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While life history traits are shaped by allometric, phylogenetic, environmental and
behavioral factors, few comparative studies of brachyuran life history patterns have
considered sperm storage traits as important components of reproductive strategies. To
understand the evolutionary forces selecting for sperm storage and their interactions with
other life history traits, | (1) used controlled laboratory experiments and field mating
observations to examine variation in male sperm transfer patterns, (2) sampled variation
in female reproductive output and sperm storage for two species across a latitudinal
gradient, (3) conducted a survey of life history traits across a broad range of brachyuran
taxa, and (4) used phylogenetic analyses to identify patterns in the evolution of life

history traits in brachyurans.

From mating experiments and observations on five species, | found that males transfer

more sperm with longer than shorter copulation durations and that variation in copulation



duration was shaped by differences in the species’ ecologies. Latitudinal surveys of two
species with contrasting mating systems identified seasonal and geographical variation in
female reproductive output. While the variation in most reproductive traits could best be
explained at smaller spatial scales, a sperm storing species, Callinectes sapidus became

sperm limited at low latitudes.

From a comparative survey of male and female life history traits across 61 species of
brachyurans, | found that allometry, phylogeny and mating strategies explained much of
the variation in life history traits. Using rigorous phylogenetic techniques, male life
history traits showed more plasticity across the phylogeny than female traits suggesting
male traits may be influenced more by behavioral and environmental factors. After
correcting for phylogenetic signals, species with larger male sperm stores had larger
amounts of sperm stored by the female. In summary this dissertation illustrates the
importance of partitioning variation in mating behavior, phylogeny, environmental

factors and allometry when examining the evolution of life history traits in brachyurans.
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THEORETICAL BACKGROUND AND INTRODUCTION
Sexual selection in the form of both male competition and female choice are important
forces shaping the evolution of life history traits such as sperm storage and reproductive
output. This is brought about by a typically higher variation in reproductive success in
males versus females (Bateman, 1948). It has been well documented that male-male
competition, including sperm competition, can shape both male functional morphology
(Diesel, 1991; Cordoba-Aguilar et al., 2003; Snow et al., 2006) and mating behavior
(Diesel, 1991; Jivoff, 1997a; Wedell & Cook, 1999; Rondeau & Sainte-Marie, 2001;
Wedell et al., 2002; Wada et al., 2005). Sexual selection likely played an important role
in the evolution of female sperm storage. Similarly, female choice places selective
pressure on male morphology and behavior, which can lead to the evolution of elaborate
courtship behaviors and male morphologies. For example, male fiddler crabs have
evolved intricate claw-waving patterns. In fact, each species displays a unique waving
pattern which attracts conspecific females (Crane, 1975). Cryptic female choice, for
example females differentially using sperm packets after copulation, also can lead to
directional selection of male sperm traits (Birkhead, 1998). Although this mechanism has
not received much attention, it is thought to play a role in the mating system of the

cuttlefish Sepia apama (Naud et al., 2005).

By storing sperm, females guarantee they will have a readily available sperm source at
the time of oviposition without having to engage in costly mate searching or courtship
behaviors. Additionally, if females multiply mate, they can store sperm from more than

one male and increase the genetic diversity of the brood (Johnston et al., 2006). However,



sperm storage is not only advantageous, but it can be costly to both males and females.
Storage requires the evolution of male and female proteins and sperm metabolism that
maintain the viability of sperm within the spermathecae (Diesel, 1991; Jeyalectumie &
Subramoniam, 1991). There is a developmental cost (in both time and energy) to
producing a spermatheca, and a metabolic cost associated with developing reproductive
tissue (Stearns, 1992; Zera & Denno, 1997). Interestingly, recent experimental work has
revealed additional costs associated with long-term sperm storage, such as a decreased
immune response in attine ants (Baer et al., 2006), and decreased longevity in Drosophila
(Lung et al., 2002). In molting arthropods, it is possible to lose sperm during ecdysis
(Cheung, 1968; Morgan et al., 1983), and this can vary with phylogenetic molting
patterns. In this dissertation, | examined variation in brachyuran life history traits, with
particular emphasis on sperm storage patterns, in association with variation in mating
behavior, environmental factors such as latitude and depth, and with phylogenetic
patterns, in order to identify the selection pressures leading to the diverse array of life

history traits found within this group.

Mating behavior shapes and is shaped by sexual selection and thus influences the
evolution of reproductive traits. For example, male competition for access to limited
females can lead to pre-copulatory guarding. Indeed, Jivoff (1997) found that, by
increasing the sex ratio of Callinectes sapidus, the blue crab, so that males out-numbered
females, males increased the amount of time they spent guarding females, and thus
increased their energetic investment per female. In addition, sexual selection can shape

functional morphology. For example, a high rate of sperm competition has led male



redback spiders to evolve the ability to break their sternite in the female reproductive
tract. The broken sternite serves as a low cost plug to prevent another male from
depositing a sperm packet, and assures the male’s paternity (Snow et al., 2006).
Intersexual selection can lead to the co-evolution of male and female traits, with the sexes
acting in concurrence or in conflict with each other (Parker, 2006; Wedell et al., 2006).
One example of intersexual conflict shaping morphology is the production of “toxic
sperm” in Drosophila. Males have evolved proteins in their seminal fluid that can
control female behavior by reducing a female’s mating frequency and increasing
ovulation but at the cost of decreasing female longevity (Lung et al., 2002; Harmer et al.,
2006). While mating behavior and functional morphology can shape sperm storage
patterns, these traits can in turn shape optimal mating behaviors and functional

morphologies.

Environmental factors such as latitude, depth, season length, temperature, and food
availability can alter optimal life history traits, and can shape mating behavior (Emlen &
Oring, 1977). Variation in physiology caused by geographical and spatial factors has
received considerable attention in the literature and has played an important part in
shaping reproductive traits. Body size follows one of three possible trends with
increasing latitude: 1) Bergman’s rule (increasing body size), 2) converse Bergman’s rule
(decreasing body size), and 3) countergradient variation (varies based on the amount of
genetic compensation) (Conover & Schultz, 1995; Atkinson & Sibly, 1997;
Blanckenhorn & Demont, 2004). Recent work on marine arthropod species has shown

that several follow Bergman’s rule (Reaka, 1986; Blanckenhorn & Demont, 2004;



Lardies & Bozinovic, 2006), and thus reproductive output is expected to increase with
latitude. This alters how sperm is used by the female and allocated by the male, and thus
has the potential to lead to sperm limitation when females have a large clutch size
(MacDiarmid & Butler, 1999; Hines et al., 2003). Since individual male sperm number
can vary over relatively small spatial scales with males having fewer sperm in areas with
low versus high sperm competition (Evans & Magurran, 1999) and in areas with high
versus low fishing pressure (MacDiarmid & Butler, 1999; Gardner & Williams, 2002;
Hines et al., 2003; Jivoff, 2003b; Alonzo & Mangel, 2004; Carver et al., 2005), then male
sperm number can likely vary across a larger spatial scale, such as latitude. Similarly,
female egg number varies with body size (Hines, 1982; Mclintyre & Hutchings, 2003)
and decreases with increasing egg size (Smith & Fretwell, 1974; Kolm et al., 2006b).
Such traits have been shown to vary predictably across latitude (Cody, 1966) and with

depth (Strathmann, 1977).

Lineage effects occur when a trait becomes fixed in an ancestor and constrains evolution
in the descendants (Stearns, 1992). Such phylogenetic patterns are known to shape life
history traits. For example, in stomatopods, body size is constrained by phylogeny; body
size in turn alters life history traits and rates of speciation (Reaka, 1986). With the
advancement of phylogenetic techniques, reproductive traits can be permuted across a
phylogeny in order to test for a significant phylogenetic pattern in that trait. Once
identified, phylogenetic correlations can be removed from the trait in order to test

correlations between different life history traits. By identifying phylogenetic patterns in



life history traits, we can begin to understand how these traits have evolved across a

phylogeny.

The Study System:

Brachyura, or true crabs, are a model group for comparative research on reproductive
traits such as sperm storage and its correspondence with mating system dynamics and
reproductive morphologies. Brachyurans are abundant, easily collected from the field and
manipulated in the laboratory. They all have internal fertilization and possess a
spermatheca, and thus can store sperm, at least for the short term (Diesel, 1991). While
there are approximately 24 superfamilies and 71 families of brachyurans (Martin &
Davis, 2001), this proposal will focus on species with diverse life history traits and
mating strategies from six superfamilies: Cancroidea, Xanthoidea, Ocypodoidea,

Portunoidea, Majoidea, and Grapsoidea.

Long-term sperm storage is thought to be ubiquitous and the basal condition within the
brachyurans. It has been well documented in several commercially important brachyuran
species, including the portunids C. sapidus (Jivoff, 2003b), and Scylla serrata
(Jeyalectumie & Subramoniam, 1991), the majids Chionoecetes opilio (Sainte-Marie &
Sainte-Marie, 1999), Chionoecetes bairdi (Paul, 1984), and Inachus phalangium (Diesel,
1990), and the xanthids Pseudocarcinas gigas (Gardner & Williams, 2002) and Menippe
mercenaria (Cheung, 1968). However, relatively little information is known about sperm
storage in small bodied xanthids, ocypodids and grapsids in relation to their mating

systems, environments and phylogenetic histories. Specifically, species with varying



mating behaviors have not been investigated in a comparative framework. Although
mapping sperm storage patterns in brachyurans on a phylogenetic tree is beyond the
scope of this dissertation (but is a long term research goal), this dissertation research
provides a first step in examining the phylogenetic patterns of sperm storage and

reproductive output in this group.

Objectives for each chapter:

In order to understand the relationship between sperm storage and mating systems, in
chapter one, | examined male sperm transfer and female sperm storage in five species of
brachyuran crabs from three superfamilies (Ocypodoidea, Grapsoidea, and Xanthoidea).
Using controlled laboratory mating experiments and field mating observations, | was able
to collect mated pairs for each of the five species, calculate the amount of sperm
transferred to the female at mating for each species, and determine if (1) copulation
duration and the time until mating are longer for larger males and larger females, and for
males with more sperm, (2) more sperm and a heavier ejaculate are transferred with long
copulation durations, by large males and to large females, and (3) large, fecund females
accumulate more sperm after mating. While copulation duration and time until mating
were not longer for large versus small individuals, more sperm was transferred with
longer copulation durations, to larger females and by larger males. More fecund species
did not accumulate more sperm after mating than less fecund species; in fact, the reverse
trend emerged. | suggest that these fecund females might be mating more frequently in

order to meet the sperm storage demands for their large, numerous broods.



The differences in sperm transfer and copulation duration in these five species matched
with differences in their mating ecologies. The two xanthids species that occurred lower
in the subtidal and that lived a more cryptic existence had long copulation durations and
transferred large ejaculates to females at mating. These males did not react quickly to the
presence of a mate and | suggest that the time between mating might be longer for these
species. In contrast, the three intertidal and semi-terrestrial species had short copulation
durations, small ejaculate transfer and males reacted quickly to the presence of the mate.
While there is a large degree of variation in mating systems within these habitats, |
suggest that, for these small bodied species, selection for short copulation durations leads
to small sperm transfer and has likely decreased the selective pressures on long term

sperm storage in those species.

For chapter 2, | conducted an intraspecific study of the variation in reproductive output
and sperm storage traits for two species of crabs, Eurypanopeus depressus and
Callinectes sapidus. | tested the hypothesis that reproductive output is high early in the
season and at high latitudes (Lardies & Bozinovic, 2006) and that this has important
consequences for female sperm storage in C. sapidus, a known sperm-storing species.
While we did not find consistent patterns in body size with latitude, we did find that egg
size generally decreased late in the season, likely due to energetic constraints on yolk
accumulation. Moreover, species produce smaller, yet more numerous brood masses late
in the season. While there were latitudinal differences in female sperm stores, they did
not vary consistently across a latitudinal gradient suggesting that local environmental

variation may be a better predictor of variation in sperm storage traits. Since more broods



are produced during the longer reproductive seasons at low versus high latitudes,
populations of C. sapidus were sperm limited at low latitudes consistent with previous
assessments (Hines et al., 2003). Thus, it would be beneficial to include spatial patterns in
reproductive output and sperm storage into fisheries models in order to better manage

declining stocks.

I conducted a comparative analysis of life history traits across a broad array of species of
brachyurans in chapter 3 in order to partition the variation in life history traits among
allometric, phylogenetic, environmental, and behavioral factors. | predicted that: (1) life
history traits would scale by positive allometry, (2) superfamilies would differ in both
reproductive output and sperm storage traits, (3) species at high latitudes and in deep
water would have the largest investment in reproductive output and sperm storage traits,
and (4) that species with a ‘female defense’ mating strategy (males directly defend
females) would have larger male and female sperm stores than species with ‘resource
defense’ (males defend resources valuable to females) and ‘encounter/scramble’ (males

defend neither females nor resources) strategies (Christy, 1987a).

Most life history traits scaled by positive allometry. Several traits (egg number, female
sperm number, male gonopod length and male gonopod volume) displayed consistent
allometries, and thus body size explains most of variation in these traits. Phylogeny
played an important role in shaping variation in life history traits. Egg size, spermathecal
% fullness and female sperm/egg ratio displayed significant phylogenetic patterns, and

most of the other life history traits varied allometrically across superfamilies. In



particular, species within the Grapsoidea had negative allometries for most sperm storage

traits, suggesting an important role for phylogeny in shaping life history traits.

While latitude and depth explained less of the variation in life history traits, egg size
varied significantly by depth. Deep water species had larger eggs than shallow water
species, likely due to greater nutrient provisioning as a result of long development times
in deep waters. Since egg number decreases with increasing egg size, ecological selection
on egg size can have important implications for sperm storage and use. Species with a
‘female defense’ mating strategy typically had larger male and female sperm stores than
species with a ‘resource defense’ strategy. However, species with ‘encounter/scramble’
strategies did not significantly differ from those with ‘female defense’ strategies. |
suggest that increased sperm competition in the ‘resource defense’ strategy has likely led
to a small male investment in reproduction in sperm storage in the Ocypodoidea and

Grapsoidea.

In chapter 4 | conducted a comparative analysis of the correlated evolution of male and
female traits and predicted that (1) life history traits display a significant phylogenetic
signal, and that (2) male and female sperm storage traits are correlated in brachyurans
after correcting for phylogenetic relatedness. Using permutation tests | found that, while
all of the female traits displayed a significant phylogenetic signal, few of the male sperm
storage traits varied across the phylogeny. | suggest that male sperm storage traits might
be responding more to variation in sperm competition and are thus more variable across

the phylogeny. On the other hand, female sperm storage is likely restricted by



reproductive output, a trait that is constrained by superfamilial patterns (Hines, 1982;
Hines, 1986). While nearly all male and female traits were correlated prior to correcting
for phylogeny, only four of the seven initially tested correlations remained after
incorporating phylogenetic relatedness into the model. These results emphasize the
importance of incorporating phylogeny into comparative analyses of life history traits in

brachyurans.

10



CHAPTER |
A comparative analysis of sperm storage and mating strategies in five

species of brachyuran crabs

ABSTRACT

Variation in female sperm storage across taxa is explained, in part, by the amount of
sperm transferred at mating and thus by variation in mating behavior. Several studies that
focused on a single species have shown that male sperm transfer can vary with body size,
sex-ratio, copulation duration, and season. In this study, | compared the amount of sperm
transferred, and thus female sperm storage, across five brachyuran species
(Rhithropanopeus harrisii, Eurypanopeus depressus, Pachygrapsus transversus, Uca
beebei, and U. terpsichores) with varying mating strategies. Using mating experiments
and field mating observations, | found that species with longer copulation durations
transferred more sperm at mating, and this was directly related to variation in their
mating systems. The semi-terrestrial species, which rely heavily on vision and for which
predation pressure is high during copulation, had shorter copulation durations, transferred
less sperm at mating, but were more fecund per brood and per season and had lower
sperm/egg ratios. Thus variation in mating behavior shapes, and is shaped by, the
evolution of sperm transfer, sperm competition and sperm storage. Comparisons of
patterns of sperm transfer across different mating strategies provide a better

understanding of the evolution of female sperm storage.

11



INTRODUCTION

Female sperm storage has evolved multiple times and occurs in a diverse assemblage of
taxa from acoel flatworms (Grae & Kozloff, 1999), insects (Eberhard, 1997), decapods
(Salmon, 1983), salamanders (Sever et al., 2001), birds (Malecki et al., 2004), to
mammals (Taggart & Templesmith, 1991). There is a large degree of variation in how
and for how long females store sperm, whether this is externally (MacDiarmid & Butler,
1999), internally in their reproductive tract (Bucklandnicks & Darling, 1993), or in
specialized internal sperm storage organs called spermathecae (Sainte-Marie & Sainte-
Marie, 1998). It is unclear why only certain species have evolved the ability to store
sperm and what factors account for the diverse array of sperm storage tactics. While
females obviously benefit from storing sperm, storage also can be costly. For example,
attine queen ants suffer reduced immunity with increased sperm storage (Baer et al.,
2006). Similarly, sperm storage can decrease female life span (Lung et al., 2002), reduce
re-mating frequency, and thus allow males to manipulate female mating behavior

(Harmer et al., 2006).

The amount and composition of male ejaculate that is transferred at mating can determine
the amount and viability of the sperm stored by the female. In fact, since sperm
production can be costly to males (Dewsbury, 1982; Olsson et al., 1997; Wedell et al.,
2002), it has led to sperm limitation in some females (Levitan & Peterson, 1995; Shapiro
& Giraldeau, 1996), including sperm-storing species (Rondeau & Sainte-Marie, 2001;
Gardner & Williams, 2002; Wedell et al., 2002; Hines et al., 2003). When there is

consistently high variation in female reproductive success, as with sperm limited species,

12



species can evolve a polyandrous mating strategy (Bateman, 1948). When females
multiply mate, sperm competition within the storage organ can be high, leading to unique
reproductive strategies such as cryptic sperm choice by the females (Eberhard, 1997),
removal of competitors’ sperm by the male (Cordoba-Aguilar et al., 2003), and different
sperm allocation tactics (delBarco-Trillo & Ferkin, 2004). Therefore sperm storage,

sperm allocation and mating systems are all tightly coupled.

To understand the evolution of sperm allocation and sperm storage and their
correspondence with mating behavior, it is important to understand how these traits vary
within a species. Males likely alter the amount of sperm transferred to females by varying
the duration of mating; however, this is not the case for web-building spiders (Ramos et
al., 2005). Since males can transfer both seminal fluid and sperm, a long mating can
result from large seminal fluid transfer or the transfer of a sperm plug, rather than from
transfer of larger quantities of sperm. Studies have shown that sperm allocation often is
correlated with body size. For example, in Homarus americanus (American lobster),
larger males deliver more sperm to females (Gosselin et al., 2003) and, in Acheta
domesticus (house cricket), males transfer more sperm to larger, more fecund females
(Gage & Barnard, 1996). In addition to small body size, less sperm typically is
transferred when mating encounters are frequent. For example, in Callinectes sapidus
(blue crab), males transfer less sperm during subsequent matings (Jivoff, 1997a; Kendall
et al., 2002) and the amount they transfer depends on the time required for males to

replenish their sperm stores.

