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An experimental test of mate choice for red carotenoid
coloration in the marine copepod Tigriopus californicus
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brate taxa, red coloration is a sexually selected trait whereby mates with the reddest
ornaments are preferred. Despite being widespread among invertebrates, whether
red carotenoid coloration is assessed during mate choice in these taxa is unclear.

Funding information The marine copepod Tigriopus californicus displays red coloration from the accumula-

National Science Foundation, Grant/Award

tion of the carotenoid astaxanthin. Previous research on copepods has shown that
Number: NSF-10S 1701827

astaxanthin provides protection from UV radiation and xenobiotic exposure and that
Editor: Wolfgang Goymann carotenoid production is sensitive to external stressors. Because of the condition de-
pendency of the red coloration, we hypothesized that Tigriopus would use it as a cri-
terion during mate choice. To test this hypothesis, we conducted trials in which males
chose between females that were wild-type red (carotenoid-rich algae diet) or white
(carotenoid-deficient yeast diet). To control for dietary differences and to isolate the
effect of carotenoid coloration, we also presented males with restored-red females
fed a carotenoid-supplemented yeast diet. We found that wild-type red females were
weakly preferred over white females. After controlling for diet, however, we found
that restored-red females were avoided. Our observations do not support the hy-
pothesis that male copepods prefer the carotenoid coloration of females during mate
choice. We hypothesize that algal-derived compounds other than carotenoids play a
role in mate choice. Red coloration in copepods appears to be a condition-dependent

trait that is not assessed during mating.
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1 | INTRODUCTION

The indicator model of sexual selection proposes that ornamen-
tal traits function as reliable signals of the quality or condition of
potential mates (Andersson & lwasa, 1996; Weaver, Koch, & Hill,
2017). One of the best studied condition-dependent ornaments is
the vibrant yellow to red coloration produced through the deposi-
tion of carotenoid pigments in body tissues. It is hypothesized that

animals in good condition tend to display more richly colored orna-
ments than animals in poor condition (Svensson & Wong, 2011). One
possible explanation for the link between carotenoid coloration and
quality is that animals cannot synthesize carotenoids de novo and
must rely on ingested precursors for color displays (Hill, 2002). In
taxa that consume photosynthetic organisms directly or that con-
sume herbivorous prey, the majority of dietary carotenoids are yel-
low in color (McGraw 2006). Once ingested, carotenoids can either
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be deposited to tissues unmodified or be oxidatively metabolized to
produce red ketocarotenoids (Hill, 2006; Weaver, Santos, Tucker,
Wilson, & Hill, 2018). The association between individual condition
and red carotenoid coloration is hypothesized to arise either through
internal trade-offs between the production of red color and the use
of carotenoids to aid homeostasis (Alonso-Alvarez et al., 2004; Koch
& Hill, 2018) or through pathways shared by pigmentation and vital
cellular processes related to energy production (Hill et al., 2019).
Evidence for mate choice for carotenoid-ornamented traits has
been demonstrated in a variety of vertebrate animals. For example,
male two-spotted gobies prefer females with more red carotenoids
(Amundsen & Forsgren, 2001), male spotted pipefish prefer females
with more blue carotenoids (Berglund, Rosenqvist, & Svensson,
1986; Czeczuga, 1980), female guppies (Houde, 1997; Kodric-
Brown, 1989) and sticklebacks (Milinski & Bakker, 1990) prefer males
with more red carotenoids, female chuckwalla lizards prefer males
with redder carotenoid coloration (Kwiatkowski & Sullivan, 2002),
and female house finches prefer males with more red carotenoids
in their feathers (Hill, 1991, 2006). In these species, mating prefer-
ence for red coloration may have evolved because carotenoid color-
ation serves as a reliable signal of condition (Endler, 1980; Hill, 1991;
Svensson & Wong, 2011) such that preference for redder mates

