saturation was reduced at greater than 7m depth (Figure 2.4). The shifts with
depth in the x, y color space range from 0.001 units to 0.03 units with a mean value
of 0.008 units.

Spectral contrast calculated from the receptor noise limited model
(Vorobyev & Osorio, 1998) provide additional insight into predator chromatic
discrimination. All stomatopod color morphs, and the meral ring, did not differ
significantly from rubble and sand backgrounds (JND < 1; Table 2.1). Meral spot
centers of stomatopods collected from both rubble seagrass habitats contrasted
with sand and rubble backgrounds (JND > 1; Table 2.1). All stomatopod color
morphs, including green dorsal coloration and meral spot colors, contrasted
chromatically with both seagrass species (JND > 1; Table 2.1).
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Figure 2.4: Stomatopod
camouflage: hue and
saturation. Maxwell’s
triangle depicted for a typical
trichromatic fish predator
(Rhinecanthus aculeatus)
viewing stomatopod (pod)
colors and background types
modeled using an achromatic
background. Distance from
the center of the triangle
corresponds to saturation and
other deviations relate to hue.
Red line in (A) is the
monochromatic locus and S,
M, L indicate the short,
medium and long wavelength
sensitive photoreceptors,
respectively. Dotted box in
(A) indicates the zoomed in
region shown in (B), and
dotted box in (B) indicates
the zoomed in region shown
in (C). Each line is a sample,
and shading indicates shift in
chromatic space with
increasing depth from 0.5 m
(light) to 10m (dark).
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2.4.3 Stomatopod camouflage: pattern and total reflectance

We investigated whether green and sandy stomatopods matched the
background (seagrass or rubble) in total reflectance, pattern contrast and pattern
size, as perceived by a fish predator. As expected, in rubble habitats sandy
stomatopods closely match sand and rubble pieces in pattern contrast (i.e., pattern
energy) and total reflectance (i.e., luminance; Cohen’s d < 0.8; Table 2.2). They also
match rubble pieces in pattern size (i.e., pattern frequency), however they have
larger pattern size than sand (Cohen’s d = 0.87; Table 2.2). Sandy stomatopods may
also camouflage in seagrass habitats because they have similar pattern contrast,
pattern size and total reflectance to sand and Thalassia blades covered in silt
(Cohen’s d < 0.8; Table 2.2). However, clean Thalassia blades were darker and had
lower pattern contrast than sandy stomatopods (Cohen’s d = 1.61 and 1.56,
respectively).

Green stomatopods are likely only camouflaged from fish predators in
seagrass habitats. Here, they match clean Thalassia blades in pattern contrast,
pattern size and total reflectance (Cohen’s d < 0.8; Table 2.2). However, green
stomatopods are darker and have lower pattern contrast than sand and Thalassia
blades covered in silt (Cohen’s d > 0.8; Table 2.2). In rubble habitats, they are also
darker and have less contrasting patterns than both sand and rubble pieces
(Cohen’s d > 0.8; Table 2.2). Surprisingly, green stomatopods have similar pattern
size as all background types (Cohen’s d < 0.8).
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Table 2.1: Stomatopod camouflage: hue and saturation. Chromatic contrast
between stomatopod colors and seagrass or rubble habitats, calculated using the
receptor noise limited model (Vorobyev & Osorio 1998) for a typical trichromatic
fish predator (Rhinecanthus aculeatus). Stomatopod colors are considered to
match the background if 95% confidence intervals include one (discrimination
threshold). Matches are indicated in bold.
Background type
Mean (95% confidence intervals)
Sample

Rubble

Sand

Thalassia

Syringodium

Sandy
stomatopod
dark markings

2.4
-47.9 – 52.6

2.4
-47.0 – 51.5

283.4
220.6 – 346.2

294.0
204.6 – 383.4

Green
stomatopod
markings

29.5
-11.6 – 70.5

38.5
-1.7 – 78.7

75.2
23.9 – 126.4

229.0
156.0 – 302.0

Brown
stomatopod
dark markings

5.8
-106.6 – 118.2

8.8
-101.4 –
119.0

187.8
47.5 – 328.2

383.7
183.7 – 583.6

Stomatopod
light markings*

1.8
-34.7 – 38.3

1.1
-34.6 – 36.9

292.6
247.1 – 338.2

382.8
317.9 – 447.7

Meral spot
center (rubble)

156.5
127.5 – 185.5

142.0
113.5 – 170.4

688.9
652.7 – 725.1

675.2
623.5 – 726.8

Meral spot
center (seagrass)

232.1
199.6 – 264.5

212.2
180.4 – 244.0

598.6
558.1 – 639.2

415.6
357.9 – 473.4

35.3
-8.8 – 79.4

34.0
-9.2 – 77.2

502.6
447.5 – 557.6

672.3
593.9 – 447.7

Meral rings

*Light markings from all speckled stomatopod color morphs
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Table 2.2: Stomatopod camouflage: pattern and total reflectance. Summary
of the magnitudes of difference (Cohen’s d values) between stomatopod color
morphs and different background types, as perceived by a fish predator. Small
effect sizes (d < 0.8; in bold) indicate ‘matches’ between a stomatopod and
background type (Cohen 1988). These variables were calculated using the green
color channel of the image (Stevens et al. 2007; Cheney et al. 2014).
Seagrass Habitat

Rubble Habitat

Sand

Clean
Thalassia
blade

Thalassia
covered in
silt

Sand

Rubble
pieces

Pattern contrast

0.749

1.556

0.39

0.16

0.0748

Pattern size

0.0598

0.135

0.257

0.87

0.453

Total reflectance

0.797

1.605

0.168

0.56

0.52

Pattern contrast

1.634

0.145

1.174

0.975

1.023

Pattern size

0.0398

0.126

0.203

0.259

0.0074

Total reflectance

1.865

0.148

1.024

1.476

1.488

Sandy stomatopod

Green stomatopod
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2.5

Discussion

Stomatopods exhibit a huge range of body colors and patterns across
species. Despite several studies investigating the signaling role of colored patches
in stomatopod species (Caldwell & Dingle, 1975, 1976; Hazlett, 1979; Mazel et al.
2004; Cheroske & Cronin, 2005; Chiou et al., 2011; Chiou et al., 2012; Franklin et al.,
2016), we still have little understanding of how stomatopods perceive these signals
in their natural environment. Stomatopods are predicted to use a diverse range of
visual signals including UV, visible and polarized light. Understanding stomatopod
perception of such signals in relation to background coloration and lighting
conditions is likely to provide key information about the evolution of stomatopod
signals. Here, we demonstrate that variation between habitats in meral spot color
does not increase signal contrast for conspecifics within these habitats. However,
contrast between the meral spot center and the meral ring may allow for more
accurate assessment of meral spot center total reflectance. In addition, although
many stomatopod species also exhibit different color morphs, the potential role of
such coloration in providing camouflage has not previously been assessed. By
modeling perception of stomatopod color and pattern by a typical fish predator,
we also demonstrate that N. oerstedii color morphs likely provide camouflage in
seagrass and rubble habitats.

2.5.1 Stomatopod signaling: meral spot
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Previously we discovered that N. oerstedii collected from rubble habitats
have lighter meral spot centers than those collected from seagrass habitats
(Franklin et al., 2016). Our visual analysis indicates that this variation does not
function to increase signal contrast with the background of the local habitat. If this
variation did increase contrast, we would expect the contrast between meral spot
centers and rubble background to be greater for stomatopods collected from
rubble habitats than those from seagrass habitats, and vice versa. However, we
observed that stomatopod meral spot centers contrasted more with the habitat
that they were not collected from. The variation in total reflectance may be a byproduct of altered prey availability in different habitats. Purple coloration in
crustaceans is usually based on carotenoid pigments (Newbigin, 1897;
Bandaranayake, 2006), which are pigments that must be ingested (Svensson &
Wong, 2011). In another stomatopod species, prey abundance has been shown to
vary between seagrass and rubble habitats (deVries et al., 2016) and this is
predicted to influence stomatopod diet. If prey differ in their carotenoid content, it
may influence the pigmentation of the meral spot center.

The meral ring provided greater contrast with seagrass backgrounds than
meral spot centers, but contrasted far less with rubble backgrounds than meral
spot centers. Contrast is an essential component of signal detectability (Endler,
1993a; Fleishman & Persons, 2001). Thus, the meral ring may improve detectability
in seagrass habitats, but is unlikely to improve detectability in rubble habitats.
Instead, to maximize contrast in rubble habitats stomatopods may have behavioral
adaptions similar to those reported in other species. For example, male golden32 | Stomatopod signalling and camouflage

collared manakins increase contrast between their colorful plumage and the
background by clearing away leaf litter from their display arenas (Uy & Endler,
2004). Alternatively, male guppies choose to signal in lighting environments that
maximize the contrast of their visual signal (Cole & Endler, 2016). It does not
appear that stomatopods increase contrast by modifying the background around
the refuge entrance because reflectance measurements are similar between rubble
entrances and the top of a piece of rubble (Figure S2.6). It is possible that
stomatopods are most active during lighting conditions that maximize their signal
contrast. Irradiance varies with weather and time of day, thus, meral spot contrast
in rubble habitats may be improved under different lighting conditions to what we
modeled here.

Contrast within the meral spot (i.e., between the meral spot center and the
meral ring) may assist receiver stomatopods to assess the quality of the meral spot.
As expected, the meral ring has greater contrast with darker meral spot centers
(stomatopods from seagrass habitats) than lighter meral spot centers
(stomatopods from rubble habitats). Within pattern color contrast has been shown
to influence receiver behavior in some organisms (Pauers et al., 2004; Flamarique
et al., 2013). For instance, female cichlids prefer males with greater pattern contrast
(Pauers et al., 2004). Stomatopods assess the meral spot total reflectance during
contests over refuges (Chapter 4) and meral spot total reflectance correlates with
stomatopod fighting ability (Chapter 5). To determine meral spot center total
reflectance, stomatopods may assess the within pattern contrast, rather than the
color of meral spot center per se.
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The meral spot is likely an example of a concealable signal, rather than a
secret signal. Meral spots contrasted with both seagrass and rubble habitats to a
fish predator, indicating that stomatopods are not using a secret signaling channel.
Instead, the meral spots are hidden during most stomatopod behaviors because
they are located on the inner side of the raptorial appendage. Such concealable
signals are common in many taxa and are expected to only be exposed in low
predation conditions (Endler, 1987; Candolin, 1997; McLean & Stuart-Fox, 2010).
Because this display is visible to fish predators, it is also possible that the meral
spots act as a deimatic or startle display against predators (Stevens, 2005; Umbers
et al., 2015). Deimatic displays involve conspicuous and rapid changes in behavior
or appearance that are thought to confuse or alarm predators, providing time for
prey to escape (Stevens, 2005). Some stomatopods, such as Gonodactylus smithii,
perform the meral spread to almost any moving object, whereas other species are
more cautious (pers. obs.). Neogonodactylus oerstedii will perform the meral
spread at researchers in the lab, and some have also performed the meral spread at
us in the field. However, it is unknown whether they also display in response to
predators, and, if so, whether it would be effective as a threat or deimatic display.

2.5.2 Stomatopod camouflage: pattern and color

The dorsal body pattern and total reflectance of N. oerstedii likely provides
camouflage from fish predators. Sandy stomatopods match rubble, sand and
Thalassia blades covered in silt, and green stomatopods match clean Thalassia
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blades. This suggests that sandy stomatopods may receive camouflage in both
seagrass and rubble habitats whereas green stomatopods are likely only
camouflaged in seagrass habitats. This is supported by our collection data for this
study: we collected a high proportion of sandy stomatopods in both habitats
(rubble: 82 % collected were sandy; seagrass: 39 % collected were sandy) but green
stomatopods were only common in seagrass habitats (rubble: 8 % collected were
green; seagrass: 47 % collected were green). The patterns on sandy stomatopods
may be a form of disruptive coloration, serving to break up the stomatopod’s
outline and make it more difficult for a fish predator to recognize the stomatopod
(Stevens & Cuthill, 2006; Webster et al., 2013). Green stomatopods, however, are
likely matching a relatively uniform Thalassia seagrass blade. Because seagrass
blades are constantly moving with the waves, matching a seagrass blade may
provide camouflage whilst stationary or in motion (Fleishman, 1985; Hall et al.,
2013). Thus, green stomatopods may be able to move around in seagrass habitats
without detection more freely than sandy stomatopods can move around in rubble
habitats.

We quantified color of stomatopod color morphs and background types by
taking spectral measurements. Almost all stomatopod and background spectral
measurements exhibited a plateau at wavelengths greater than 700 nm. This
reflectance plateau has also been reported in several species of reef fish (Marshall,
2000) and may function to imitate the long wavelength (>680 nm) peak of many
chlorophylls common in coral and algal habitats (Gitelson, 1992; Gitelson et al.,
1999). It may also indicate incorporation of chlorophylls into the body tissue
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(Rumpho et al., 2000). However, the ecological relevance of background matching
at these long wavelengths is unknown, because, as yet, no predators studied have a
visual system that can detect these long wavelengths.

Within the visual range of a typical trichromatic fish predator, the results
of our chromatic contrast analysis suggest that sandy stomatopods match sand and
rubble in hue and saturation, whereas green stomatopods do not match either
seagrass species in saturation. Therefore, this model predicts that trichromatic fish
predators may be able to detect green stomatopods by chromatic differences.
However, the spectra of green stomatopods and both seagrass species are
extremely similar (Figure 2.1C, E), with a peak around 550 nm and plateau above
700nm. Thus, this mathematical difference may not translate to an ecologically
relevant difference. Furthermore, under the canopy of seagrass, light is dappled
and filtered by seagrass blades for photosynthesis (Zimmerman, 2003). The
dappled light may make it difficult for a fish predator to accurately distinguish
stomatopod color and the filtering of light may affect the chromaticity of the green
stomatopods. In addition, some organisms use achromatic mechanisms for
discrimination when targets are small or far away (Giurfa et al., 1996; Osorio et al.,
1999; Spaethe et al., 2001). If fish use achromatic mechanisms when searching for
prey, our results suggest green stomatopods would be indistinguishable from
Thalassia blades since they match in total reflectance.

We also assessed whether changes in incident light at different water
depths affects the degree of stomatopod camouflage as perceived by a typical fish
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predator. Our modeling results predict that such changes affect hue more than
saturation. Interestingly, as depth increased, all samples tended to shift in a
clockwise direction around the origin, and saturation was only slightly reduced at
depths below seven meters. These shifts in hue and saturation had minimal effect
on the relative positions in color space of stomatopod and background colors, i.e.,
green stomatopods remained in the same position relative to both seagrass species
across 0.5 – 10 m depths. Thus, stomatopod background matching remains
constant at the range of depths tested. The shifts predicted are similar to those
reported for two species of damselfish (Wilkins et al., 2016). Wilkins et al (2016)
modeled shifts in color from 0 m to 30 m depth and note that shifts in color space
vary in direction and magnitude for different color samples. Our results are
slightly more predictable in direction, but magnitude varies substantially among
stomatopod and background colors. Our shifts in color space may be slightly more
predictable due to the specific spectral sensitivities of R. aculeatus and/or because
spectral sensitivities of R. aculeatus are more closely spaced than either damselfish
species in the other study (Worthey & Brill, 1986; Wilkins et al., 2016).

2.5.3 Conclusions

We have shown that stomatopods deal with the opposing pressures of
signaling and camouflage by employing a concealable signal and using primary
body coloration for camouflage. Stomatopods use a variety of chromatic and
achromatic signals during intraspecific interactions (Mazel et al., 2004; Cheroske &
Cronin, 2005; Chiou et al., 2011; Chiou et al., 2012; Franklin et al., 2016). Further
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investigations into stomatopod signals will likely uncover other concealable
signals, as well as secret signals and signaling behaviors that maximize signal
contrast. Furthermore, stomatopods may prove a fruitful system to improve our
understanding of fish prey search behaviors. Recently, interest in animal patterns
and camouflage has increased (Stevens & Merilaita, 2009), yet there few studies
investigating camouflage in natural aquatic systems (but see Hanlon, 2007).
Considerable variation described here in stomatopod body patterns, colors and
habitats allow for investigations into various aspects of camouflage, including
disruptive camouflage, camouflage whilst moving, and whether fish use
achromatic or chromatic vision for prey search.
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2.6

Supplemental Information
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Figure S2.1: Photographs of sandy, green and speckled green N. oerstedii
color morphs in seagrass and rubble habitats. Color images are shown on the
left and green color channel images used for pattern and total reflectance analyses
are shown on the right. White arrow indicates stomatopod, and is pointing to the
left side, midway down the abdomen in all images.
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Figure S2.2: Meral spot spectral measurements from different populations
of N. oerstedii. Solid line indicates stomatopods ordered commercially from a
population in Florida, USA. The other two lines indicate stomatopods from the
Belizean population collected from either rubble fields (light dashed) or seagrass
beds (dark dotted). Lines and shading are means ± SD.

Figure S2.3: Irradiance at five depths used for estimates of quantum catch.
Shading from light to dark indicates shallow to deep irradiance (0.5 m, 1 m, 3 m, 7
m, 10 m depth). Irradiance measurements were adapted from Marshall et al.
(2003).
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Figure S2.4: Spectral sensitivities of the Picasso triggerfish, Rhinecanthus
aculeatus. Purple, blue and green lines indicate the short (420 nm), medium (480
nm) and long (520 nm) wavelength sensitive photoreceptors, respectively.
Sensitivities were adapted from Pignatelli et al. (2010).
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Figure S2.5: Maxwell’s triangle for the Picasso triggerfish, Rhinecanthus
aculeatus, viewing habitat and stomatopod colors modeled using rubble (A
& C) and seagrass (B & D) adapting background light. Distance from the
center of the triangle corresponds to saturation and other deviations relate to hue.
Red line in A & B is the monochromatic locus and S, M, L indicate the short,
medium and long wavelength sensitive photoreceptors, respectively. C and D are
zoomed in figures of A & B. Each line is a sample, and shading indicates shift in
chromatic space with increasing depth from 0.5 m (light) to 10m (dark).

Supplemental Results (Figure S2.5): Accounting for receptor adaptation to
background light in rubble (A&C) and seagrass (B&D) habitats did not affect
whether stomatopod color morphs matched background types, compared to our
model with an achromatic background (Figure 2.4; i.e., stomatopod colors occupy
similar positions in color space relative to the positions of background types).
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A) Top of rubble piece

B) Rubble at cavity opening

Figure S2.6: Spectral reflectance of rubble pieces taken from the top surface
(A) or near the opening of stomatopod cavities (B). Each line is 2- 6 spectra
from a single rubble piece that were smoothed and averaged. Spectra of rubble
openings were recorded at midday in full sun, whereas spectra of the top of rubble
pieces were recorded in the lab with a PX-2 xenon light source (see methods).
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Chapter 3
Multimodal signals: Ultraviolet reflectance and chemical cues
in stomatopod agonistic encounters

3.1

Abstract

Complex signals are commonly used during intraspecific contests over
resources to assess an opponent’s fighting ability and/or aggressive state.
Stomatopod crustaceans may use complex signals when competing aggressively for
refuges. Before physical attacks, stomatopods assess their opponents using
chemical cues and perform threat displays showing a colored patch, the meral
spot. In some species this spot reflects UV. However, despite their complex visual
system with up to 20 photoreceptor classes, we do not know if stomatopods use
chromatic or achromatic signals in contests. In a field study, we found that
Neogonodactylus oerstedii meral spot luminance varies with sex, habitat and, more
weakly, body length. Next, we conducted an experimental manipulation which
demonstrated that both chemical cues and chromatic signals are used during
contests. In the absence of chemical cues, stomatopods approached an occupied
refuge more quickly and performed offensive behaviors at a lower rate. When UV
reflectance was absent, stomatopods performed offensive behaviors more
frequently and contest duration trended towards shorter fights. These results
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provide new evidence that UV reflectance and/or visible spectrum luminance is
used to amplify threat displays. Our results are the first to demonstrate that
chemical and chromatic cues comprise a multimodal signal in stomatopod
contests.