13



Mating encounters also vary with the synchronicity of female reproductive cycles, which
can alter the operational sex ratio (Emlen & Oring, 1977). For example, in some species
of fiddler crab, female receptivity is morphologically restricted to a lunar cycle (Christy,
2003), while, in lobsters and snow crabs, mating is typically induced by the ripening of
female ovaries (Waddy & Aiken, 1991; Bublitz et al., 2008), which can occur
synchronously for some species (Jensen et al., 1996). When females have synchronous
cycles, the operational sex ratio approaches equality, or even is skewed toward females,
and rate of encounters increases. By manipulating the sex ratio of snow crabs, Rondeau
and Sainte-Marie (2001) found that males invested less per mating event when encounter
rates were high. The probability of future mating encounters also can shape male sperm
transfer. In a simulation model of sperm allocation, males transferred more sperm later in
the season when the chances for future reproduction were low (Galvani & Johnstone,
1998). Thus, morphology, mating behavior and ecological factors all influence male
sperm transfer within a species. However, it is not known how sperm transfer varies
across species and how this potential variation corresponds with differences in their

mating systems.

Brachyura, or true crabs, are a model group for comparative research on sperm allocation
and storage and its correspondence with mating system dynamics. They all have internal
fertilization and possess a spermatheca, and thus can store sperm, at least for the short
term (Hartnoll, 1969). Male and female reproductive tracts are paired: females have two
spermathecae with separate opercula for each organ, and males have two separate vas

deferens tracts, each leading into identical intromittent organs. Males transfer their non-
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motile sperm at mating in hundreds to thousands of simple, small spermatophores
(Subramoniam, 1991). The amount and composition of transferred seminal fluid likely
varies across species, as it forms a hard, transient sperm plug in some species but not in
others (Sainte-Marie & Sainte-Marie, 1999). Sperm and seminal fluid are transferred
during copulation, which can vary from short encounters in some species of fiddler crab
to long copulation durations of up to twelve hours in C. sapidus, the blue crab (Jivoff,
1997b). After sperm is transferred to the spermathecae, it can be stored for days, or even
up to years (Morgan et al., 1983; Paul, 1984; Yamaguchi, 1998; Wolcott et al., 2005;

Penha-Lopes et al., 2006).

Brachyuran mating systems are divided into three broad categories: ‘female defense,’
‘resource defense’ and ‘encounter/scramble’ (Emlen & Oring, 1977; Christy, 1987a;
Orensanz et al., 1995). These strategies were defined by Christy (1987a) due to male
mate acquisition strategies and vary primarily in the object of competition by the males,
the costs associated with mate searching, and the frequency of mating (Christy, 1987a).
In a ‘female defense’ strategy, males search for and defend females (resulting in
prolonged pre- and post copulatory guarding (Jivoff, 1997a; Jivoff & Hines, 1998)) and
thus invest large amounts of energy in each mating encounter. Conversely, in a ‘resource
defense’ strategy, males focus their energy on defending resources that are valuable to
females. Females can either stay on the male resource until production of the brood or
can move among male resources; the latter greatly decreases a male’s confidence of
paternity (Christy, 1987a). The third mating strategy, ‘encounter/scramble,” has been less

studied. It differs from the two previous strategies because males neither set up territories
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nor directly compete for females, and it can be optimal at either low or very high
population densities (Christy, 1987a). In contrast, Orensanz (1995) concluded from his
work on cancroid crabs that mating strategies are best defined by the structure of the
habitat and by female receptivity patterns rather than by male acquisition strategies.
Regardless, all three of these mating strategies have been identified in brachyuran crabs.
Patterns in male sperm transfer and in female sperm storage across these mating

strategies have not been investigated.

My goal in this study was to determine if there was variation in copulation duration,
sperm transfer and sperm storage across five similarly sized brachyurans with different
mating behaviors. By determining how variation in these traits varies across species, we
can better identify the selective forces shaping the evolution of sperm storage across
brachyurans. In some species, males are able to assess female receptivity and thus mate
only with females close to spawning, thus increasing their assurance of paternity.
Similarly, females can release pheromones (Gleeson, 1991; Bublitz et al., 2008) or elicit
behavioral cues to advertise their receptivity to mating (deRivera et al., 2003). If males
can assess female receptivity to mating, then | predict that mating is more likely to occur
with females of late ovary stages (mating behavior). Given that large male blue crabs
copulated for longer than small males, and that males guarded large females for longer
periods than smaller females (Jivoff, 2003a), | predict that copulation duration and time
until mating are longer for larger males and larger females, and for males with more

sperm (copulation).
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While longer copulation durations result in larger ejaculate transfer in blue crabs (Jivoff,
1997b), this is not the case for the white butterfly since stimulatory behaviors, sperm plug
transfer and sperm removal can all increase copulation duration without increasing the
number of sperm transferred (Wedell & Cook, 1999; Cordoba-Aguilar et al., 2003).
Given that stimulatory behaviors and sperm removal are unknown in brachyurans, if
copulation duration varies across brachyuran species, then | predict that more sperm and
a heavier ejaculate are transferred with longer copulation durations, by larger males and
to larger females (sperm transfer). Similarly, if large, more fecund females receive more
sperm at mating, then | predict that large, fecund females accumulate more sperm after
mating (egg production). | predict there are differences between species in each of the
four traits (mating behavior, copulation, sperm transfer and egg production) which allows

us to identify ecological and behavioral traits that might be driving this variation.

METHODS

Study Species

Five small bodied species of brachyurans, including two shallow subtidal species R.
harrisii, E. depressus (Superfamily: Xanthoidea), and three semi-terrestrial and intertidal
species P. transversus (Superfamily: Grapsoidea), U. beebei, and U. terpsichores
(Superfamily: Ocypodoidea) were used in this study. Average carapace width of the
species ranged from 8 mm for U. beebei to 13 mm for E. depressus, with average widths
of 11 mm for both P. transversus and R. harrisii and 10 mm for U. terpsichores.
Rhithropanopeus harrisii and E. depressus are both cryptic, slow moving crabs that live

on oyster reefs. Males likely defend crevices in the reef, but their mating strategies are
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unknown. The semi-terrestrial and intertidal species are all conspicuous, fast moving, and
susceptible to both aquatic and terrestrial predators. Pachygrapsus transversus inhabits
rocky intertidal areas and worm reefs, where males defend crevices in the reef. Gravid
and non-gravid females seek refuge in the crevices but move among these male-defended
resources (resource defense) (Christy, 1987a). Uca terpsichores and U. beebei live in
burrows that are exposed at low tide along sand and mud banks. Females of U.
terpsichores mate and remain in male burrows until spawning (female defense) where as
U. beebei has a variable mating strategy. Mating can occur on the sediment surface or in
male defended burrows; however, the burrow is not an essential resource for brooding

females (Christy, 1987b).

Laboratory Mating Experiments

Rhithropanopeus harrisii, E. depressus and P. transversus were collected from the field
and brought into the lab during the summer of 2006 and 2007. | collected a total of 150
males, 150 females and 10 brooding females of R. harrisii from oyster bars along the
Chesapeake Bay in 2006 and 2007. For E. depressus, | collected 110 males, 110 females,
and 10 brooding females along artificial oyster banks at the Virginia Institute of Marine
Science, VA, in 2007. I collected 111 male, 111 female, and 18 brooding female P.
transversus in 2007 along a rocky jetty in the Indian River Lagoon, FL. All crabs were

brought back to the laboratory and used for mating experiments.

To prevent sperm transfer from both sides of the paired male reproductive tract during

mating, one of the two male gonopods was clipped. To serve as controls for clipping the
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male gonopod, 25% of the males used in the experiment were left intact. Each male was
held in a separate mating tank two days prior to running the experiment. This allowed for
sperm replenishment and acclimation. Mating containers consisted of a 750 ml container
with a screen mesh lid. Each container held one 1x1 inch piece of PVC pipe, which
mimicked crevices males defend in the field. Three to four females were held in each
tank for 2-3 days before the experiment and a white stripe was painted (using nontoxic
artist paint) on the dorsal surface of the carapace of each female to distinguish females
from males during mating observations. Painting a thin stripe of nontoxic paint has been
used routinely in the lab for visualizing behaviors in blue crabs and is not predicted to

alter behavior. Only mature, non-gravid females were used in the mating experiments.

Mating experiments were initiated by adding a female to a male mating container. For E.
depressus and P. transversus, approximately 30 mating pairs were run simultaneously, of
which 25% [of the 30] were controls. Mating behavior was observed continuously in the
30 mating containers for a total of 8 hours for E. depressus and 2 hours for P. transversus
(preliminary experiments on P. transversus indicated that no mating events occurred
between 2 and 8 hours in the mating containers). Experiments on R. harrisii were run in
2006 and 2007. In 2006, all 50 male gonopods were left intact and in 2007 one side of all
of the 100 male gonopods were clipped. Since all pairs were observed simultaneously for
R. harrisii each year, observations were surveyed in approximately 10 minute increments.
Mating status (mated or unmated), copulation duration, and time until mating was
initiated, were recorded. Mated and unmated pairs were dissected and the reproductive

tissue of the mated pairs was stored for sperm counts.
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Field Mating Observations

All observations were made along a mud and sand flat exposed at low tide at the Rodman
Naval Base in Panama City, Panama. | observed two species, U. terpsichores and U.
beebei, for roughly 4-5 hours a day at low tide for a total of 10 days. All observations
were made during the mating peaks, which occur approximately 12-14 days before the
highest spring tides when the high tide corresponded with either dusk or dawn. Areas of
high densities of the species were chosen; observation sites and binoculars were used to

view details of courtship while minimizing disturbances due to the observer.

Uca beebei was observed mating on the surface of the mud near the entrance to the
female burrow. While all 17 of the females that were observed mating were collected, it
was possible to collect only 10 of the 17 males (after mating the males scurry to their
burrows and are easily lost to the observer). An additional twenty brooding females were
collected and saved for sperm and egg counts. Mate searching behaviors by U.
terpsichores females and the initiation of mate choice, which is signaled by a female
entering a male burrow and the male closing the entrance to the burrow, were recorded.
To mark the burrows of mating pairs, males were startled just prior to closing the burrow
entrance, a few brightly colored beads were dropped into the terminal end of the burrow,
and a piece of nylon line with a flexible anchor was threaded into the burrow. The thread
was tied to a stake with a brightly colored, numbered flag. Approximately 24 hours later,
I carefully dug the pair from the burrow and brought them into the lab for dissections. |
collected 20 brooding females by first digging a trench in the sand and then by carefully

scraping away layers of sand from the sediment surface to the bottom of the trench until a
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burrow with a brooder was identified. All mated pairs and brooders were brought into the

lab for dissections.

Dissections and sperm counts

Carapace width, body weight (wet weight) and molt stage were measured for all collected
individuals. Males and females were dissected; the stage of females’ ovaries (‘0’= not
visible and highly reduced, ‘1’= ¥, full, not full of yolk, 2’= developed, mature oocytes
present) and egg stage (‘1’= yolk, no organ development, ‘2’= 50% yolk, some organ
development, “3’= little to no yolk, eyespots present) were recorded. The percent fullness
of the spermatheca was determined visually as the percent of the spermatheca that was
occupied by ejaculate contents. For the mated individuals, the reproductive tissue --
female spermathecae and male vas deferens -- were weighed (wet weights) and fixed in
3% glutaraldehyde in a 0.1M sodium phosphate buffer. The fixative was removed after
24 hours and the tissue was rinsed and stored in a 0.1M sodium phosphate buffer. Sperm
were counted by first grinding the tissue in a known volume of 0.1M sodium phosphate
buffer using a handheld glass Dounce homogenizer. Three subsample counts were
conducted on a Petroff-Hausser Counting Chamber. The average sperm number was
calculated for each sample. The total weight, percent fullness of the spermatheca, and
sperm number after mating were calculated for all species using the spermatheca that
received sperm at mating. In the laboratory experiments, ejaculate weight, percent
fullness of the spermatheca and sperm number transferred were calculated as the

difference between the spermathecae that did and did not receive sperm at mating.
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Broods from the egg-bearing females were fixed in 3% glutaraldehyde, and stored in 70%
ethanol. Egg number was estimated volumetrically. The egg mass was placed in a known
volume of 0.1M phosphate buffer and the volume displaced was recorded +/- 1ul. The
eggs were then removed from the pleopods and the volume of water displaced was
subtracted from the total egg mass. The average ovum volume was calculated for each
brooding female by measuring the diameter of twenty eggs per egg mass at 100x
magnification, and the spherical ovum volume was calculated using the formula: ovum vol.
(mm®) = (4/3)*r*(diameter/2)*. The average egg number for each female was calculated using
the equation: no. of eggs = vol. displaced by the egg mass/ave ovum vol. The total number of
broods per year was obtained from the literature for R. harrisii (4 broods) and E.
depressus (2 broods) (Hines, 1982). Brood production in U. terpsichores and U. beebei
follows a lunar cycle with approximately two brood cycles per month (Christy, 2003).
Given that approximately one third of the population reproduces on any given cycle and
that the reproductive season spans approximately 7-8 months (Christy, pers. comm.), it
was estimated that U. terpsichores and U. beebei produce approximately 4-6 broods per
year. While brood production in P. transversus likely follows a lunar cycle, reproductive

frequency has not been well described for this species.

Statistical Analysis

All statistical analyses were conducted in SAS v.9. A likelihood ratio G-test was
conducted in order to test for a significant association between mating status and ovary
stage. Paired t-tests were run using proc t-test in order to examine the differences in

sperm number, ejaculate weight, and % fullness of the spermathecae before versus after
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mating (0=0.05). ANCOVA models were conducted using the proc glimmix procedure
for both data sets from the mating experiments and brooding female collections.
Response and explanatory variables are listed in Table 1 and were transformed to meet
assumptions of normality and heterogeneity of variance (the best transformation was
chosen for each variable). Any negative numbers in the laboratory mating data for sperm
transfer were set to zeros. To identify collinearity among explanatory variables, a
regression analysis with all continuous variables of interest was examined and the
variance inflation estimated. If the variance inflation estimate was >2 for two or more of
the variables in the model statement (Graham, 2003), then the primary variable of interest
(typically body size) was used in the analysis and the collinear variable removed (the

collinear variables are not shown in Table 1).

Differences between species were tested using the least squares means procedure
(Ismeans) with a tukey’s adjustment. A step-wise model reduction was used to remove
insignificant interaction and covariate terms from the model, while non-significant class
variables were retained in the model statement. Because separate analyses were run for
each response variable, the alpha level was divided by the total number of tests conducted
for each data set (0.00625 for mating data and 0.01 for brooding female data). This
Bonferroni adjustment prevents inflation of the overall experimental error as a result of

conducting multiple tests (Quinn & Keogh, 2002).

RESULTS

(1) Mating behavior: mating is more likely to occur with females of late ovary stages.
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Eurypanopeus depressus, R. harrisii, and P. transversus varied in the percent of pairs that
mated in the experiments with 12, 18 and 24 % mating, respectively. A larger proportion
of the mated females were characterized by late vs. early stages of the ovary (G,*=12.59,
p=0.0018) and this pattern was similar for each species (Fig. 1). Therefore, mating was

more likely to occur for females with late stage ovaries as was predicted.

While pre-copulatory behaviors were not obvious for E. depressus and R. harrisii, one
distinct behavior, initially described from field observations (Abele et al., 1986), was
observed for P. transversus. Males tapped and vibrated their legs in a repeated fashion
first on the female’s legs and then on the dorsal portion of her carapace. This interaction
lasted approximately 5 seconds and occurred in 67% of the pairs that mated but in only
23% of the pairs that remained unmated (G,?=10.76, p=0.001). However, the male’s

behavior was not associated with female ovary development (G,*=2.56, p=0.28).

(2) Copulation: copulation duration and time until mating are longer for larger males
and females.

Copulation duration varied significantly among the four species (Fs; 55=327.48, p<0.0001)
with average durations of 79, 72, 0.59, and 1.3 min for E. depressus, R. harrisii, P.
transversus and U. beebei, respectively. Copulation duration was longer for the shallow
subtidal E. depressus and R. harrisii compared to the semi-terrestrial and intertidal U.
beebei and P. transversus (Fig. 2). Copulation duration did not vary with size of males or
females as was predicted, and did not differ with ovary stage, time until mating or with

the type of experiment (control vs. experimental).
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Time until mating differed across species (F, =24.95, p<0.0001), with P. transversus
requiring an average of only 18 minutes before mating, compared to 114 and 154 minutes
for E. depressus and R. harrisii, respectively (Fig. 2). Time until mating was not recorded
for U. beebei or U. terpsichores, since mating was opportunistically observed in the field.
Larger males and females did not have longer times until mating as was predicted, and
time until mating did not differ with ovary stage, copulation duration or with the type of
experiment (control vs. experimental). However, species with long copulation durations

typically had a long time until mating (Fig. 2).

(3) Sperm transfer: more sperm and a heavier ejaculate are transferred with longer
copulation durations, by larger males and to larger females.
There was an increase in sperm number and in ejaculate weight in the female

spermatheca after mating for each of the three species, respectively (R. harrisii: t;,=4.85,
p=0.0002, t;=4.47, p=0.0004; E. depressus: tg=3.95, p=0.0043, ty=3.75, p=0.0045; P. transversus:

t5=3.46, p=0.0019, t,,=4.16, p=0.0004) (Figs. 3, 4). The percent fullness of the spermatheca
increased after mating for R. harrisii (t,5=3.62, p=0.0019) and for E. depressus (t;,=2.31,

p=0.0396), but not for P. transversus (t,s=1.44, p=0.1618) (Fig. 5).

The number of sperm transferred (F, s=11.52, p=0.0001), the weight of the ejaculate
transferred (F,, 4=6.02, p=0.005), and the change in the percent fullness of the spermathecae
after mating (Fs;=8.76, p=0.0008) differed significantly among species. Male R. harrisii
transferred the largest number of sperm at mating (1.41x10"; Fig. 6), produced an
ejaculate that weighed 1.45g (Fig. 7) and increased the percent fullness of the

spermatheca by 30% after mating (Fig. 8). While male E. depressus transferred fewer
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sperm than R. harrisii (4.86x10° Fig. 6), it produced the heaviest spermathecal load
(1.75g, Fig. 7) and the greatest increase in spermathecal fullness (45%, Fig. 8). In
contrast, P. transversus transferred 9.45x10° sperm (the least of the three species, Fig. 6),
transferred the lightest ejaculate (0.18g, Fig. 7), failed to produce a significant increase in
the percent fullness of the spermatheca (Fig. 8), and had the largest percent fullness of the

spermatheca prior to the observed mating (Fig. 5).

The number of sperm transferred increased with female body size (Fi, =12.93, p=0.0009),
and the relationship between percent fullness of the spermatheca and female body size
varied by species (Fy, 35=11.71, p=0.0016): the increase in percent fullness of the spermatheca
after mating increased with female body size for E. depressus and R. harrisii but not for
P. transversus. The change in percent fullness of the spermatheca after mating increased
with male body size (Fy, 3=10.03, p=0.0031), and the number of sperm transferred and the
change in percent fullness of the spermatheca increased with copulation duration (F;
2=29.90, p<0.0001; F; 35=17.49, p=0.0002), respectively. Therefore, as predicted, more sperm
and a larger ejaculate were transferred with longer copulation durations, by large males

and to large females.

Spermathecal load after mating

Spermathecae of recently mated females were approximately 60% full while those of
females that did not mate during the experiment were on average 10% full. Thus, recently
mated females had significantly more full spermathecae after mating (F, 3:=160.03,

p<0.0001). Weight of the spermathecal load and sperm number were not calculated for
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crabs that did not mate during the experiment and thus not tested in this analysis. The
percent fullness of the spermathecae after mating increased with female size (F;, 5,;=24.94,
p<0.0001) and with ovary stage (F; »3=10.12, p=0.0016), and this varied by species for ovary
stage (F. 2=4.31, p=0.0021). Rhithropanopeus harrisii exhibited the greatest increase in
percent fullness of the spermatheca after mating with increasing ovary stages (from 7.5%
full at stage 0 to 62.3% full at ‘stage 2.”) while the spermatheca of U. terpsichores was
less full at later ovary stages; however, only stages ‘0’ and ‘1 were recorded for this
species. Overall the percent fullness of the spermatheca after mating did not differ
significantly by species. However, R. harrisii had the largest percent fullness of the
spermatheca after mating and the greatest increase in percent fullness after mating, and P.

transversus had the least change in percent fullness of the spermatheca after mating

(Fig. 3).