FIGURE 1 Tigriopus californicus
under a dissecting scope. (a) Adult male
T. californicus clasping and guarding a
stage IV female copepodite, (b) wild-type
red female fed a diet of mixed algae, (c)
white female fed a diet of nutritional
yeast deficient of carotenoid precursors,
and (d) restored-red female fed a diet of
yeast and supplemented with 20 pug/ml
zeaxanthin [Colour figure can be viewed
at wileyonlinelibrary.com]
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selects for increased reproductive fitness (Candolin, 2000; McGraw
& Ardia, 2003). In these cases, individuals select for mates with a
greater concentration of ornamental carotenoids. Examples of sex-
ual selection for carotenoid-based coloration in invertebrates are
rare (but see: [Baldwin & Johnsen, 2009; Detto, 2007]) despite the
wide taxonomic distribution of this trait, particularly in crustaceans
(Maoka, 2011).

The marine copepod Tigriopus californicus (Figure 1) has striking
coloration that comes from the bioconversion of yellow dietary ca-
rotenoids to the red ketocarotenoid astaxanthin (Weaver, Cobine,
& Hill, 2018). In the wild, Tigriopus copepods acquire dietary ca-
rotenoids, such as zeaxanthin, needed to make astaxanthin from a
grazing diet that is rich in photosynthetic micro-algae (Powlik, 1996).
In copepods, astaxanthin accumulation has been shown to protect
against damage from UV radiation (Caramujo, de Carvalho, Silva, &
Carman, 2012; Davenport, Healy, Casey, & Heffron, 2004; Weaver,
Wang, Hill, & Cobine, 2018). In these studies, copepods with more
astaxanthin had improved survival when exposed to short wave-
length UV radiation. Moreover, copepods exposed to UV radiation
lost between 77% and 92% of their astaxanthin coloration during

treatment, in contrast to unexposed controls (Caramujo et al,

2012). Copepods, including T. californicus, also lose red astaxanthin
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coloration when exposed to toxic concentrations of metals, such as
copper (Caramujo et al., 2012; Weaver, Hill, Kuan, & Tseng, 2016),
suggesting that carotenoid accumulation and coloration is correlated
with the health or condition of the animal. In vertebrates, the bene-
fits of information about the condition of prospective mates are hy-
pothesized to maintain mating preferences for carotenoid coloration
which in turn maintain the color displays (Hill, 2006; Svensson &
Wong, 2011). However, evidence that copepods assess mates based
on carotenoid coloration is limited.

In the single empirical test for preference related to carotenoid
coloration in T. californicus copepods, females were observed to
have a slight but non-significant preference for red males (Palmer
& Edmands, 2000). There was no control for chemical cues in these
female preference trials, and the authors also suggested this result
may have been complicated by differences in mate body size. Palmer
and Edmands (2000) also documented female avoidance of inbreed-
ing. However, since the completion of this study, female choice in
T. californicus has been documented only once more: Tsuboko-Ishii
and Burton (2017) observed that already-mated females attempt to
escape male clasping though increased physical effort.

In many animals, where males mate multiple times and females
only once, females are the more selective sex. In T. californicus, how-
ever, males appear to engage in more active mate choice than fe-
males because they coerce and clasp the individual that they choose.
Although there is evidence that females try to escape unwanted
male clasping attempts (Tsuboko-Ishii & Burton, 2017), in most cases
females appear to have little choice but to mate with the male that
successfully clasps them. Active choice by Tigriopus males makes
sense because male investment in a single fertilization is large: they
engage in precopulatory mate guarding by physically clasping imma-
ture females (Figure 1a) for up to 2 weeks or until females reach
maturity. This period can last up to approximately 25% of the male's
reproductive lifespan (Alexander, Richardson, & Anholt, 2014;
Burton, 1985). Indeed, the large investment for males in a single
mating event is cited as a major driver for the evolution of selective
behavior in response to a variety of mating criteria (Burton, 1985;
Frey, Lonsdale, & Snell, 1998; Ting & Snell, 2003). Because Tigriopus
males exhibit a variety of non-random mating behavior and because
male mate choice for astaxanthin coloration has been demonstrated
in other marine taxa such as gobies (Amundsen & Forsgren, 2001),
crabs (Baldwin & Johnsen, 2009) and pipefish (Berglund et al., 1986;
Czeczuga, 1980), we hypothesized that male T. californicus may also
assess carotenoid content in females. To date, no test for male pref-
erence for red coloration in this species has been completed.