3.2

Introduction

In many animal interactions, complex signals are used to improve
communication ability. A complex signal is when more than one signal is assessed
simultaneously or sequentially within a given interaction (see Hebets & Papaj,
2005 for review). If such signals use more than one modality (e.g., visual, acoustic,
chemical) they are multimodal signals, otherwise they are known as unimodal
signals. In these interactions, each signal may transmit different information. For
example, the black cap of the American goldfinch, Carduelis tristis, provides
information about social interactions whilst the plumage and bill coloration
provide information about infection (McGraw & Hill, 2000). Using distinct signals
to transmit different information can reduce the response time of the receiver if
the receiver processes each signal simultaneously or if the signaler uses one signal
to alert the receiver to the second signal (Hebets & Papaj, 2005). Alternatively,
different signals may convey redundant information. This could be beneficial if the
receiver responds more appropriately to two signals than to one (Moller &
Pomiankowski, 1993), or if particular signals are more effective under different
environmental conditions (Caldwell et al., 2010). Presumably due to these benefits,
complex signals are common in many animal interactions including mate choice
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(Baldwin & Johnsen, 2012; Rypstra et al., 2009; Scheuber et al., 2004), intraspecific
competition (Ballentine et al., 2008; Hughes, 1996; Preininger et al., 2013) and even
predator/prey interactions (Roberts et al., 2007; Rowe, 2002).

Many animals rely on complex signals to minimize the risk of injury during
intraspecific fights over resources (e.g., mates, food or territories). In general,
animals use signals in these situations to assess their opponent’s fighting ability or
aggressive state (Ballentine et al., 2008; Bro-Jørgensen & Dabelsteen, 2008;
Caldwell et al., 2010; Elwood & Briffa, 2001). This allows individuals to avoid
engaging in fights that they are unlikely to win. One use of complex signals in
these interactions is to increase the accuracy of the receiver response (Hebets &
Papaj, 2005). For example, in swamp sparrow contests the combination of soft
song and wing waving by territorial males more accurately predicts an attack on
conspecifics than each display in isolation (Ballentine et al., 2008). Complex
signals may also be used to convey information about different aspects of the
signaler. Eland antelope males use knee-clicking to signal their body size, whereas
dewlap size signals age (and presumably fighting experience; Bro-Jørgensen &
Dabelsteen, 2008). Thus, the interaction between two signals may facilitate more
accurate assessment of opponents during agonistic encounters.

Whilst research into complex signals is rapidly expanding, we still know
surprisingly little about signals used by certain taxa. Stomatopods are excellent
subjects for studying complex signals in agonistic encounters due to their highly
territorial behavior, use of chemical cues, and their complex vision. Also known as
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mantis shrimp, these tropical crustaceans will fight aggressively with conspecifics
over possession of a refuge (a suitably sized hole in coral or rock). During fights,
they perform a display known as the meral spread in which the second maxillipeds
are pulled laterally, displaying the meral spots. These spots vary in color between
species, but many have an ultraviolet (UV) component (Bok, 2014).

It is likely that stomatopods use the UV reflectance of the meral spot as a
signal in agonistic encounters. Stomatopods have up to 20 photoreceptor classes
(Marshall & Arikawa, 2014) with five photoreceptor classes in the UV (Bok et al.,
2014; Marshall & Oberwinkler, 1999). Although their color discrimination may be
coarse (Thoen et al., 2014), the disproportionate number of UV photoreceptors
suggests that UV vision is important in stomatopods. Currently, we know little
about stomatopod chromatic and/or achromatic signaling, except that it is likely
to be used in mate choice in Haptosquilla trispinosa (Chiou et al., 2011). In this
case, the manipulations conducted by Chiou and colleagues (2011) simultaneously
altered hue, luminance and polarization so it is unclear which component (or
combination) is used as a signal.

Stomatopods’ use of chemical cues has been more thoroughly studied. It
has been demonstrated that stomatopods use chemical cues in agonistic
encounters to assess their opponent’s size (Caldwell, 1987) and whether or not they
have recently fought that particular opponent (Caldwell, 1985; Caldwell, 1979).
Thus, it is plausible that stomatopods might use both chromatic signals and
chemical cues in agonistic encounters.
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The stomatopod Neogonodactylus oerstedii (Hansen, 1895) is an ideal
species in which to study UV signaling. We know they possess five photoreceptor
classes in the UV (Bok et al., 2014; Marshall & Oberwinkler, 1999) and have a
purple (to our vision) meral spot with UV reflectance, as shown here. They are
found throughout the Caribbean in shallow waters where they are illuminated by
broad band sunlight including 300–700nm (Tedetti & Sempéré, 2006).
Neogonodactlyus oerstedii reside in cavities with circular openings in coral rubble
or rock. These refuges are important for avoiding predators, processing food,
mating and brooding eggs (Caldwell, 1987). Thus, stomatopods will fight each
other aggressively over ownership of these refuges. Contests are generally won by
the resident stomatopod or the larger of two stomatopods (Caldwell, 1987).

Here, we conducted two studies to investigate the signaling role of the
meral spot. The first was a field study to investigate whether intraspecific variation
in meral spot hue and luminance could signal stomatopod body size and, thus,
fighting ability. The second study was an experimental manipulation to determine
if UV reflectance of the meral spot operates as an aggressive signal in agonistic
encounters, and to investigate how UV reflectance and chemical cues may act as a
multimodal signal in agonistic encounters. Specifically, we tested whether UV
reflectance and chemical cues convey redundant information or different
information to the receiver.
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3.3

Methods

3.3.1 Animal collection and husbandry

This study was conducted at the Smithsonian Institution’s field station at
Carrie Bow Cay, Belize (16° 48' 9”N, -88° 4' 55”W). Neogonodactylus oerstedii were
collected from coral rubble, rocks and discarded conch shells (hereafter called
‘rubble’) whilst snorkeling in shallow (<2 m) mixed seagrass (Thalassia testudinum
and Syringodium filiforme) beds and consolidated coral rubble. Stomatopods were
extracted from rubble using a pick, and their body length (tip of rostrum to tip of
telson), wet weight and sex were recorded. We housed stomatopods individually in
19 L, white plastic buckets with running seawater. Each stomatopod was provided
with a refuge consisting of a 25 mL falcon tube wrapped in black duct tape with
the tapered end removed (15mm x 105mm). To mimic natural conditions, large
stomatopods (>40 mm) received a refuge with a 10 mm opening, and small
stomatopods (<40 mm) a 7mm opening.

3.3.2 Field study: variation in meral spot reflectance

To investigate variation in meral spot reflectance, we collected 16 females
and 13 males and recorded their habitat of collection, body length and body mass.
Stomatopods were collected from within adjacent seagrass or rubble habitats; only
stomatopods > 1m from the habitat boundary were included in this study.
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We recorded the spectrum of the central colored part of the meral spot
(Figure 3.1) in the laboratory using a JAZ spectrophotometer (Ocean Optics,
Dunedin USA) with a PX-2 pulsed xenon light source. The reflectance was
recorded between 300 nm and 700 nm (UV: 300 – 400nm; visible spectrum: 400 –
700 nm) and measured relative to a WS-1 white standard. To mimic natural
conditions, the light source was set at 45° to the meral spot surface and the
collector was perpendicular (Duntley, 1960; Endler, 1990). Light source and
collecting probes were 600 µm UV-VIS fiber optic cables (Ocean Optics, Dunedin
USA) with collimating lenses attached to the end. Both were fixed in position to
ensure a standard distance between probes and sample. Live stomatopods were
immobilized by cooling them in a freezer (-13°C) for 30 min in 25 mL of water, and
then pinning them out in a petri dish with the meral spot facing up. The petri dish
was filled with just enough seawater to cover the meral spot (Duntley, 1960). All
reflectance measurements were recorded in a dark box with only the light source
illuminating the sample. We recorded two measurements of both the left and right
meral spots.

3.3.3 Experimental manipulation: effect of UV reflectance and chemical cues on
agonistic behaviors

Manipulation of chemical and UV signals

We used a fully crossed two factor design to investigate the effects of UV
reflectance and chemical cues on intruder behavior during agonistic encounters.
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In these behavioral trials, residents were given a refuge whereas intruders were
not. Stomatopods were assigned to same-sex pairs based on similar body lengths
(within 6%; Caldwell, 1987). One member of each pair was randomly assigned to
be the resident and the other was the intruder.

Pairs were then randomly allocated into one of four treatments that
manipulated what information was available to the intruder: residents either had
meral spot UV reflectance present (designated as UV+) or absent (UV-) and,
intruders could either detect chemical cues (CC+) or they could not (CC-). This
resulted in four treatment groups: UV+/CC+ (control), UV+/CC- (effect of
chemical cues), UV-/CC+ (effect of UV reflectance), UV-/CC- (combined effect of
UV reflectance and chemical cues). Ten stomatopod pairs were tested in each
group.

To manipulate intruders’ ability to detect chemical cues, stomatopods were
anesthetized by cooling. Intruders were placed in a 50 mL container with 25 mL of
sea water and cooled in a freezer (-13° C) for 20 min. CC- intruders had their
antennae dipped in freshwater for 60s, which has been found to temporarily
remove their ability to sense chemical cues (Cheroske et al., 2009). After
treatment, stomatopods were warmed to ambient water temperature over 20 min
and then allowed to recover overnight in their housing bucket. CC+ intruders were
treated similarly except their antennae were dipped in seawater as a control.
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Figure 3.1: Meral spot of Neogonodactylus oerstedii. (left) Dorsal view of a
male (scale indicates 10 mm). Inset shows the ‘purple’ meral spot on the inside of
the raptorial appendage (scale indicates 2mm). (right) Mean spectral reflectance of
‘purple’ area of male and female meral spots collected from two habitats in Belize.
Grey dashed line indicates separation between the UV and visible spectra used in
luminance analysis (area under the curve). Sample sizes are as follows: female,
rubble: n = 10; female, seagrass: n = 6; male, rubble: n = 4; male, seagrass: n = 9.

Figure 3.2: The effect of paint treatment on meral spot reflectance (mean ±
SD) of Neogonodactylus oerstedii. Painted stomatopods (grey line), had reduced
UV reflectance (300 – 400 nm) and increased reflectance in the visible and near
infrared (400 nm – 800 nm) wavelengths compared to controls (purple line), to
maintain similar overall luminance between treatments.
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To manipulate the UV reflectance of meral spots, the resident in each pair
was anesthetized by cooling in the freezer (-13° C) for 30 min (this treatment
required more time to complete than the intruder treatment). Each UVstomatopod was pinned in a small petri dish to expose the meral spot. The spot
was dried with a cotton bud then painted with sunscreen (Banana Boat Sport SPF
50, USA) and allowed to dry for 45 s. A 1:1 mixture of superglue (Krazy Glue Elmer
Products, USA) and clear nail varnish (Milani Cosmetics, USA) was painted over
the sunscreen to seal it and increase luminance (area under the spectral curve) in
the visible spectrum (Figure 3.2). We increased luminance to ensure that overall
luminance is similar for UV+ and UV- individuals. This mix was allowed to dry for
90 s. The same procedure was then performed on the other meral spot. After
treatment, stomatopods were warmed to ambient water temperature over 20
minutes and then allowed to recover overnight in their housing bucket. UV+
stomatopods experienced the same cooling and recovery conditions, but were not
painted. No paint could be found that retained spectral properties or only
brightened the meral spot.

To investigate if the scent of the paint mixture altered stomatopod
behavior we performed a choice experiment at Tufts University with N. oerstedii
obtained commercially (KB Marine Life, Florida, USA). Sixteen stomatopods were
allowed to choose between two refuges, one painted (as above) on the inside and
the other untreated. We detected no preference for a refuge with or without paint
treatment; 9 out of 16 stomatopods chose the painted refuge (p = 0.17). Thus, any
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behavioral changes detected are likely due to the visual aspect of the treatment,
not a chemical aspect.

To assess how stomatopods might perceive our experimental manipulation,
we conducted a basic visual analysis to estimate ‘quantum catch’, the amount of
photons detected by each photoreceptor type (Vorobyev et al., 2001a). After
behavioral experiments, we recorded two spectral measurements from either the
left or right meral spot from 19 UV+ and 15 UV- stomatopods. The two spectra
were averaged and then multiplied by the known spectral sensitivity for each of N.
oerstedii’s twelve photoreceptors that are associated with chromatic vision in the
UV and visible spectrum (Marshall et al., 2007; Marshall & Oberwinkler, 1999;
Figure 3.3A). The result was summed for each photoreceptor and then averaged for
each treatment group.

Measuring agonistic behaviors

Behavioral trials were performed at the shoreline between 0900 and 1500 to
ensure that lighting was as natural as possible. Trials were conducted in a white
plastic tub (60 x 36 x 12 cm) with a 3 cm deep layer of sand and 5 cm depth of
seawater (~15 L). Each tub was divided in half with a removable opaque plastic
divider. The resident stomatopod was placed at one end of the tub, in its refuge
from the housing bucket, and then allowed 30 min acclimation time. After 15 min
of acclimation time, 10 L of fresh seawater was siphoned into the tub in case
chemical cues from the resident accumulate. After this, the intruder was placed at
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Figure 3.3: Neogonodactylus oerstedii spectral sensitivities and quantum
catch. (A) The spectral sensitivities of N. oerstedii’s 12 photoreceptors involved in
UV and visible spectrum light detection. (B) The quantum catch of each
photoreceptor for a meral spot with UV present (colored bars) or absent (grey
bars). Quantum catch was calculated by multiplying a photoreceptor’s spectral
sensitivity by the reflectance spectrum of the meral spot and summing the result
for that photoreceptor. Photoreceptors are labelled according to their row number
in the midband (R1-R4) or “Pr” if located in the hemispheres and whether proximal
tier (P), distal tier (D) or R8 cell. Colors in each figure correspond to the same
photoreceptor. Bars are mean ± SEM.
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the center of the second compartment, without its refuge, and received 10 min
acclimation. At this time, the opaque barrier was removed and recording of
behaviors began. All trials were recorded from above with a GoPro video camera
(Hero 3+ Black edition, USA; settings: 60 f.p.s., 1080p, medium f.o.v.) and scored
blind. Intruder behaviors recorded from the video footage included: latency until
approached refuge, speed of approach, closest proximity to burrow, latency until
first offensive behavior, duration of fight, number of antennal flicks (rapid, lateral
back and forth movement of antennule; Dingle & Caldwell, 1969), number of
offensive behaviors, number of defensive behaviors and the winner of the fight.
Offensive behaviors included ‘strike’, a blow delivered by one or both of the
enlarged second maxillipeds; ‘lunge’, a short, rapid forward movement toward
opponent; and, ‘meral spread’, an outward spreading of raptorial second
maxillipeds. We recorded one defensive behavior, ‘coil’, where the stomatopod
curls up so that its head is above the telson (see Dingle & Caldwell, 1969 for further
description and visuals of behaviors). Residents tended to remain in their refuges
and were not visible from above, so we did not record their behaviors. Recording
of behaviors concluded as soon as a clear winner was observed. If there was no
interaction or no clear winner, the trial was ended after 30 minutes. At this time
stomatopods were returned to their housing buckets and the experiment was set
up with fresh seawater for the next trial.

3.3.4 Statistical analysis
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All statistical analyses were conducted in R v. 3.1.1 (R Core Team, 2014) and
statistical model details are indicated in Table 3.1.

Field study

For the field study, we used generalized linear models (GLMs; R: glm) to
assess whether meral spot hue or luminance correlated with sex (male/female),
habitat (seagrass/rubble), body length or body condition. Spectra were compiled
using CLR (Montgomerie, 2008a), and hue (peak wavelength) and luminance (area
under the curve) were calculated using RCLR (Montgomerie, 2008b). Luminance
was calculated separately for the visible spectrum (400 nm – 700 nm) and the
ultraviolet spectrum (300 nm – 400 nm) to allow us to gain a better understanding
of our UV paint treatment. Body condition for each individual was calculated as
the residual from a regression of body weight versus length (R2 = 0.96, t27 = 24.20, p
< 0.001). We detected no difference between the left and right meral spots of N.
oerstedii in either spot hue or luminance (UV luminance: χ2 = 0.70, df = 1, p = 0.40;
visible luminance: χ2 = 0.22, df = 1, p = 0.64; hue: χ2 = 1.56, df = 1, p = 0.21), so four
measurements (two from each arm) were averaged for each stomatopod for these
analyses. In both luminance and hue analyses we included sex, habitat, body
condition and body length as fixed effects. Probability error distributions were
Gaussian (identity link) for hue and gamma (log link) for luminance. A fully
saturated model was fit and the significance of each term in the model was
assessed with marginal hypothesis tests (R: Anova). Non-significant interaction
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terms were removed sequentially. Final model fit was assessed using deviance
residual plots (Zuur, 2009).

Experimental manipulation

We also used GLMs for the experimental manipulation experiment to
assess how UV reflectance of the meral spot (present/absent) and ability to detect
chemical cues (present/absent) influenced intruder agonistic behaviors. For all
these analyses, any pairs that did not interact were removed (final sample size:
UV+/CC+: n = 6; UV+/CC-: n = 9; UV-/CC+: n = 8; UV-/CC-: n = 7). All models
included UV (present/absent) and chemical cues (present/absent) as fixed effects.
We did not observe any difference between male-male and female-female contests,
so sex was not included as a factor. For each response variable, we assessed the
significance of each term in the models with marginal hypothesis tests and
removed the interaction term if it was not significant. The probability error
distributions fitted to the data were: gamma (log link) for latency until approach
and speed of approach and binomial (logit link) for winner of fight. Duration of
fight was analyzed using a Weibull regression model and latency until first
offensive behavior using a linear model with the response variable log
transformed. Duration in burrow was assessed using a linear model with fight
duration as an offset. Proximity to burrow fitted a Poisson error distribution best;
however, because it is not count data, we fitted both a Weibull distribution (next
best fit) and a Poisson GLM with an observation level random effect to account for
overdispersion (R: glmer). Both models produced similar results, but deviance
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residual plots suggested that the Poisson model fit the data better. Thus, we report
results from the Poisson model. Deviance residual plots were used to assess all
model fits (Zuur, 2009).