The weight of the spermathecal contents (F, ;5=36.32, p<0.0001) and the number of sperm in
the female spermatheca (F, +=35.79, p<0.0001) after mating varied significantly across the
five study species. Rhithropanopeus harrisii had the most sperm after mating (average
1.54x10"), and then E. depressus (average, 8.27x10°) (Fig. 3). Their post-mating
spermathecal contents weighed more than twice as much as those of P. transversus, U.
beebei, or U. terpsichores (Fig. 4). Rhithropanopeus harrisii had a significantly heavier
spermatheca weight than all other species (Fig. 4), and P. transversus, U. terpsichores
and U. beebei had less sperm than R. harrisii while E. depressus had more sperm than P.
transversus (Fig. 3). Large females had heavier spermathecal loads (F,, ;5=58.69, p<0.0001)

and more numerous sperm (F, 7=9.67, p=0.0026) after mating than smaller females.
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Therefore, the amount of sperm and ejaculate accumulated in the spermatheca after

mating increased with female size and varied across species.

(4) Egg production: larger, more fecund females accumulate more sperm after mating.

Average egg number per brood for each species (Fs; =17.31, p<0.0001), as well as the
average egg number per year (Fs; 4=41.48, p<0.0001), varied significantly for the five
species (Table 2). Egg number per brood and egg number per year increased with
increasing female body weight (F, =155.95, p<0.0001; F; 4=1, 110.4, p<0.0001) and decreased
with increasing egg size (F; 6=17.62, p<0.0001; F; 4=14.48, p=0.0004). The number of sperm
in brooding females increased with carapace width and the equation of the line varied by
species (Fs, ¢=576.15, p<0.0001). Percent fullness of the spermatheca (F;, s=14.07, p=0.0004)
and spermatheca weight (F, ¢=35.84, p<0.0001) increased with female carapace width.
Species differed in the average percent fullness of the spermatheca of the brooding
females (F, ¢=11.70, p<0.0001) (Fig. 5). Eurypanopeus depressus had the least full
spermatheca but the largest sperm number remaining after brood production (Figs. 3, 5).
Species also differed in sperm to egg ratios in brooding females (F,, ¢=8.14, p<0.0001), with
R. harrisii (8,100) and E. depressus (3,700) having larger ratios than P. transversus (230,
Fig. 9). Sperm used (or wasted) in fertilizing an egg can vary from 1 to as many as 170
sperm (Parker, 1970; Hines et al., 2003). Using only the high sperm to egg ratio estimate
(170), E. depressus and R. harrisii can fertilize multiple additional broods, while U.
beebei and U. terpsichores can fertilize up to two additional broods; P. transversus can

fertilize only one additional brood (Table 2).
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Species with high numbers of eggs per brood did not have larger amounts of sperm after
mating (F, ,=8.37, p=0.63) nor did species that produce larger number of eggs per year
(Fy, ,=4.18, 0.18) as was predicted. In fact, the reverse pattern appeared to emerge: more
fecund females generally had less sperm in the female spermatheca after mating than less
fecund females for these five species (Fig. 10). However, this was not statistically
significant, likely due to the small sample size, and more studies are needed to verify or

refute this potentially interesting finding.

DISCUSSION

Variation in male sperm transfer associated with varying mating systems can have strong
implications for the evolution of female sperm storage. Sperm transfer and storage
patterns have been well documented within certain species. In taking a comparative
approach, | was able to document variation in patterns of male sperm transfer across five
species of brachyurans with different body sizes, female receptivities and mating

patterns.

(1) Mating behavior

Even though E. depressus, R. harrisii and P. transversus are morphologically receptive to
continuous mating, males were more likely to mate with females with late ovary stages
regardless of female size and fecundity. In other sperm-storing animals such as reptiles
(Mendonca & Crews, 2001), insects (Okutani-Akamatsu et al., 2007), and lobsters
(Waddy & Aiken, 1991), males also mate with females in later reproductive stages. This

assures that females will have enough viable sperm to fertilize their eggs, and increases

29



the males’ confidence of paternity for that clutch (Urbani et al., 1998). The visual and
physiological cues that females can use to advertise their receptivity are quite diverse,
ranging from a nonaggressive stance in hyenas (Szykman et al., 2007) and distinct
rejection behavior by unreceptive sepsid flies (Teuschl & Blackenhorn, 2006; Baena &
Eberhard, 2007) to long distance pheromones in the red-back spider (Perampaladas et al.,
2008) and in the blue crab (Gleeson, 1991). Uridine DiPhosphate (UDP), a byproduct
released from ripening ovaries, recently was identified as a pheromone responsible for

eliciting mate searching behavior in several species of brachyurans (Bublitz et al., 2008).

While it is unclear from this study which of these mechanisms is driving mating behavior
for each of the five species of crabs studied, visual cues are known to play an integral role
in communication and mate attraction in the semi-terrestrial and intertidal species P.
transversus (Abele et al., 1986), U. beebei and U. terpsichores (Crane, 1975; Salmon,
1983). Semi-terrestrial and intertidal species rely heavily on their well developed visual
system for mate detection and predator avoidance (Christy, 1987a). The rapid initiation of
mating and short copulation time of P. transversus males, and their pre-copulatory leg
tapping behavior, indicates that males of this species respond quickly to the presence of
females. Since this unique leg tapping behavior of P. transversus was not directed more
towards females with late stage ovaries, males are likely responding to the visual
presence of females rather than to pheromones such as UDP. Semi-terrestrial and
intertidal crabs also use their visual systems for predator avoidance. They must avoid

both terrestrial and aquatic predators and thus typically respond quickly to any visual
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stimulation (Christy, 1987a), which likely explains the necessity for shorter copulation

durations in order to reduce the risk of predation while in copula.

Visual communication between male-female pairs was observed for neither E. depressus
nor R. harrisii. The turbidity of the shallow subtidal habitat has lead to their cryptic life-
styles and suggests that chemical cues probably play an important role in their mating,
foraging and predator avoidance strategies (Bublitz et al., 2008). Mating pheromones
have been identified in several subtidal decapods such as the blue crab, spiny lobster, and
American lobster (Raethke et al., 2004). In fact, one study discovered that, in blue crabs,
visual cues alone would not elicit courtship behaviors in males without the presence of
female molting hormone (Gleeson, 1991). Pheromones are most effective across large
distances and in turbid waters. With decreased risk of predation by visual predators in
these two cryptic subtidal species, the risk of being preyed upon while mating is likely
lower. Thus, they can have longer copulation durations and can spend longer searching
for and attracting mates, and males can invest more in each mating event. Eurypanopeus
depressus and R. harrisii also had generally larger sperm to egg ratios than the semi-
terrestrial and intertidal species suggesting a possible role for sperm storage for these
species. In fact, sperm storage has been documented in the laboratory for R. harrisii
(Morgan et al., 1983). Therefore, variation in mating behavior of these three species
likely shapes mate attraction and copulation duration patterns, and has the potential to

influence female sperm storage.

(2 & 3) Copulation & Sperm transfer
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Longer copulation durations resulted in a larger number of sperm transferred and in fuller
spermathecae, but not necessarily in the transfer of heavier ejaculates, since males can
transfer differing amounts of both sperm and seminal fluid at mating. For example, E.
depressus transferred the largest ejaculate weight at mating but not the most sperm.
Therefore, weight of the ejaculate is not synonymous with sperm number. Males of E.
depressus likely transferred more seminal fluid than sperm, which accounted for the
heavier weight. Seminal fluid can act to increase sperm viability, reduce microbial
activity (Hinsch, 1991), or function as a sperm plug which reduces sperm competition
within the female storage organ (Wedell & Cook, 1999). Species differences in the
composition of their ejaculates could be related to different degrees of sperm competition
or due to differences in the length of time sperm are stored in the female tract. This would

be an interesting direction for further investigation.

Male and female size influenced the amount of sperm transferred at mating. Thus, males
alter their optimal mating strategy with a female based on her body size. Since larger
females within a species are more fecund (Hines, 1982), males allocate more of their
sperm reserves to larger females. This pattern has been well described in the American
and spiny lobsters, and in the brachyuran crab Hemigrapsus sexdentatus (Sainte-Marie,
2007). By processing both visual and physiological information on female size and
receptivity, males may be able to maximize their reproductive success. In fact, in some
spider crabs, males approach and visually assess the brood stage of females on their

territory in order to determine the optimal time for mating (Christy, 1987a). Thus male
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mating decisions in many brachyuran species may be based on multiple decision factors

and may be much more complex than initially thought.

Like blue crabs (Jivoff, 1997b), in these five species of crabs, males with large sperm
reserves transferred large numbers of sperm at mating. This relationship held across
species: species with large male sperm reserves typically mated for longer durations.
Eurypanopeus depressus and R. harrisii both had large male sperm reserves, long
copulations, and longer times until mating. They both inhabit oyster reefs and likely mate
within the crevices of the reef, and are thus less susceptible to predation while mating,
allowing longer mating durations. Consequently, they are able to invest more in each

female by transferring more sperm and a heavier ejaculate (Wolcott et al., 2005).

Variance in mating patterns of the semi-terrestrial and intertidal species in this study is
well documented. Uca beebei and P. transversus occur in dense clusters, have intricate
visual and acoustic displays (Crane, 1975), and are highly susceptible to both aquatic and
terrestrial predators while courting. Not surprisingly, they have short copula durations. In
fact, | observed two pairs of mating U. beebei eaten by avian predators while in copula on
the sediment surface, hence the need for short mating interactions. While P. transversus
mates in or near male defended crevices, females move continuously from crevice to
crevice (Christy, 1987a; Brockerhoff & McLay, 2005). Sperm competition is likely high
in this system, as evidenced by the large percent fullness of the female spermatheca prior
to mating. Thus, males had short copulation durations, and invested less sperm per

female.
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While pre-copulatory displays and searching are costly for U. terpsichores, they have
reduced predation pressure during copula by mating inside the male burrow. Pairs stay in
the burrow until the female produces an egg mass, at which point the male leaves to build
a new burrow (Christy et al., 2002). This behavior not only protects them from predation,
but reduces sperm competition. While it is unknown how long the pairs mate or if they
mate repeatedly while inside the burrow, copulation duration is no longer restricted by
predation pressure and this species theoretically could have longer copulations inside
burrows. It would be particularly useful to compare male sperm transfer in surface mating
versus burrow mating U. beebei, since local variations in ecological traits have been
known to shape mating systems (Brockerhoff & McLay, 2005). In this study, U. beebei
only were observed to mate on the surface of the sediment, and no females were observed

entering a male’s burrow to mate.

(4) Egg Production

The duration of copulation explained the amount of sperm transferred at mating but not
the total sperm accumulation after mating. Instead, females with larger body sizes tended
to accumulate more ejaculate. These large females may be mating more frequently (as
occurs in the American lobster (MacDiarmid & Butler, 1999)), have longer copulation
durations, or both. Surprisingly, when fecundity (egg number) was measured, not only
were more fecund species not accumulating more sperm after mating (before
oviposition), but the relationship appeared to be inversely related: more fecund species
may accumulate less sperm after mating than less fecund species. The species with higher

fecundity, U. beebei and P. transversus mated for shorter amounts of time. These more
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fecund semi-terrestrial and intertidal species might be mating more frequently in order to
accumulate enough sperm for their egg production. In fact, they may need to re-mate
each time they produce a brood. In contrast, E. depressus and R. harrisii receive more
sperm at each mating and have higher sperm to egg ratios (higher than ratios that have
been calculated for known sperm-storing brachyurans (Hines et al., 2003)) than the semi-
terrestrial and intertidal species studied. These results suggests that they have the
potential to fertilize multiple broods after mating, and that they may rely on stored sperm
to fertilize multiple broods (Morgan et al., 1983). Therefore, species that mate
frequently, and for shorter durations, are more likely to mate prior to producing a brood.
Variation in mating strategies has potentially important implications for the evolution of

sperm storage patterns.

When sperm competition is high, as was likely for the semi-terrestrial and intertidal
species in this study, males have been known to remove rival’s sperm (Cordoba-Aguilar
et al., 2003; Wada et al., 2005), guard the female after mating (Jivoff & Hines, 1998) and
produce sperm plugs (Snow et al., 2006). None of these strategies were exhibited by any
of the species in the present study. Instead, they seemed to transfer small ejaculates per
mate. While male snow crabs increase the amount of sperm they transfer when sperm
competition increases (Rondeau & Sainte-Marie, 2001), selection for reduced copulation
duration for U. beebei and P. transversus may limit the ability for males to transfer larger
amounts of sperm. Therefore, it might be optimal for these species to transfer smaller
ejaculates to multiple mates; however we did not directly measure mating frequency in

this study. This strategy is likely optimal in P. transversus, given the large percent

35



fullness of the spermatheca prior to additional matings; this would leave little room for
males to transfer large amounts of ejaculate at mating and increase the potential for sperm
competition. Therefore, species differences in fecundity combined with variation in

mating behaviors may best explain female sperm storage patterns.

CONCLUSIONS

A possible ecological trend in mating systems and sperm storage patterns is identified for
five study species of intertidal, semi-terrestrial and subtidal brachyurans. More sperm and
larger ejaculate volume was correlated with longer copulation durations. The semi-
terrestrial and intertidal species, U. beebei and P. transversus, had shorter copulation
durations and thus transferred less sperm than the subtidal species R. harrisii and E.
depressus. As predicted, larger bodied males transferred more sperm at mating than
smaller species, and this relationship held across species. Males transferred more sperm,
but not ejaculate weight, to larger than smaller females and were more likely to mate with
females with later than earlier ovary stages, but did not provide the females with late
ovary stages with more sperm. While larger bodied females accumulated more sperm
after mating (likely securing more mating events) than smaller bodied females, the more
fecund species tended to accumulate a smaller total amount of sperm after mating and
could fertilize a smaller number of broods after mating than the more fecund species;

sperm storage might be less prevalent in the former species.

Species that live in ‘risky’ habitats for mating, such as U. beebei and P. transversus, have

short copulation durations and males transferred small amounts of sperm at mating. On
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the other hand, R. harrisii and E. depressus live cryptically in crevices within the reef,
had longer copulation durations, and transferred more sperm at mating than U. beebei and
P. transversus. This suggests that selection on copulation duration can have strong
implications for the amount of sperm transferred at mating and stored in the female
spermatheca. By examining sperm allocation in a comparative framework, we have
identified ecological factors that might be driving differences in the mating systems and

thus sperm storage patterns of these five small-bodied brachyuran species.
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Table 1: The explanatory and response variables used in mixed models for the mating

experiments (top box) and for surveyed brooding females (bottom box). Variable

transformations are displayed in parentheses (the best transformation was chosen for each

variable). All interactions between fixed factors (c) and covariates, and between the fixed

factors were tested (not shown). Explanatory variables with the largest correlation with

the response variables are indicated by *.

Response Variable

Explanatory Variables

(H2) Copulation

Copulation duration (logso)
width

Reaction time (logso)

(H3) Sperm transfer

Weight transferred (geometric)

Sperm no. transferred (geometric)

% Full spermatheca transferred

(geometric)

Weight spermatheca (logso)
(after mating)

Sperm number (log,)
(after mating)

% Full spermatheca
[+0.0001 (arc sin)]
(after mating)

(H4) Eqqg production
Egg no. per brood (V)

Egg no. per year (\)
Sperm no.
% Full spermatheca (logso)

Weight spermatheca (V)

species(c), type(c), ovary stage, @ carapace width (logyg), & carapace
(10g10),

species(c), type(c), ovary stage, 9 carapace width (logse), copulation
duration(logig)*, & carapace width (logsg)
species(c), ovary stage, @ carapace width (logyo), copulation duration

(logio)*, & carapace width (logs)

species(c), ovary stage, @ carapace width (logy,), copulation duration
(10g10)*, & carapace width (logso)

species(c), ovary stage, @ carapace width (log,o), copulation duration
(l0g10)*, & carapace width (logso)

species(c), type(c), ovary stage, 9 carapace width (logso), copulation
duration (logo)*

species(c), type(c), ovary stage, @ carapace width (logy,), copulation
duration (logyo)*

species(c), type(c), ovary stage, 9 carapace width (logso)*, mated(c),

species(c), ovary stage, egg size, @ body weight (logo)*
species(c), ovary stage, egg size, @ body weight (logyo)*
species(c), @ carapace width (log;)
species(c), @ carapace width (logs)

species(c), Q@ carapace width (logs)
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Table 2: Average egg number per brood and estimated average egg number per year for

brooding female R. harrisii, E. depressus, P. transversus, U. beebei, and U. terpsichores.

Average female sperm number after mating and the number of additional broods that can

be produced based on the number of sperm remaining in brooding females (using sperm

egg ratios of 1 and *170).

Species Egg Egg # Broods/year Egg Female Number of
diameter | no./brood no./Year sperm additional
(um) number | fertilizable
broods
R. harrisii 328 +/-9 | 1901  +/- 4 7,603 +/- | 1.54x10’ multiple,
532 4,251 +/- *multiple
1.22x10°
E. depressus 307 +/-8 | 2263  +/- 2 4,526 +/- | 8.27x10° multiple,
1021 1021 +/- *multiple
1.00x10°
P.transversus | 287 +/-5 | 4935  +/- ? ? 1.11x10° multiple,
908 +/- *1
1.81x10°
U. beebei 229 +/-4 | 4028  +/- 5 15,263 +/- | 1.08x10° multiple,
1192 2,467 +/- *2
1.24x10°
U. terpsichores | 262 +/-7 | 6016  +/- 5 24,066 +/- | 1.97x10° multiple,
966 1,432 +/- *2
2.29x10°
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Figure 1: The percent of females of a given ovary stage (O=immature, 1= 50%
developed, 2=mature) for both mated and unmated crabs of R. harrisii, E. depressus, P.
transversus, U. terpsichores and U. beebei (all species showed similar patterns) Crabs
that mated had later ovary stages than unmated crabs (G,?=12.59, p=0.0018).