While there have been functional tests of vision in Tigriopus co-
pepods, they have been mostly framed in the context of measuring
responses to UV or polarized light (Martin, Speekmann, & Beidler,
2005; Porter, Steck, Roncalli, & Lenz, 2017). The T. californicus eye-
spot contains a layer of red pigment located between two sensory
cells and next to a retroreflective layer used to concentrate low lev-
els of light (Martin et al., 2005). The function of this pigment has
not yet been determined; however, the pigmented layer in the eye
of marine animals may serve to enhance discrimination of UV and

red light and may aid pooling of vitamin A for vision (Chiou, Place,
Caldwell, Marshall, & Cronin, 2012; Price, Weadick, Shim, & Rodd,
2008). Despite the physiology mentioned above, whether T. califor-
nicus can or cannot detect differences between colors has not been
tested, even though other copepod species have been documented
to rely on visual cues during mating (Land, 1988). Because T. califor-
nicus vision may be limited compared with higher taxa, they may only
be able to detect large differences in coloration between potential
mates.

In this study, we tested whether carotenoid-based coloration
is a criterion for mating in T. californicus by conducting male mate
choice experiments using females fed either a wild-type algal diet, a
carotenoid-deficient nutritional yeast diet, or a carotenoid-restored
nutritional yeast diet. These experimental diets produced a red ca-
rotenoid-rich coloration (wild-type algal and carotenoid-restored)
and a white carotenoid-deficient coloration (nutritional yeast). We
used white copepods in comparison with copepods with red color-
ation as a coarse-level test to see whether color appeared to be a cri-
terion in copepod mate choice. Furthermore, we fed yeast copepods
a carotenoid-restored diet to isolate the effect of carotenoid color
from other dietary differences in the yeast and algae diets. A similar
all-or-none experimental manipulation of ornamentation was used in
the initial experiments to test whether birds respond behaviorally to
red feather coloration (Peek, 1972; Smith, 1972) or to ultraviolet col-
oration (Bennett, Cuthill, Partridge, & Maier, 1996), and these exper-
iments formed the foundations for numerous subsequent studies.
As was argued in the foundational bird studies, if Tigriopus copepods
do not discriminate between two very different color phenotypes,
then we would not predict that they would discriminate based on
finer color differences as is observed in vertebrates (Svensson &
Wong, 2011). We predicted that if red carotenoid coloration is used
during mate choice, males would clasp red females more than white
females in both wild-type red versus white and restored-red versus

white mating trials.

2 | MATERIALS AND METHODS

2.1 | Animal husbandry and generation of color
groups

Our laboratory has maintained large panmictic populations of
Tigriopus californicus since 2014 under the following conditions:
35 psu artificial seawater at approximately 23°C on a 12:12-hr
light:dark cycle and fed live micro-algae (Isochrysis galbana and
Tetraselmis chuii). We refer to copepods raised under these condi-
tions as “wild-type red” (Figure 1b).