All count data was analyzed with UV (present/absent) and chemical cues
(present/absent) as fixed effects. To analyze offensive behavior data, we used a
GLM with a Poisson error distribution and an offset (duration of fight). Antennal
flicks data fitted a Gaussian distribution best when it was converted to a rate and a
log transformation was used. However, because it was count data, we also fit a
generalized linear mixed model (R: glmer) with a Poisson error distribution, an
offset (time out of refuge during fight) and an observation level random effect to
account for over dispersion. Both models produced similar results; however,
deviance residual plots suggested that the Gaussian model with a log
transformation fit the data better. Thus, we report results from Gaussian model.
We assessed the significance of each term in the models using marginal hypothesis
tests and removed the interaction term if it was not significant. Defensive
behavioral data was analyzed using a zero inflated Poisson model (R: zeroinfl) with
an offset (time out of refuge during fight). Likelihood ratio tests were used to
assess whether the addition of each factor (UV or chemical cues) significantly
improved the fit of the model compared to an intercept only model, and whether
an interaction term improved the fit of the model compared to a main effects only
model. Deviance residual plots were used to assess all model fits (Zuur, 2009).
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Table 3.1: Statistical models used to assess the effect of various factors on
meral spot color and agonistic behaviors. Sample size is indicated for different
categorical treatment groups. Saturated models (including all interactions) were
assessed first and non-significant interaction terms were removed. Final models
used to analyze data are indicated.
Variables

Sample Size

Final Model

Field Study: Reflectance spectra of meral spot
Sex,
Habitat,
Length,
Body condition

Female, rubble: 10
Female, seagrass: 6
Male, rubble: 4
Male, seagrass: 9

Hue, UV & visible luminance:
~ Sex + Habitat + Length +
Body condition

Manipulation: Effect of UV reflectance and chemical cues on agonistic
behaviors
UV treatment,
Chemical cue
treatment

UV+, CC+: 6
UV+, CC-: 9
UV-, CC+: 8
UV-, CC-: 7

All variables (see Table 3.2):
~ UV + CC
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Table 3.2: The effect of UV reflectance and chemical cues on agonistic
behaviors of N. oerstedii intruders. Generalized linear models for each variable
were assessed using marginal hypothesis tests, except where noted. Each
interaction was tested using a fully saturated model, and non-significant
interaction terms were removed when testing main effects. Bold indicates p < 0.05.
Variable

Model terms

χ2

d.f.

p-value

Latency until approach

Interaction
UV
Chemical cues

2.92
0.23
<0.001

1
1
1

0.087
0.635
0.990

Speed of approach

Interaction
UV
Chemical cues

0.06
0.28
4.61

1
1
1

0.803
0.596
0.032

Duration of fight

Interaction
UV
Chemical cues

1.68
3.35
0.01

1
1
1

0.195
0.067
0.928

Offensive behaviors

Interaction
UV
Chemical cues

0.96
17.08
6.34

1
1
1

0.326
<0.001
0.012

Defensive behaviors

Interaction
UV
Chemical cues

4.32
0.29
2.13

2
2
2

0.115
0.862
0.345

Antennal flicks

Interaction
UV
Chemical cues

2.13
0.77
0.07

1
1
1

0.145
0.380
0.784

Proximity to burrow

Interaction
UV
Chemical cues

1.96
0.49
0.70

1
1
1

0.161
0.482
0.403

Winner of fight

Interaction
UV
Chemical cues

3.47
0.48
2.07

1
1
1

0.062
0.489
0.150
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Table 3.3: Means and SEM for all behaviors measured in each of the four
treatment groups. UV+: UV reflectance of the meral spot is present; UV-: UV
reflectance of the meral spot has been removed; CC+: the intruder can detect
chemical cues; CC-: the intruder cannot detect chemical cues.
UV+, CC+
(Control)
Behavior

Treatment
UV+, CCUV-, CC+
(Effect of
(Effect of
chemical
UV)
cues)

UV- , CC(Effect of UV
& chemical
cues)

Latency until
approach (s)

157.17
± 57.30

300.44
± 111.68

249.25
± 84.89

138.57
± 39.29

Speed of approach
(mm/s)

92.38
± 32.87

138.28
± 25.01

78.08
± 10.67

129.91
± 24.27

Duration of fight
(s)

147.00
± 97.41

74.56
± 43.64

18.00
± 6.89

43.43
± 27.35

Latency until
offensive (s)

12.67
± 6.72

6.20
± 2.13

1.00
± 0.50

3.17
± 2.40

Closest proximity
to burrow (mm)

8.87
± 8.87

16.69
± 16.40

68.74
± 51.83

3.74
± 3.74

Proportion of
fights intruder
won

0.17
± 0.17

0.11
± 0.11

0.00
± 0.00

0.43
± 0.20

Antennal flicks
(#/min)

23.68
± 12.90

14.93
± 10.04

4.64
± 3.74

15.85
± 6.08

Curls (#/min)

5.76
± 4.87

4.01
± 2.23

3.51
± 2.42

4.82
± 4.23

Offensive behaviors (#/min):
-Punch

0.50
± 0.25

0.16
± 0.12

0.00
± 0.00

0.08
± 0.08

-Lunge

6.26
± 4.82

3.02
± 2.84

0.85
± 0.51

1.93
± 1.69

-Meral spread

16.92
± 9.84

4.89
± 3.25

3.77
± 2.15

8.80
± 3.92

-Punch and
lunge

1.01
± 0.89

1.69
± 1.13

0.00
± 0.00

2.23
± 1.66
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3.4

Results

3.4.1 Field study: variation in meral spot reflectance

The peak wavelength (hue) for N. oerstedii meral spots lies in the UV
between 348 – 404 nm (min, max). We detected a weak trend towards longer
stomatopods having meral spots with peaks at shorter wavelengths (χ2 = 3.68, df =
1, p = 0.055; Figure 3.4A). Spot hue was not correlated with sex (χ2 = 0.04, df = 1, p =
0.85), body condition (χ2 = 0.29, df = 1, p = 0.59) or habitat (χ2 = 0.01, df = 1, p =
0.91).

Both UV luminance and human visible spectrum luminance of the meral
spot differed between the sexes (Figure 3.1B; UV: χ2 = 20.16, df = 1, p < 0.001; Visible:
χ2 = 24.79, df = 1, p < 0.001) as well as between the seagrass and rubble habitats
(Figure 3.1B; UV: χ2 = 12.08, df = 1, p < 0.001; Visible: χ2 = 23.46, df = 1, p < 0.001).
Furthermore, the relationship between habitat and UV spot luminance varied
between the sexes (χ2 = 4.11, df = 1, p = 0.043). Female spots were twice as bright in
the visible spectrum compared to males, and stomatopods (both sexes) from
rubble habitats had meral spots twice as bright in the visible spectrum compared
to stomatopods from seagrass habitats. These main effects were also present in the
UV portion of the spectrum, although with a smaller effect size than for the visible
reflectance. UV reflectance was much greater for females from rubble habitats
than for all other stomatopods. Body length had a weak, negative relationship with
meral spot luminance in both visible (χ2 = 15.51, df = 1, p < 0.001; Figure 3.4B) and
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A

B

C

Figure 3.4: Correlations of length with meral spot (A) hue (peak
wavelength), (B) visual spectrum luminance and (C) UV spectrum
luminance. Line indicates the prediction from the statistical model for females
(circles and solid lines) and males (squares and dashed lines) collected from
seagrass (green and open points) and rubble (yellow and closed points).
Luminance calculated as area under the spectral curve between 300 – 400 nm for
UV and 400 – 700 nm for visible.
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UV wavelengths (χ2 = 9.40, df = 1, p = 0.002; Figure 3.4C) while body condition did
not correlate with UV or visible luminance (UV: χ2 = 0.01, df = 1, p = 0.91; Visible: χ2
= 0.17, df = 1, p = 0.68).

3.4.2 Experimental manipulation: effect of UV reflectance and chemical cues on
agonistic behaviors

As expected, manipulated meral spots (low UV reflectance) resulted in a
much lower quantum catch for those photoreceptors with peak sensitivity in the
UV, compared to control meral spots (Figure 3.3B). Photoreceptors with peak
sensitivity between 400 – 700 nm had a greater quantum catch for manipulated
meral spots than for control meral spots (Figure 3.3B). The luminance values (area
under the spectral curve) for each treatment were 22.55 ± 2.4 for control and 28.69
± 2.5 for manipulated (mean ± SEM).

Altering UV reflectance changed the rate of the offensive behaviors
performed by the intruder, with offensive behaviors performed more frequently
when the UV reflectance of the resident’s meral spot had been diminished (χ2 =
17.08, df = 1, p < 0.001; Figure 3.5). There was also a strong though not significant
trend towards the resident’s UV reflectance affecting fight duration (χ2 = 3.34, df =
1, p = 0.067), with shorter fights occurring when UV reflectance had been removed
(Figure 3.6). This trend was mainly driven by a shorter latency until the intruder
performed its first offensive behavior when residents’ UV reflectance had been
removed (F1,18 = 4.99, p = 0.038). Presence or absence of UV reflectance on the
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Figure 3.5: The effect of chemical cues and UV reflectance on the rate of
offensive behaviors (mean, 95% CI) performed by Neogonodactylus oerstedii
intruders towards residents. The intruder’s ability to detect chemical cues was
removed by dipping antennae in freshwater. The resident’s meral spot UV
reflectance was removed using a paint mix. Numbers indicate sample size.

Figure 3.6: Proportion of Neogonodactylus oerstedii pairs still competing
over a refuge after a certain amount of time (s). The resident’s meral spot UV
reflectance was removed using a paint mix (‘Control’: n = 15; ‘Reduced’: n = 15).
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resident’s meral spot did not affect any other behavior measured, including the
intruder’s closest proximity to burrow, latency to approach, rate of defensive
behaviors, antennal flicks, duration in burrow or the winner of the fight (Table
3.2). Contests were generally won by residents, with residents winning 26 out of 31
contests.

When intruders’ ability to detect chemical cues was removed, they
approached the resident’s refuge significantly more quickly (χ2 = 4.78, df = 1, p =
0.029; Figure 3.7). Stomatopods also performed fewer offensive behaviors in the
absence of chemical cues (χ2 = 6.34, df = 1, p = 0.012; Figure 3.5). The presence or
absence of chemical cues did not affect any other variable measured, including
proximity to burrow, latency to approach, duration of fight, defensive behaviors,
duration in burrow, or the winner of the fight (Table 3.2). Surprisingly, there was
no effect of availability of chemical cues on number of antennal flicks (Table 3.2).
There was also no significant interaction between UV reflectance and chemical
cues for any behavior recorded (Table 3.2). Means and standard errors of all
measured behaviors are provided in Table 3.3.

3.5

Discussion

Complex signals have been demonstrated in several crustacean taxa
including hermit crabs (Gherardi & Tiedemann, 2004), Aegla decapods (Palaoro et
al., 2013), fiddler crabs (Chiussi & Diaz, 2002), blue crabs (Baldwin & Johnsen,
2012), crayfish (Aquiloni & Gherardi, 2008), snapping shrimp (Hughes, 1996) and
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Figure 3.7: Speed of approach (mm/sec) by intruder Neogonodactylus
oerstedii towards a resident’s refuge (mean, 95% CI) at the beginning of a
fight. The intruder’s ability to detect chemical cues was removed by dipping
antennae in freshwater. Numbers indicate sample size.
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copepods (Yen et al., 1998). These signals are used across a variety of contexts,
from predator/prey interactions (Chiussi & Diaz, 2002) to mate choice (Aquiloni &
Gherardi, 2008), individual recognition (Gherardi & Tiedemann, 2004) and
agonistic interactions (Hughes, 1996; Palaoro et al., 2013). To our knowledge, this is
the first study to investigate complex signaling in stomatopods and to assess the
signaling role of a specific chromatic signal in stomatopod communication.

We investigated whether the hue or luminance of stomatopods’ meral
spots could be used as a signal of sex, body condition or body length. Contrary to
predictions, N. oerstedii spot hue, UV luminance, and visible luminance correlated
only weakly with stomatopod length and showed no correlation with body
condition. Larger stomatopods had darker meral spots, with a trend towards a
reflectance peak that was deeper in the UV. However, these weak correlations are
unlikely to be used as a signal of body size by stomatopods. Stomatopods may have
coarse color vision, at least in the visible part of the spectrum. In laboratory
feeding experiments they only differentiated between colors at least 12-25nm apart
(Thoen et al., 2014). It is possible that in social contexts stomatopods perceive
chromatic signals more accurately, and N. oerstedii does have five photoreceptor
classes in the UV (Bok et al., 2014), potentially increasing color discrimination
across these wavelengths. However, lack of a strong correlation between hue and
length suggests that hue would not be a reliable signal of body length. Luminance
is also unlikely to be a useful signal of body size as it is also not strongly correlated
to length. Furthermore, perceived luminance can vary dramatically depending on
natural lighting or viewing conditions (Endler, 1993b).
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Female meral spots, however, are about twice as bright as male meral
spots. Sexual dimorphism in meral spot color has not previously been documented
in stomatopods and it may allow N. oerstedii to use spot luminance as an indicator
of sex. The efficacy of this signal might be further enhanced if the observed
difference in spot luminance in different habitats increases contrast between the
signal and the background coloration. It would be interesting to record rubble and
seagrass reflectance to compare with the variations in meral spot reflectance.
Conversely, such variation between habitats may make it difficult for a stomatopod
to form a signal template for males and females. Instead the observed habitat
difference in spot luminance may be due to prey availability. In crustaceans, many
purple body colors are produced by crustacynanins (Bandaranayake, 2006); like
other carotenoids, these pigments must be acquired from prey items. If
crustacyanin availability varies between habitats, this may explain the variation in
meral spot luminance.

Despite luminance and hue being poor indicators of stomatopod body
length and condition, the meral spot is clearly used as a signal in agonistic
encounters. Experimental reduction of UV reflectance from residents’ meral spots
caused intruders (signal receivers) to perform a higher rate of offensive behaviors.
This behavioral change may indicate that UV reflectance acts as a signal of
aggressive intent or, alternatively, that it acts as an amplifier to enhance the
aggressive signal contained in the meral spread display. If UV reflectance signals
aggression levels, we would expect it to vary over short time scales. However, this
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is unlikely if this color is produced by pigments or scattering structures in the
exoskeleton, with reflectance probably fixed after each molt. Instead, we propose
that UV reflectance is used to amplify the aggressive signal of the meral spread
through one of two mechanisms. Colors are known to enhance displays in other
species, particularly those that involve movement (Fleishman, 2000). UV
reflectance of the meral spot may be used to ensure the receiver detects the meral
spread, a display known to signal aggressive intent (Dingle, 1969). Additionally, it
may function to specifically draw attention to the raptorial appendages. Male
jumping spiders use abdominal patterns which function to amplify differences in
abdominal width (Taylor et al., 2000). Whilst the patterns themselves do not
indicate condition, they draw attention to the size of abdomen, which does vary
with body condition. Similarly, the meral spot is located on the merus, a part of
the raptorial appendage whose size may positively correlate with strike force
(Claverie et al., 2011). Thus, drawing attention to this region might help the
receiver to assess an opponent’s fighting ability. Our results support the
amplification hypothesis, because when UV reflectance was removed, intruder
stomatopods increased their frequency of offensive behaviors.

We also observed a trend towards shorter fights when the resident’s UV
reflectance was removed. This was mainly due to a shorter latency before intruders
performed their first offensive behavior. Thus, stomatopod intruders appear more
willing to engage in a fight when the resident’s UV reflectance is low. This result
further supports our suggestion that UV reflectance is used as a signal amplifier. In
the absence of UV reflectance, stomatopods appear to underestimate aggression
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level and/or fighting ability and quickly escalated a contest. The increase in
offensive behaviors throughout the remainder of the contest may help the intruder
to reassess resident aggression.

Despite intruders subsequently performing a greater number of offensive
behaviors during the fight, the winner of the refuge did not differ between
treatment groups. This was as expected because we altered only the resident’s
signal, not its fighting ability. However, recent research in N. bredini has
demonstrated that whichever stomatopod punches their opponent’s telson more
times (a behavior known as telson sparring) is the stomatopod more likely to win
the contest (Green & Patek, 2015). As we could not record resident behaviors inside
the burrow, we were unable to quantify this behavior. However, we did observe
punches onto the opponent’s telson, as described by Green and Patek (2015). It is
possible that residents also increased the frequency of offensive behaviors in the
UV reduction treatment group, in response to intruders performing more
aggressive behaviors. Thus, contest resolution in N. oerstedii may also involve
telson sparring, although further research is required to investigate the role of
meral spot UV reflectance on telson sparring behavior.

To investigate what components of the signal were altered, we conducted a
visual analysis. This analysis identified two distinct changes in our meral spot
manipulation that may be detectable by stomatopods: a reduction in UV
reflectance and increased luminance in the visible spectrum. Current evidence
suggests that stomatopods can perceive the change in UV reflectance (Bok et al.,
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2014; Marshall & Oberwinkler, 1999), but it is unclear whether they can also
perceive the increased luminance. Our manipulation resulted in an 85% reduction
in UV reflectance. This is highly likely to be detected by stomatopods because our
quantum catch analysis suggests three of the UV photoreceptor classes detected
very little light, and the fourth detected less than half compared to controls
(Figure 3.3B). However, the 30% increase in visible spectrum luminance could also
be perceived by stomatopods and may have contributed to the behavioral changes
observed. Whilst we know stomatopods can discriminate between wavelengths 12
– 25nm apart in the visible range (Thoen et al., 2014), we do not know how an
increase in quantum catch in this range will be perceived. It has been suggested
that luminance vision may be mediated by the photoreceptors in the dorsal and
ventral regions of the eye (Marshall et al., 2007). These photoreceptors have broad
sensitivity (350 – 600nm; Marshall et al., 2007) but it is unknown how light
information from these photoreceptors is processed or perceived. Without further
knowledge about stomatopod luminance vision, we cannot determine if our
attempt to standardize luminance was successful or if stomatopods could detect
the increase in total luminance from the manipulation.

There were no other effects of UV reflectance reduction on intruder
behavior. Our limited sample size may have limited our ability to detect some
effects. Nonetheless, behaviors recorded before the fight began, such as latency to
approach and speed of approach, remained unchanged, suggesting that UV
reflectance of the meral spot is not used to locate another stomatopod or detect
the presence of another stomatopod in a refuge. In general, stomatopods perform
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the meral spread (which displays the meral spot) only during fights; therefore, we
would not predict a difference in behaviors recorded before a fight began.

Our results are consistent with previous research on stomatopods
demonstrating that chemical cues are used during agonistic encounters (Caldwell,
1987; Caldwell, 1985; Caldwell, 1982). We found that intruders approached refuges
faster when their ability to detect chemical cues was removed, suggesting that
chemical cues are used to assess whether a potential refuge is currently occupied.
Furthermore, the absence of chemical cues resulted in a lower rate of aggressive
behaviors towards the resident. Stomatopods use chemical cues to assess
opponent size (Caldwell, 1987) and for opponent recognition (Caldwell, 1992;
Caldwell, 1985). Many crustaceans use chemical cues to recognize conspecifics in a
variety of contexts such as finding a mate (Gleeson, 1991; Ting & Snell, 2003),
detecting opponents they have previously fought (Caldwell, 1985; Johnsen &
Atema, 2005) or avoiding injured or diseased conspecifics (Behringer et al., 2006).
If stomatopods use chemical cues to assess various aspects of opponent identity,
they may be more hesitant to fight when these cues are absent. Similarly, using
chemical cues to assess size would be advantageous because larger stomatopods
have a stronger punch (Claverie et al., 2011) and are more likely to win contests
(Caldwell, 1987). Because resident stomatopods remain partially concealed in the
refuge, intruders may have difficulty assessing an opponent’s size without the body
size information encoded in chemical cues.
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In this study, other intruder behaviors were unaffected by whether or not
the intruder could detect chemical cues. Most surprising was the lack of difference
in antennal flicks between treatment groups. Cheroske and colleagues (2009)
demonstrated that dipping antennae in freshwater causes a reduction in the
number of antennal flicks in response to a stimulus (food or conspecific chemical
cues). They conclude that freshwater treatment is an effective method of
chemoreception ablation for up to five days (Cheroske et al., 2009). The lack of
difference in number of antennal flicks between treatment groups in our study
may be because many of the stomatopods entered the resident’s cavity during the
fight. During this time, we could not see the antennae or count any antennal flicks.
It is likely that this influenced our ability to detect a difference between treatment
groups. However, the other behavioral changes we observed between these
treatment groups provide evidence that our treatment was effective.

These results suggest that chemical cues and visual cues comprise a
multimodal signal in stomatopod agonistic encounters. We suggest that chemical
cues are assessed first and are used to determine the presence of an opponent in a
suitable refuge. During the fight, both chemical cues and meral spot reflectance
are used. Intruders flick their antennae throughout the fight suggesting that they
are continuously evaluating chemical cues, and both residents and intruders
perform the meral spread indicating that continuous visual assessment also occurs.
If chemical cues and meral spot reflectance were redundant, we would only expect
to see an effect on stomatopod behavior when both were absent. We did not
observe this for any behavioral variable measured, suggesting that chemical cues
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and meral spot reflectance are not redundant. Rather, these results are consistent
with the multiple messages hypothesis, in which each signal encodes a different
message (Hebets & Papaj, 2005). Our results indicate that in stomatopod agonistic
encounters, meral spot UV reflectance and/or luminance are used to amplify the
meral spread threat display, whereas chemical cues indicate size (Caldwell, 1987)
and opponent identity (Caldwell, 1992; Caldwell, 1985). Using different modalities
to send multiple messages can be beneficial to both signaler and receiver by
ensuring the receiver responds appropriately. In this case, the intruder (receiver)
can modulate its own aggressive response using both UV reflectance and chemical
cues; the UV reflectance enhances the meral spread display, allowing the
stomatopod to quickly assess the opponent’s aggressive state whilst chemical cues
allow the intruder to assess fighting ability and opponent identity.