40



1000
X
X O Copulation duration (min)
a a OTime until mating (min)
. I
100 - T + -
Il - y
—_
< i
e I
~ -
o 10
S b
= b
T
1 I
T
I
0.1
E. depressus R. harrisii P. transversus U. beebei
Species

Figure 2: Copulation duration in minutes (back transformed) +/- 1 SE of mated pairs of
E. depressus, R. harrisii and P. transversus from laboratory experiments and U. beebei
from field mated pairs (grey), and time until mating in minutes (back transformed) +/-
1SE of mated pairs E. depressus, R. harrisii and P. transversus (white). Different letters
indicate significant differences (p<0.00625) between species from separate ANOVAS
with species and type as fixed effects. E. depressus and R. harrisii had longer copulation

times than both P. transversus and U. beebei and had a longer time until mating than P.

transversus.
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Figure 3: The average sperm number in females +/- 1SE before mating (open bar), after
mating (solid bar) and in brooding females (diagonal lines) for females of five different
species of brachyuran crabs. Different letters represent significant differences after
mating (p<0.00625) from an ANCOVA with species and type as fixed effects and female
body size as the covariate, and significant differences in sperm number of brooding
females (p<0.01) from an ANCOVA with species as the fixed effect. Horizontal bars
represent paired t-tests conducted on the before and after values for each species

(***=significant).
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Figure 4: The average weight of the female spermatheca (mg) +/- 1SE (back
transformed) before mating (open bar), after mating (solid bar) and in brooding females
(diagonal lines) for females of five different species of brachyuran crabs. Different letters
represent significant differences in female spermathecae weight after mating from an
ANCOVA with significant species and female carapace width effects. Horizontal bars
represent paired t-tests conducted on the before and after values for each species

(***=significant).
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Figure 5: The average percent fullness of the female spermatheca +/- 1SE before mating
(open bar), after mating (solid bar) and in brooding females (diagonal lines) for five
different species of brachyuran crabs. Different letters represent significant differences
between brooding females (back transformed) based on an ANCOVA model with species
as the fixed effect and female carapace width as the covariate. Horizontal bars represent
paired t-tests conducted on the before and after values for each species (NS=not

significant, ***=significant).
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Fig. 6: The number of sperm transferred at mating +/- 1SE for three species of
brachyuran crabs. Different letters represent significant differences (p<0.00625) in
number of sperm transferred across species from an ANOVA with species as the fixed
effect.
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Fig. 7: The weight of the ejaculate transferred at mating +/- 1SE for three species of
brachyuran crabs. Different letters represent significant differences (p<0.00625) in the
weight of the ejaculate transferred across species from an ANOVA with species as the

fixed effect.
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Fig. 8: The increase in the percent fullness of the female spermatheca at mating +/- 1SE
for three species of brachyuran crabs.
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Figure 9: Sperm to egg ratio in brooding females +/- 1 SE for the five study species.
Different letters represent significant differences (p<0.00625) from an ANCOVA with
species as the fixed effect. Species differed significantly in the sperm to egg ratios of

brooding females with P. transversus having the lowest ratio.
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Figure 10: The relationship the number of sperm in female spermatheca after mating
(back transformed) versus number of eggs per brood (black circles), and number of eggs
per year (white squares). Equations: egg no. per brood = -3.09x10%*(sperm no. in mated
females) + 2x107, r>=0.70, p=0.63; egg no. per year = -4.43x10%*(sperm no. in mated
females) + 1x10’, r>=0.58, p=0.18.
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CHAPTER I

Geographic and seasonal variation in reproductive output and sperm
storage of fished, Callinectes sapidus, and un-fished, Eurypanopeus

depressus, (Brachyura) species

ABSTRACT

Plasticity in life history traits in response to ecological variation alters reproductive
output and sperm storage within a species. Previous research has demonstrated that body
size varies by latitude, following Bergmann’s (larger at higher latitudes), converse
Bergmann’s (smaller at higher latitudes) or countergradient variation (varies depending
on genetic compensation) trends, and also varies across the season. To better define the
influence of ecological variation on reproductive output and sperm storage, I measured
body size, egg traits and sperm storage across a latitudinal gradient (from New Jersey to
Florida) and across the season for two species, Eurypanopeus depressus and Callinectes
sapidus, with different life history strategies. Eurypanopeus depressus mates repeatedly
throughout the breeding season, whereas C. sapidus mates once and stores sperm for its
lifetime production of broods. Callinectes sapidus is also a fished species and fishing
pressure varies by location, thus shaping body size and population dynamics. Both
species typically produced smaller yet more numerous eggs later in the season when
chances for future reproduction were low. Sperm/egg ratios decreased across the season
for C. sapidus but remained constant for E. depressus. In fact, C. sapidus became sperm

limited at lower latitudes and was predicted to become depleted of stored sperm by the

50



end of the sampling year. While broad latitudinal trends can explain some of the variation
in reproductive output, variation at smaller scales is likely responsible for a large portion
of the differences in reproduction. Particularly, variation in fishing pressure can alter life
history traits when fishing pressure changes by location or by season. Future studies
should focus on smaller scale patterns in order to define which ecological factors are

driving these differences.

INTRODUCTION

Life history theory predicts that species will maximize fitness by optimally allocating
resources between reproduction and survival (Cody, 1966; Stearns, 1992). Differences in
how species, and individuals, allocate these resources are shaped by ecological factors
which can vary both spatially and across the season (Lack, 1948; Pianka, 1970). Cody
demonstrated that clutch size in birds increased with increasing latitude, and thus broad
ecological trends could explain variation in reproductive output (Cody, 1966). Ecological
trends in body size, which can have a profound impact on life history traits (Reaka, 1986;
Hines, 1992; Kolm et al.,, 2006a), are well known and three opposing trends have
emerged; with increasing latitude, body size (1) increases - Bergman’s Rule (Bergmann,
1847; McNab, 1971), (2) decreases - converse Bergmann’s Rule (Mousseau, 1997), and

(3) variable — countergradient variation (Conover & Schultz, 1995).

While Bergmann’s Rule was initially described for homeotherms (Bergmann, 1847,
McNab, 1971) it has been shown to generally hold true for ectotherms (Reaka, 1986;
Partridge & Coyne, 1997). The underlying mechanisms that have been proposed to

explain this rule vary from surface to volume ratios (McNab, 1971), the influence of
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temperature on cell size (Van Voorhies, 1996), physiological constraints (Atkinson &
Sibly, 1997), high predation pressure at low latitudes (Hines, 1989), and developmental
trade-offs (Blanckenhorn & Demont, 2004). However, it has been argued that shorter
season length at high latitudes leads to converse Bergmann’s Rule in some ectotherms
(Mousseau, 1997), and that selection can act in opposition to ecological factors, leading
to a countergradient pattern (Conover & Schultz, 1995). These forces are not mutually
exclusive, since principles of both Bergmann’s and converse Bergmann’s Rule have been
found in the same species, leading to sex specific differences (Defeo & Cardoso, 2002)
and to intermediate patterns (Blanckenhorn & Demont, 2004). While all of these
latitudinal trends have been identified in the literature, Bergmann’s Rule has generally

received the most support for arthropods (Blanckenhorn & Demont, 2004).

Not only does body size shape reproductive output (Hines, 1982; Charnov & Ernest,
2006), but reproductive investment can vary with latitude (Heibo et al., 2005; Traynor &
Mayhew, 2005) and across the season. Individuals that mature late in the season can
become energy depleted leading to smaller body size and a smaller reproductive
investment (Magrath et al., 2009). Generally, a large reproductive investment is described
at high latitudes since less energy is allocated to metabolism and more energy is reserved
for reproduction at these cooler temperatures (Brante et al., 2004; Lardies & Bozinovic,
2006). In contrast, at low latitudes, the reproductive season is long and there is the
potential for iteroparous species to produce many more broods per season, leading to a

large investment in reproduction by the end of the reproductive season.
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While different combinations of these trends in life history traits have been identified for
various taxa, less is known about how these ecological patterns influence female sperm
storage, and depletion, in sperm-storing species. Patterns of sperm storage rely heavily on
mating strategies and on the reproductive output of the female. If reproductive output
varies with latitude or season, then sperm-storing species can become sperm limited,
depending on their geographical location and on seasonal patterns (Hines et al., 2003).
For example, long breeding seasons at low latitudes can lead to sperm limitation towards
the end of the reproductive season for sperm-storing species; this is not likely for species
that do not store sperm. These patterns can be confounded by anthropogenic stressors,
such as overfishing. Fisheries often target large males disproportionately and create a
skewed sex ratio, which in turn alters mating system dynamics (Kendall et al., 2001,
Gardner & Williams, 2002; Alonzo & Mangel, 2004). When large males are removed,
females are left to mate with smaller, less fecund males. Since small males often transfer
less sperm at mating (Gosselin et al., 2003; Sato et al., 2006) and require longer amounts
of time to replenish their sperm stores after mating than large males (Kendall et al.,
2002), females that mate with these small males can be sperm limited (Hines et al.,
2003). These factors can interact synergistically or antagonistically with latitudinal trends

in reproductive output and impact sperm storage patterns of females.

Since the amounts of sperm that are stored across successive broods is determined by the
reproductive output of the female and frequency of brood production, this study
investigated reproductive output and sperm depletion in two species of brachyurans

(Callinectes sapidus and Eurypanopeus depressus) with different life history strategies
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across a latitudinal gradient. Brachyuran crabs are ideal study organisms since
reproductive output varies with body size (Hines, 1982), and females possess a sperm
storage organ (Hartnoll, 1969) but vary in the amount and length of time they store sperm

depending on species and circumstances.

Callinectes sapidus is a large-bodied species that inhabits soft sediment habitats in
estuaries and bays and sustains valuable fisheries in the US from New Jersey to the Gulf
Coast (Uphoff, 1998). Females mate only once during their terminal molt to maturity, at
which point they receive their lifetime supply of sperm. Females store this sperm across
the season and even across years to fertilize their life time production of broods, which
can be greater than 18 clutches (Hines et al., 2003). Due both to intense fishing pressure,
in which large males are removed from the population, and to the large number of broods
produced, females are at risk of becoming sperm limited (Hines et al., 2003).
Conversely, E. depressus is a small bodied species that is commercially unexploited yet
plays an important ecological role on oyster reefs. While females possess a sperm storage
organ, they mate during the intermolt phase, are continuously receptive to mating and
thus capable of mating after each spawning event. Therefore, sperm limitation is less

likely for this species.

The objective of my research was two-fold: to identify latitudinal and seasonal patterns in
female reproductive output; and to examine the potential for sperm limitation seasonally
and spatially across species with different life history strategies. Given that crustaceans

primarily follow Bergmann’s Rule, with larger body size, more eggs, and larger egg size
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at higher latitudes (Lardies & Castilla, 2001) and early in the season (Morgan et al.,
1983), and that sperm storage patterns vary between the two species, | tested several
predictions: (1) body size, body weight, egg number and egg size decrease with
decreasing latitude (Bergmann’s Rule) for both species, (2) due to the longer
reproductive season at lower latitudes, spermathecal load and sperm number are predicted
to decrease with decreasing latitude for both species and sperm-egg ratios decrease with
decreasing latitude for the sperm storing species C. sapidus, yet remain constant for the
continuously receptive species E. depressus, (3) egg number and egg size are smaller
later versus early in the season due to seasonal depletion of nutrients, and
(4) spermatheca weight, sperm number, and sperm-egg ratio decrease late in the season
for C. sapidus yet remain constant across the season for E. depressus since they can re-

mate after producing a brood.

METHODS

Field Collections

I collected brooding female blue crabs, C. sapidus, and mud crabs, E. depressus, from the
field during the reproductive season in 2008. When possible, collections were made both
early and late in the season for both species. Collection dates varied by location to reflect
the differences in timing and length of the season at different latitudes. Callinectes
sapidus were collected from local fishermen and researchers using trot lines and pots in
four different geographic locations: 25 C. sapidus from Tuckerton, New Jersey (16 in
June and 9 in August 2008), 25 from Gloucester, Virginia (all in May 2008), 39 from

Beaufort, North Carolina (24 in May and 15 in September 2008), and 16 from Sebastian
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Inlet, Florida (all in March 2008) (Fig. 1). Eurypanopeus depressus were collected by
hand along oyster and rock banks from three different geographic locations: 50 E.
depressus from Virginia (25 in May and 25 in September 2008), 26 in North Carolina (all
in May 2008), and 47 from Florida, (25 in May, 23 in September 2008) (Fig. 1). All

specimens were returned to the lab for further analyses.

Dissections

Individuals were sealed in plastic bags, frozen and stored for no longer than three months
in a -20°C freezer. Each crab was weighed, carapace width measured, and the egg mass
removed. Egg masses of E. depressus were fixed in 3% glutaraldehyde overnight and
then rinsed in 0.1M phosphate buffer and stored in 70% Ethanol. Callinectes sapidus
broods were stored frozen; however, a sub-sample of 20-30 eggs was fixed in
glutaraldehyde, rinsed in buffer, and then stored in 70% ethanol. Each crab was dissected
and the ovary stage recorded (‘0’= not visible or highly reduced, 1’= % full, not full of
yolk, ‘2’= developed, mature oocytes present). One of the two spermathecae was
removed from each crab, weighed, and fixed overnight in 3% glutaraldehyde solution and

stored in 0.1M phosphate buffer.

Egg traits

A random sub-sample of twenty-eggs from each brood, previously fixed in 3%
glutaraldehyde, was used for measurements of egg size. The average ovum volume was
calculated for each brooding female by measuring the diameter of twenty eggs per egg

mass at 100x magnification, and the spherical ovum volume was calculated using the
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formula: ovum vol. (mm?) = (4/3)*z*(diameter/2)®. The average egg stage was recorded (‘1’=
mostly yolk with no visible organ development, ‘2’= 50% yolk with some organ

development, ‘3’= developed eyespots, little to no yolk).

Egg counts were conducted using a volumetric method of displacement of the egg mass
in a 0.1M phosphate buffer for all samples, with the exception of the C. sapidus egg
masses from Florida, which were thawed and measured in 70% ethanol (these samples
were shared with another researcher). For each egg mass, the pleopods with attached eggs
were separated from the abdomen, blotted with paper to remove excess liquid, placed in a
known volume of liquid (either phosphate buffer or ethanol) and the volume displaced
recorded to the nearest +/- 1 ul. To subtract the volume of the pleopods from the egg
volume, the eggs were stripped from the pleopods using tweezers and the pleopods again

placed in a known volume of 0.1M phosphate buffer.

Egg number was calculated from the known volume displaced by the egg mass and the

average volume of an egg from that brood:
Egg no. = ave. egg vol. x (vol. displaced by egg mass and pleopods — vol. displaced by pleopods).

The average volume of individuals eggs for C. sapidus were measured a second time in
the same solution used for the volumetric method (either ethanol or 0.1M phosphate
buffer). Therefore, the measures for average egg volume used for the egg number
calculations were treated identically to those in which the egg mass was sampled

volumetrically.
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Sperm traits

Each spermatheca was ground using a glass, hand-held Dounce® homogenizer in a
known volume of 0.1M phosphate buffer. A subsample of the homogenate was placed on
a Petroff-Hausser Counting Chamber® and allowed to settle for 1-2 minutes before
adding a coverslip. Three replicate sperm counts per individual were conducted at 100x
using phase contrast microscopy. The number of sperm was calculated from the average

of the replicate counts and the known volume of the counting chamber:
(no. of sperm = no. of sperm in subsample x ml)/ (vol. /square x no. of squares counted).

Sperm-egg ratio was calculated for each individual and the number of additional broods
that could be fertilized from the remaining stored sperm was calculated using known
sperm-egg ratios of 20:1 for C. sapidus (calculated from Hines et al. 2003) and 60:1 for

E. depressus (calculated from Rodgers, chapter 1 of this dissertation).

Statistical Analyses

Univariate Models

ANCOVAs models were conducted in SAS v.9.1 using the proc mixed procedure for
each species (analyzing species together caused severe deviations from normality).
Response and explanatory variables are listed in Table 1 and were transformed to meet
assumptions of normality and heterogeneity of variance. Season was modeled as a class
variable (early, late) and geographic location as a continuous variable, latitude
(1=Florida, 3=North Carolina, 4=Virginia, and 5=New Jersey; numbers represent relative
distances between locations) (Underwood, 1997). To avoid problems of collinearity with

numerous correlated response variables, we first chose the explanatory variable with the
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highest Pearson’s correlation coefficient and then included other explanatory variables

that had a variance inflation estimate (vif) <2 (Mansfield & Helms, 1982; Graham, 2003).

A step-wise reduction model was used to remove insignificant interactions and covariate
terms from the model; however, non-significant factors of interest (latitude and season)
were kept in the model statement. Because separate analyses were run for each response
variable, we adjusted the alpha level by dividing it by the number of tests conducted for
each data set, 0=0.0071. This Bonferroni adjustment prevents inflation of the overall
experimental error as a result of conducting multiple tests (Quinn & Keogh, 2002). Since
not all locations were sampled both early and late in the season, this created an
unbalanced design. To alleviate problems associated with unbalanced designs, two
reduced data sets, (1) balanced location — collections made only early in the season, and
(2) balanced season - only locations with collections made both early and late in the
season, were analyzed in addition to the full data set. Significant latitude and season

effects were only reported if they were also significant in the reduced data sets.

Multivariate Models

Multivariate models were conducted for each species in Primer v.6. Individuals with
missing variables were excluded from the analysis. Each response variable (egg number,
egg size, spermatheca weight, sperm number, sperm egg ratio, ovary stage and egg stage)
was transformed to meet assumptions of multivariate normality and then regressed
against either female carapace width or body weight (Table 1). If the regression was

significant, the residuals were used as the response variables. Since sperm/egg ratios were
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significantly collinear with egg number and with sperm number (vif >2), it was removed
as a response variable. Response variables were normalized in Primer (un =0, 6 = 1) and
the resemblance matrix constructed using Euclidean distances (Clarke et al., 2006). |
tested for significant clustering due to latitude and season using an analysis of similarity
(ANOSIM), a nonparametric method which uses permutations to test for significant
clustering due to a priori groupings (Clarke et al., 2006). The relative contribution of each
variable to the differences between groups was examined using a similarity percentage
routine (SIMPER). The % contribution of each variable to the average dissimilarities
(squared distances) between groupings was calculated as well as the contribution

corrected for the standard deviation (sq. dist/sd).

RESULTS

Body Size/Bergman’s Trend

Callinectes sapidus weighed more and had larger carapace widths than E. depressus
(Table 2). Species weighed more (C. sapidus: F; 10,=22.50, p<0.0001; E. depressus: F; 115=37.98,
p<0.0001) and had larger carapace widths (C. sapidus: F; 10,=31.06, p<0.0001; E. depressus: Fy
116=26.43, p<0.0001) early than late in the season. However, carapace widths of E. depressus
varied across the season differently in Florida vs. Virginia (Fy, 11=8.59, p=0.004). Few heavy
and large E. depressus and C. sapidus individuals were collected late versus early in the
season and a large number of small and light size class individuals were collected late in
the season in Florida for E. depressus (Fig. 2) and in North Carolina and New Jersey for
C. sapidus (Fig. 3). At lower latitudes, C. sapidus had larger carapace widths (F, 1,,=8.01,

p=0.0056) indicative of converse Bergmann’s Rule (Fig. 4). Eurypanopeus depressus, on
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the other hand, displayed a polynomial trend with increasing latitude for both body
weight (F; 11,=15.60, p=0.0001) and carapace Wwith (F13,,=12.65, p=0.0005), where individuals

weighed more and were larger at higher latitudes (Fig. 4).

Egg Traits

Egg size increased with egg development in both species (C. sapidus:
F1, 101=34.30, p<0.0001; E. depressus: F; 11s=63.95, p<0.0001). Egg size was larger early in the
season for both species (C. sapidus: Fy, 100=34.20, p<0.0001; E. depressus: Fy 116=19.32, p<0.0001).
While there was no significant latitudinal trend for either species, C. sapidus collected in
Virginia had larger eggs (p<0.0005) than at any of the other locations, even after correcting
for variation in egg stages (Fig. 5). After using a conservative approach of first removing
the effect of egg stage and then testing for differences between locations using a

sequential ANCOVA, egg size was still largest in Virginia (p<0.0005).

Egg number per brood increased with increasing body weight in both species (C. sapidus:
F, 9;=73.00, p<0.0001; E. depressus: F 116=79.48, p<0.0001), decreased with egg development for
C. sapidus (C. sapidus: F; ¢=20.18, p<0.0001), and decreased with increasing egg size (E.
depressus: F; 116=25.99, <0.0001). There were no significant seasonal or latitudinal effects on
egg number for E. depressus. However, in C. sapidus, egg number increased late in the
season (Fy ¢;=20.52, p<0.0001, R=0.96) and increased with decreasing latitude (F, ¢;=34.92,

p<0.0001); egg number was lowest in Virginia (Fig. 5).
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Sperm Traits

Spermatheca weight in the female increased with carapace width (C. sapidus: Fy 95=56.99,
p<0.0001; E. depressus: F; 15=26.88, p<0.0001). It varied by latitude only for C. sapidus where
spermatheca weight displayed a third order polynomial trend with latitude (F; ¢=20.69,
p<0.0001), with the heaviest spermatheca for females in North Carolina and the lightest for

females in Virginia (Fig. 6).