Because carotenoids must be acquired through the diet, feeding
Tigriopus copepods a carotenoid-free diet of nutritional yeast (Bragg)
results in copepods that are colorless and contain only minute
amounts of astaxanthin in their bodies (Figure 1c) (Weaver, Cobine,
etal., 2018). To produce white copepods, we switched a subset of the
wild-type red population to a nutritional yeast-only diet for several
generations prior to the experiments to ensure cultures were clear of
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carotenoid precursors (Weaver, Wang, et al., 2018). Nutritional yeast
lacks the precursors necessary to produce astaxanthin. We refer to
these copepods as “white” copepods (Figure 1c). To isolate the effect
of carotenoid coloration and control for dietary differences between
algae and yeast-fed copepods, we fed a subset of copepods a nutri-
tional yeast diet supplemented with zeaxanthin—an astaxanthin pre-
cursor (Weaver, Cobine, et al., 2018), at a concentration of 20 pug/ml.
We refer to these copepods as “restored-red copepods” (Figure 1d).
In summary, our experimental design generated three phenotypes:

wild-type red, white, and restored-red (Figure 1).

2.2 | Obtaining virgin females

Adult male Tigriopus perform precopulatory mate guarding by clasp-
ing immature females with their first antennae, forming a “clasped
pair” until she molts into the adult stage. To obtain virgin females,
we first isolated clasped pairs from the populations and then care-
fully separated the virgin female from the male using fine needles
under a dissecting scope. We kept separated females in isolation for
1 day before trials to allow for recovery, and only free-swimming
males were used in trials. We took pictures of each female under a
dissecting scope on a calibrated slide (Figure S1) and measured body
length and width from the images using Fiji (Schindelin et al., 2012).
We used these measurements to size-match red and white females

to control for preferences due to developmental stage.

2.3 | Mitigation of chemosensory signals via
trypsin treatment

Previous work has shown that male Tigriopus copepods clasp the
largest, most developmentally advanced virgin females over smaller,
less developed females (Burton, 1985). Male copepods detect dif-
ferences in female development through chemical cues that are
likely amino acid-based pheromones (Kelly, Snell, & Lonsdale, 1998)
or surface-bound glycoproteins (Ting, Kelly, & Snell, 2000; Ting &
Snell, 2003). Treatment with the protease trypsin to remove these
glycoproteins results in highly reduced male discrimination for de-
velopmental stage (Ting et al., 2000; Ting & Snell, 2003). To control
for the known preference for developmental stage/size, we treated
subsets of female copepods in our red versus white choice trials with
trypsin (625 U in artificial seawater) (Figure 2). After 2 hr of trypsin
exposure, we rinsed individuals three times with artificial seawater
and conducted the mate choice trials.

To confirm that trypsin could remove chemical signals responsi-
ble for male preference for developmentally advanced females, we
conducted separate choice trials (n = 80) in which a male was pre-
sented with a small, early development wild-type red virgin female
or alarge, late-development wild-type red virgin female (Figure 2). In
approximately half of the trials (n = 41), both females were treated
with trypsin, and in the remainder of the trials (n = 39), both females

were untreated.
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FIGURE 2 A summary of the experimental manipulations,
feeding regimes, and comparisons made in this study. (a) Wild-type
red versus white females untreated with trypsin, (b) wild-type red
versus white females treated with trypsin, (c) restored-red versus
white females untreated with trypsin, (d) restored-red versus
white females treated with trypsin, (e) large versus small females
untreated with trypsin, and (f) large versus small females treated
with trypsin. In e and f, both large and small females were colored
red from a diet of natural mixed algae [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 3 Results from size choice trials. Bars add up to
100% and individual segment sizes correspond with the percent
of males that clasped each type of female. Numbers inside each
bar are raw count values for the number of males that made each
choice. Males significantly prefer larger, developmentally mature
females over females of earlier stages in normal mating situations
(untreated group). When treated with 625 U trypsin, stage-
specific glycoproteins are removed from the carapace of large
and small females. Therefore, males cannot distinguish between
developmental stages and have no significant preference for large
or small females (trypsin-treated group)