3.6

Data Accessibility

Data can be accessed on Dryad doi:10.5061/dryad.53c84
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Chapter 4
Stomatopods detect and assess achromatic cues in contests

4.1

Abstract

Conspicuous, colorful displays are often used by animals to communicate
within and between species. Previously, researchers have manipulated specific
components of color signals (i.e., hue, total reflectance and/or chroma) using
paints, photographs, videos or filters. However, these manipulations may not
adequately mimic the spectrum of color signals outside the range of human
perception. Thus, these methods are inappropriate for organisms with
unconventional visual systems, such as stomatopods (mantis shrimp). Here, we
describe a novel application of a femtosecond laser to increase total reflectance of
the stomatopod meral spot, a distinct area on the raptorial appendage used in
territorial contests. Ultrafast lasers provide a programmable way to precisely
manipulate patch total reflectance of live stomatopods without causing collateral
damage. We tested how experimentally increasing meral spot reflectance impacted
receiver behavior during territorial contests. Contests in which receiver
stomatopods faced an opponent with a lightened meral spot were shorter and
receivers showed increased rates of agonistic behaviors. This result suggests that
lighter meral spots indicate lower fighting ability; thus, receivers are more willing
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to engage in a contest. This research provides the first demonstration that
stomatopods can detect and assess achromatic variation in contests. Furthermore,
we demonstrate that ultrafast lasers provide a powerful tool to investigate
achromatic signaling, particularly for organisms whose size, aquatic habitat or
visual system otherwise prevent realistic alterations to color signals (e.g.,
butterflies, jumping spiders or decapod crustaceans). This study advances our
knowledge about stomatopod visual communication and offers a valuable tool for
future research.

4.2

Introduction

Animals use color signals during mate choice (Baeta et al., 2008; Baldwin
and Johnsen, 2012), agonistic encounters (Pryke et al., 2001; Whiting et al., 2006)
and as warning signals (Aronsson and Gamberale-Stille, 2008; Prudic et al., 2007).
These signals convey information about the signaler to the receiver, such as
fighting ability (Olsson, 1994), aggression (Whiting et al., 2006), individual quality
(Baeta et al., 2008) or social status (Tibbetts, 2002). To investigate color signals,
typically researchers alter colors of live animals (Gerlach et al., 2014; Tibbetts,
2002) or create standard stimuli to vary the color signal (e.g. models, Yewers et al.,
2016; photographs, Baldwin and Johnsen, 2012; or videos, Künzler and Bakker,
2001). For such methods to be biologically relevant, the manipulation must be
understood within the context of the receiver’s visual system (Bennett et al., 1994).
For organisms with well understood or conventional visual systems, visual models
can provide insight into how organisms might perceive these manipulations
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(Endler, 1990; Vorobyev and Osorio, 1998). However, for many species we do not
know how they process visual information. Consequently, visual models may not
provide an accurate reflection of how a manipulation is perceived. Alternatively, if
we can precisely manipulate color so that the spectral shape remains within
natural variation, we would not need visual models to predict how a manipulation
is perceived.

Stomatopods (mantis shrimp) are organisms that likely use color signals to
communicate; however, due to a complex visual system, it is difficult to predict
how they may perceive color manipulations. Stomatopods have up to 20
photoreceptor classes (Marshall and Arikawa, 2014): twelve for color vision, six for
polarization vision and two for luminance vision. They also process visual
information in a unique way that is not fully understood (Thoen et al., 2014).
Studies investigating the role of chromatic and achromatic signals in stomatopod
intraspecific communication suggest that such signals play an important role in
mate choice (Chiou et al., 2011) and contests (Franklin et al., 2016). Notably,
however, these color manipulations did not mimic natural variation. Thus, the
altered behaviors observed may reflect either a response to the color signal or a
recognition error (Liebert and Starks, 2004).

Neogonodactylus oerstedii is a small stomatopod species (up to 65mm
length) found throughout the Caribbean. Located in shallow waters (<10 m depth),
they are illuminated by broad band sunlight (including 300 – 700 nm). They reside
in cavities in coral rubble or rock and these refuges are important for avoiding
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predators, processing food, mating and brooding eggs (Caldwell, 1987).
Stomatopods are well known for competing aggressively over ownership of these
refuges (Caldwell, 1979, 1987; Caldwell and Dingle, 1979; Dingle and Caldwell,
1969). During these contests, stomatopods can escalate to ‘strikes’ where they
strike one another at high speed with their second maxilliped (up to 23 m s-1; Patek
et al., 2004). In many cases, before escalating to strikes, they perform a threat
display known as the meral spread. In meral spread position, the second
maxillipeds are pulled laterally, displaying the meral spots (Figure 4.1). In N.
oerstedii, the meral spots are purple with a UV component, and the color is known
to play a role in contests over refuges (Franklin et al., 2016).

Achromatic variation in meral spot color may convey valuable information
to a receiver about opponent fighting ability, or Resource Holding Potential (RHP;
Parker, 1974). This is likely to be the case because the total reflectance (brightness)
of meral spots increases immediately after molting, while the exoskeleton of the
stomatopod is still soft (Reaka, 1975). Quantitative measurements of meral spot
color in N. oerstedii demonstrated that, after molting, the observed color change is
due largely to an increase in total reflectance (Figure S4.1; Table S4.1). Molted
individuals have soft exoskeletons and are thus unable to punch and defend their
refuge from challenger stomatopods. This is vital information for an opponent
attempting to win the refuge and gain safety from predators. If this is the case,
meral spot total reflectance may act as an unwanted cue indicating RHP rather
than a signal (i.e., it provides no benefit to the signaler; Searcy and Nowicki, 2005).
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Figure 4.1: A stomatopod performing a threat display, the meral spread. The
meral spots (purple) are located on the second maxillipeds.
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Despite the potential importance of achromatic cues in contests, whether total
reflectance is a cue indicating RHP remains unknown.

To investigate whether total reflectance may be assessed during
stomatopod agonistic encounters, we developed a technique using an ultrafast
laser to increase the reflectance of the meral spot. Ultrafast lasers have a range of
applications including micromachining transparent materials (Gattass and Mazur,
2008), transfection of DNA in cells (Tirlapur and Konig, 2002), control of chemical
reactions (Assion et al., 1998), and non-thermal ablation of cells (Mondia et al.,
2011). Here, we used an ultrafast laser to specifically target and break down
pigment molecules contained within the stomatopod exoskeleton. By decreasing
pigmentation, we were able to increase total reflectance to closely match the
increase in total reflectance of recently molted stomatopods. These stomatopods
were then used as subjects in behavioral experiments to investigate the role of
meral spot total reflectance in stomatopod contests. Specifically, we investigated
whether meral spot total reflectance could indicate RHP in stomatopods.

4.3

Methods

4.3.1 Husbandry

Neogonodactylus oerstedii were obtained commercially (KB MarineLife,
Florida, USA) in May and September, 2014, and housed at Tufts University.
Stomatopods were housed under full spectrum lighting (12:12 light:dark cycle) in 75
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L aquaria, divided into three compartments. Stomatopods could not see one
another, but water was cycled throughout the entire tank through a carbon filter.
At least one male and one female were in each aquarium. All stomatopods received
a 25 mL falcon tube with 7 mm of the tapered end sawn off and covered in duct
tape to act as a refuge. Seawater (Instant Ocean, Blacksburg, USA) was maintained
at 33 – 34 ppt salinity and 22 – 25 °C. One third water changes occurred twice per
week and stomatopods were fed frozen clams or squid three times per week.
Stomatopods were fed one day before being used in experiments trials.

4.3.2 Ultrafast laser manipulation of meral spot total reflectance

Precise patterning and corresponding modification of the optical
characteristics of the meral spots were obtained by using a previously described
micromachining setup associated with the laser source (Applegate et al., 2015;
Figure S4.2). Pilot studies were conducted first on preserved stomatopods and then
on anesthetized stomatopods to determine an appropriate protocol and the
flexibility of the technique. Stomatopods were anesthetized by placing them in a
container with 25 mL of seawater and cooling them in the freezer (-13 °C) for 20
minutes. They were then pinned in a small petri dish to expose the meral spot and
covered with iced seawater. The meral spot was exposed to ultrafast (~150 fs)
pulses of 810 nm light focused to a ~5 μm spot with a 0.2 NA 4x microscope
objective at a pulse repetition frequency of 80 MHz. We determined that a laser
power of 700 mW was appropriate; this increased meral spot total reflectance but
did not burn the cuticle. Speed of laser movement could be varied to alter the
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degree of lightening (Figure 4.2A). We opted to use a speed of 200 µm s-1 to create
a visible (to our eyes) increase in reflectance and ensure stomatopods were not
anesthetized for too long (at this speed the procedure was 10 min for one meral
spot). This resulted in a radiant exposure of 67 kJ cm-2 at each exposed location
and minimized risk of cuticle damage. The treatment was performed over two
consecutive days with one meral spot treated on each day. Control stomatopods
experienced the same treatment, except the laser was used on their carapace
(dorsal surface); a location unlikely to be visible during territorial contests. Due to
the relative weakness of the exoskeleton at this location, the laser power was
reduced to 525 mW to avoid causing injury. All stomatopods received one week
recovery before behavioral trials.

4.3.3 Spectral measurements

The spectrum of the central, colored part of the meral spot was recorded
using a JAZ spectrophotometer (Ocean Optics, Dunedin USA) with a PX-2 pulsed
xenon light source. The reflectance was recorded between 300 nm and 700 nm and
measured relative to a WS-1 white standard. To mimic natural conditions, the light
source was set at 45° to the meral spot surface and the collector was perpendicular.
Light source and collecting probes were 600 µm UV-VIS fiber optic cables (Ocean
Optics, Dunedin USA) with collimating lenses attached to the end. Both were fixed
in position to ensure a fixed distance between probes and sample. Live
stomatopods were immobilized by cooling them in a freezer (-13°C) for 30 min in
25 mL of water, and then pinning them out in a petri dish with the meral spot
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facing up. The petri dish was filled with just enough seawater to cover the meral
spot. All reflectance measurements were recorded in a dark box with only the light
source illuminating the sample. We recorded two measurements of both the left
and right meral spots from 11 control and 12 treated stomatopods.

The four spectra obtained from each stomatopod were averaged and a
lowess smoother applied using RCLR (Montgomerie, 2008). Variables obtained
from spectral data included total reflectance (area under the curve from 300 –
700nm), hue (wavelength values of the peaks in the UV) and spectral saturation
(maximum reflectance ÷ minimum reflectance; Andersson, 1999). These were
compared between treated (n = 12) and control (n = 11) stomatopods. We did not
compare these variables statistically because we do not know how stomatopods
perceive color. Similarly, we did not conduct visual modeling (sensu Franklin et al.,
2016) because it remains unknown how stomatopod process achromatic
information.

4.3.4 Contest trials

Before the meral spot manipulation was performed, all stomatopods were
allocated into groups of three or four, based on body length (measured from the
tip of the rostrum to the tip of the telson). The two stomatopods most similar in
body length (<4 % difference) were designated as “residents” and would experience
the experimental manipulation (described above) either on their meral spots
(treatment group) or on their carapace (control group). The remaining one or two
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stomatopods were designated at “intruders” and were the focal individuals of the
behavioral trials (below).

A repeated measures experimental design was used to account for within
individual variation in intruder behaviors. On consecutive days, intruders (focal
individuals, n = 16) would face a control resident, then a treatment resident (or
vice versa, order randomized). Any intruders that did not compete on both days
were removed from the analysis (n = 2). Meral spot spectral reflectance was
recorded after experiments (to minimize stomatopod handling) and we excluded
any stomatopod groupings where the treatment resident’s meral spots were not
lighter than the control resident’s meral spots (n = 4). This could occur if
treatment residents had much darker meral spots than control residents prior to
manipulation. This left 10 intruders in our analysis that competed in both
treatment groups (a final sample size similar to other stomatopod behavioral
experiments; Chiou et al., 2011; Franklin et al., 2016). Four intruders were larger
than their resident opponents and six were smaller than their resident opponents.
Each resident was used twice (five treatment residents; five control residents).
Trials were performed in the laboratory at Tufts University between 1000 and 1600
under full spectrum light. All trials were conducted in an opaque plastic tub (46 x
38 x 12 cm) with 8 cm of fresh Instant Ocean seawater heated to 23-24 °C and 3 cm
of coarse sand covering the bottom. We included plastic grids of 12.5 mm grid size
semi-buried in the sand in all trials. These grids were used to calibrate the video.
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At the beginning of the trial, the tub was divided in half with an opaque
plastic divider. The resident was placed in one compartment in the refuge from its
housing tank and the intruder placed in the other compartment with no refuge.
After 10 min acclimation time, the barrier was removed and recording of behaviors
commenced. All trials were recorded from above with a GoPro (Hero 3+ Black
edition, USA) video camera (60 f.p.s., 1080p, medium f.o.v.) and scored blind.
Behaviors recorded from the video footage included: latency until approached
refuge, speed of approach, duration of fight, proportion of time intruder is out of
resident refuge, number offensive behaviors (intruder and resident), number of
‘coils’ (intruder) and the winner of the fight (see descriptions below). We recorded
behaviors until the trial concluded or for the first five minutes of the interaction
(whichever came first). If there was no interaction or no clear winner, the trial was
ended after 30 minutes. At this time, stomatopods were returned to their housing
tanks.

In general, we classified behaviors following Dingle and Caldwell (1969).
Approach began when the intruder moved directly towards the resident’s refuge
(Dingle & Caldwell, 1969). We determined distance from the refuge at the start
and end of the approach to calculate speed of approach (mm s-1). There were
minimal vertical movements by intruders during approach. The contest started at
the end of the intruder’s approach. Fight duration was timed from the end of the
approach until one stomatopod fled the contest. The stomatopod that remained in
the refuge was classified as the winner. Offensive behaviors included ‘strike’, a
blow delivered by one or both of the enlarged second maxillipeds; ‘lunge’, a short,
88 | Stomatopod achromatic cues in contests

rapid forward movement toward opponent; and, ‘meral spread’, an outward
spreading of raptorial second maxillipeds (Dingle and Caldwell, 1969). The meral
spread displays the meral spots located on the inside of the second maxillipeds. A
coil is where the stomatopod curls up so that its head is above the telson (Dingle
and Caldwell, 1969). Meral spreads tend to occur near the beginning of the contest,
after intruder approach. The meral spread may be followed by a lunge, or, in many
size-matched contests, stomatopods escalate to strikes. Coils occur throughout the
contest, either immediately after an offensive behavior, in response to an opponent
offensive behavior or sometimes independently.

4.3.5 Statistical Analysis

All analyses were conducted using R v. 3.1.1 (R Core Team, 2014). The effect
of treatment on intruder behaviors was assessed using generalized linear models
(GLMs; R: glm) or generalized linear mixed models (GLMMs; R: glmer; Bates et al.,
2015). All models included treatment (control or lightened) as a fixed factor. Trial
order (first or second) and stomatopod ID (intruder ID for intruder behaviors or
resident ID for resident behaviors) were initially included as a random effects to
account for repeated measures (except where indicated below). In almost all cases,
the random effects explained very little variation in the data (variation of random
effects terms were less than one) and did not improve the fit of the model
according to Akaike Information Criterion (AIC; comparison of full vs reduced
models). Thus, order was removed from all models and stomatopod ID was
removed from all except for latency to approach. Continuous variables (latency
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until approach, speed of approach, duration of fight and time outside refuge) were
analyzed using log-normal GLMs. Some fights did not conclude; thus, we only
assessed differences in fight duration of the fights that concluded (control: n = 5;
treatment: n = 5). Due to the lower sample size, we did not include any random
effects for fight duration. For the variable time outside refuge, duration recording
behaviors was included as a covariate to account for variation in trial duration. All
count variables were analyzed with a Poisson error distribution and assessed for
over-dispersion. We included a trial level error term in models exhibiting overdispersion (total intruder offensive behaviors, intruder coil rate, total intruder coils,
resident offensive behavior rate and total resident offensive behaviors). There was a
clear pattern in the residuals for total intruder coils, so we instead accounted for
over-dispersion with a negative binomial error distribution for this variable. This
fit the data better according to diagnostic plots. Models for intruder offensive
behavior rate, resident offensive behavior rate and intruder coil rate included an
offset of time intruder outside refuge, to account for different durations of
recording these behaviors (these behaviors could only be recorded when an
intruder was outside the refuge). An outlier was observed for offensive behavior
rate, so we ran the analysis with and without the outlier. To analyze total number
of intruder offensive behaviors, total number of resident offensive behaviors and
total number of intruder coils, we did not include an offset. For fights that
concluded, we investigated whether treatment influenced the intruder winning
with a GLM with a binomial error distribution (no random effects were included).
For all models, significance of the treatment term was assessed using marginal
hypothesis tests (R: Anova; Fox and Weisberg, 2011; Table 4.1).
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4.4

Results

4.4.1 Ultrafast laser manipulation of meral spot total reflectance

We used a femtosecond laser to increase reflectance of the meral spots of
live N. oerstedii by exposing the meral spots to irradiation with focused ultrashort
pulses of light (Figure S4.2). We were able to precisely control the area that was
treated by moving the stomatopod relative to the focal point via a computer
controlled 3-axis translation stage (Figure 4.2B; Figure S4.2). We could also control
the degree of lightening by modifying the speed of the translation stage (Figure
4.2B). It is important to note that slow movement resulted in a larger number of
laser pulses which could result in thermal accumulation and associated burning of
the cuticle. These complications were avoided by selecting translation speeds and
laser powers that would not damage the tissue. Scanning electron micrographs
taken subsequent to laser treatment show that the cuticle remained intact (i.e.,
there was no apparent surface damage from the laser; Figure 4.3B).

The largest difference between control and treated meral spots was a 25 %
increase in meral spot total reflectance between 300 nm to 700 nm (mean ± se:
control = 1327 ± 158 (AUC); treatment = 1657 ± 139 (AUC); Figure 4.3A). The
spectral response of the treated spot was comparable to the control with both UV
peaks at similar wavelengths (control: 350 ± 0.8 nm & 402 ± 1.1 nm; treatment:
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Figure 4.2: Ultrafast laser permits precise control over patterning and
degree of lightening. (A) A meral spot with the laser pass speed varied
demonstrates control over the degree of lightening (B). A meral spot after
treatment with the laser programmed to produce checkerboard pattern. Scale bars:
100 µm.

Figure 4.3: The effect of the ultrafast laser on Neogonodactylus oerstedii
meral spot lightening. (A) Reflectance spectra of control (dark purple) and
treated (light purple) meral spots (mean ± SE). (B) Left: images depicting the
visual change in color between control (bottom) and treated (top) meral spots.
Right: SEMs of control (bottom) and treated (top) meral spots demonstrate no
surface damage to the cuticle. Scale bar: 500 µm.
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351 ± 1.7 nm & 398 ± 1.6 nm) indicating little change in hue. There was only a 5 %
decrease in spectral saturation of the treated meral spots (control = 3.8 ± 0.3;
treatment = 3.6 ± 0.3).

4.4.2 Contest trials

During contests, behaviors of intruders and residents differed between the
treatment groups. When facing a resident with lighter meral spots, intruders
showed significantly increased frequency of coils (χ2 = 8.66, df = 1, p = 0.003; Figure
4.3B) but no increase in the total number of coils (χ2 = 0.03, df = 1, p = 0.87). The
frequency of offensive behaviors (strikes, lunges and meral spreads) was greater
when facing a resident with lightened meral spots (χ2 = 4.02, df = 1, p = 0.045;
Figure 4.3B); however, when one outlier was removed, this effect was no longer
significant (χ2 = 0.34, df = 1, p = 0.56; Table 4.1). The total number of offensive
behaviors did not differ between treatment groups (χ2 = 1.92, df = 1, p = 0.17; Table
4.1). There may be a difference between the sexes in response to the meral spot
treatment; five out of six females increased their offensive behavior rate, whereas
three out of four males decreased their offensive behavior rate (Figure 4.3B).
However, due to our low sample size, we did not run statistical tests on this
observation.