Sperm number in female spermathecae increased with carapace width (C. sapidus: Fy,
101=22.45, p<.0001; E. depressus: F;, 11s=8.57, p=0.0041) and increased at a greater rate late in the
season for E. depressus (F1, 1,5=14.88, p=0.0002). Sperm number followed a concave
polynomial trend with latitude for E. depressus with the lowest numbers at mid latitudes

(F116=11.59, p=0.0009) (Fig. 6), but did not vary with latitude in C. sapidus.

Sperm-egg ratios were lower later in the season for C. sapidus (F; ¢=30.57, p<0.0001).
Sperm-egg ratios were greatest for C. sapidus at mid-latitudes, following a polynomial
trend (F, =8.92, p=0.0035) (Fig. 6). However, for E. depressus they showed a reverse
pattern, lowest in North Carolina and highest in Florida and Virginia (F; 115=10.86,
p=0.0013) (Fig. 6). Given the relatively small sample sizes for C. sapidus, results from
power analyses for all of the statistical analyses presented above can be found in

Appendix I.

The total number of additional broods that could be fertilized from the sperm remaining

in the spermatheca for individuals collected at each location and across the season was
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calculated for C. sapidus (Fig. 7). Crabs collected from New Jersey and Virginia had
enough sperm to fertilize more than six broods. Assuming they produced three broods per
year (Hines et al. 2003, in review), this would support at least two additional years of
brooding. However, blue crabs in North Carolina retained enough sperm to fertilize 5-11
additional broods. Assuming they produced 5-8 broods per season (Dickinson et al. 2006;
Hines et al., in review), their remaining sperm stores would be enough for 1-2 additional
brooding seasons. Remaining sperm stored in the Florida population were enough to
fertilize 6 additional broods, which would be enough only for one additional season of 6-

8 broods (Hines et al., in review).

Multivariate Analysis

There were significant effects of season (R=0.13, p=0.005) and latitude (R=0.309, p=0.001) for
C. sapidus. The largest differences between latitudes occurred between Florida and
Virginia (R=0.537, p=0.001), Virginia and North Carolina (R=0.41, p=0.001), and Virginia and
New Jersey (R=0.322, p=0.001) (Fig. 8). From the SIMPER analysis, the contribution of
spermatheca weight and ovary stage explained the largest amount of the dissimilarity
between the early and late collections (Table 3). In general, egg size explained a large
amount of the dissimilarity of the crabs collected from Virginia compared to the other
three sites (Table 3). While latitude (R=0.075, p=0.001) and season (R=0.05, p=0.009) were
significant for E. depressus, the low R values indicate little separation between the

groupings, are considered to be of little importance, and thus not analyzed further.

63



DISCUSSION

Variation in ecological factors across a latitudinal gradient and across the season can
drastically alter life history traits. This has important implications for sperm storage and
use. If species rely on stored sperm to fertilize their lifetime supply of broods, they can
become sperm limited towards the end of the season and in locations where total
reproductive output is large. By examining variation in reproduction across a latitudinal
gradient, we can identify patterns of potential sperm limitation and thus devise effective

management policies, particularly for exploited species.

Body Size/Bergman’s Trend

Species exhibited opposite latitudinal trends in body size and weight; E. depressus had
smaller body size at intermediate to low latitudes (similar to Bergmann’s Rule) and C.
sapidus were smallest at high latitudes (converse Bergmann’s Rule). It is not unusual for
related species, such as these two brachyuran species, to display different patterns in
body size with latitude. For example, in a comprehensive survey of the Hymenoptera,
both latitudinal trends were found within this group (Traynor & Mayhew, 2005). There
may not be one simple explanation for body size patterns in ectotherms, and species
patterns may vary according to their behavior and physiology (Angilletta & Dunham,
2003). One striking difference between the two species in the present study is in their
growth patterns — C. sapidus females have determinate growth, E. depressus has
indeterminant growth; therefore, foraging efficiency and food availability during
C. sapidus’s limited time until maturity may be more important in determining final body

size than physiological processes. E. depressus, on the other hand, continues to grow
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across multiple years and may be more directly influenced by the physiological

constraints described by Bergmann’s Rule (Lonsdale & Levinton, 1985).

Another conspicuous difference that can affect body size of the two species is fishing
pressure. High levels of fishing pressure were responsible for an 8% reduction in female
body size of the C. sapidus population in the lower Chesapeake Bay (Lipcius &
Stockhausen, 2002). State regulations differ in both the intensity of fishing permitted and
in the sex-specific removal of C. sapidus. For example, egg-bearing females are fished at
certain times of the year in Virginia and in North Carolina (Henry, 1998; Sharov et al.,
2003), whereas their removal is prohibited in Florida and New Jersey (Steele & Bert,
1998; Stehlik et al., 1998). Thus fishing pressure would reduce female body size in
Virginia and North Carolina by selective removal of large females. In fact, fishing
pressure could be altering the ecological trend in this species of large body size at mid
latitudes. Since life history traits of the Virginia population differed significantly from the
other populations, with the majority of the variation explained by egg number and egg
size, local differences in fisheries practices may be responsible for placing selection
pressure on life history traits. Regardless of selection due to the fisheries, it is clear that
the life histories of the two species are shaped differently by ecological factors across the

latitudinal gradient.

While both species were smaller and weighed less late compared to early in the season,

differences in population abundance and differential mortality likely explains these

patterns. Although E. depressus continues to molt past maturity, the larger individuals
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may die off towards the end of the season, leaving behind a large number of small, new
recruits into the population. Callinectes sapidus does not molt after maturity and thus the
larger sizes early in the season could be due to both differential mortality of larger
individuals late in the season and due to differences in the size at maturity for crabs that
mature early versus late in the season. Regardless of the source of this seasonal difference
in body size, the smaller body size late in the season has potentially important

consequences for mating interactions and for fecundity.

Egg Traits

Consistent with life history theory, there was a trade-off between egg number and egg
size for both species and this varied across the season (Smith & Fretwell, 1974; Bass et
al., 2007). Callinectes sapidus produced more numerous, smaller eggs later in the season
and thus could be ‘hedging their bets’ by investing less in each offspring late in the
season when chances for future reproduction are low (Morgan et al., 1983; Lips, 2001;
Simons, 2007). Conversely, individuals could simply be depleted of energy stores and
ovarian yolk proteins by the end of the season, leading to smaller and possibly inferior
eggs (Brante et al., 2004). While E. depressus produced smaller eggs late in the season,
they did not produce more eggs, giving further support to the idea that seasonal depletion
of yolk leads to smaller eggs late in the season. Thus, investment in reproduction, and

reproductive output, can vary within a species across the season.

Egg number varied by latitude only for C. sapidus. The larger, less numerous eggs

produced at higher latitudes could be the result of physiological processes described by
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Bergmann’s Rule. Low temperatures result in lower metabolic costs and thus larger cell
size (Lardies & Castilla, 2001). Egg number typically declined with larger egg size;
however, the most northern population, New Jersey, had a low number of eggs and also
had one of the smallest egg sizes. Females from this population are investing less in
reproduction than populations at other locations. Rather than a consistent trend in egg
number and size across both species, reproductive variation can best be explained on

smaller spatial and temporal scales.

Recent studies have shown a large degree of variation in reproductive output at small
spatial scales (Lester et al., 2007). These patterns can be driven by predation pressure
(Polovina, 1989), density (Lestang et al., 2003), food supply, and/or productivity (Dugan
et al., 1991; Ruttenberg et al., 2005; Castilho et al., 2007). A combination of the above
factors can lead to a patchwork of variation in reproductive output (Bass et al., 2007). For
example, factors such as food availability and population density have been used to
explain small scale geographic variation in life history traits of several brachyuran

species (Hines, 1989).

Sperm Traits

There was significant spatial variation in the number of sperm stored in the spermathecae
for E. depressus and in the weight of the spermathecal load for C. sapidus. The two
species displayed opposite trends in sperm storage. Males pass both seminal fluid and
sperm to females (Jivoff, 2003b), and the weight of the female storage organ depends on

the relative composition of each of these two male components. Since sperm storage
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varied by latitude even after correcting for body size and reproductive output, it is likely
that ecological differences played an important role in determining the amount of
ejaculate females received at mating (Sato et al., 2006). Males can vary spatially in sperm
production (Evans & Magurran, 1999; Carver et al., 2005) and could be allocating
different starting amounts of ejaculate due to differences in mating history (Wedell &
Cook, 1999; Sato et al., 2006), female size (Jivoff, 1997b) or by population structure
(Gage & Barnard, 1996; Rondeau & Sainte-Marie, 2001). Similarly, males may allocate
sperm differently within a location due to seasonal variation (Galvani & Johnstone,
1998), thereby drastically altering the amount of sperm received by females and thus the

sperm-egg ratio.

Not surprisingly, C. sapidus has lower sperm to egg ratios late in the season, as they used
up their sperm reserves to fertilize broods. The sperm-egg ratio decreased further at lower
latitudes late in the season, as more broods were produced at low latitudes, causing
females to deplete their sperm reserves. Eurypanopeus depressus, on the other hand,
displayed no seasonal change in sperm-egg ratios, since they re-mated throughout the

breeding season and thus did not become depleted of sperm stores.

It cannot be determined from examining a female brachyuran how many broods she has
produced that season or in her lifetime, but general patterns for brood production exist
along a latitudinal gradient. Females in the northern regions, with shorter brooding
seasons, produce fewer broods than those in the south, which have longer reproductive

seasons. For C. sapidus, overall lifetime reproductive output is much smaller in northern
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latitudes than in the North Carolina and Florida populations, where up to eight broods can
be produced within a single reproductive season (in contrast to the 2-3 broods for New

Jersey populations; (Hines et al., 2003; Dickinson et al., 2006)).

Geographic variation in brood size and number will alter the potential for sperm
limitation in a species that stores sperm. There was no decrease in sperm-egg ratios
across the season for E. depressus, while there was for C. sapidus than in E. depressus.
This is a further indication that E. depressus re-mate after spawning. While there is still
the potential for sperm limitation in E. depressus due to alterations in male sperm
allocation, the potential for sperm limitation is much greater in C. sapidus. C. sapidus
females from NC and FL had lower sperm-egg ratios than females from NJ and VA, and
they are likely to become sperm limited within a single season, whereas NJ and VA
females are not likely to become sperm limited due to the fewer number of broods per
season at higher latitudes. However, Hines et al. (2003) showed that sperm stores in
Virginia were significantly lower than those in Florida and thus sperm limitation is
possible due to fishing pressure. A combination of latitudinal variation in the number of
broods per season, geographic variation in egg number and sperm allocation, and
seasonal variation in egg number all shape the total lifetime reproductive output and the

potential for sperm limitation in these crabs (Hines et al., 2003).

CONCLUSIONS

A single latitudinal trend across all life history traits could not be detected in either of the

two study species. Complex interactions between life history traits and species-specific
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physiology and behavior have brought about geographic variation in reproductive output.
This has important implications for sperm limitation in brachyuran species. If females
become sperm depleted by the end of the season in lower latitudes, fisheries might be
permitted to collect brooding females only towards the end of the reproductive season,
while it might be advantageous to protect the largest males from removal (having both a
minimum and a maximum capture size). Although latitudinal trends are often related to
temperature, recent work has shown that moisture, environmental stress, and seasonality
all correlate with latitudinal trends and explain significant variation in reproductive
output (Quin et al., 1996; Stillwell et al., 2007). Studies that examine variation in
reproductive output and sperm storage at smaller spatial scales could identify which
ecological variables are responsible for creating these patterns. Regardless, fisheries
management and conservation strategies of the blue crab could be enhanced by
incorporating the spatial variation in sperm stores and reproductive output defined in this

study.
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Table 1: Explanatory and response variables tested in the ANCOVA proc mixed

procedures. Transformations for each variable are displayed in parentheses. All

interactions between class variables (c) and covariates and class variables were tested

(not shown).

Response Variable

Explanatory Variables

Body weight (10gs0)
Carapace width

Egg number (logyp)

Egg size

Spermatheca weight (V)
Sperm number (V)

Sperm egg ratio ()

latitude, laitude?, latitude®, time(c)
latitude, latitude?, latitude®, time(c)

egg stage, ovary stage, egg size, time(c), body weight (logyo), latitude,
latitude?, latitude®

egg stage, egg number (logo), ovary stage, time(c),
body weight (logyo), latitude, latitude?

carapace width*, latitude, latitude?, latitude®, time(c), ovary stage
carapace width*, ovary stage, time(c), latitude, latitude?, latitude®

body weight (logso), egg stage, ovary stage, time(c), latitude,
latitude?, latitude®
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Table 2: The reproductive output of brooding female E. depressus and C. sapidus from the four study sites collected early and
late in the season are listed below. Numbers in parentheses are +/- 1 standard error from the mean. The predicted number of
broods that could be fertilized for each species was calculated from the residual sperm number in females, the average egg

number, and from known values of sperm used/wasted for each egg (predicted # broods).

Body | ghermatheca Egg Sperm- | Predicted
Species Location Season Sar_nple weight P (mg) Egg # diameter Sperm no. eqg #
sSize (g) g (“m) ratio broods
15 158 194 1.63E° 3.33E° 209 (s- 9
Tuckerman, | E3 (.7) (18) | (w1765 | 281D | ([ g0ET) 60)
I NJ 9 144 198 2.72E° 1.88E° 113 (+- 3
_ L ate (-+13) (+1:24) 373e% | 24 14857 53)
s Gloucester, 25 186 246 1.39€° 5.49E° 466 (+- 18
a VA Early (+8) (+-14) (15565 | 28802 | (5487 52)
p 24 219 377 2.26E° 5.22E° 252 (s- 10
i Beaufort, | oY (++12) (+21) (s1.24% | 267(4) (++5.04E7) 33)
d NC 15 141 175 1.98E° 1.67E® 87 (+- 4
u Late (+-10) (+12) (+1.76E°) 246 (++3) (+3.14E" 14)
S Sebastian 6 8
199 309 4.01E 5.62E 161 (+-
'”F'Et' Early 16 (13 (+130) (50585 | 2613 | g23EY 37) 6
E 25 0.88 1.38 6.03E° 8.63E° 204 (+r- 2
. Gloucester, | =2 (++0.07) (++0.10) (76587 | 316D 11 g1E) 49)
d VA 25 0.61 1.38 4.66E° 1.92€° 448 (+1- 7
e Late (:+0.04) (:+0.12) (451987 | 2% (4) (+-4.26E5) 101)
p Beaufort, Earl 26 0.54 1.06 4.096E° 314 (5 3.87F° 113 (4 2
r NC y (+:0.04) (++0.11) (+-3.92E%) 7 (+-7.16E%) 22)
e 25 0.65 1.21 3.62E° 1.58E° 502 (+- 7
Earl 318 (+-4
Z Fort Pierce, y (+-0.06) (+-0.15) (+-3.45E) (+4) (+-3.03E°) 84)
0 FL Late 23 0.34 0.71 2.59E° 300 (+3) 7.71E° 303 (s 5
s (+0.04) (+0.09) (+-2.89E?) - (+-1.50E°) 48)
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Table 3: Relative influence of response variables to the pairwise differences between the

groupings ‘season’ and ‘latitude.” for C. sapidus. The average squared distance corrected

for the standard deviation (Sg. Dist/SD) and the percent contribution of the variable to the

average group squared distances (% Contribution) are represented in the table below.

Factor Variables Sq. Dist/SD % Contribution
Season Spermatheca weight 0.86 21.24
-early vs. late Ovary stage 0.86 20.58
Egg stage 0.74 15.09
Sperm number 0.73 17.72
Egg size 0.58 15.56
Latitude: Egg size 1.14 18.99
-North Carolina | Spermatheca weight 0.97 25.22
Vvs. Egg stage 0.89 16.62
Virginia) Egg number 0.80 13.45
Ovary stage 0.79 15.20
Sperm number 0.72 10.52
Latitude: Egg stage 0.98 24.37
-New Jersey Egg size 0.86 20.66
Vvs. Sperm number 0.84 22.74
Virginia Egg number 0.76 14.92
Spermatheca weight 0.68 12.36
Latitude: Egg number 1.16 36.81
-Florida Egg size 1.16 18.00
Vs. Egg stage 0.80 13.75
Virginia Sperm number 0.77 11.19
Spermatheca weight 0.58 11.66
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Tuckerton, NJ

Gloucester, VA

Beaufort, NC

Fort Pierce, FI

Figure 1: Collecting sites for E. depressus and C. sapidus

during the spring and fall of 2008.
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Figure 2: Frequency histograms for body weight (left) and carapace width (right) of E.
depressus collected from Virginia (top) and Florida (bottom) early (black striped) and

late (solid red) in the season.
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Figure 3: Frequency histograms for body weight (left) and carapace width (right) of
C. sapidus collected from North Carolina (top) and New Jersey (bottom) collected early
(black striped) and late (solid red) in the season.
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Figure 4: Body weight (mg) (top) and carapace width (mm) (bottom) for E. depressus

(left) and C. sapidus (right) collected at one of four locations; 5=New Jersey, 4 =

Virginia, 3 = North Carolina, 1 = Florida. Bars represent +/- 1 standard error from the

mean and the trendlines and equations are displayed after adjusting for significant effects
of time from ANCOVA models: (A) body weight = 0.09*latitude” —0.38*latitude -0.089,
(B) carapace width = 1.46*latitude? -4.92*latitude + 14.15, (D) carapace width =
-2.96*latitude + 152.12.
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trendlines and equations are displayed after adjusting for covariates and for significant
time effects using an ANCOVA: (D) Egg number = -0.07*latitude-6.59.
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Figure 6: Spermatheca weight (\) (top), sperm number (V) (middle) and sperm/egg ratio
() (bottom) for E. depressus (left) and C. sapidus (right) collected from four locations
(5=New Jersey, 4=Virginia, 3= North Carolina, 1=Florida). Error bars represent +/- 1
standard error from the mean and the trendlines and equations are displayed after
adjusting for covariates and for significant time effects using an ANCOVA: (A2) Sperm
no. = 201.02*latitude® -1055.4*latitude + 2002.5, (A3) Sperm/egg no.=3.63*latitude® -
19.44*latitude + 35.86, (B1) Spermatheca weight = 0.805*Iatitude® — 7.65*latitude® +
20.80, (B3) Sperm/egg no.=-1.09*atitude® + 7.32*Iatitude +2.70.
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Figure 7: Predicted future brood production for C. sapidus at the four collection
locations. Estimates of number of broods produced at each location were determined
from the literature as NJ = 3, VA = 3, NC = 8, FI = 8 (Dickinson et al. 2006, Hines et al.
2003). The number of broods was calculated using the amount of residual sperm in the
females collected both early and late in the season, and from the known amount of sperm
used to fertilize a brood (Hines et al., 2003); (? = unknown if females were collected
during their first brooding season, filled red boxes= fertilized broods, open boxes =

unfertilized broods, striped boxes = unknown brooding history prior to collection).
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Figure 8: MSD nonparametric ordination graphs for clustering of life history traits for
C. sapidus across the four collection locations (Florida=FL, North Carolina=NC,
Virginia=VA, New Jersey=NJ) using the resemblance matrix from the ANOSIM

analysis.
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CHAPTER I

Comparative analysis of life history traits in brachyuran crabs

ABSTRACT

Species’ life history traits are shaped by allometric, phylogenetic, ecological and
behavioral factors. Although allometric and phylogenetic patterns in female reproductive
output have been identified across brachyuran crabs, less is known about how life history
traits vary with mating strategies and ecological factors. Despite the universal prevalence
of internal fertilization and complex mating behavior in the Brachyura, few comparative
studies of brachyuran life history patterns have considered sperm storage traits as
important components of reproductive strategies. By conducting a comparative survey of
life history traits in six superfamilies of brachyuran crabs, | was able to partition variation
in life history traits by body size, phylogeny, habitat, and mating strategies using nested
and sequential ANCOVAs. Variables of female reproductive output and of male and
female sperm storage traits generally displayed positive allometries; thus, larger bodied
species invested proportionally more in these traits than smaller bodied species.
Phylogeny played a large role in shaping life history patterns in brachyurans. Not only
did female reproductive output vary, but the allometric patterns of male sperm storage,
sperm number and vas deferens weight also varied by lineage at the superfamily level.
Differences in larval development, female molting patterns, male sperm plug production,
and habitat preferences likely best explain these differences in superfamilies. Some
lineages showed contrasts to the general patterns across the Brachyura. Species within the
Grapsoidea typically displayed negative allometries for these traits, suggesting that a

unique allometric pattern has emerged within this lineage. While egg size increased for
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deep water species, none of the other life history traits varied by depth or consistently
across latitude. The contrasting superfamily patterns suggest a strong impact of
phylogeny on the evolution of life history traits in this group. Male and female sperm
storage patterns varied predictably with mating strategies. Species with a ‘female
defense’ strategy, in which males invest heavily in each mating encounter, had larger
female sperm stores and male reproductive output than those with a ‘resource defense’
strategy. Allometry and phylogeny had the greatest influence on female reproductive
output and sperm storage traits. However, mating strategies also influenced the amount of

sperm stored by males and females.