2.4 | Color choice trials procedure

In every choice trial (Figure 2), one male was placed in single 3.4-ml
well of a 24-well plate in 600 pl artificial seawater with one red fe-
male and one white female for 2 hr. Sample sizes for each experiment
group are listed in Figure 2. We determined male choice by record-
ing, at regular intervals over 2 hr, which female was clasped. We did
not record full copulations. The guarding behavior associated with
clasping has frequently been used as an acceptable correlate of mate
choice in copepods (Snell, 2010; Titelman, Varpe, Eliassen, & Fiksen,
2007). Our trials only lasted for 2 hr, and males can clasp females
for up to 2 weeks before copulation occurs (Burton, 1985) making
sperm transfer a difficult measure to quantify choice in this experi-
ment. Each 2-hr trial consisted a male choosing between one white
female and either a wild-type red or a restored-red female (Figure 2).
Females were kept individually in labeled wells of a 24-well plate for
approximately two hours before the start of mating trials.

To begin each trial, we first placed red and white females in a single
well of a clean 24-well plate filled with 600 pl of fresh artificial sea-
water. Once both females were in the well, the male was added, and
the trial was started. We recorded which female, if any, the male had

clasped every 5 min until the 30th minute, after which we recorded

two more observations at the 1-hr and 2-hr marks. We recorded which
female the male clasped first during this 2-hr time period. If a male
still had not clasped a female by the end of the 2-hr observation win-
dow, we recorded this as “no choice.” The majority of clasping events
occurred within the first 10 min (Figure S2) as previously observed in
Tigriopus species during mate choice experiments (Kelly et al., 1998).
At the end of each mating trial, both the male and two females were

placed in stock laboratory cultures not used for further mating trials.

2.5 | Statistical analyses and presentation of results

We tested for male preference for female coloration and size using
a logistic regression model using the “multinom” function from the
“nnet” package v7.3.12 (Venables & Ripley, 2013). This model esti-
mates the likelihood of a male clasping a red female, a white female,
or neither. We report the results as the mean probability and 95%
confidence interval of a male clasping one female over another,
called the relative risk (Andrade, 2015). A relative risk with confi-
dence intervals that do not include 1 is equivalent to the p-value
being <.05. All statistical analyses were performed in R v3.6.1 (The
R Core Team, 2019) and graphed using the package “ggpubr” v0.2.1
(Kassambara, 2019) and “cowplot” (Willke, 2019).

3 | RESULTS

3.1 | The influence of trypsin on male preference for
large or small females

We tested male preference for large or small females that had or
had not been treated with trypsin (Figure 2). When females were
untreated (n = 39 trials), males were 2.89 (95% Cl: 1.35-6.17) times
as likely to clasp large females than small females and this was statis-
tically significant (Figure 3). When females were treated with trypsin
(n = 41 trials), males were only 1.14 (95% Cl: 0.56-2.34) times as
likely to choose large over small females, but this was not statistically
significant (Figure 3).

3.2 | The effect of color on male choice for wild-
type red or white females

When females were untreated (n = 88 trials) (Figure 2a), males
were 1.48 (95% Cl: 0.93-2.38) times as likely to clasp wild-type
red females over white females, but this result was not significant
(Figure 4). When males were presented with trypsin-treated females
(n = 96 trials) (Figure 2b), males were 1.64 (95% Cl: 0.99-2.69) times
as likely to clasp wild-type red over white females, but this result was
also not significant (Figure 4).

3.3 | The effect of color on male choice for
restored-red or white females

When females were untreated (n = 75 trials) (Figure 2c), males were
only 0.37 (95% Cl: 0.21-0.66) times as likely (63% less likely) to clasp
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FIGURE 4 Results from mating trials testing male preference
for wild-type red versus white females and male preference for
restored-red females versus white females. Both experiments were
completed with untreated females and females washed in trypsin
to remove surface-bound glycoproteins. Bars add up to 100% and
individual segment sizes correspond with the percent of males

that clasped each type of female. Numbers inside each bar are

raw count values for the number of males that made each choice.
Significantly fewer males clasped restored-red females over white
females when females were not treated with trypsin

restored-red females over white females and this result was statisti-
cally significant (Figure 4). When females were treated with trypsin
(n = 76 trials) (Figure 2d), males were 0.67 (95% Cl: 0.41-1.10) times
as likely (33% less likely) to clasp restored-red females over white

females, but this result was not significant (Figure 4).