Residents in the lightened treatment group increased their rate of offensive
behaviors (χ2 = 11.06, df = 1, p < 0.001); however, there was no increase in total
offensive behaviors (χ2 = 1.60, df = 1, p = 0.21). We also detected a difference in
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Figure 4.4: Intruder behaviors in response to increased total reflectance of
the resident’s meral spot. (A) A schematic of the experimental design. Intruder
stomatopods would face both a control and a treated resident on consecutive days
(order randomized). (B) Intruder responses to control and treated residents. Each
line indicates an individual intruder stomatopod. Dashed lines are males (n = 4)
and solid lines are females (n = 6). Graph on left shows rate of intruder coils
(depicted in A above) and graph on right shows rate of intruder offensive
behaviors, which include punches (depicted in A above), lunges and meral spreads
(see Figure 4.1).
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Table 4.1: The effects of increasing meral spot total reflectance on stomatopod behavior.
Response Variable
Proportion of contests won
by intruder

MLE (95% CI)
Control
Treatment

Probability
Distribution

Χ2 or F

df

P-value

0.60
(0.20-0.92)
n=5

0.40
(0.08-0.80)
n=5

Binomial

0.40

1

0.53

6 m 59 s
(1m23s-35m33s)
n=5

0 m 23s
(4s-2m55s)
n=5

Log-normal

6.18

1

0.013

Time intruder out of refuge
(s)

46
(20-102)
n = 10

30
(14-67)
n = 10

Log-normal

0.54

1

0.46

Latency until approach* (s)

136
(51-367)
n = 10

129
(48-347)
n = 10

Log-normal

0.01

1

0.92

Speed of Approach (mm s-1)

44
(27-72)
n = 10

50
(31-83)
n = 10

Log-normal

0.15

1

0.69

Intruder coils (# min-1)**

2.0
(1.2-3.1)
n = 10

5.2
(3.3-8.6)
n = 10

Poisson

8.66

1

0.003

Total intruder coils (#)

4.1
(2.2-8.0)
n = 10

3.8
(2.1-7.5)
n = 10

Negative binomial

0.03

1

0.87

Duration of fight (s)
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Response Variable

MLE (95% CI)
Control
Treatment

Probability
Distribution

Intruder offensive behaviors
(# min-1)

2.2
(1.6-3.0)
n = 10

3.6
(2.5-5.0)
n = 10

Poisson

Intruder offensive behaviors
outlier removed (# min-1)

2.5
(1.8-3.4)
n=9

2.9
(1.9-4.2)
n=9

Total offensive behaviors
(#)**

2.4
(0.8-5.7)
n = 10

Resident offensive behaviors
(# min-1) **

0.7
(0.2-1.6)
n = 10

Χ2 or F
4.02

df
1

P-value
0.045

Poisson

0.34

1

0.56

1.7
(0.5-4.1)
n = 10

Poisson

1.92

1

0.17

4.8
(2.2-10.6)
n = 10

Poisson

11.06

1

<0.001

1.3
2.3
(0.5-2.4)
(1.2-3.9)
n = 10
n = 10
* indicates that stomatopod ID was included as a random effect.

Poisson

1.60

1

0.21

Total resident offensive
behaviors (#) **

** indicates a unique identifier for each trial was included as a random effect.
Generalized linear models (GLMs) were run and significance of Treatment was assessed using marginal hypothesis tests. Recording
duration was included as a covariate for duration outside burrow to standardize for different trial durations. Bold indicates p < 0.05.
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contest duration, with contests against residents with lightened meral spots lasting
only 5 % as long as contests against control residents (χ2 = 6.18, df = 1, p = 0.013;
Table 4.1). There were no differences in any other recorded behaviors, including
proportion of contests that the intruder won, latency until approach, speed of
approach or time that intruder was outside the refuge (Table 4.1).

4.5

Discussion

Here we have shown for the first time that stomatopods not only can
detect small changes in total reflectance, but also that they respond to differences
in meral spot total reflectance during contests. We achieved this by developing a
new technique using an ultrafast laser to precisely increase total reflectance of the
meral spot.

This study demonstrated that ultrafast lasers are an effective technique to
precisely modify organismal reflectance across the spectrum. Because these lasers
can be tuned to match absorption peaks of the tissues of interest, they could be
used to modify a wide variety of pigmented colors. This technique could also
effectively dim or remove structural colors by disrupting the photonic crystals that
generate these colors (Vukusic and Sambles, 2003). Many animals, including
lizards, fish, birds, insects and crustaceans, use pigments and/or structural color to
create colored patches that are used as courtship signals, aggressive signals or
antipredator signals (Baldwin and Johnsen, 2012; Keyser and Hill, 2000; KodricBrown, 1993; Siefferman and Hill, 2005; Svádová et al., 2009; Whiting et al., 2006).
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Both colorblind animals and animals with color vision use achromatic signals to
assess opponents or potential mates (e.g., giant cuttlefish, Adamo and Hanlon,
1996; blue crabs, Baldwin and Johnsen, 2012; preying mantids, Barry et al., 2014;
poison frogs, Crothers and Cummings, 2015; eagle owls, Penteriani et al., 2007).
This novel technique provides a tool for investigating luminance vision and
achromatic signaling in many organisms, especially when the organism’s size (e.g.,
jumping spiders), native environment (e.g., aquatic animals such as crustaceans),
or visual system (e.g., butterflies) make alterations of color signals challenging.

In this experiment, the laser likely acts by disrupting pigmented molecules
in the exoskeleton via multiphoton absorption (Liu et al 1997). It appears to be a
nonlinear process because we did not observe any changes to the meral spot when
the laser was operated in continuous-wave mode at the same average power as the
pulsed mode. The treatment caused no visible damage to the cuticle, even when
examined at high magnification, indicating that only pigment molecules deposited
within the exoskeleton were disrupted. The increase in total reflectance produced
by this procedure closely mimics natural variation in N. oerstedii meral spot color
(Figure S4.3) and is a similar increase in total reflectance as that observed day 3
after a molt (compared to an intermolt stomatopod; Figure S4.1; Table S4.1).
Consequently, we believe these stomatopods perceived the manipulation as a
natural meral spot color.

To investigate the role of meral spot total reflectance in stomatopod
contests, we staged contests between an intruder and a resident stomatopod.
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Several behavioral changes were observed when the intruder encountered a
resident with an experimentally lightened meral spot. The first behavioral change
was an increase in the rate that the intruder stomatopod assumed a coil position.
In this behavior, the intruder exposes its hardened telson (tail) to its opponent. In
a contest, both stomatopods can alternate between coiling and punching, a
behavior known as telson sparring (Green and Patek, 2015). Historically, the coil
position was considered a defensive posture that protects the abdomen from an
opponent’s punch (Caldwell, 1979; Dingle and Caldwell, 1969). More recent
evidence, however, suggests that telson sparring could also be a ritualized behavior
to assess an opponent with low risk of personal injury (Green and Patek, 2015;
Immelmann and Beer, 1989; Smith and Price, 1973). The stomatopod that delivers
more strikes during telson sparring is more likely to win (Green and Patek, 2015).
This suggests that telson sparring might convey information about an opponent’s
resource holding potential (RHP), such as stamina or motivation.

We propose that the increase in intruders’ coil rate observed in our
experiment, functions in assessing the resident’s RHP, rather than as a defensive
behavior. We observed that most often, stomatopods coiled immediately after
punching or lunging (48 out of 79 coils; per trial range (ntrials = 20): coils after
punch/lunge = 0 – 13, total coils = 0 – 13). Additionally, there were nine coils
performed without a prior punch or lunge, that positioned the telson over the
refuge entrance. In both of these scenarios, the coil may be an attempt to elicit a
response from the resident to determine resident’s RHP. Indeed, intruder coils
frequently (25% of coils) elicited an aggressive response from the resident. We also
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detected an increase in resident stomatopods’ offensive behavior rate in the
lightened treatment group, which could be in response to the intruder’s increased
coil rate. This behavioral difference is unlikely due to the laser treatment, because
all the control residents also experienced the same procedure (albeit on the
carapace). The alternate hypothesis is that coils are solely a defensive strategy. An
increase in defensive behaviors might be expected if increased reflectance is
perceived as a signal of increased RHP. However, current evidence suggests
smaller stomatopods have lighter meral spots (Franklin et al., 2016) and weaker
strike force than larger stomatopods (Claverie et al., 2011). Meral spot reflectance
also increases after the molt, when stomatopods are unable to fight (Figure S4.1;
Reaka, 1975). Therefore, increased total reflectance is more likely to indicate lower
RHP. Based on this evidence, intruder coil rate would be expected to increase
when facing a resident with lighter meral spots to determine if they have recently
molted and/or are prepared to fight.

Territorial contests involving residents with lightened meral spots were
much shorter and more active than those with un-manipulated residents. There
was no difference in total number of intruder defensive behaviors or resident
offensive behaviors, despite the increase in rate of both behaviors. This suggests
that a threshold number of behaviors may be required for an intruder to
adequately assess the RHP of its opponent. The increase in rate may be a tactic to
signal increased motivation when an intruder perceives it has a greater chance of
winning. Contests can then end more quickly because sufficient information about
an opponent has been received.
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An increase in offensive behaviors by an intruder may be expected if
increased meral spot total reflectance indicates lower RHP; a stomatopod will
perceive it has a greater chance of winning and increase investment into the
contest. While we did find a statistically significant increase in the rate of intruder
offensive behaviors, this was driven by a single individual and may not accurately
reflect a response to increased meral spot reflectance. We also noticed that males
and females may respond differently to an opponent’s increased meral spot total
reflectance. Five out of six females increased rate of offensive behaviors while three
out of four males decreased offensive behavior rate. Female N. oerstedii tend to
have meral spots with greater total reflectance than male N. oerstedii (Franklin et
al., 2016). It is possible that our treatment caused males to incorrectly classify their
sex-matched opponents as female. In this case, they may have decreased their
offensive behaviors as an attempt to court the ‘female’ (Dingle and Caldwell, 1972).
This potential sex difference in behavior indicates that more research is needed
into the role of the meral spot in mate recognition.

There were no other behavioral changes in response to increased
reflectance of the resident’s meral spot. We did not expect increased reflectance to
alter latency to approach or speed of approach. In N. oerstedii, individuals tend to
perform the meral spread after an opponent has approached the refuge, not
beforehand (Franklin et al., 2016). Thus, the meral spot is likely to be assessed
during contests and is not expected to influence approach behavior. A previous
study in N. oerstedii that manipulated meral spot color also found no effect on
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approach behavior (Franklin et al., 2016). We also did not expect the winner of the
contest to vary between treatment groups because we modified meral spot
reflectance, not resident’s fighting ability. Consequently, resident fighting behavior
is unlikely to change. Intruders would likely use other resident behaviors (e.g.,
strikes and lunges) to further assess resident RHP, after initial assessment of the
meral spot. Instead, the winner of the fight is more likely to be related to other
factors such as size difference (Caldwell and Dingle, 1979) and role in the fight
(residents have an advantage; Dingle and Caldwell, 1975; Steger and Caldwell,
1983).

Beyond N. oerstedii, it is likely that other stomatopods can also detect
small changes in achromatic cues and may also use meral spot total reflectance as
a signal or a cue. Stomatopods in the two superfamilies Gonodactyloidea and
Lysiosquilloidea, have a similar eye structure to N. oerstedii and achromatic visual
information is likely processed in a similar manner (Marshall et al., 2007; Marshall,
1988). Furthermore, many stomatopod species possess colored meral spots that
they display in contests. It is common for these spots to lose color and have greater
reflectance immediately after molting (Figure S4.1; Reaka, 1975). Thus, these
species may not be able to bluff RHP after molting, as has previously been
documented in a stomatopod with a white meral spot (Steger and Caldwell, 1983).
Instead, a temporarily lightened meral spot may act as an unwanted cue of low
RHP. Further research investigating contests with molted individuals are necessary
to determine if stomatopods with colored meral spots can bluff RHP or if the
meral spots indicate a recent molt.
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4.6

Supplemental Information

Figure S4.1: Spectra from stomatopods on day 1 (green), day 3 (blue) and day
8 (purple) after molting. Solid lines are mean spectra (n = 3). Type of dotted line
corresponds to repeated measurements on an individual stomatopod.

Table S4.1: Color variables for stomatopods on day 1, 3 and 8 after molting.
Values are means ± SE from three stomatopods.

Color Variables
Day 1
(newly molted)

Day 3

Day 8
(intermolt)

Total reflectance (AUC)

3481 ± 826

3048 ± 623

2380 ± 479

Hue (nm)

362 ± 1.7
NA

363 ± 1.7
393 ± 6.7

352 ± 4.4
403 ± 1.7

Spectral saturation

5.9 ± 0.8

5.0 ± 0.5

5.5 ± 0.4
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Figure S4.2: Schematic of the ultrafast laser micromachining set up. Live,
anesthetized stomatopods were pinned out in a petri dish lined with
polydimethylsiloxane (PDMS). The meral spot (purple) was pinned, facing
downwards, over a hole in the PDMS.

Figure S4.3: Reflectance spectra of control (dark grey = individual
stomatopods, dark purple = mean) and treated (light grey = individuals,
light purple = mean) meral spots.
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Chapter 5
Meral spot brightness signals fighting ability in the mantis
shrimp Neogonodactylus oerstedii (Stomatopoda)

5.1

Abstract

During animal contests over resources, opponents often signal their
fighting ability before escalating to physical attack. Reliable signals are beneficial
to a receiver, because it allows them to avoid injuries from engaging in contests
they are unlikely to win. However, a signaler could benefit from deceiving an
opponent by signaling greater fighting ability than it possesses. Therefore, the
reliability of agonistic signals has long intrigued researchers. Here, we investigate
whether a colored patch, the meral spot, signals fighting ability in the stomatopod
Neogonodactylus oerstedii. During fights over ownership of refuges, stomatopods
can injure, or even kill opponents with their ultrafast strike. We found that darker
meral spots correlate with higher peak strike force and impulse. Furthermore, we
demonstrate that stomatopods that punch more often with two arms have darker
meral spots, and that the first arm in a two-armed punch has greater mean strike
impulse than that of a single-armed punch. This indicates that stomatopods with
darker meral spots not only have greater strike force, but also tend to invest more
energy in each strike. Our results provide the first evidence of an honest signal of
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fighting ability in stomatopods, and improve our understanding of the evolution of
agonistic signals.

5.2

Introduction

Animals commonly compete over resources such as food, territories or
mates. In these situations, the interests of the signaler and receiver oppose each
other; one individual will receive a benefit from winning and one will experience a
cost from losing (Maynard Smith, 1979; Searcy & Nowicki, 2005). However, both
individuals may benefit from resolving a contest without physical combat. This
could be achieved by first signaling their fighting ability or aggressive intent,
commonly termed their ‘resource holding potential’ (Parker, 1974). For example,
stomatopods (mantis shrimp) compete for ownership of refuges. During fights,
stomatopods may injure, or even kill, their opponent with ultrafast strikes (Berzins
& Caldwell, 1983; Caldwell & Dingle, 1975). Before physical blows, they perform a
threat display called a “meral spread” (Figure 5.1A). This posture shows the color of
a patch, called the meral spot, that seems to indicate fighting ability or aggressive
intent (Chapter 4; Franklin et al., in press; Franklin et al., 2016).

It might seem that the signaler would benefit from deceiving an opponent
by signaling greater fighting ability or aggressive intent than it possesses.
Conversely, a receiver will only benefit from responding to the signal if that signal
is honest. If cheating became sufficiently common, receivers would no longer
respond to the signal, and the signaling system would no longer function
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Figure 5.1: Schematic images of a mantis shrimp performing the meral
spread and the experimental set up. A) During the meral spread threat display,
the raptorial appendages are pulled laterally and the meral spots are displayed
(purple). B) The spectrophotometer was set up with the light source at 45° and the
collector probe perpendicular. Light path is indicated by arrows, stomatopod is
tan. C) Strike force from a stomatopod (tan) was recorded with a one axis force
sensor (grey) and filmed at 16 000 f.p.s. The signal was processed through a signal
conditioning box (signal cond.) and a data acquisition device (DAQ). D) Typical
force reading. The red asterisk indicates the peak force from a strike and the grey
arrow indicates force from the cavitation bubble collapsing. Oscillations are due to
the resonant frequency of the sensor. Inset is the first peak recorded and shows the
calculation of impulse (red shading).

107 | Honest signaling in stomatopods

(Maynard Smith, 1979; Searcy & Nowicki, 2005). Thus, signaling theory predicts
that these signals must be “honest on average” to persist in the population
(Johnstone & Grafen, 1993; Maynard Smith & Parker, 1976; Searcy & Nowicki,
2005). Here, we investigate whether the color of the meral spot in stomatopods is
an honest signal of fighting ability.

Despite such a high cost of escalation, we do not know whether
stomatopods first signal fighting ability to opponents. Indeed, Green and Patek
(2015) found that the meral spread was not used to avoid escalation in sizematched pairs of the stomatopod Neogonodactylus bredini. They found that nearly
all conflicts among individuals of similar size and fighting ability escalated to
strikes, even after a meral spread. Moreover, the winners of a contest did not have
the strongest strike; instead, they struck the loser more times (Green and Patek,
2015). However, N. bredini has a white meral spot, not a colored patch. Other
stomatopod species, such as Neogonodactylus oerstedii, studied here, have a
colored meral spot that may signal resource holding potential (Franklin et al., in
press; Franklin et al., 2016).

Color is commonly used as a signal of resource holding potential in
agonistic encounters throughout the animal kingdom (e.g., birds (Pryke et al.,
2001; Siefferman & Hill, 2005), reptiles (Ligon & McGraw, 2016; Whiting et al.,
2006), fish (Gerlach et al., 2014; Kelley et al., 2016), cephalopods (Adamo & Hanlon,
1996; Scheel et al, 2016)). Honesty of color signals is maintained by costs, including
physiological constraints (Lozano, 2001), social costs (Ligon & McGraw, 2016),
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increased predation risk (Moodie, 1972), or nutritional or energetic limitations
(Frischknecht, 1993). For example, some pigments can be used for coloration, but
are also required for other physiological functions. Specifically, many red or orange
patches are produced from carotenoid pigments. These carotenoids must be
ingested and, in addition to creating colored patches, may also be required for
immune function or other physiological functions (Svensson & Wong, 2011;
Britton, 2008). Thus, carotenoids are limited and animals must trade-off between
creating a brightly colored patch and maintaining adequate immunity. Whilst
there are many studies investigating color signal honesty in fish (Balzarini et al.,
2016; Candolin, 2000) and terrestrial animals (e.g., birds (McGraw, 2007; Pryke et
al., 2001), reptiles (Ligon & McGraw, 2016; Whiting et al., 2006), and insects
(Blount et al., 2012; Lindstedt et al., 2010)), there are few examples in aquatic
invertebrates (Adamo & Hanlon, 1996). Such information about agonistic signals is
essential to understand the evolution of animal signaling systems.

Stomatopod species with colored patches are known to use color signals
during contests over refuges (Chapter 4; Franklin et al., in press; Franklin et al.,
2016), but the information content of these signals remains a mystery. Refuges,
such as holes in coral rubble or rock, are required to process food, escape
predators, mate and brood eggs (Caldwell, 1987). During these contests,
stomatopods often strike their opponent with their raptorial appendages (Figure
5.1A). Stomatopod strikes are extremely hard and fast, generating forces thousands
of times their body weight (Patek & Caldwell, 2005; Patek et al., 2004). Therefore,
stomatopods may attempt to avoid engaging in contests they are unlikely to win
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by first signaling resource holding potential. Recent research that manipulated
signal color in N. oerstedii demonstrated that receivers increase agonistic
behaviors in response to decreased UV reflectance or increased total reflectance
(brightness) of the meral spot (Chapter 4; Franklin et al., in press; Franklin et al.,
2016). Thus, behaviorally, it appears that the meral spot color signals fighting
ability or aggressive intent, but does it represent an honest signal?

Here, we investigate whether the color of the meral spots signal fighting
ability in N. oerstedii. As a measure of fighting ability we recorded strike force. We
then determined if there was a correlation between meral spot color or total
reflectance and peak force (N) or peak impulse (N·s). Meral spot color in N.
oerstedii is likely based on carotenoid pigments (Bandaranayake, 2006; Newbigin,
1897), which may be obtained from crustacean prey items (deVries et al., 2016).
Because carotenoids must be ingested, a darker meral spot that would require
more pigment may indicate a stomatopod that has had more success foraging and
that is in better condition. Therefore, we predicted that strike force will increase as
the darkness of the meral spot increases.

5.3

Methods

5.3.1 Stomatopod husbandry

Stomatopods (Neogonodactylus oerstedii) were ordered commercially (KB
Marine Life, FL, USA) and shipped overnight to Tufts University, MA, USA. They
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were housed under a 12:12hr light:dark cycle in artificial seawater maintained at 3335 ppt salinity and 22-25 °C. Aquaria (75 L) were divided into three compartments,
with one stomatopod housed per compartment. Stomatopods could not see other
individuals. Water was circulated through a carbon filter and flowed through all
three compartments. Each stomatopod was provided with a 3-inch section of 0.5inch PVC tube as a refuge. Twice per week stomatopods were fed pollock and one
third of the water was changed. When stomatopods were to be tested, they were
transferred in their refuge to a 1 L bucket three days before force measurements
were to be recorded. This let us move buckets to the testing area with minimal
disturbance to stomatopods. To avoid any physiological deterioration due to time
in captivity, we only analyzed data from stomatopods that were housed in the lab
for less than 100 days.