INTRODUCTION

Although species have been categorized by one of two primary life history strategies
based on the stability of their habitat (r-strategies in unpredictable environments versus
K-strategies in more stable environments) (MacArthur & Wilson, 1967; Pianka, 1970),
species often do not fit nicely into the r vs. K paradigm (Reaka, 1979; Reaka, 1980;
Stearns, 1992). In addition to environmental predictability, at least four other groups of
variables are important in shaping life history traits: allometric scaling with body size
(Hines, 1982; Berrigan, 1991; Stearns, 1992); phylogeny (Stearns, 1992; Blomberg et al.,
2003), habitat (Reaka, 1986; Morrison & Hero, 2003); and mating behavior (Moller,
1991). While the objective of this research was to determine how life history traits vary
across these four primary factors, many of these factors are interrelated and interpretation
of the effects of one factor can be confounded by the effects of the other factors. To

explain the evolution and plasticity of life history traits in brachyuran crabs, we applied a
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variety of statistical techniques in an attempt to partition the variation among these

factors.

One focus of this research was to identify evolutionary scaling of life history traits to
body size across species (Stern & Emlen, 1999) as described by allometric relationships
of the traits to variation in body size (Stearns, 1992). Positive allometries have been well
described for morphological traits that are used in visual courtship displays (Emlen &
Nijhout, 2000; Kodric-Brown et al., 2006); and negative allometries have been shown to
occur in genital traits in which the sizes of the average male and female genitalia must
match in order for successful intromission (Eberhard et al., 1998). Scaling of life history
traits can vary within the same group. For example, brachyuran crabs exhibit isometric
scaling of brood weight to body weight, yet negative allometry in egg size to body weight
(Hines, 1982). The differential investment in life history traits across body size has
important implications for understanding the constraints on, and plasticity of, the

evolution of life history traits.

Life history traits can be constrained by phylogeny (Stearns, 1983). For example,
phylogenetic history accounted for up to 64% of the variance in life history traits for
iguanid lizards (Miles & Dunham, 2009) and accounted for a large proportion of the
variation in life history traits in birds (Bohning-Gaese & Oberrath, 1999). While overall
phylogenetic patterns in life history traits have been identified, lineages also can vary in
the allometric scaling of these traits to body size (Gould, 1971). For example, while

brood weight scales isometrically with body weight for brachyurans generally (Hines,
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1982), pinnotherid crabs invest proportionately more overall in brood weight (Hines,
1992). In fact, these species have extended their ovaries into their abdomen allowing for
larger brood weights relative to their body size. By examining only average differences in
traits between lineages, important phylogenetic patterns in allometries may be obscured.
Differences in allometries can explain much of the variation in life history traits among

lineages and must be analyzed to fully identify phylogenetic patterns.

Variation due to environmental factors such as temperature, seasonality and food
availability have been shown to shape life history patterns and can vary predictably
across latitude and depth. High metabolic costs associated with warm temperatures at low
latitudes has lead to the development of smaller eggs in isopods (Lardies & Bozinovic,
2006) and crabs (Lardies & Castilla, 2001), and smaller clutch sizes in birds (Cooper et
al., 2005) and amphibians (Morrison & Hero, 2003). Cold temperatures also can lead to
large egg sizes as a result of greater nutrient provisioning due to long incubation times
(Lardies & Castilla, 2001). High productivity and thus food availability, which is
typically greater during a short growing season at high latitudes, led to greater fecundity
in mole crabs (Defeo & Cardoso, 2002). Since egg number trades off with egg size
(Smith & Fretwell, 1974), variations in temperature and food availability can have
important implications for fecundity across latitudes and depth. Also, longer reproductive
seasons at lower latitudes allows species to produce more broods in a single reproductive
season (Hines et al., 2003), leading to a larger total reproductive output per year in blue
crabs at lower latitudes. However, reproductive output may simply be a function of

degree days, such that similar total life time outputs may be accomplished faster at lower
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latitude than higher latitudes (Darnell et al., 2009). Many of these habitat traits are not
independent of phylogeny or body size. Species of large body size are generally found at
higher latitudes (Bergmann, 1847). Similarly, a single or several lineages may radiate
into a new habitat, thus confounding differences due to habitat and phylogeny. By
recognizing and addressing such confounded patterns, we can begin to tease apart these

factors and attribute variation in traits due to ecology versus phylogeny.

Life history traits, particularly male sperm traits, also can be shaped by mating behaviors.
With the evolution of polyandrous mating systems and sperm storing females, post
copulatory selection has lead to sperm competition within the female reproductive tract
(Parker, 1970). In turn, males have evolved sperm plugs (Hartnoll, 1969; Jensen et al.,
1996) and sperm removal behaviors (Cordoba-Aguilar et al., 2003; Wada et al., 2005).
Males may also optimally allocate sperm to females (Gage & Barnard, 1996; Wedell &
Cook, 1999), and have evolved mate guarding behaviors (Jivoff, 1997a; Rondeau &
Sainte-Marie, 2001) to reduce the impact of sperm competition and assure their paternity.
In bird mating systems that have a high degree of sperm competition, males have evolved
larger testes, and thus produce greater sperm number, for their body size (Moller, 1991).
Thus mating behavior can shape the evolution of life history traits, particularly sperm
storage traits. But, ecological factors also shape species’ mating strategies. In fact, many
of the primary divisions in mating system strategies are defined by differences in
ecological variables (Emlen & Oring, 1977). In stomatopod crustaceans mate guarding
occurs more frequently in species which inhabit hard cavities versus those that burrow in

soft sediments (Caldwell, 1991). Similarly, mating strategies can be constrained within a
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lineage. Thus, the influence of mating strategies can best be teased apart from phylogeny
and habitat in groups with plasticity in mating strategies both within lineages and across

habitats.

The objective of this research was to identify patterns in life history traits with body size,
across the phylogeny, within various habitats and across different mating strategies.
Given the complexities and potential overlap in these factors, our goal was to partition
the variation in these traits while accounting for the allometric relationships to body size.
Brachyurans can serve as a model group because they inhabit a diverse range of habitats
from terrestrial to the deep water and many species are broadly distributed across latitude.
They all have internal fertilization with females possessing a paired sperm storage organ
(spermatheca) that stores sperm for varying durations, depending on species and
circumstances (Hartnoll, 1969). Brachyuran mating strategies have been divided into one
of three broad categories based on how males compete for mates (Christy, 1987a) and on
the environmental potential for polygyny (EPP) (Emlen & Oring, 1977; Orensanz et al.,
1995): these generally fall into categories called ‘female defense,” ‘resource defense’ and
‘scramble/encounter’ competition. There are approximately 21 superfamilies of
brachyurans, and this study focused on six: Majoidea, Portunoidea, Cancroidea,
Xanthoidea, Grapsoidea, and Ocypodoidea. These six superfamilies have been well
investigated for patterns of many life history and reproductive traits, such as larval
development, sperm plug production, mating receptivity and female molting (Table 1);
and these characteristics likely shape the evolution of sperm transfer and thus sperm

storage.
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The goal of this study was to partition the variation in life history traits in brachyuran
crabs by phylogeny, ecological factors, and mating strategy and to test for allometric
relationships:

(1) Allometry: Given the large fitness pay-off for investment in life history traits
(Stearns, 1992), female reproductive output and sperm storage traits are predicted
to scale by positive allometry. However, | predicted a negative allometry for the
male intromittent organ, since its size must match the reproductive structures of a
wide range of female sizes.

(2) Phylogeny: Since brachyuran morphology, larval development, mating receptivity
and ejaculate traits vary by superfamily and there are previously established
superfamily patterns in female reproductive output (Hines, 1982), | predicted that
sperm storage traits, in addition to female reproductive output, would vary
significantly among superfamilies.

(3) Ecological factors: Since metabolic investment is expected to be lower at higher
than lower latitudes and at deeper that shallower depths (Lardies & Bozinovic,
2006), and longer development times in deep waters select for larger egg sizes
(Strathmann, 1977), | predicted that species would produce more eggs, have
larger eggs, and larger male and female sperm stores at higher than lower latitudes
and at deeper than shallower depths.

(4) Mating strategy: In species with a ‘female defense’ mating strategy, males
directly compete for limited females and typically invest more in each mating

event, as opposed to a ‘resource defense’ strategy in which males monopolize
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resources utilized by females, or in a ‘scramble/encounter’ strategy in which
males are unable to monopolize resources and/or mates (Christy, 1987a).
Therefore, | predicted that species with a ‘female defense’ strategy would have
larger male sperm reserves and more stored sperm in the female storage organ

than species with ‘resource defense’ and ‘scramble/encounter’ strategies.

METHODS

Study Species

A total of 61 species were collected in the field from 17 families and six superfamilies of
brachyuran crabs (Majoidea, Xanthoidea, Cancroidea, Portunoidea, Grapsoidea,
Ocypodoidea) and information for females of 13 of these species was compiled from
previous studies (Hines, 1982; Hines, 1988; Hines, 1991) (Table 2). For data collected in
the field, approximately 10 males and 10 females were collected per species. However,
several species were rare or difficult to find, and fewer specimens were collected for each
of those species. The range of sampling locations included the eastern seaboard of the
United States from Nova Scotia to Florida, the Caribbean coast of Panama, and the
Pacific coastline from Panama to Coquimbo, Chile (Table 1). Species were defined by
the general habitat categories (depth and latitude/region) in which they were collected
and generalized by references from the literature. Latitude categories were defined by one
of four geographic regions (cold temperate, warm temperate, semi-tropical, or tropical).
Depth was defined as semi-terrestrial (species active primarily above the tide line and in
the upper intertidal), intertidal/shallow subtidal (intertidal species and species whose

range extends into the lower intertidal and shallow subtidal — this category includes
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species which can be found in abundance in both the intertidal and subtidal), subtidal
(species which can inhabit depths below 10m and whose range does not extend into the
lower intertidal), and deep water (species found in deep submarine canyons whose ranges
do not typically extend shallower than 50m). While most specimens were collected
opportunistically by hand, some of the deep water specimens were collected by trawl.
The mating strategy (if known) was identified from the literature and from field mating

observations (Table 2).

Dissections and sperm counts

The following variables were recorded for all individuals collected: carapace width
(maximum, mm), wet body weight (g), and molt stage (premolt, intermolt, postmolt).
Males and females were dissected; female ovary stage (‘0’= not visible and highly
reduced, ‘1’= % full, not full of yolk, ‘2’= developed, mature oocytes present) and egg
stage (“1’= yolk, no organ development, ‘2’= 50% yolk, some organ development, ‘3’=
little to no yolk, eyespots present) were recorded. The percent fullness of the spermatheca
was estimated visually as the percent of the spermathecae that was occupied by ejaculate
contents. One side of the male vas deferens was removed and carefully separated into
anterior, median and posterior vas deferens sections (Cronin, 1947), and each section
weighed. One side of the paired reproductive organ -- female spermathecae or male vas
deferens -- was removed, weighed and fixed in 3% glutaraldehyde in a 0.1M sodium
phosphate buffer. The fixative was removed after 24 hours and the tissue was rinsed and
stored in 0.1M sodium phosphate buffer. Sperm were counted by first grinding the tissue

in a known volume of 0.1M sodium phosphate buffer using a handheld glass Dounce®
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homogenizer. Three subsample counts were conducted on a Petroff-Hausser Counting
Chamber® using 400x magnification on a phase contrast microscope. The average sperm

number was calculated for each sample.

Egg Traits

Broods from egg-bearing females were fixed in 3% glutaraldehyde and stored in 70%
ethanol. A volumetric method was used to estimate the number of eggs. The egg mass
was placed in a known volume of 0.1M sodium phosphate buffer and the volume
displaced was recorded +/- 1pl. The eggs then were removed from the pleopods and the
volume of water displaced by the pleopods was subtracted from the volume displaced for
the total egg mass. The average ovum volume was calculated in 0.1M phosphate buffer
for each brooding female by measuring the diameter of twenty eggs per egg mass at 100x
or 400x magnification, and the spherical ovum volume was calculated using the formula:
ovum vol. (mm®) = (4/3)*z*(diameter/2)®. The average egg number for each female was

calculated using the equation: no. of eggs = vol. displaced by the egg mass/ave ovum vol.

Gonopod Traits

One gonopod was removed from each male and stored in 70% ethanol. Measurements of
length (base to tip excluding any setae) and average width (measured at the base, midline
and near the tip on both sides of the gonopod) were conducted under a dissection
microscope or using a vernier caliper depending on the size of the gonopod. VVolume of

the gonopod was calculated by multiplying the length by the average width.
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Statistical Analyses

Univariate Hypothesis Testing

I conducted nested ANCOVA models in SAS v.9.1 using the proc mixed procedure for
each sex. Response and explanatory variables are listed in Table 3 and each was
transformed to meet assumptions of normality and heterogeneity of variance. Variance
inflation estimates above 2 were used as indicators of collinear variables (Graham, 2003).
Two statistical models were used to examine the data. First, nested ANCOVA models
were used to test for significant body size, superfamily, depth and latitude/region effects.
All interactions between factors and between the covariates and superfamily were tested.
Species nested within each superfamily, as well as the interactions with the covariates,
were written into a random statement allowing for a more conservative test of
superfamily effects (McKone & Lively, 1993). If there were significant superfamily,
depth or latitude/region effects, a least squares mean statement with a Tukey’s adjustment
was used to test for pairwise differences. A step-wise model reduction approach was used
to remove insignificant covariates and interaction terms from the model. Because
separate analyses were run for each response variable, the alpha level was adjusted by
dividing it by the number of tests conducted for each data set (0=0.0083). This
Bonferroni adjustment prevents inflation of the overall experimental error as a result of

conducting multiple tests (Quinn & Keogh, 2002).

In the second model, a sequential ANCOVA was used to remove the significant factors

and covariates from the first model (not including species nested within superfamily), and

the residuals from the analysis were used to test for species differences and a priori
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contrast statements were used to test for differences between mating strategies (‘female
defense’ vs. encounter/scramble,” ‘female defense’ vs. ‘resource defense’, and
‘encounter/scramble’ vs. ‘resource defense’). This model was run a second time
comparing mating strategies for species within the superfamilies Grapsoidea and

Ocypodoidea only.

Multivariate Analyses

A dataset of the species averages for the reproductive traits combined for both sexes was
used to conduct nonparametric multivariate analyses in Primer v.6. Species with missing
variables were excluded from the analysis, leaving 31 of the original 61 species. Each
response variable was transformed to reduce skew and then regressed against either male
or female carapace width (Table 4). If variables were significantly collinear (variance
inflation estimate >2), one variable was dropped from the analysis, leaving a combination
of noncollinear response variables. The residuals from the regressions were then
normalized in Primer (u = 0, 6 = 1) and the resemblance matrix constructed using
Euclidean distances (Clarke et al.,, 2006). Significant clustering due to the factor
variables listed in Table 3 was tested using an analysis of similarity (ANOSIM), which
uses permutations to test for significant clustering due to a priori groupings (Clarke &
Gorley, 2006). The relative contribution of each variable to the significant group effects
was examined using a similarity percentage routine (SIMPER). The % contribution of
each variable to the average dissimilarities between groupings was calculated as well as

the contribution corrected for the standard deviation (sim/sd).
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RESULTS

Univariate Analyses: Statistical results are presented in Table 5 and species averages for

each of the life history traits are presented in Appendices Il and I1lI.

(1) Allometry

As predicted, most of the life history traits displayed positive allometries with body size,
meaning that larger bodied species invested proportionately more in these reproductive
traits than smaller bodied species. Species’ egg number displayed a positive allometry
with carapace width (Fig. 1) and decreased with increasing egg size (Fig. 2). While
species’ egg size did not vary with carapace width, it did increase with developmental
stage (Table 5). Female spermatheca weight (Fig. 3) and female sperm number (Fig. 4)
displayed positive allometries with carapace width across species, but the slope of the
allometry for spermatheca weight varied by superfamily (see phylogeny below). As
predicted, male gonopod length displayed a negative allometry with carapace width -
larger bodied species had less of an increase in gonopod length with increasing body size
(Fig. 5). However, gonopod volume displayed a positive allometry with body size (Fig.
6). Male sperm number (Fig. 7), vas deferens weight (Fig. 8), anterior & median vas
deferens weight (Fig. 9) and posterior vas deferens weight (Fig. 10) generally displayed
positive allometries across species but the slope of the allometries varied by superfamily

(for details, see phylogeny below).

94



Phylogeny

Egg size varied across superfamilies; the Majoidea had the largest eggs (598 um), while
the Ocypodoidea had the smallest eggs (266 um; Table 6, Fig. 11). The Majoidea
produced significantly fewer eggs per brood than species within the other five
superfamilies (p<0.0083) when egg number was not adjusted for egg size (Table 6).
Percent fullness of the spermatheca also varied by superfamily; with the Grapsoidea and
Majoidea having spermathecae that were fuller than the other four superfamilies (Table 6,
Fig. 12). Sperm/egg ratio varied by superfamily, with the Majoidea having the highest
ratio and the Ocypodoidea and Portunoidea with the lowest ratios (however, least squares
means were not significant) (Fig. 13). Since the remaining life history traits had varying
allometries across superfamilies, phylogenetic variation in these life history traits are best
explained by superfamily relationships with body size. The Portunoidea and Grapsoidea
had less of an increase in spermatheca weight with increasing carapace width (slope) than
was found in the other three superfamilies, and the Xanthoidea and Ocypodoidea had
lower spermathecal weights for their body size (lower intercepts), averaging 83 mg and
6 mg, respectively, than the Majoidea, with an average weight of 226 mg

(Table 6, Fig. 3).