4 | DISCUSSION

Through a series of experiments in which males were given a choice
of females that were either red or white, we found little to no sup-
port for the hypothesis that male T. californicus use redness as a
criterion in mate choice. We found that male copepods clasped wild-
type red females more frequently than white females, but not at a
rate that differed significantly from a random pattern. The strength
of preference observed in these trials was similar to that observed
by Palmer and Edmands (2000) when they tested female Tigriopus
preference for red and white males. In our study, the result was the
same whether females were treated with trypsin or not, but the
trend toward preference for wild-type red females was stronger in
the trypsin-treated group. We may have observed this increased at-
traction to red females because without chemical cues, wild-type
red females stood out more since they were darker. However, an

increased reliance on sight would not explain why trypsin treatment

removed male preference for larger females in our size trials, since it
would be predicted that males would still be able to visually distin-
guish between large and small mates. Based on these results, T. cali-
fornicus eyespots may be better at detecting differences between
light and dark, than resolving shape and size. This is certainly sup-
ported by the fact that T. californicus can distinguish between water
in shade and bright light (Martin et al., 2005), and that other copep-
ods species must use mechanical sensation to determine mate size in
the absence of chemical cues (Ceballos & Kiorboe, 2010).

We isolated the effect of red coloration by supplementing ca-
rotenoid-deficient females with a single precursor carotenoid used
to make the red carotenoid astaxanthin. In these red-restored trials,
males not only failed to show a preference for red over white fe-
males, but also showed a significant preference for white females.
This strong pattern of choice is difficult to reconcile with the hy-
pothesis that male copepods use red coloration as a positive crite-
rion in mate choice. Moreover, this lack of choice for red when we
controlled for the gross dietary differences that were present in the
yeast versus algae-fed trials suggests that the apparent preference
for red in those trials was an artifact of preference for algae-related
compounds. Compounds derived from an algal diet may produce a
more desirable chemical signal during mate choice in Tigriopus cope-
pods than carotenoid coloration.

Conversely, aqueous supplementation of powdered zeaxanthin
to produce restored-red individuals may have masked or changed
the chemical signal of restored-red females so that males preferred
to clasp white females instead (Figure 4). It is possible for dietary
carotenoids to associate with glycoproteins (Teng et al., 2016; Zsila,
Molnar, Deli, & Lockwood, 2005; Zsila, Nadolski, & Lockwood, 2006).
This hypothesis is speculative, and we have no data to support the
idea that zeaxanthin may interrupt T. californicus chemical cues. It is
very rare to see a white T. californicus copepod in the wild. In other
species, such as the freshwater copepod Acanthodiaptomus denticor-
nis, certain populations exposed to high predation levels have lost
red astaxanthin coloration and have become white (Sereda, Debes,
Wilke, & Schulthei, 2016). In these populations, white individuals
may be preferred over red if they are better able to avoid detection
by predators when forming clasped pairs. This situation is unlikely to
be the case in T. californicus, who limit their exposure to predation by
inhabiting elevated tide pools that are more difficult for predators
to reach (Dethier, 1980). Moreover, high UV exposure in these tide-
pools would likely select against any white phenotype.

Copepods produce red integumentary coloration using the
same carotenoid precursors and following the same conversion
pathways as many vertebrates (McGraw, 2006; Weaver, Cobine, et
al., 2018). Also, as in vertebrates, red carotenoid coloration in co-
pepods is sensitive to environmental perturbations. Copepods lose
their red coloration after exposure to UV radiation (Davenport et
al., 2004; Weaver, Wang, et al., 2018), predation (Brisin, Svensson,
& Hylander, 2016), and toxic metal exposure (Caramujo et al., 2012;
Weaver et al., 2016). It is widely stated and experimentally confirmed
that red coloration in copepods plays an important role in protecting
them from photo-oxidation (Caramujo et al., 2012; Hairston, 1976;
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Moeller, Gilroy, Williamson, Grad, & Sommaruga, 2005; Weaver,
Wang, et al., 2018), and this is in agreement with other marine inver-
tebrates (Babin, Biard, & Moret, 2010; Maoka, 2011).