5.3.2 Force Measurements

To measure strike force, we used a one-axis force sensor (Model 200B02,
PCB Piezotronics, NY, USA) which was placed near the entrance to the refuge
(Figure 5.1C). To elicit a strike, we put shrimp paste on the sensor and, if the
shrimp paste did not work, we also waved a thin strip of yellow plastic in between
the sensor and the refuge. This plastic decoy was removed before the strike, so the
stomatopod did not strike through the decoy. The sensor had one layer of yellow
laminating film (Octavia, 10 µm thick) stuck to it to match the yellow decoy. Data
were recorded at 500kHz using LabView (v15.0.1, Austin, TX, USA) with a USB6343 data acquisition system (National Instruments, Austin, TX, USA). From these
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force recordings, we first subtracted a baseline reading averaged in the window
from 500μs to 10μs before the strike. Then we calculated strike force (amplitude of
first peak relative to the baseline) and impulse (integral of force over time from
50μs before the first peak up to the time of the first peak) using custom MATLAB
code (vR2014a, Mathworks, Natick, MA, USA; Figure 5.1D). Each recording has
oscillations due to the resonant frequency of the sensor (Figure 5.1D), but it is not
possible to get sensors with higher resonant frequencies. All trials were conducted
under bright lights and filmed at 16 000 frames per second, 60 µs exposure time,
and 320 x 240 resolution using a Phantom Miro M120 camera (Vision Research Inc,
NJ, USA). From the video footage, we recorded whether the stomatopod struck
with one or two arms, if the strike was near the edge of the sensor (< ~1 mm from
the edge), and if the strike was perpendicular to the sensor (i.e., did not glance
across the sensor). Strikes were only used in subsequent analysis if they were
perpendicular, not near the edge of the sensor and if we could calculate the force
from one arm only for two armed strikes (i.e., two separate force peaks matching
the video footage were discernible in the output). When stomatopods struck with
two arms, only data from the first arm that contacted the sensor were used. Three
stomatopods were excluded from analysis because we did not obtain five useable
strikes. We obtained 5 – 11 suitable strikes from six males and fifteen females.

5.3.3 Meral Spot Color and Size

After strike measurements were recorded, we recorded spectral reflectance
and size of each stomatopod’s meral spots. Crustacean colors can change
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dramatically after a molt (Wade et al., 2005) and meral spot total reflectance is
greater immediately after a molt (Franklin et al., in press; Reaka, 1975). Thus, to
ensure we were recording intermolt meral spot color similar to wild populations,
any stomatopods that molted before testing were excluded from analysis. No
stomatopods molted within the week after testing procedures concluded. To
record meral spot measurements, live stomatopods were anesthetized in the
freezer (-13°C) for 20 mins in 25 mL of seawater. Spectral measurements were
recorded using a JAZ spectrophotometer (Ocean Optics, Dunedin USA) with a
pulsed xenon light source. The light source and collecting probes were 600 µm
UV-VIS fiber optic cables (Ocean Optics, Dunedin USA) with collimating lenses
attached to the end. Both were fixed in a position that mimicked natural lighting
conditions (Endler, 1990): the light source at 45° to the meral spot surface and the
collector perpendicular to it (Figure 5.1B). Stomatopods were pinned in a petri dish
with the meral spot facing up, and two measurements each were taken of both the
left and right meral spot. These four spectra were averaged to obtain one spectral
measurement for each stomatopod. Whilst stomatopods were in this position, we
used a Dino-Lite 5.0 MP USB microscope (New Taipei City, Taiwan) to take two
photos of each meral spot. Meral spots in N. oerstedii consist of a purple patch
surrounded by a white ring (Fig. 1A). From these photos, we measured the area of
the entire meral spot and just the purple patch using Image J. We then calculated
the proportion of the meral spot that was pigmented, and averaged to obtain one
measurement for each stomatopod.
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5.3.4 Statistical Analysis

To analyze the force data, we first investigated variation in strike force and
strike impulse. We determined whether these parameters were correlated using
Pearson’s moment correlation coefficient. Then, for both strike force and strike
impulse, we investigated whether there was a difference among experimental days,
among strikes within days, or between one-armed and two-armed strikes. Linear
mixed models were used with day number, punch number (within day), and arm
number as predictor variables, and stomatopod ID as a random effect. The
response variable was either strike force (N) or impulse (N·s) and both were log
transformed to meet the homoscedasticity assumption of a linear model. Marginal
hypothesis tests using the chi-square statistic were conducted to assess the
significance of each term.

We then used a Weibull distribution to estimate peak force and peak
impulse from all strikes recorded from an individual stomatopod (Hagey et al.,
2016). Because we did not obtain the same number of strikes for every stomatopod,
using the maximum force or the maximum impulse recorded for each stomatopod
is a biased estimate (Head et al., 2012). The Weibull method allows us to account
for unequal sample sizes and downweights any extreme values which might
influence estimates (Hagey et al., 2016). For each individual, we fit a Weibull
distribution to their strike force recordings and used the scale parameter of this
distribution as an estimate of peak force (Hagey et al., 2016). We followed the same
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procedure to estimate peak impulse for each stomatopod. From here on, we will
refer to these Weibull estimates as peak force or peak impulse.

From the raw spectral reflectance data (Figure 5.2), we obtained traditional
measures of total reflectance and chroma. Total reflectance was calculated as the
mean reflectance for the interval 300 – 800 nm (Ravg; Delhey et al., 2003) and
chroma was calculated as (Rmax – Rmin)/Ravg, where Rmax is the maximum reflectance
and Rmin is the minimum reflectance between 300 – 800 nm (Andersson et al.,
2002). There was no correlation between time in captivity and meral spot total
reflectance or chroma (total reflectance: F1, 16 = 4.3, p = 0.054; chroma: F1, 16 =
0.002, p = 0.96). Total reflectance and chroma also did not vary significantly
between the sexes (total reflectance: F1, 16 = 0.33, p = 0.57; chroma: F1, 16 =1.62, p =
0.22). Therefore, we did not include sex in any subsequent analyses due to the
small number of males in the sample (four out of 18).

Linear models were used to investigate the relationship between
performance estimates (peak force and peak impulse), meral spot color (total
reflectance and chroma), body length and duration of captivity. The proportion of
the meral spot that was pigmented was also initially included as a predictor;
however, this parameter correlated with total reflectance (F1, 16 = 4.6, p = 0.048, r2 =
0.22) and was not correlated with peak force (χ2 = 0.09, df = 1, p = 0.77) or peak
impulse (χ2 = 0.77, df = 1, p = 0.34) so was removed to avoid multicollinearity. We
calculated variance inflation factors (VIF) for the remaining predictor variables
and all were less than 2, indicating no further collinearity issues (Zuur et al., 2010).
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Strike force in stomatopods has been shown to increase with overall body size as
well as with measurements of raptorial appendage size (Claverie et al., 2011; Patek
& Caldwell, 2005; Zack et al., 2009). Following Claverie et al. (2011), we elected to
include body length as a predictor in our models, rather than scale our peak force
or peak impulse measurements. We used a log-normal probability error
distribution for both peak force and peak impulse models because quantilequantile plots, residual plots, and the Akaike information criterion (AIC) suggested
that this distribution fitted the data best. To investigate the influence of each term,
marginal hypothesis tests were conducted using the chi-squared statistic to
compare the fit of the full model with that of the nested model (without one term).
𝐷

For significant terms, we also calculated a pseudo-r2 as: 𝑅 2 = 1 − ( 𝐷𝛼 ) where D0 is
0

the deviance of the null model and Dα is the deviance of the model including the
parameter of interest (Cameron & Windmeijer, 1997; Coxe et al., 2013). Following
this, we conducted a post-hoc test investigating if total reflectance values differed
between stomatopods that strike primarily with one or two arms. All analyses were
conducted in R 3.3.1 (R Core Team, 2014). The survival package (Therneau &
Grambsch, 2000) was used to fit Weibull distributions, the lme4 package (Bates et
al., 2015) to fit the linear mixed models, and the Anova function in the car package
for marginal hypothesis tests (Fox & Weisberg, 2011).

5.4

Results

We found a strong correlation between strike force and strike impulse (t =
12.3, df = 162, p < 0.001, r2 = 0.48; Figure 5.3). However, the parameters did vary
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Figure 5.2: Spectral reflectance of Neogonodactylus oerstedii meral spots.
Grey lines indicate spectral reflectance from individual stomatopods (averaged
across both meral spots, n = 18) and the purple line is the mean spectral reflectance
from all stomatopods in this study. Insets indicate color difference between meral
spots with high and low total reflectance, respectively.

Figure 5.3: Strike force and strike impulse were positively correlated with
each other and with the darkness of the meral spot. Each dot is one strike.
Shading indicates the total reflectance value for the meral spot of the striking
stomatopod, where darker shading indicates darker meral spots.

117 | Honest signaling in stomatopods

Figure 5.4: Stomatopods with darker meral spots (lower total reflectance)
had higher peak force (A) and peak impulse (B). Grey dots are individual
strikes and black crosses indicate the Weibull estimates for each stomatopod. The
black line is the relationship predicted from the generalized linear model. The
shaded bar indicates the approximate brightness of the meral spot. Total
reflectance is calculated as the mean reflectance for the interval 300 – 800 nm.
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independently, particularly at high values (Figure 5.3), so we elected to conduct all
analyses on both strike impulse and strike force. Both parameters were not
affected by experimental day number (strike force: χ2 = 3.30, df = 1, p = 0.07; strike
impulse: χ2 = 2.70, df = 1, p = 0.10) or punch number within day (strike force: χ2 =
0.68, df = 1, p = 0.41; strike impulse: χ2 = 0.01, df = 1, p = 0.92; Table 5.1). Strike force
was not influenced by whether the stomatopod punched with one or two arms (χ2
= 0.40, df = 1, p = 0.53); but one-armed strikes had lower strike impulse than twoarmed strikes, on average (χ2 = 11.23, df = 1, p < 0.001; Table 5.1).

Stomatopods with darker meral spots had greater peak force and peak
impulse (Figure 5.4). Both peak force and peak impulse negatively correlated with
mean total reflectance (peak force: χ2 = 4.04, df = 1, p = 0.045, pseudo-r2 = 0.22;
peak impulse: χ2 = 5.48, df = 1, p < 0.019, pseudo-r2 = 0.19; Figure 5.4; Table 5.2).
Peak impulse and peak force also positively correlated with stomatopod body
length (peak force: χ2 = 6.57, df = 1, p = 0.010, pseudo-r2 = 0.10; peak impulse: χ2 =
13.31, df = 1, p < 0.001, pseudo-r2 = 0.20; Table 5.2; Figure 5.5). Peak force also
negatively correlated with duration of captivity (χ2 = 5.05, df = 1, p = 0.027, pseudor2 = 0.30; Figure 5.6), whereas peak impulse did not correlate with duration of
captivity (χ2 = 3.00, df = 1, p = 0.083). Neither peak force nor peak impulse
correlated with chroma (peak force: χ2 = 0.56, df = 1, p = 0.45; peak impulse: χ2 =
1.26, df = 1, p = 0.26; Table 5.2). Stomatopod length had the largest effect in our
model, accounting for a change of 124.1N and 2.2mN·s across the range of
stomatopods we measured (37.4 – 53.6 mm). Meral spot total reflectance had the
second largest effect, accounting for a change of 108.1N force and 1.4mN·s over the
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Figure 5.5: Larger stomatopods strike with greater peak force (A) and peak
impulse (B). Grey dots are individual strikes and black crosses indicated the
Weibull estimates for each stomatopod. The black line is the relationship
predicted from the generalized linear model.

Figure 5.6: Stomatopods in captivity for longer durations strike with less
force. Grey dots are individual strikes and black crosses indicated the Weibull
estimates for each stomatopod. The black line is the relationship predicted from
the generalised linear model.
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Table 5.1: Results of marginal hypothesis tests for the effects of day, punch
number within day and arm number on strike force and strike impulse. p <
0.05 indicated in bold
Variable

χ2

d.f.

p-value

Strike force
Day number
Punch number within day
Arm number

3.30
0.68
0.40

1
1
1

0.069
0.41
0.53

Strike impulse
Day number
Punch number within day
Arm number

2.70
0.01
11.23

1
1
1

0.10
0.92
< 0.001

Table 5.2: Results of marginal hypothesis tests for the effects of total
reflectance, chroma, length and duration of captivity on peak force and
𝑫
peak impulse. Pseudo-r2 is calculated as 𝑹𝟐 = 𝟏 − (𝑫𝜶 ) where D0 is the deviance
𝟎

of the null model and Dα is the deviance of the model including the parameter of
interest. p < 0.05 indicated in bold
Variable

χ2

d.f.

p-value pseudo-r2

Peak force
Total reflectance
Chroma
Length
Days in lab

4.04
0.56
6.57
5.05

1
1
1
1

0.045
0.45
0.010
0.025

0.22

Peak impulse
Total reflectance
Chroma
Length
Days in lab

5.48
1.26
13.31
3.00

1
1
1
1

0.019
0.26
<0.001
0.83

0.19
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0.10
0.30

0.20

range of brightness we measured. On average, strike force also decreased by 95.6N
over the testing period, but impulse did not change significantly.

When stomatopods struck with both arms, the arms usually did not
contact the sensor simultaneously. The results reported above indicated that for
two armed strikes, the first arm produced a larger strike impulse than that from a
one-armed strike, and darker meral spots are correlated with increased peak
impulse. Therefore, we conducted a post-hoc analysis to investigate if mean total
reflectance correlated with the number of arms used in the strike. Stomatopods
that struck with two arms more often have darker meral spots than those that
struck with one arm more often (χ2 = 4.56, df = 1, p = 0.034).

5.5

Discussion

Here, we demonstrate for the first time that stomatopod fighting ability
correlates with the color of their meral spots. Stomatopods with darker meral
spots had higher strike force and strike impulse. These differences suggest that
meral spot total reflectance signals fighting ability during agonistic encounters.
Moreover, stomatopods with darker spots tended to strike more often with both
arms, and the strike impulse of the first arm in a two-arm punch tended to be
higher than the strike impulse of a single-arm punch. Thus, not only do
stomatopods with darker meral spots tend to have stronger strikes, they tend to
invest more energy in each strike than stomatopods with lighter meral spots.
Together, these results suggest that the total reflectance of the meral spot provides
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a reliable signal of both opponent strike force as well as its aggressiveness or
motivation.

Since meral spot total reflectance correlates significantly with both peak
force and peak impulse, stomatopods may use this information in contests. They
are known to assess total reflectance of the meral spot during territorial contests
(Chapter 4; Franklin et al., in press). Our results suggest that total reflectance
signals resource holding potential to an opponent. This is likely to be valuable
information to a stomatopod during a contest over ownership of a refuge. During
these contests, one stomatopod is partially concealed within the refuge and it may
be difficult for a challenger stomatopod to assess the resident’s size. Stomatopods
can be injured, or even killed, in contests that escalate to strikes (Berzins &
Caldwell, 1983). Meral spot total reflectance could provide a reliable signal of
resource holding potential, allowing stomatopods to avoid injuries from escalating
contests to physical combat when opponents are not equally matched.

Meral spot chroma did not correlate with peak force or peak impulse,
suggesting chroma does not indicate fighting ability. Behavioural wavelength
discrimination tests in the laboratory suggest that stomatopods have relatively
coarse colour vision in the visible spectrum, leading the authors to suggest that
stomatopods do not process colour similarly to other organisms (Thoen et al.,
2014). Whilst we do not know much about how stomatopods process chromatic
information, this coarse spectral discrimination could indicate that stomatopods
have a poor ability to detect small variations in chroma among meral spots.
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Although it is possible that stomatopods have greater spectral discrimination in
social contexts or in other regions of the spectrum (e.g. UV vision), the results we
present here do not provide any reliable evidence that meral spot chroma is an
agonistic signal.

Both peak impulse and peak force increased with stomatopod body length.
In many animals, force and impulse scale with organism size (Schmidt-Nielsen,
1984). Indeed, previous research into scaling in stomatopod strikes has shown that
force increases with increasing size of the raptorial appendage (striking arm) and
overall body size (Claverie et al., 2011; Patek & Caldwell, 2005; Zack et al., 2009).
Our size range is smaller than the size range in Claverie et al. (2011) (this study:
37.4 – 53.6mm; Claverie et al.: 20 – 60mm), however we detected a greater range of
peak force measurements (63.1N – 357.2N). This may indicate species differences in
morphology and scaling.

Duration of time in captivity affected peak force and meral spot total
reflectance, but there was no correlation between duration of captivity and peak
impulse. In particular, stomatopods held in the lab for longer durations had lower
peak force estimates. The magnitude of this effect was similar to the decrease in
peak force associated with increased meral spot total reflectance, but both effects
were significant. This suggests that lab housing may result in a mismatch between
fighting ability conveyed through meral spot total reflectance and actual fighting
ability. Furthermore, we excluded stomatopods from our analysis that were in the
lab for more than 100 days because these stomatopods had lighter meral spots.
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This color change may indicate that stomatopods in the lab are lacking dietary
nutrients required for color formation (Bandaranayake, 2006). Thus, prolonged
housing in the laboratory may disrupt stomatopod color signaling systems and
should be a consideration for behavioral experiments. Whilst these results indicate
stomatopods may have deteriorated during laboratory housing, when these
changes are controlled for in the statistical analyses, peak force and peak impulse
are still strongly correlated to meral spot total reflectance. This suggests that the
results relating to meral spot total reflectance are robust.

The mechanism that maintains the honesty of meral spot color as a signal
of fighting ability may be due to the pigments that give the meral spot its color.
The spot’s color probably comes from carotenoid pigments. Many purples and
blues in crustaceans are due to carotenoid pigments (Bandaranayake, 2006;
Newbigin, 1897), which the animals cannot synthesize themselves, but must ingest.
The animals may face a trade-off, however, because carotenoids are also required
for immune and other physiological functions (Britton, 2008; Svensson & Wong,
2011). Allocating carotenoids for coloration means that they cannot be used for
other physiological requirements. It follows that only individuals in good
condition would invest heavily in ornamentation because only for them will the
benefit of a stronger signal outweigh the costs (Getty, 2005; Lozano, 2001). Diet
supplementation or pigment extraction coupled with HPLC experiments could be
conducted to determine if this trade-off is the mechanism behind signal reliability
in N. oerstedii.
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Our results here may be generalizable to other stomatopod species with
colored meral spots. Many stomatopod species have colored meral spots that they
display during agonistic encounters (Caldwell & Dingle, 1975). Research suggests
that colored meral spots can be assessed reliably across a range of depths, despite
the reduction in short and long wavelengths associated with increasing depth
(Cheroske and Cronin, 2005). Colored meral spots tend to be purple, orange or red
(to our eyes); colors that are likely created by carotenoid pigments
(Bandaranayake, 2006; Newbigin, 1897). Immediately after molting, when the
exoskeleton is soft and stomatopods are unable to strike, these meral spots are
much lighter in color (Chapter 4; Franklin et al., in press; Reaka, 1975).
Consequently, stomatopods with colored meral spots may not be able to bluff
fighting ability after a molt, as has been observed in a species with a white meral
spot (Adams and Caldwell 1990). Thus, in these species, meral spot total
reflectance may be a reliable signal of fighting ability by indicating strike force and
energy (as demonstrated here), and by indicating a recent molt.

Species that have white meral spots are unlikely to signal fighting ability
using meral spot total reflectance. This is supported by observations that species
with white meral spots tend to perform the meral spread less often during contests
than species with colorful meral spots (Caldwell & Dingle, 1975, 1976).
Furthermore, recent research in N. bredini, a species with a white meral spot,
demonstrated that the meral spread is not used to resolve size-matched contests
(Green and Patek, 2015). The mechanism of signal honesty we proposed above is
based on pigments, which are unlikely to be present in white meral spots. A lack of
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pigments, along with the behavioral evidence (Caldwell and Dingle, 1975, 1976;
Green and Patek, 2015), suggests that white meral spots do not act as a signal of
fighting ability.