Male reproductive traits generally displayed positive allometries, with the Grapsoidea as
the main exception; they had negative allometries for male sperm number (Fig. 7), vas
deferens weight (Fig. 8), anterior and median vas deferens weights (Fig. 9), and posterior
vas deferens weights (Fig. 10). While all of the other superfamilies had positive

allometries, the relative slopes of these relationships varied across superfamilies. The
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Portunoidea generally had less of an increase in vas deferens weight with body size.
However, only two relatively large bodied species were collected within this superfamily
requiring caution when interpreting a superfamily pattern for this group. The Majoidea
generally had the greatest increase in male reproductive traits with body size. The
Xanthoidea and Ocypodoidea had slightly lower vas deferens weights for their body size
(intercepts), averaging 288 mg and 40 mg, respectively (Fig. 8), but they had larger
sperm numbers than the Majoidea for their body size (Table 7, Fig. 7). Thus, the
Majoidea had considerably heavier vas deferens (weighing 1,539 mg; Table 6) and invest
more in vas deferens products and sperm number with increasing body size, but on

average had lower sperm numbers (after correcting for body size) than other lineages.

Ecological factors

The relative fullness of the female spermatheca seemed to vary by region, with species in
the semi-tropical region appearing to have the least full spermatheca; however, least
squares means did not differ significantly among regions (Fig. 14). Interestingly,
gonopod volume varied significantly across the regions, with species in the tropical
region having smaller gonopod volumes than those in the warm temperate region (Fig.
15). As predicted, species in the deep water habitat had the largest egg volume, but
intertidal species had the smallest egg volume; and there was no difference between

semi-terrestrial, subtidal or intertidal species (Fig. 16).
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Mating Strategy

Differences in life history traits across mating strategies were tested using contrast
statements across all superfamilies after removing the significant effects for each
response variable (see Table 5) using a sequential ANCOVA. As a more conservative test
of mating strategy, any significant differences in mating strategies that were identified
across all superfamilies then were compared within only the Ocypodoidea and
Grapsoidea; because these superfamilies included representative species of all three
mating strategies. Results of significant mating strategy differences are only presented if
they were significant in the full (all superfamilies) and reduced (only Grapsoidea and
Ocypodoidea) data set. Species with a ‘resource defense’ strategy had less sperm stored
in the female (Fig. 17), smaller sperm/egg ratios (Fig. 18), and lighter posterior vas
deferens (Fig. 19) than species with either ‘female defense’ or ‘encounter/scramble’
strategies. Similarly, species with a ‘resource defense’ strategy had lighter vas deferens

(Fig. 20) than species with a ‘female defense’ strategy.

Multivariate Analyses

Species differed significantly by superfamily (r=0.291, p=0.001), with the greatest
differences between the Ocypodoidea and Portunoidea (R=0.81, p=0.036), and between the
Majoidea and Ocypodoidea (r=0.519, p=0.004) (Fig. 21). The differences between these
superfamilies were primarily determined by variation in female egg traits and in female
spermatheca weight (Appendix 1V). The Ocypodoidea differed from the Grapsoidea
(R=0.34, p=0.012) primarily due to differences in female sperm storage traits, and the

Xanthoidea differed from the Ocypodoidea (R=0.35, p=0.004) by male sperm traits (Fig. 21,
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Appendix 1V). Species clustered significantly by female molting pattern (R=0.27, p=0.008),
and by the presence versus absence of a male sperm plug in the female storage organ
(R=0.525, p=0.022); this is likely explained by superfamily patterns (Table 1). Female sperm
storage traits had the greatest influence on the grouping ‘sperm plug’, whereas female
fecundity had the greatest influence on the grouping ‘female molt pattern’ (Appendix

V).

DISCUSSION

By conducting a comparative survey of life history traits in six superfamilies of
brachyuran crabs, we were able to document the variation in these traits and to partition
the variation by body size, phylogeny, ecological factors and mating behavior. Several of
the life history traits displayed consistent allometries, whereas other traits varied
allometrically across lineages. Sperm storage patterns generally varied as predicted by
mating strategy. This comparative approach allowed us to examine the relative

importance of several factors on the evolution of brachyuran life history traits.

(1) Allometries

As predicted, most life history traits displayed a positive allometry with body size.
Species of larger body size invested proportionately more in these life history traits
relative to their body size. Therefore, any factor leading to a change in body size has a
disproportionate affect on reproduction. An increase in fecundity can be brought about by
selection for larger body size. This was exemplified by new world monkeys in which two

species displayed the same allometric slopes for life history traits but one species delayed
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maturity and thus attained a larger body size (Marroig, 2007). While many of the life
history traits studied in our research varied across lineages (particularly the sperm storage
traits), they are discussed further as lineage-specific effects (see phylogeny). Several
traits remained invariant across lineages and were tightly coupled to body size. Life
history traits such as clutch size and adult mortality, and clutch size and age at first
reproduction are known to be invariant across certain lineages (Charnov, 1993). Not
surprisingly, the allometry of female clutch size and the trade-off between egg number
and egg size were consistent across brachyuran lineages. In the insect orders Diptera and
Hymenoptera, ovary volume scaled isometrically with body size across lineages and was
likely constrained by the energetic costs associated with developing larger flight muscles
(Berrigan, 1991). While brachyurans do not seem to be energetically constrained, they do
have a fixed amount of body cavity space, which scales with body size, for ovary
production (Hines, 1982). Females can then partition their yolk reserves to produce many
small eggs or few larger eggs. Since egg number scaled with body size, these larger
bodied species likely require an increasing number of sperm in order to fertilize their
eggs. While we did not directly measure sperm transfer in these species, we did measure
the amount of sperm remaining in the female after producing a brood. This residual
sperm number displayed a similar positive allometry, meaning that larger bodied females
either receive more sperm at mating or mate more frequently. Thus, female brood
production, which is constrained by body size, has important consequences for sperm

storage and use.

99



The length of the gonopod was the only trait that was measured which showed negative
allometry across lineages. This supports our prediction that sexual selection on the male
intromittent organ has been relaxed in order to “fit” the morphology of a range of female
sizes. This result is consistent with past studies on insect genitalia (Eberhard et al., 1998;
Emlen & Nijhout, 2000; Funke & Huber, 2005). However, measures of gonopod volume
displayed positive allometries suggesting that the relationship between body size and
genitalia shape might be complex within this group and there may be selection to transmit
a larger volume of sperm even if the organ does not increase proportionately in length. It
would be valuable to measure female reproductive morphology in these crabs to see if
there are negative or positive allometries in female structures which could explain the

patterns found in the males.

(2) Phylogeny

There is no single explanation for the phylogenetic patterns in life history traits for
brachyurans. Variation in larval development, molting patterns, sperm plug production
and habitat preferences likely impact life history strategies differently within each
superfamily. The larger than average egg size in the Majoidea result from the reduced
and relatively fixed number of larval instars in this group (Hines, 1986). Since egg size
trades-off with egg number, investing in egg size has important consequences for female
fecundity. Thus, the Majoidea produced fewer eggs per brood (which also varies based
on parity (Somerton & Meyers, 1983)) but many species produce multiple broods per

year, yielding approximately equal yearly fecundity to other superfamilies (Hines, 1982).
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Variation in female reproductive output can have important consequences for how sperm
is stored in the female spermatheca. For example, the Portunoidea, Ocypodoidea and
Cancroidea produced larger numbers of eggs per brood, had lower sperm-egg ratios and
less full spermatheca than the Majoidea and Grapsoidea. Consequently, the number of
sperm stored and the fullness of the spermatheca in brooding females may be inversely
related to the number of eggs produced per brood. Some of these superfamily patterns in
spermathecae traits could be explained by a trade-off between ovarian development and
spermatheca volume, since both must occupy the same space in the body cavity (Sainte-
Marie, 2007). Some Portunoidea, Majoidea and Cancroidea males transfer large sperm
plugs at mating which may or may not be broken down prior to ovarian development. In
the Majoidea, male sperm plugs are displaced posteriorly in the spermatheca at mating
and up to eight sperm plugs have been identified in one female (Diesel, 1990). The sperm
plug typically deteriorates prior to ovarian development in the Portunoidea and in some
species of Cancroidea which may account for the lighter and less full spermatheca found
in brooding females within these superfamilies than in the Majoidea (Hartnoll, 1969;

Wolcott et al., 2005).

Variation in female molting patterns can also influence the length and amount of sperm
stored in the spermatheca. Species within the superfamilies Ocypodoidea, Grapsoidea and
Xanthoidea (and some Portunoidea) continue to mate after the female maturity molt
(Hartnoll, 1969) which can pose challenges for sperm storage. While some brachyuran
species can retain sperm across molts (Cheung, 1968), others from the same superfamily

cannot (Morgan et al., 1983). Thus, trans-molt retention of sperm in the storage organ
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may be a special adaption of species within some of the superfamilies with indeterminate
growth. On the other hand, if reproduction can occur only when the female is in a soft
molting stage, species with a terminal molt can not mate again; sperm storage is
mandatory and sperm stores may become depleted. These superfamilial patterns in sperm
storage may arise from complex interactions among molting, female receptivity, sperm

plug production, and female reproductive output.

The allometric patterns in female spermatheca weight were similar to those for the total
vas deferens weight in males. The Majoidea had heavier vas deferens and spermatheca,
whereas the Xanthoidea and Ocypodoidea generally had lighter vas deferens and
spermatheca weights. The Portunoidea and Grapsoidea had lower vas deferens and
spermatheca weights relative to their body size than the other three superfamilies. These
patterns suggest a possible correlated evolution of male vas deferens weight and female
spermatheca weight (Rodgers, chapter 4 of this dissertation); species with heavier vas

deferens either transfer heavier ejaculates at mating or females mate more frequently.

Male sperm storage traits typically displayed positive allometries in all superfamilies
except for the Grapsoidea. Since the Grapsoidea had negative allometries for sperm
number, vas deferens weights and gonopod volume, Ilarger species invested
proportionally less in these traits for their body size compared to other superfamilies. It is
not clear why the Grapsoidea, which form a monophyletic group with the Ocypodoidea
and often share similar habitats, differ so drastically from the other superfamilies. It is

possible that these species have some change in body design, or have evolved to invest
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more in other behaviors or traits at the cost of investment in these reproductive traits. For
example, male fish that exert large amounts of energy on territorial behaviors have less
sperm than non-territorial fish (Yamauchi, 2000). Large bodied Grapsoidea might have
additional energy expenditures that prevent them from investing more in reproduction as
body size increases. Phylogenetic history may play a significant role in male reproductive

output in this lineage.

(3) Ecological factors

While egg number, female sperm storage traits, and male sperm number did not vary with
depth, egg size was larger for deep than shallow water species, suggesting that deep water
species may be allocating more to reproduction for each brood than species at shallower
depths. At least one deep water brachyuran species has evolved a larger space in its
cephalothorax for ovary development, allowing for increased investment in each brood at
the expense of producing fewer broods per year (Hines, 1988). The deep water habitat
poses unique challenges for larval dispersal, development, and survival. Since
productivity is lower in deep water and low temperatures may lengthen the duration of
larval development, larvae likely require greater nutrient provisioning and require a larger
size at metamorphosis (Strathmann, 1977) in order to increase larval survival. In fact,
Hines (1986) discovered that the size of the last zoeal instar correlated with adult body
size in brachyurans. Therefore, selection for larger egg size may have led to the evolution
of increased space for ovary production seen in some deep water brachyurans. Egg size in
semi-terrestrial species, on the other hand, was slightly larger than predicted. It is

possible that semi-terrestrial species also may require larger egg sizes in order to
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overcome the greater fluctuations in temperature, salinity and desiccation in this habitat
than in deeper habitats, as was documented for the estuarine crab, Neohelice granulata
(Silva et al., 2009). Therefore, the influence of ecological factors on egg size may drive
variation in patterns of reproductive investment across these habitats and in turn could

have consequences for how sperm are allocated and utilized to fertilize a brood.

Although latitudinal trends in female fecundity have been identified within species for
turtles (Litzgus & Mousseau, 2006), terrestrial isopods (Lardies & Bozinovic, 2006),
certain brachyurans (Henmi, 1993; Lardies & Castilla, 2001) and several other taxa, we
did not detect clear latitudinal patterns in reproductive traits among species in this study
(for intraspecific trends see Rodgers, chapter 2 of this dissertation). While species in the
warm temperate region generally had larger gonopod volumes than species in tropical
regions, there is no clear adaptive explanation for the variation in morphology between
these two specific regions. Since superfamilies are often distributed differently across
latitudes, it is likely that phylogenetic history of different superfamilies may explain more
of the variation in these traits than environmental factors. For example, the Cancroidea
are distributed in cold waters while the Ocypodoidea and Grapsoidea are more common
in semi-tropical and tropical regions. It can be challenging to completely separate
variation due to phylogeny and habitat. However, when we tested for regional variation
in female reproductive traits within the Xanthoidea and Ocypodoidea (traits and
superfamilies with adequate sample sizes to run these analyses), there were no regional

differences within either of these superfamilies. It is clear that superfamily patterns
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explained more of the variation in these reproductive traits than did variation by

latitude/region.

(4) Mating Strategy

As predicted, species with a ‘female defense’ mating strategy generally had larger sperm
stores, male sperm reserves, and sperm-egg ratios in females than species with a
‘resource defense’ mating pattern. Since the operational sex ratio in this strategy is
typically skewed towards males (Orensanz & Gallucci, 1988), males typically invest a
large amount of energy in each mating encounter, copulation durations are typically long
and a large ejaculate is transferred at mating. Since males with a ‘female defense’
strategy typically had heavier vas deferens weights than those with a ‘resource defense’
strategy, they are allocating more energy to this reproductive trait than species with a

‘resource defense’ strategy.

It is interesting to note that species with an ‘encounter/scramble’ strategy tended to have
similar sperm storage patterns to species with a ‘female defense’ strategy, contrary to our
predictions. Female sperm stores were lower for species with a ‘resource defense’
strategy than for either the ‘encounter/scramble’ or ‘female defense’ strategies. In a
‘resource defense’ strategy, females require access to male resources as oviposition sites
and the identity of individual females on these sites varies (Christy, 1987a). Therefore,
males likely only gain paternity for one breeding cycle and thus it would be optimal for
males to invest less ejaculate in each female. Also, defense of the resource may require

energy that then is unavailable to the male for mating. In ‘encounter/scramble’ and
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‘female defense’ strategies, females do not require male resources for oviposition and
thus could produce multiple broods from stored sperm reserves. Males could gain greater

paternity by investing more in these mating events.

These analyses were restricted mainly to species within the Ocypodoidea and Grapsoidea
lineages for which mating strategies have best been described. Orensanz et al. 1995 noted
that the previously described brachyuran mating strategies (Christy, 1987a) were defined
primarily by male mate acquisition strategies. He suggested that male acquisition
strategies can vary within mating strategies for the Cancroidea and this led to
misclassification of mating strategies within this group (Orensanz et al., 1995). For
example, long copulations with pre- and post guarding have been described for one
subtidal species of the Cancroidea with a ‘resource defense’ strategy and for another
subtidal species with a ‘scramble/encounter’ strategy, suggesting that long copulations
and mate guarding are not exclusive to ‘female defense’ strategies in this group
(Orensanz et al., 1995). Variation in mating strategies with similar male acquisition
strategies could lead to differences in sperm storage tactics among superfamilies or across
habitats. Regardless, sperm storage patterns vary predictably with mating strategies in
several of these species for which there is a direct correspondence between mating
strategy and male acquisition strategy, suggesting an important role for mating behavior

in the evolution of male and female sperm storage traits.
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Conclusions

Brachyuran life history traits are shaped by a combination of allometric, phylogenetic,
ecological and behavioral patterns, many of which interact with one another. Several of
these life history traits were constrained by allometry across lineages indicating the
importance of identifying patterns in allometry first in comparative studies. Most traits
displayed a phylogenetic pattern, suggesting that phylogenetic history has an important
impact on the evolution of life history traits. While few ecological patterns emerged,
sperm storage traits did vary with mating strategies. In the future, more comparisons
should be made between habitats and mating strategies within a single superfamily.
Given the small number of species of Cancroidea and knowledge of their reproductive
output and mating strategies (Diesel, 1991; Hines, 1991; Orensanz et al., 1995), this
group could serve as a model to further test for variation in life history traits across
mating strategies in the aquatic habitat. Similarly, the broad depth and latitudinal ranges
that both the Majoidea and Xanthoidea inhabit might make this group ideal for testing the
impact of ecological factors on life history patterns. Regardless of ecological factors, it is
clear that phylogenetic patterns and allometric constraints have played an integral role in
the evolution of life history traits of brachyuran crabs and have shaped the possible

trajectories of evolution of these traits within this group.

107



Table 1: A summary of the superfamilial patterns in habitat, male and female molting, timing of mating, female gonopore

morphology, and ejaculate traits.

Superfamily Habitat Molting patterns Larval Time of mating Female gonopore Ejaculate traits
(Hinsch 1972) development (Hartnoll 1969) morphology (Diesel 1991)
(Hines 1986) (Hartnoll 1969;
Brockerhoff and
McLay 2005)
Cancroidea Intertidal No terminal molt 5 zoea stages Mate at molt, some | Continuous or limited Some species are
to subtidal | to maturity for 65 larval days species can mate known to produce a
either sex on the intermolt sperm plug
Portunoidea | Intertidal | Terminal molt at 5.5 zoea stages Mate at molt Limited, decalcifies at Some species are
to subtidal | maturity (for most | 40 larval days molt known to produce a
species) for sperm plug
females only
Majoidea Intertidal | Terminal molt at 2 zoea stages Mate at maturity Most species likely Some species are
to subtidal | maturity for males | 30 larval days molt (primiparous) | continuously receptive | known to produce a
and females and continue to sperm plug
mate on the
intermolt
(multiparous)
Ocypodoidea | Semi- No terminal molt, 5 zoea stages Mate on the Varies. Some species Presence of sperm
terrestrial | molting decreases | 29 larval days intermolt are continuously plug unknown
to with age receptive, others the
intertidal opercula decalcifies on
a lunar cycle.
Xanthoidea Intertidal | No terminal molt, 4.2 zoea stages Mate on the Most species have Presence of sperm
to subtidal | molting decreases | 31 larval days intermolt continuous receptivity plug unknown
with age but some likely have
limited receptivity
Grapsoidea Semi- No terminal molt, 4.5 zoea stages Mate on the Varies. Some species Presence of sperm
terrestrial | molting decreases | 39 larval days intermolt are continuously plug unknown
to with age receptive, others the
intertidal opercula decalcifies on

a lunar cycle.
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Table 2: Species of brachyuran crabs collected from 2005 to 2009 from the field and from the literature. Superfamily,

collection habitat, mating strategy (if known), collection location are listed for each species. Asterisks represent species for

which egg number and egg size were compiled from the literature (sperm storage traits were not available for these species).