Unlike in vertebrates, experimental evidence of sexual selection
for carotenoid color in crustaceans is rare. This could be due to a lack
of empirical studies on the use of visual cues during mating events
(Elofsson, 2006). The role of carotenoids in crustacean mate choice
and the ability of crustaceans to perceive carotenoid-based signals
has been identified as an area of research that needs more attention
(Baldwin & Johnsen, 2012). Moreover, current evidence for the role
of carotenoid-based visual cues in crustacean mating is inconsistent.
As a primary example, Baldwin and Johnsen (2009) showed that blue
crabs (Callinectes sapidus) prefer mates with claws displaying redder
coloration; however, Bushmann (1999) showed no decrease in the
tendency for blue crabs to mate when blindfolded. This could indi-
cate that visual signals are only part of the information assessed by
crustaceans and other signals, such as chemical cues, may be more
important.

In contrast to the paucity of research on mate choice in crusta-
ceans, numerous studies have investigated carotenoid pigmentation
in relation to physiological functions. The dominant red carotenoid
in Tigriopus copepods and other crustaceans, astaxanthin, has
mostly been studied in the context of its roles as an antioxidant and
in pigmentation, photoprotection, and production of provitamin A
(Britton, Liaaen-Jensen, & Pfander, 2008; Linan-Cabello, Paniagua-
Michel, & Hopkins, 2002). The association of carotenoids with im-
proved growth, immune response, stress response, and disease
resistance in crustaceans is well established (Niu et al., 2009, 2014;
Paibulkichakul, Piyatiratitivorakul, Sorgeloos, & Menasveta, 2008;
Supamattaya, Kiriratnikom, Boonyaratpalin, & Borowitzka, 2005).
There is also evidence that astaxanthin is important during crusta-
cean reproductive events and gonadal development (reviewed in
Linan-Cabello et al., 2002).

Astaxanthin accumulation has been shown to correlate with ad-
ditive genetic effects and is likely heritable, as shown by a single
trait mixed model used to estimate heritability of shrimp astaxanthin
coloration across a reconstructed pedigree (Nguyen et al., 2014).
Genetic indicator models of sexually selected traits assume that
there needs to be sufficient heritability of a trait for it become pre-
ferred (Andersson & lwasa, 1996).

The apparent associations between astaxanthin, body condition,
and improved physiological responses in crustaceans, coupled with
the possibility that astaxanthin accumulation is a heritable genetic
trait, begs further investigation into the role of astaxanthin color-
ation in crustacean behavior. Our results with Tigriopus copepods
show that although astaxanthin accumulation is related to body con-
dition, it has not been co-opted as a sexually selected trait as seen
in birds and other vertebrates. However, our results are gathered
from laboratory populations of T. californicus raised under optimal
conditions exclusively.

Red coloration in T. californicus appears to be a striking, con-
dition-dependent visual display that according to our study and
results shown by Palmer and Edmands (2000) did not evolve as

a signal used in mate assessment. It is interesting to speculate
that condition dependency is an inherent property of carotenoids
(Weaver et al., 2017) whether or not they are assessed in mate
choice and that the coevolution of condition dependency and
sexual selection (Rowe & Houle, 1996) may be unnecessary in
crustaceans. In order to evaluate this hypothesis, more empirical
work in crustaceans testing the role of carotenoid coloration in
sexual signaling is needed. Coupling knowledge on the physio-
logical functions of carotenoids with inquiries on their potential
roles in modifying behavior may prove valuable to understand-
ing the evolution of condition dependency of carotenoid-based
ornaments.
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