Green and Patek (2015) also found that strike force did not predict contest
outcome, rather the stomatopod that delivered more strikes tended to win
contests. However, strike force likely plays a role in stomatopod conflict resolution
in different conditions. Green and Patek staged contests between size matched
stomatopods (all pairs < 4% difference in body length). Within these pairs, the
strike force only differed by 2.48N. Here, we report differences of almost 300N in
peak strike force (range: 63.2 – 357.2N). Stomatopod size is known to influence
contest outcome in several stomatopod species (Caldwell and Dingle 1979;
reviewed in Caldwell 1987), and studies suggest that stomatopods are more likely
to escalate contests if their opponent has a weak strike (Caldwell, 1979; Berzins and
Caldwell, 1983). Thus, strike force may play a role in resolving contests when
contestants are not so evenly matched. Interestingly, Green and Patek (2015) also
did not find a strong correlation between size of striking arm components and
strike force, suggesting that the meral spread does not indicate fighting ability.
However, studies with other species of stomatopods have found strong
correlations (r2 > 0.55) between components of the striking arm and strike force
(Claverie et al., 2010; Zack et al., 2009). Thus, the function of the meral spread
during territorial contests may vary across species. Future studies should
investigate the role of colored meral spots and strike force in asymmetric contests,
as well as compare contest behaviors between stomatopod species.
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Meral spots may also play a role in courtship rituals, species recognition,
and interactions with predators. Stomatopods perform the meral spread during
courtship (Hatziolos and Caldwell, 1983), and it is possible that females assess the
meral spot of potential mates. We have also previously noted that females tend to
have lighter meral spots than males (Franklin et al., 2016). In the current study, we
did not detect a difference between males and females in total reflectance;
however, we only had data from four male stomatopods. Thus, the meral spot may
play a role in sex identification, but more research is required. The meral spot
probably also plays a role in species recognition. Meral spot color varies across
stomatopod species, and stomatopods that overlap in range tend to have
differently colored meral spots (Caldwell and Dingle, 1976). Lastly, the meral spot
may also act as a diematic or startle display against predators (Stevens, 2005;
Umbers et al., 2015). Visual models investigating how a trichromatic fish predator
perceives N. oerstedii meral spots suggest that the meral spots contrast
chromatically with seagrass and rubble backgrounds (Chapter 2; Franklin et al., in
review). Thus, fish predators can likely distinguish the meral spots, but whether
stomatopods use the meral spread and meral spots as a startle display has not been
investigated. Consequently, further research will likely demonstrate that the meral
spot is a pluripotent signal, with different functions across different contexts
(Hebets et al 2016).
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Chapter 6
Turbidity affects stomatopod contest behaviors and response
to UV light

6.1

Abstract

Environmental conditions change the effectiveness of animal signals by
affecting the contrast between the signal and the background. In aquatic
environments, fluctuations in water clarity can drive the evolution of signaling
systems. However, the effects of turbidity on signaling in aquatic organisms
remain largely unstudied. Stomatopods (mantis shrimp) are marine crustaceans
known to use chromatic and achromatic cues during territorial contests over
refuges. Here, we investigate how turbidity affects Neogonodactylus oerstedii
contest behaviors and response to visual stimuli. We manipulated water clarity by
adding bentonite clay, and altered visual stimuli by painting refuges with UV
reflective (UV+) or non-UV reflective (UV-) paint. In turbid conditions, intruder
stomatopods approached resident refuges more slowly and won contests less
frequently. In UV+ treatments, intruders increased their rate of coils, a behavior
where the stomatopod curls so that the hard telson (tail) is facing the opponent.
This suggests that stomatopods perceive UV as an aggressive signal. Both intruders
and residents increased their rate of offensive behaviors in response to UV, but
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only in the turbid treatment. This result suggests that turbidity does affect the
transmission and perception of chromatic stimuli. Our results indicate that
turbidity can significantly impact assessment of visual stimuli and contest
outcomes in aquatic organisms. To our knowledge, this study is the first to assess
the effect of environmental light conditions on stomatopod communication as well
as the effect of turbidity on contest behaviors generally.

6.2

Introduction

Sensory drive describes the concept that sensory systems, signaling
behaviors and signals coevolve (Endler, 1992, 1993a; Endler & McLellan, 1988). The
direction of this evolution is influenced by environmental conditions (Bloch et al.,
2015; Boughman, 2002; Carleton, et al., 2005; Endler & McLellan, 1988; Leal &
Fleishman, 2004; Seehausen et al., 2008). Environmental conditions affect the
contrast between the signal and the background and, therefore, can influence the
quality or reliability of a signal detected by the receiver (Endler, 1992, 1993b). For
example, a loud environment interferes with acoustic signals (Candolin & Wong,
2012; Forrest, 1994; Pine et al., 2012), and changes to lighting environment can
influence the effectiveness of visual signals (Fleishman, 1992; Candolin & Wong,
2012). In situations where signal contrast is reduced, the receivers may not respond
to the signal in the same way as in ideal signaling conditions. Generally, research
has focused on the influence of sensory drive on reproductive signals (Boughman,
2002; Endler et al., 2005; Seehausen et al., 2008; White et al., 2015), but sensory
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drive may also provide a framework to understand the evolution of signals
associated with other behaviors, such as contests or alert signals.

Many aquatic organisms use visual signals during courtship and contests
(Baldwin & Johnsen 2012; Franklin et al., 2016; Heuschele et al., 2009). In aquatic
environments, light is directly affected by turbidity conditions. For example, total
suspended solids increase turbidity, causing reduced light intensity. Increases in
total suspended solids can occur naturally from storms (Larcombe et al., 1995), or
from anthropogenic causes such as dredging (Schoellhamer, 1996) or soil erosion
(e.g. farming, construction; Wolman & Schick, 1967). Increased turbidity has been
shown to affect sexual selection in several fish species (Heuschele et al., 2009;
Järvenpää & Lindström, 2004; Seehausen et al., 2008; Wong et al., 2007). One
classic example is the sedimentation of Lake Victoria in East Africa resulting in the
decline of cichlid fish species diversity (Seehausen et al., 2008). In clear waters,
females at different depths preferred differently colored males, but in turbid
waters this preference was lost, resulting in interbreeding (Seehausen et al., 2008).
Aquatic invertebrates such as crustaceans and cephalopods also use visual signals
to select mates and assess opponents (Adamo & Hanlon, 1996; Baldwin & Johnsen,
2012; Díaz & Thiel, 2004; Fleisher & Case, 1995; Franklin et al., 2016). However,
there is little research into how turbidity affects signaling behavior in these
organisms.

Stomatopods are marine crustaceans that are likely affected by changes to
water clarity. They possess the most complex visual system known, with up to 20
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photoreceptor classes allowing them to see human-visible, UV and polarized light
(Marshall & Arikawa, 2014). Stomatopods use visual signals during mate choice
(Chiou et al., 2011) and agonistic encounters (Chapter 4; Franklin et al., 2016; Mazel
et al., 2004) to assess potential mates or opponents. Most stomatopod species are
located in clear, tropical waters; however, increased turbidity often occurs due to
storms, dredging, construction and run off (Esslemont et al., 2004; Gibson et al.,
1998; Heyman & Kjerfve, 1999; Larcombe et al., 1995). Stomatopods may experience
high turbidity events more often as climate change progresses and high intensity
tropical storms are predicted to occur more frequently (Emanuel, 2005; Bender et
al., 2010; Knutson et al., 2010). Environmental interference with transmission of
visual signals can potentially impact stomatopod mate choice and territorial
contests, as well as their ability to locate refuges and food.

Neogonodactylus oerstedii (Hansen, 1895) is a stomatopod found in shallow
(<20 m) Caribbean waters. These stomatopods occupy refuges (holes in coral
rubble or rocks) that they aggressively defend against competitors. Such refuges
are used to escape predators, process food, mate and brood eggs (Caldwell, 1987).
During these territorial contests stomatopods perform a threat display, the meral
spread, which exposes a colored patch, the meral spot, on each raptorial
appendage. Neogonodactylus oerstedii assess both the UV reflectance and total
reflectance of an opponent’s meral spots (Chapter 4; Franklin et al., 2016).
Stomatopods with darker meral spots have greater strike force indicating that
meral spot total reflectance conveys fighting ability (Chapter 5). Contests can
escalate from meral spreads to strikes, in which stomatopods strike their opponent
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with their raptorial appendages. Stomatopod strikes are powerful and ultrafast,
and may injure or even kill an opponent (Berzins & Caldwell, 1983; Patek &
Caldwell, 2005; Patek et al., 2004). Accurate assessment of an opponent early in a
contest may allow stomatopods to avoid escalating contests that they are unlikely
to win.

Here, we investigate the effects of increased turbidity from sedimentation
on stomatopod contest behaviors and transmission of UV stimuli. To address this,
we staged territorial contests between size- and sex-matched N. oerstedii. Contests
were conducted in clear and turbid waters to determine the effect of turbidity on
stomatopod contest behaviors. To determine if increased turbidity alters the
transmission of UV signals, we created refuges with UV stimuli (UV+) and refuges
without UV stimuli (UV-). In clear water, we expected stomatopods to respond to
the UV stimulus because past research suggests stomatopods associate UV with
aggressive displays (Bok, 2014; Franklin et al., 2016). In turbid water, we predicted a
diminished response to UV because turbidity should reduce signal transmission or
detectability.

6.3

Methods

6.3.1 Animal Husbandry

Neogonodactylus oerstedii were obtained commercially in April and August
2016 (KB Marine Life, Florida, USA), and housed in aquaria at Tufts University,
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Medford, USA. Upon arrival, we recorded body length (tip of rostrum to tip of
telson), wet weight and sex of all stomatopods. Stomatopods were housed under
full spectrum lighting on a 12:12 hr light:dark cycle in 75 L tanks. Each tank was
lined with rubble and divided into three compartments with black dividers to
individually house three stomatopods. Water flowed throughout the entire tank,
circulated through a carbon filter. Water was made from Instant Ocean
(Blacksburg, USA) and maintained at 33-35 ppt salinity and 24-27 °C. Each
stomatopod was provided with a three-inch length of ½ inch PVC pipe as a refuge.
Stomatopods were fed pollock and had a one third water change twice per week.
All stomatopods remained in the lab at least two weeks before behavioral trials
commenced.

6.3.2 UV reflectance and turbidity behavioral experiments

This study was conducted as a two factor, fully crossed design to
investigate the effects of turbidity on stomatopod contest behaviors and response
to UV stimuli. Contests were staged between size matched (<8 % body length),
same sex stomatopod pairs. In each pair, one stomatopod was randomly selected
as the resident and the other as the intruder. Residents were provided with a
refuge whereas intruders were not. Each individual stomatopod was an intruder
once and a resident no more than twice, and two stomatopods were never paired
together twice. Stomatopod pairs were randomly allocated into one of the four
treatment groups (UV- clear, UV- turbid, UV+ clear, UV+ turbid). These treatment
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groups were created by modifying UV reflectance (UV- or UV+) and water
turbidity (clear or turbid).

Previously, we have modified meral spot color to investigate chromatic and
achromatic cues in contests (Chapter 4; Franklin et al., 2016). However, we could
not find a UV reflective paint that would adhere to the stomatopod cuticle.
Furthermore, we wanted to ensure the UV treatment was visible in all trials, so
that we could ensure a measurable response to UV reflectance and then determine
if turbidity affects this response. Therefore, we manipulated UV reflectance on the
outer edge of the resident’s refuge (Figure S6.1), rather than the meral spot,
because the meral spot is only visible if residents perform the meral spread. UV
reflectance was modified using a white UV reflective paint (Bird Flockers, USA) for
the UV+ treatment and a white non-UV reflective paint (Sharpie paint pen, USA)
for the UV- treatment. We confirmed the presence or absence of UV by taking
spectral reflectance measurements of each paint on a refuge (Figure S6.2;
Supplemental Methods). Refuges used in experiments (3 x ½ inch PVC) had one
end painted with UV+ paint and the other painted with UV- paint. Only one end
was visible during behavioral trials; however, painting both ends ensured any
chemical cues from the paints were identical between treatments. Paint was left to
dry at least one week before use in experiments and residents were placed in their
experimental tubes at least 16 hrs before trials. In initial trials, to confirm that
stomatopods perceive and respond to this UV stimulus, we offered 17 stomatopods
a choice between a UV+ and UV- refuge. After 22 hrs, final refuge selection was
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recorded. A binomial generalized linear model (GLM) confirmed that stomatopods
can detect the UV treatment and avoid UV+ tubes (N = 17, k(UV- tube) = 12, p = 0.047).

To increase turbidity, we added bentonite clay to seawater mimicking
increased turbidity caused from silty runoff (Bartley et al., 2014; Heyman & Kjerfve,
1999). In the turbid treatment, total suspended solids were increased to 60 mg L-1
which is a medium total suspended solids level on tropical coral reefs (Anthony,
2000; Larcombe et al., 1995; Wenger et al., 2014). Transmittance measurements
(Supplemental Methods) of clear and turbid water are shown in Figure S6.3. The
bentonite clay was added to 8 L of Instant Ocean seawater made from deionized
water. Control treatment was 8 L of seawater without clay added. The clay was
added immediately before a trial to ensure it was suspended.

Experiments were conducted under full spectrum fluorescent light (Reef
Sun, Zoo Med, CA, USA) in a dull white, UV reflective (Figure S6.2), plastic
experimental arena (46 x 38 x 12 cm) with a layer of gravel on the bottom. A 12.5
mm plastic grid was semi-buried in the gravel to calibrate the video. An opaque
plastic divider was used to divide the experimental arena before trials, with the
resident placed in one side in its refuge and the intruder in the other side without
a refuge. Both stomatopods received five minutes’ acclimation before the divider
was removed and recording of behaviors began. All trials were filmed from above
using a GoPro (Hero 3+ Black edition, USA) video camera (settings: 1080p, 60
f.p.s., medium f.o.v.) and watched live on a smartphone using the GoPro app.
Intruder behaviors recorded from the video footage included latency until
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approach, distance of approach, speed of approach, duration of contest, rate of
offensive behaviors, rate of coils and winner of contest (see Table 6.1 for
descriptions). We also recorded rate of resident offensive behaviors. Trials were
concluded after a clear winner was observed (i.e., one stomatopod fled the contest)
or after 20 minutes without a contest. Stomatopods were then returned to their
housing buckets; between trials, the experimental arena was rinsed three times
with freshwater to remove chemical cues. Eight times, stomatopods did not engage
in a contest. If possible, these intruders were paired with a different resident at a
later date. Final sample size for each treatment group was nine.

We classified behaviors following previous studies researching stomatopod
territorial contests (Chapter 4; Caldwell & Dingle, 1968; Franklin et al., 2016; Table
6.1). “Approach” is when the intruder moves directly towards the resident’s refuge
before the contest commences (Dingle & Caldwell, 1969). “Distance of approach” is
the distance (mm) of the intruder from the refuge at the beginning of the
approach. The distances at the start and end of the approach were used to
calculate “speed of approach” (mm s-1). Offensive behaviors included “strike”, a
blow delivered by one or both of the enlarged second maxillipeds; “lunge”’, a short,
rapid forward movement toward opponent; and, “meral spread”, an outward
spreading of raptorial second maxillipeds (Dingle & Caldwell, 1969). A “coil” refers
to when the stomatopod curls up so that its head is above the telson (Dingle &
Caldwell, 1969). After an approach, stomatopods may perform the meral spread
before escalating to strikes. Coils occur throughout the contests, either after an
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Table 6.1: Description of the behaviors recorded during stomatopod
contests. These behaviors are classified following previous studies of stomatopod
contests (Dingle & Caldwell 1969; Franklin et al., 2016).
Behavior
Latency until approach

Description
Time from when the divider was removed until
the intruder approaches the resident’s refuge.

Approach

Direct movement by the intruder towards the
resident’s refuge.

Distance of approach

The distance of the intruder from the refuge at
the beginning of the approach.

Speed of approach

Average speed of intruder from start until end
of approach. End of approach is when the
intruder stops moving towards the refuge.

Duration of contest

Time from the end of approach until one
stomatopod flees the contest.

Strike (offensive behavior)

A blow delivered by one or both of the
enlarged second maxillipeds.

Lunge (offensive behavior)

A short, rapid forward movement towards an
opponent.

Meral spread (offensive
behavior)

The second maxillipeds are pulled laterally,
and the meral spots are displayed.

Coil

The stomatopod curls so that the head is over
the telson (tail).

Winner

The stomatopod that does not flee the contest
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offensive behavior, in response to an opponent offensive behavior or
independently.

6.3.3 Statistics

All analyses were conducted in R v 3.1.1 (R Core Team, 2014). To assess the
effect of turbidity treatment (clear or turbid), UV treatment (UV- or UV+) and the
interaction between these factors on each response variable, we used Generalized
Linear Models (GLMs) or Generalized Linear Mixed Models (GLMMs). The fit of
different probability error distributions was assessed using QQ plots and residual
plots. All models included random effects accounting for whether the resident or
intruder had previously completed a trial, however these did not improve the fit of
any models and were removed. We analyzed latency to approach and approach
speed with a gamma probability error distribution with a log link. Duration and
distance of approach was log transformed and analyzed with a Gaussian
distribution. Winner of the contest was analyzed with a binomial probability error
distribution with a logit link. Rate of intruder coils and rate of intruder offensive
behaviors were both analyzed with a Poisson error distribution with a log link and
an offset of time outside refuge (i.e., time we could record behaviors). Resident ID
was included as a random effect because this best accounted for overdispersion.
An outlier was observed for rate of intruder offensive behaviors, so we also ran the
analysis without this data point. We report results from the analysis of the full data
set because interpretation of the results does not differ between the two analyses
and we believe the outlier is an accurate measurement. To analyze rate of resident
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offensive behaviors, we used a Poisson error distribution with a log link and an
offset of time outside refuge. An observation level random effect was included to
account for overdispersion. We analyzed whether size ratio between residents and
intruders influenced the likelihood that the intruder would initiate a contest using
a binomial error distribution with a logit link. For all analyses, significance of main
effects and interactions were assessed using marginal hypothesis tests (car: Anova;
Fox and Weisberg, 2011).

6.4

Results

We found a significant effect of the turbidity treatment both on how
quickly intruders approached the resident’s refuge (χ2 = 4.32, df = 1, p = 0.04; Figure
6.1A) and on the winner of the contest (χ2 = 4.96, df = 1, p = 0.03; Figure 6.2). In
turbid waters, intruder stomatopods approached the occupied refuge more slowly,
and they were also less likely to win the contest. UV treatment significantly altered
the rate of intruder coils, with intruders performing a higher rate of coils in the
UV+ treatment (χ2 = 4.57, df = 1, p = 0.03; Figure 6.1B). The intruder’s rate of
offensive behaviors (strikes, lunges and meral spreads) showed a significant
interaction (χ2 = 5.59, df = 1, p = 0.02; Figure 6.1C); in clear water there was no
difference between UV- and UV+ trials, but in turbid water intruders showed a
higher rate of offensive behaviors in UV+ trials compared to UV- trials. Residents
also increased their rate of offensive behaviors, but only in the UV+ turbid
treatment (χ2 = 3.81, df = 1, p = 0.05; Figure 6.3). We did not detect any significant
treatment effect or interaction for latency to approach, distance of approach or
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Figure 6.1: The effect of UV
reflectance and turbidity
treatment on intruder N.
oerstedii contest behaviors.
Individual stomatopod
responses displayed as circles
(UV absent) or triangles (UV
present). Color indicates clear
(blue) or turbid (brown) trials.
Black points and 95% CIs are
back-transformed model
estimates (MLE). Letters
indicate significant differences
(p < 0.05). (A) Intruder
approach speed towards the
resident’s refuge (sample
sizes: UV-Clear, UV+ Clear,
UV-Turbid: n = 8; UV+
Turbid: n = 5). (B) Rate of
intruder coils (all groups: n =
9). (C) Rate of intruder
offensive behaviors including
strikes, lunges and meral
spreads (all groups: n = 9).
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Figure 6.2: Frequency of resident or intruder N. oerstedii that won the
contest in each treatment group. Dark colored bar segment indicates resident
victories and light colored bar segment indicates intruder victories (all groups: n =
9). Letters indicate significant differences (p < 0.05; binomial GLM).

Figure 6.3: Effect of UV reflectance and turbidity treatment on resident N.
oerstedii rate of offensive behaviors. Offensive behaviors include strikes, lunges
and meral spreads. Individual stomatopod responses displayed as circles (UV
absent) or triangles (UV present). Color indicates clear (blue/light) or turbid
(brown/dark) trials. Black points and 95% CIs are back-transformed model
estimates (MLE). Letters indicate significant differences (p < 0.05).
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Figure 6.4: The effect of difference in body length between resident and
intruder stomatopods on whether the intruder would initiate a contest. Size
difference was calculated as a ratio (intruder length ÷ resident length). Dotted line
indicates equal body length; values greater than one indicate pairs where the
intruder was larger than the resident. Solid line is the regression line from the
binomial GLM (p < 0.05) and points are the raw data of whether pairs interacted
(1) or not (0).
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duration of contest (Table 6.2).

In eight of the 44 trials, the intruder stomatopod failed to initiate a contest,
an outcome which was related to the relative size difference between residents and
intruders (χ2 = 6.23, df = 1, p = 0.01; Figure 6.4). When intruders were similar in
length to or larger than residents, they were more likely to begin a contest.

6.5

Discussion

Here we demonstrate that increased turbidity alters stomatopod contest
behaviors and affects their response to chromatic stimuli. Most studies
investigating the effects of turbidity on communication have focused on sexual
selection and reproductive behaviors (Heuschele et al., 2009; Seehausen et al.,
2008; Wong et al., 2009). However, the effects of turbidity on contest behaviors
and signals could also have important implications for the evolution of
communication systems. To our knowledge, this is the first study to assess the
effect of turbidity on contest behaviors in any organism, and the effect of turbidity
on stomatopod communication.

Increased turbidity reduced the speed at which intruders approached the
resident’s refuge. Stomatopods may approach refuges more cautiously in turbid
conditions if they cannot visually assess whether the refuge is occupied or the
resident’s fighting ability. While stomatopods can assess opponents via chemical
cues (Caldwell, 1987; Franklin et al., 2016), visual cues play an important role in
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Table 6.2: Statistical analyses investigating the effect of UV reflectance and
turbidity on stomatopod contest behaviors. Bold text indicates significant
effects.
Probability
error
distribution
Gamma (log
link)

Model terms

χ2 or F

d.f.

p-value

UV Treatment
Turbid Treatment
Interaction

0.05
0.11
0.63

1
1
1

0.83
0.74
0.43

Distance of
approach*

Log-normal

UV Treatment
Turbid Treatment
Interaction

0.95
0.04
0.97

1
1
1

0.34
0.84
0.33

Speed of
approach

Gamma (log
link)

UV Treatment
Turbid Treatment
Interaction

0.03
4.32
0.24

1
1
1

0.86
0.04
0.62

Duration of
contest*

Log-normal

UV Treatment
Turbid Treatment
Interaction

0.83
2.01
0.34

1
1
1

0.37
0.17
0.56

Intruder rate of
offensive
behaviors

Poisson (log
link)

UV Treatment
Turbid Treatment
Interaction

1.18
0.05
5.59

1
1
1

0.28
0.83
0.02

Intruder rate of
coils

Poisson (log
link)

UV Treatment
Turbid Treatment
Interaction

4.57
0.10
0.91

1
1
1

0.03
0.75
0.34

Resident rate of
offensive
behaviors

Poisson (log
link)

UV Treatment
Turbid Treatment
Interaction

0.79
1.44
3.81

1
1
1

0.37
0.23
0.05

Winner of
contest

Binomial (logit
link)

UV Treatment
Turbid Treatment
Interaction

2.33
4.96
0.11

1
1
1

0.13
0.03
0.74

Variable

Latency until
approach

* F test was used.
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either corroborating chemical cues or providing additional information (Chapter 4;
Chapter 5; Franklin et al., 2016). For instance, chemical cues can provide
information on refuge occupancy and opponent size (Caldwell, 1987; Franklin et
al., 2016) whereas meral spot total reflectance signals strike force and motivation
to compete (Chapter 5). Our results suggest that turbidity affects the initial
assessment of a refuge’s suitability, or an opponent’s fighting ability.

Surprisingly, we observed that intruders were more likely to win contests
in clear water. This result was unexpected because residents generally have an
advantage (Caldwell, 1987; Franklin et al., 2016) and we did not alter resident or
intruder fighting ability. This outcome may reflect an increase in intruder
motivation to secure a refuge because in clear water stomatopods may be subject
to higher predation risk. Research with fish has demonstrated that turbidity can
reduce feeding rate of visual predators (Hecht & van der Lingen, 1992), and reduce
or eliminate anti-predator response in prey (Leahy et al., 2012). Alternatively,
increased turbidity may affect intruder assessment of visual cues. Suspend solids
attenuate short wavelengths of light, shifting the spectral composition towards
long wavelengths (Figure S6.3; Unte-Palm, 2002). Stomatopods assess UV signals
during contests (Franklin et al., 2016; Mazel et al., 2004), and turbidity may reduce
the transmittance of these signals. If intruders cannot adequately assess their
opponent, they may abandon the contest. Changes in contest winner could affect
refuge occupancy times, which individuals are exposed to predation, and which
individuals can reproduce (a refuge is required to mate and brood eggs).
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Our addition of a UV-reflecting stimulus to the resident’s refuge caused
intruder stomatopods to significantly increase their rate of coiling behavior. In coil
position, a stomatopod is curled up so that its head is positioned above its telson.
This behavior may be a defensive strategy or an assessment strategy (Dingle &
Caldwell, 1969; Chapter 4). Higher coil rate may occur because UV reflectance is
typically associated with aggressive signals. Our previous research manipulated UV
reflectance of N. oerstedii meral spots and showed that reduced UV reflectance of
residents’ meral spots increased the rate of offensive behaviors by intruder
stomatopods (Franklin et al., 2016). Furthermore, some stomatopods display an
aversion to short wavelength UV light sources in the laboratory (Bok, 2014). Our
pilot study showing that stomatopods prefer refuges without UV reflectance also
suggests that N. oerstedii exhibit an aversion to UV reflectance. Therefore, the
increased rate of coils detected in this experiment could be a behavioral response
due to the use of UV signals in aggressive displays.

Both intruders and residents significantly increased their offensive
behaviors in response to increased UV, but only in the turbid water. An increase in
offensive behaviors in response to increased UV was not what we predicted. As
mentioned above, previous research suggests that UV is associated with aggressive
signals and stomatopods increase offensive behaviors in response to a lack of UV
reflectance (Bok, 2014; Franklin et al., 2016). Our contradictory result may be due
to our having painted the refuge, rather than the stomatopod, or because the
stimulus we used is not a color they would normally encounter. The resident also
increased offensive behaviors in the UV+ turbid treatment. This is likely a response
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to the increase in offensive behavior rate by the intruder because residents were
inside the refuge or facing away from the UV paint.

It was also surprising that intruders increased the rate of offensive
behaviors in response to UV in turbid water rather than in clear water. We
hypothesized that stomatopods would respond to UV in clear but not in turbid
conditions because suspended solids attenuate UV wavelengths of light (UntePalm, 2002). However, our manipulations may have increased contrast between
the refuge and the background in the UV+ turbid treatment. As viewing distance
increases, more light is scattered (Johnsen, 2012). During contests stomatopods are
near the refuge entrance, whereas the wall of the arena is further back (refuges are
three inches long). Measurements of light transmittance through three inches of
our water treatments (clear and turbid) confirm that UV wavelengths are most
strongly affected (Figure S6.3). Thus, from the stomatopod’s position, UV light
reflected off the arena wall will be more strongly attenuated than UV light
reflected off the refuge entrance. This may increase contrast within the UV
between the refuge and the arena wall. Conversely, attenuation of UV light off the
arena wall may reduce contrast between UV- refuges and the arena wall. Thus, at
close viewing distances with a distant background, turbidity may increase the
contrast of UV stimuli between the foreground and the background.

Although we predicted that increased turbidity or lack of UV reflectance
might make the refuge more difficult to locate, we found no effect of either factor
on latency to approach or distance of approach. We also found no difference in
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contest duration between treatment groups, suggesting that stomatopods do not
alter duration of opponent assessment in response to UV or turbidity.

Our results indicate that changes in turbidity affect contest behaviors in
aquatic organisms, and the perception and/or transmission of visual stimuli. The
frequency of intense storms is predicted to increase with global warming
(Emanuel, 2005; Bender et al., 2010; Knutson et al., 2010), which could increase
turbidity directly, or indirectly by increasing runoff. Many aquatic invertebrates
communicate using color signals. Cuttlefish display aggression via face coloration
and body patterns (Adamo & Hanlon, 1996; Schnell et al., 2016), for example, while
male blue crabs select mates based on achromatic and chromatic cues (Baldwin &
Johnsen, 2012), and nocturnal ostracods use bioluminescent signals to locate mates
(Rivers & Morin, 2013). Furthermore, both freshwater and marine fish species
assess UV signals during intraspecific interactions (Losey, 2003; Rick et al., 2006,
Siebeck, 2004). By altering the contrast of color signals with the background,
increases in turbidity may impact the ability of many aquatic organisms to assess
these cues. Future studies should investigate how turbidity affects visual
communication systems in other contexts and in other aquatic organisms.
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6.6

Supplemental Information

6.6.1 Methods

Reflectance and transmittance measurements

Reflectance and transmittance measurements were recorded using a JAZ
spectrophotometer (Ocean Optics, Dunedin USA). All measurements were
recorded from 300 to 800 nm and viewed using R 3.3.1 (R Core Team, 2014).
Reflectance measurements were recorded relative to a WS-1 white standard
illuminated with a pulsed xenon PX2 light source (Ocean Optics, Dunedin USA).
The light source was set at 45° and the collector probe was perpendicular. Light
source and collecting probes were 600 µm UV-VIS fiber optic cables (Ocean
Optics, Dunedin USA) with collimating lenses attached to the end. We measured
the reflectance of the experimental arena, UV+ and UV- paints. The paints were
painted onto the end of a PVC tube and allowed to dry for 30 mins before
measurements were recorded.

Transmittance measurements were recorded under experimental lighting
conditions (i.e., full spectrum fluorescent lights, Reef Sun, Zoo Med, CA, USA). We
recorded transmittance of light reflected off a WS-1 white standard through three
inches of clear and turbid water (the same length as a stomatopod refuge), relative
to a white standard in air.
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6.6.2 Figures

Figure S6.1: Schematic indicating where the UV paint was applied and the
terminology used to describe each stomatopod in the contest.

Figure S6.2: Normalized reflectance of the experimental arena (grey), and
paints (UV+: light blue; UV-: dark blue) used to manipulate refuge
reflectance. Spectra from each sample type were averaged then normalized. narena
= 2, nUV- = 3, nUV+ = 4.
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Figure S6.3: Transmittance of light through three inches of clear water (n =
2) and turbid water (60 mg L-1; n = 2).
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Chapter 7
Summary and Conclusions

Stomatopods have a visual system unlike that of any other organism. They
have a unique way of processing color and up to 20 photoreceptor classes allowing
them to see UV, visible and polarized light (Marshall et al., 2007; Marshall &
Arikawa, 2014; Thoen et al., 2014). Despite many studies investigating stomatopod
eye physiology and visual capabilities (Bok et al., 2015; Chiou et al., 2008; Marshall
et al., 1996; Thoen et al., 2014), the ecological function of their unique visual
system is only just beginning to be understood (Cheroske et al., 2009; Chiou et al.,
2011; Daly et al., 2017). In this dissertation, I have presented an in-depth
investigation into stomatopod visual signaling. My research demonstrates that
Neogonodactylus oerstedii assess their opponent’s chromatic and achromatic cues
during territorial contests, and that the achromatic component of the meral spot
honestly signals an individual’s fighting ability. These results likely apply to many
stomatopods species, and, more broadly, expand our understanding of visual
signaling beyond conventional study systems.

Stomatopod body coloration is highly variable; some species are sexually
dichromatic (Ahyong, 2012; Foster et al., 2004), others have additional variation
within the sexes (Chapter 2), and some exhibit individual variation in colored
patches involved in signaling (Chapter 2 & 3; Franklin et al., 2016; Reaka, 1975). The
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function of this intraspecific variation has received little scientific study (Cheroske
& Cronin, 2005). In Chapter 2, I demonstrated that different N. oerstedii color
morphs (e.g., sandy colored and green colored) likely provide camouflage from a
fish predator in different stomatopod habitats (rubble fields and seagrass beds,
respectively). Sandy stomatopods matched rubble habitats in pattern, total
reflectance and chromatic components. Green stomatopods matched seagrass
habitats in pattern and total reflectance, but, according to our model, green
stomatopods did not match seagrass chromatically. Despite this result, spectra of
green stomatopods and seagrass were very similar, and I suggest that green
stomatopods are likely camouflaged in seagrass habitats nonetheless.

In Chapter 2, I also investigated signal contrast of the meral spot, a colored
patch displayed during territorial contests. Neogonodactylus oerstedii have meral
spots with a purple center surrounded by a pale white ring. The meral ring may
assist stomatopods to assess meral spot center total reflectance, i.e., dark meral
spot centers will contrast more with the meral ring than light meral spot centers.
To be an effective signal, the meral spot should also contrast with the background.
However, I found that variation in meral spot color with habitat (reported in
Chapter 3), does not function to increase contrast with the habitat background
where the stomatopod was located. In N. oerstedii, meral spot color is likely
created from carotenoids (Bandaranayake, 2006; Newbigin, 1897), which are
pigments that must be acquired in their diet (Svensson & Wong, 2011). Therefore,
variation in meral spot color with habitat may reflect differences in prey
availability between the habitats.
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Stomatopods commonly display colored body patches to conspecifics
(Caldwell and Dingle, 1976; Chiou et al., 2011). However, there are few studies
investigating the role of these colored patches during courtship or contests. In
Chapters 3 and 4, I manipulated N. oerstedii meral spots to examine whether
stomatopods assess UV reflectance and total reflectance during territorial contests.
I first conducted a fully crossed experiment between meral spot UV reflectance
(present/absent) and chemical cues (present/absent), to determine if these cues
convey redundant information to a receiver. Receiver stomatopods exhibited a
greater rate of offensive behaviors when UV reflectance was reduced, or when they
could detect chemical cues. These results suggest that chemical cues and UV
reflectance likely convey different information to a receiver during contests. I then
investigated the signaling role of the meral spot further by using an ultrafast laser
to increase the total reflectance of the meral spot. In response to increased total
reflectance, receiver stomatopods increased their rate of coiling, a behavior where
the stomatopod curls up so that the hard telson (tail) is facing the opponent.
Increased meral spot total reflectance more likely indicates lower fighting ability
because stomatopods have lighter meral spots after molting when they cannot
fight, and lighter meral spots are weakly associated with smaller stomatopods
(Chapter 3 & 4). Therefore, I propose that the increased coil rate is an assessment
strategy to determine if an opponent will escalate contests when signals do not
match, i.e., the stomatopod performs a threat display, but its meral spots signal
low fighting ability (Chapter 4).
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The results from these behavioral studies suggest that the meral spot
conveys important information about the signaler to the receiver. Thus, I
conducted a study to determine if meral spot total reflectance is an honest signal
of fighting ability (Chapter 5). I estimated peak strike force and peak strike
impulse by recording several strikes from individual stomatopods, and then used
new modeling techniques to estimate peak performance (Hagey et al., 2016). I also
recorded meral spot reflectance, and calculated total reflectance and chroma for
each stomatopod’s meral spots. This research demonstrated that stomatopods with
darker meral spots have greater peak strike force and peak strike impulse than
those with lighter meral spots. Stomatopods with darker meral spots also punched
more frequently with two arms, demonstrating that they invest more energy in
each strike. Thus, the meral spots act as an honest signal of fighting ability during
stomatopod territorial contests (Chapter 5). This signal may allow stomatopods to
avoid escalating contests that they are unlikely to win.

Environmental conditions can influence signal detection and assessment.
For example, in aquatic environments increased turbidity can reduce the
effectiveness of visual signals (Candolin & Wong, 2012; Seehausen et al., 2008). My
final data chapter in this dissertation (Chapter 6), investigates how increased
turbidity influences stomatopod contest behavior and transmission of visual
stimuli. Several results in this study were contrary to my predictions. Firstly,
resident stomatopods generally have an advantage in stomatopod contests
(Caldwell, 1987; Franklin et al., 2016); however, I found that intruder stomatopods
were more likely to win contests in clear waters. This may represent an increase in
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motivation in conditions where they are more visible to predators. The second
surprising result was that stomatopods responded to the UV stimuli, but only in
turbid conditions. If turbidity reduces visibility of visual signals, I would have
expected stomatopods to respond to the UV stimuli only in the clear water
treatment group. Upon further investigation of my experimental conditions, it
appears that the turbid treatment may have increased contrast between the UV
stimuli and the arena wall (Chapter 6). These results demonstrate that turbidity
does affect stomatopod contest behaviors and the transmission and/or perception
of visual stimuli.

Together, these studies investigated the perception, transmission and
information content of stomatopod signals. Further studies should investigate how
the signal is generated and how signal honesty is maintained. I predict that meral
spot signal honesty is maintained through the pigments that give the meral spot
its color. In crustaceans, purples are usually created by carotenoids
(Bandaranayake, 2006; Newbigin, 1897). Carotenoids are pigments that must be
ingested and are also required for other physiological functions (Britton, 2008;
Svensson & Wong, 2011). Thus, only stomatopods in good condition will be able to
allocate more carotenoids to signal production (Getty, 2005; Lozano, 2001).
Condition-dependent pigments, like carotenoids, may also maintain signal
honesty in other stomatopod species. Several species have purple or reddish meral
spots, colors likely to be based on carotenoids. Furthermore, Odontodactylus
scyllarus have a red, polarized patch that is carotenoid-based, and this patch is
thought to have a signaling role during intraspecific interactions (Chiou et al.,
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2012). Future investigations into the effects of diet on stomatopod signals are likely
to have implications across a broad range of stomatopod species.

There is still much to be learned about stomatopod signaling in natural
environments, and stomatopod assessment of meral spot quality. My results from
Chapter 2 suggest the meral spot may be a less effective signal in rubble habitats
than in seagrass habitats. Seagrass habitats are darker and the pale meral ring
surrounding the purple meral spot center contrasted well against the seagrass
backgrounds. However, in rubble habitats, lighting conditions are bright and there
was far less contrast between the meral ring and the background. Future research
could address the role of the meral ring in signal detection, and, meral spot
effectiveness in different environmental conditions. This may uncover stomatopod
behavioral adaptations that maximize signal detectability, as has been reported in
other organisms (Cole & Endler, 2016; Endler, 1987; Uy & Endler, 2004). Another
promising avenue of research may be the mechanism of signal assessment.
Underwater, stomatopods not only experience lighting changes with weather and
time of day, but also the ripples on the water create light and shadows on the
seafloor. Thus, accurate assessment of a color signal may be difficult. I predict that
stomatopods do not assess total reflectance per se, instead they assess contrast
within the meral spot. In Chapter 4, I demonstrate stomatopods assess meral spot
total reflectance during contests. Stomatopods may be responding to the reduced
contrast between the meral ring and the meral spot center created by lightening
the meral spot. The white ring could provide a standard background to assess the
color of the meral spot center across different lighting conditions. This idea could
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be investigated by manipulating meral spot color without altering contrast
between the meral spot center and the meral ring. It would also be interesting to
determine if there is individual variation in meral ring reflectance and, if so,
whether this variation correlates with meral spot center reflectance.

Overall, my dissertation demonstrates that stomatopods use color signals
during contests; however, we still understand very little about stomatopod
signaling. Many species of stomatopods have colored meral spots that may also
indicate fighting ability. However, this is yet to be tested. Furthermore, numerous
species flash colored body parts during courtship. Yet, only one study has
manipulated these patches to investigate their role in female mate choice (Chiou
et al., 2011). Many eminent stomatopod researchers provide evidence that both
chromatic and achromatic signals are used during intraspecific encounters
(Caldwell & Dingle, 1976; Cheroske et al., 2009; Chiou et al., 2012; Mazel et al.,
2004); however, studies directly addressing the receiver response to these signals,
or studies that investigate the information content of the signals, are lacking.
Investigations into this area will likely identify signals unique to stomatopods,
since no other organism has similar visual capabilities.
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