Taxon

Cancer irroratus

Cancer antennarius*
Cancer anthonyi*
Cancer borealis*

Cancer gracilis*

Cancer magister*
Cancer oregonensis*
Cancer pagurus*

Cancer productus*
Cardisoma guanhumi*
Aratus pisonii
Pachygrapsus transversus
Sesarma cinereum
Sesarma ricordii
Sesarma occidentale
Sesarma reticulatum
Hemigrapsus sanguiensis
Pachygrapsus gracilis
Cyclograpsus cinereus
Acanthonyx petiverii
Stenorhynchus seticornis
Mithrax forceps

Mithrax sculptus

Mithrax spinosissimus
Macrocoeloma
trispinosum

Mithrax coryphe
Chionoectes opilio
Hyas araneus
Hyas coarctatus
Libinia dubia

Superfamily

Cancroidea
Cancroidea
Cancroidea
Cancroidea
Cancroidea
Cancroidea
Cancroidea
Cancroidea
Cancroidea
Grapsoidea
Grapsoidea
Grapsoidea
Grapsoidea
Grapsoidea
Grapsoidea
Grapsoidea
Grapsoidea
Grapsoidea
Grapsoidea
Majoidea
Majoidea
Majoidea
Majoidea
Majoidea

Majoidea
Majoidea
Majoidea
Majoidea
Majoidea
Majoidea

Family
Cancridae
Cancridae
Cancridae
Cancridae
Cancridae
Cancridae
Cancridae
Cancridae
Cancridae

Gecarcinidae
Grapsidae
Grapsidae

Sesarmidae
Sesarmidae
Sesarmidae
Sesarmidae
Varunidae
Grapsidae
Varunidae
Epialtidae
Inacidae
Mithracidae
Mithracidae
Mithracidae

Mithracidae
Mithracidae
Oregoniidae
Oregoniidae
Oregoniidae
Pisidae

Mating
Habitat Strategy Collection location
Subtidal Female Nova Scotia, Canada
Intertidal/shallows Hines 1991
Subtidal Hines 1991
Subtidal Female Hines 1991
Intertidal/shallows Hines 1991
Subtidal Encounter Hines 1991
Intertidal/shallows Resource Hines 1991
Subtidal Female Hines 1991
Intertidal/shallows Female Hines 1991
Semi-terrestrial Resource Hines 1982
Semi-terrestrial Encounter Fort Pierce, FL, USA
Intertidal/shallows Resource Fort Pierce, FL, USA
Semi-terrestrial Encounter Point Lookout, MD, USA
Semi-terrestrial Fort Pierce, FL, USA
Semi-terrestrial NAOS, Panama
Semi-terrestrial Resource Point Lookout, MD, USA

Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Subtidal
Intertidal/shallows
Intertidal/shallows
Subtidal

Sudtidal
Subtidal
Subtidal
Subtidal
Subtidal
Subtidal

Tuckerton, NJ, USA
Fort Pierce, FL, USA
Coquimbo, Chile
Fort Pierce, FL, USA
Caribou Caye, Belize, USA
Peanut Island, Fl, USA
Caribou Caye, Belize, USA
Portobello, Panama

Portobello, Panama
Portobello, Panama
Nova Scotia, Canada
Nova Scotia, Canada
Nova Scotia, Canada
Gloucester, VA, USA
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Pisoides edwardsi
Pitho Iherminieri
Uca thayeri

Uca pugilator
Uca minax

Uca pugnax

Uca beebei
Uca rapax
Ocypode quadrata

Uca stylifera
Uca terpsichores

Uca stenodactylus
Carcinus maenas
Ovalipes ocellatus
Callinectes sapidus
Geryon fenneri*

Geryon quinquidens*
Portunus gibbesi*
Portunus spinicarpus*
Menippe nodifrons*
Panopeus lacustris
Panopeus herbstii
Eurypanopeus depressus
Euypanopeus dissimilis
Rhithropanopeus harrisii
Panopeus americanus
Xanthodius sternberghii
Cataleptodius floridanus
Paraxanthus barbiger
Eriphia gonagra
Homolaspis plana

Raninoides louisianensis

Majoidea
Majoidea
Ocypodoidea
Ocypodoidea
Ocypodoidea
Ocypodoidea

Ocypodoidea
Ocypodoidea
Ocypodoidea

Ocypodoidea
Ocypodoidea

Ocypodoidea
Portunoidea
Portunoidea
Portunoidea
Portunoidea
Portunoidea
Portunoidea
Portunoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea
Xanthoidea

Raninoidea (section
Raninoida)

Pisidae
Tychidae
Ocypodidae
Ocypodidae
Ocypodidae
Ocypodidae

Ocypodidae
Ocypodidae
Ocypodidae

Ocypodidae
Ocypodidae

Ocypodidae
Portunidae
Portunidae
Portunidae
Geryonidae
Geryonidae
Portunidae
Portunidae
Menippidae
Panopeidae
Panopeidae
Panopeidae
Panopeidae
Panopeidae
Panopeidae
Xanthidae
Xanthidae
Xanthidae
Xanthidae
Xanthidae

Raninidae

Subtidal
Intertidal/shallows
Semi-terrestrial
Semi-terrestrial
Semi-terrestrial
Semi-terrestrial

Semi-terrestrial
Semi-terrestrial
Semi-terrestrial

Semi-terrestrial
Semi-terrestrial

Semi-terrestrial
Intertidal/shallows
Subtidal
Subtidal
Deep
Deep
Subtidal
Subtidal
Subtidal
Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Intertidal/shallows
Subtidal
Intertidal/shallows
Subtidal

Encounter
Resource

Encounter
Resource

Female

Female

Female
Female

Female

Coquimbo, Chile
Peanut Island, FL, USA
Fort Pierce, FL, USA
Fort Pierce, FL, USA
Point Lookout, MD, USA

Tuckerton, NJ, USA
Rodman, Panama City,
Panama

Fort Pierce, FL, USA

Fort Pierce, FL, USA
Rodman, Panama City,
Panama
Rodman, Panama City,
Panama
Rodman, Panama City,
Panama

Avery Point, CT, USA
Tuckerton, NJ, USA
Gloucester, VA, USA
Hines 1991
Hines 1991
Hines 1991
Hines 1991
Hines 1991
Fort Pierce, FL, USA
Fort Pierce, FL, USA
Fort Pierce, FL, USA
Fort Pierce, FL, USA
Edgewater, MD, USA
Caribou Caye, Belize, USA
Caribou Caye, Belize, USA
Fort Pierce, FL, USA
Coquimbo, Chile
Fort Pierce, FL, USA
Coquimbo, Chile
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Table 3: Explanatory and response variables tested in the ANCOVA proc mixed

procedures. Transformations for each variable are displayed in parentheses and class

variables marked by [c]. All interactions between covariates and superfamily, as well as

the interaction between factors, were tested.

Females

Response Variable

Explanatory Variables

Egg number (logio)

Egg diameter (um)
(log10)

% full spermathecae (logy)
Spermatheca weight (mg)
(logio)

Sperm number (logs,)

Sperm egg ratio (10g1o)

superfamily [c], habitat [c], carapace width (log,o), egg
diameter (logyo), egg stage, region [c]

superfamily [c], habitat [c], carapace width (logyy),
egg stage, region [c]

superfamily [c], habitat [c], ovary stage, carapace width (logso),
region [c]

superfamily [c], habitat [c], carapace width (logs),
ovary stage, region [c]

superfamily [c], habitat [c], carapace width (log,,), ovary stage
region [c]

superfamily [c], habitat [c], carapace width (log,o), egg stage,
ovary stage, region [c]

Males

Response Variable

Explanatory Variables

Sperm number (logsp)

Vas deferens weight (mg)
(logio)

AVD&MVD weight (mg)
(log10)

PVD weight (mg)
(10910)

Gonopod length (mm)
(logso)

Gonopod volume (mm?®)
(logio)

superfamily [c], depth [c], carapace width (logy), latitude [c]
superfamily [c], depth [c], carapace width (log,), latitude [c]
superfamily [c], depth [c], PVD (log,o), latitude [c],
carapace width (logsg)

superfamily [c], depth [c], AVD&MVD (log,), latitude [c],
carapace width (logyp)

superfamily [c], carapace width (logso). depth [c]

superfamily [c], carapace width (logo), depth [c]
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Table 4: Response and explanatory variables tested in Primer using nonparametric
multivariate clustering and MSD analyses. Transformations for each variable are
displayed in parentheses. Two data sets were run since both egg number and egg size

were collinear yet both of direct interest.

Factors Superfamily, family(superfamily), mating strategy, depth, female molt, female
receptivity, sperm plug, latitude [c]
Variables
Set 1 Gonopod length (log,o), vas deferens weight (logyo), male sperm no. (logy), ovary stage,
egg stage, egg number (logo), spermatheca weight (logye), % fullness of spermatheca,
female sperm number (logo)
Set 2 Gonopod length (log,o), vas deferens weight (log,o), male sperm no. (logso), ovary stage,

egg stage, egg size (logig), spermatheca weight (logig), % fullness of spermatheca, female
sperm number
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Table 5: Statistical results for male and female variables each tested in an ANCOVA model. Primary factors of interest,
carapace width, phylogeny, depth and their interactions were tested in a single ANCOVA model. F values, numerator and

denominator degrees of freedom, and p values are listed for each variable.

Body size Phylogeny Depth Region Covariates
Egg number Fi, 4,=442.51, p<0.0001 | Fs 44=1.83, p=0.1271 | F3 225=0.63, | F3 25=0.60, Egg size: F;, 3,=65.27, p<0.0001
p=0.5945 p=0.6175
Egg size NS Fs, 44=15.63, F3 067 = F 3 267=2.41, Egg number : Fy 4,=19.75,
p<0.0001 10.92, p=0.067 p<0.0001
p<0.0001 Eqgg stage: F; 33=28.33,
p<0.0001

Spermatheca % NS F5Y 3,=8.32 sz 190=2.53, ng 190=4.71,
full p=0.0820 p=0.0034
Spermatheca Fl, 24=184.72, p<00001 F4, 13=6.14, p<00008 sz 190=1.33, F3, 190=0.97,
(mg) [CW*Superfamily]: p=0.2680 p=0.4075

F2’24:9.43, p<00001
Female sperm Fl, 26=30.97, p<00001 F5, 31=2.40, p=00595 sz 176=0.28, F3, 176=1.85,
number p=0.7540 p=0.1399
Female sperm- NS F430=5.35, p=0.0023 | F;14,=0.22, F3,142=3.05,
egg ratio p=0.8073 p=0.0308
Male sperm Fl, 33=213.94, p<00001 F5, 3,=10.50, sz 284=0.63, F4’ 284=2.38,
number [CW*Superfamily]: p<0.0001 p=0.5322 p=0.0523

Fs. 33=8.14, p<0.0001
Vas deferens F1,35=332.24, Fs, 3,=11.63, F» 34=0.83, | Fs 35=9.17,
(mg) p<0.0001 p<0.0001 p=0.5083 p<0.5083

[CW*Superfamily]:

Fs. 35=9.17, p<0.0001
Anterior & Fly 31=247.14, p<00001 F5Y 26=6.76, p:OOOO3 sz 269=0.30, F4Y 269=01.83,
median vas [CW*Superfamily]: p=0.7404 p=0.1235
deferens (mg) Fs. 3:=5.79, p=0.0007
Posterior vas Fl, 31=224.38, p<00001 F5, 26=13.69, sz 267=0.18, F4, 267=0.46,
deferense (mg) [CW*Superfamily]: p<0.0001 p=0.8387 p=0.7645

F5’ 31211.60, p<00001
Gonopod length F1, 37=355.58, p<0.0001 | Fs 30=3.88, p=0.0078 | Fj 305=0.21, | F3 305=3.41,
(mm) p=0.8071 p=0.0180
Gonopod volume | Fy 2=142.71, p<0.0001 | Fs ,=1.83, p=0.1505 | F; 15;=0.98, | F3 18=6.20,
(mm?®) p=0.3760 p=0.0005
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Table 6: Female life history traits averaged across species for six different superfamilies

of brachyuran crabs. Standard error of the mean +/- 1 is presented in parentheses for each

average.

Superfamily | Carapace Egg Egg | Spermath- | Spermath Sperm Sperm

width number size eca (mg) -eca (%o number number/

(mm) (Hm) full) egg

number

Cancroidea 107.4 1.06x10° | 376.9 90 5 8.25x10’ -
(14.2) | (2.61x10°) | (16.8)

Portunoidea 82.8 3.99x10° | 408.8 | 143 (67) 20 (6) 1.36x10° | 2.51x10°

(15.9) | (2.62x10°) | (65.8) (1.13x10°%) (30)

Majoidea 27.0(5.2) | 1.17x10* | 598.4 | 226 (105) 49 (6) 1.91x10° | 3.25x10"

(6.14x10°%) | (30.6) (9.40x107) | (1.63x10%

Ocypodoidea | 14.4 (2.1) | 1.50x10" | 266.4 6(2) 27 (6) 4.16x10° | 4.13x10°

(4.65x10% | (10.6) (9.90x10°) (84)

Xanthoidea | 32.8(7.9) | 7.44x10* | 3655 | 83(72) 24 (5) 5.74x10" | 3.25x10°

(3.83x10%) | (21.9) (2.39x107) | (1.02x10%)

Grapsoidea | 21.9(6.3) | 3.92x10" | 401.8 18 (5) 58 (7) 5.86x10" | 2.81x10*

(2.91x10% | (74.5) (3.42x10% | (2.45x10%)

Table 7: Male life history traits averaged across species for six different superfamilies of

brachyuran crabs. Standard error of the mean +/- 1 is presented in parentheses for each

average.

Superfamily | Carapace Sperm Vas Anterior | Posterior | Gonopod | Gonop

width number deferens | & median vas length od

(mm) (mg) vas deferens (mm) volume

deferens (mm®)

Cancroidea 85.7 8.23x10° 702 253 615 17 62

Portunoidea 111.3 2.28x10° 1285 849 (533) | 436 (268) | 28(15.8) 9.6
(55.8) (1.77x10°%) (800)

Majoidea 25.7(7.7) | 1.96x10° 1539 808 (381) | 921 (433) | 10.4(2.0) 11.2

(9.74x10°) (713) (4.9

Ocypodoidea | 19.5(2.7) | 2.06x10° 33.9 20 (13) 17 (12) 7.6(1.2) 2.1

(1.43x10% | (20.3) (1.1)

Xanthoidea 30.9 (8.4) | 9.33x10° | 288 (203) | 236 (166) 80 (56) 8.0 (1.9) 11.8

(4.82x10°) (7.7)

Grapsoidea 16.0 (1.5) | 6.13x10" | 25.0(6.4) 17 (4) 8(2) 4.2 (0.5) 2.3

(1.84x10") 0.7)
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Figure 1: The linear relationship between egg number (logio) and carapace width (logio)
(CW) for 54 species of brachyurans from six superfamilies; Cancroidea (purple +),
Grapsoidea (green, square), Majoidea (red, x), Ocypodoidea (yellow, triangle),
Portunoidea (blue, diamond), Xanthoidea (black, circle). Equation of the line: Logio(egg

number)= 2.39*logso(carapace width) + 0.78, r>=0.82, p=<0.0001.
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Figure 2: The linear relationship between egg number (logio) and egg size (logio) for 54
brachyuran species from six superfamilies; Cancroidea (purple +), Grapsoidea (green,
square), Majoidea (red, x), Ocypodoidea (yellow, triangle), Portunoidea (blue, diamond),
Xanthoidea (black, circle). Equation of the line: Logio(egg number)= -1.52*10g10(egg
size) + 8.25, r’=0.04, p=<0.0001.

116



+ Cancroidea

3 1 |EGrapsoidea
X Majoidea >><<
25 | |AOcypodoidea

¢ Portunoidea
@ Xanthoidea
2 1 (4 +

Log;p(spermathecae (mg))

0.5
01 A
‘05 T T T T T T T T
0.5 0.7 0.9 11 13 15 1.7 1.9 21 2.3

Logp(carapace width (mm))

Figure 3: The relationship between spermatheca weight (logio) and carapace width
(log1o) (CW) for 41 species of brachyurans from six superfamilies; Cancroidea (purple),
Grapsoidea (green, square): Logio(spermatheca) = 1.606*l0g:o(CW) - 0.8062, r’=0.12,
Majoidea (red, x): 2.77* log1o(CW) -2.37, r*=0.68, Ocypodoidea (yellow, triangle): 2.22*
log10(CW) - 1.96, r=0.83, Portunoidea (blue, diamond): 1.20* log;o(CW) - 0.25, r>=0.55,
Xanthoidea (black, circle): 2.84* log:o(CW) -2.80, r*=0.95.
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Figure 4: The linear relationship between female sperm number (logip) and carapace
width (logio) (CW) for 39 species of brachyurans from six superfamilies; Cancroidea
(purple +), Grapsoidea (green, square), Majoidea (red, x), Ocypodoidea (yellow,
triangle), Portunoidea (blue, diamond), Xanthoidea (black, circle). Equation of the line:
Logao(sperm number)= 2.22*log;o(CW) + 4.01, r>=0.54, p=<0.0001.
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Figure 5: The relationship between the species’ average of gonopod length (logig) and
male carapace width (logip) (CW) for 41 species of brachyurans from six superfamilies:
Cancroidea (purple +), Grapsoidea (green, square), Majoidea (red, x), Ocypodoidea
(yellow, triangle), Portunoidea (blue, diamond), Xanthoidea (black, circle). Equation of
the line: Logso (gonopod length) = 0.79*log;o (CW) - 0.25, r?=0.73.
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Figure 6: The relationship between gonopod volume (logig) and male carapace width
(logio) (CW) for 32 species of brachyurans from six superfamilies: Cancroidea (purple
+), Grapsoidea (green, square), Majoidea (red, x), Ocypodoidea (yellow, triangle),
Portunoidea (blue, diamond), Xanthoidea (black, circle). Equation of the line:

Logio(gonopod volume): 2.1*log1o(CW) -2.59.
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Figure 7: The relationship between male sperm number (logip) and carapace width

25

(log1o) (CW) for 44 species of brachyurans from six superfamilies; Cancroidea (purple,

plus), Grapsoidea (green, square): Logio(sperm number) = -0.88*log1o(CW) + 8.42,
r’=0.06, Majoidea (red, x): 3.94* log;o(CW) + 2.24, r>=0.83, Ocypodoidea (yellow,

triangle): 4.31* logio(CW) + 2.1, r>=0.94, Portunoidea (blue, diamond): 2.26* log:o(CW)

+ 4.45, r*=1.0, Xanthoidea (black, circle): 2.47* logy(CW) + 4.71, r*=0.71.
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Figure 8: The relationship between vas deferens weight (mg) (logip) (VD) and male
carapace width (logip) (CW) for 44 species of brachyurans from six superfamilies;
Cancroidea (purple, plus), Grapsoidea (green, square): Logio(VD) = 1-0.13* log;o(CW) +
1.28, r?=0.0001, Majoidea (red, x): 3.30* logio(CW) - 2.8, r’=0.88, Ocypodoidea
(yellow, triangle): 2.48* log;o(CW) - 4.2.0, r=0.77, Portunoidea (blue, diamond): 1.33*
log1o(CW) + 0.19, r’=1, Xanthoidea (black, circle): 2.66* logi(CW) - 2.14, r>=0.96.
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Figure 9: The relationship between the anterior & median vas deferens weight (mg)
(log10) (AVDMVD) and male carapace width (logio) (CW) for 40 species of brachyurans
from six superfamilies; Cancroidea (purple, plus), Grapsoidea (green, square):
Logio(AVDMVD) = -0.51* logio(CW) + 1.57, r’=0.025, Majoidea (red, x): 3.33*
logio(CW) - 3.088, r’=0.94, Ocypodoidea (yellow, triangle): 3.17* log:;o(CW) - 3.20,
r’=0.90, Portunoidea (blue, diamond): 1.37* log:o(CW) - 0.056, r>=1, Xanthoidea (black,
circle): 2.88* logio(CW) - 2.67, r*=0.96.
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Figure 10: The relationship between posterior vas deferens weight (mg) (logio) (PVD)
and male carapace width (logiy) (CW) for 40 species of brachyurans from six
superfamilies; Cancroidea (purple, plus), Grapsoidea (green, square): Logio(PVD) =
0.31* log;o(CW) + 0.26, r’=0.008, Majoidea (red, x): 3.40* log;o(CW) - 3.33, r’=0.80,
Ocypodoidea (yellow, triangle): 2.38* log;o(CW) - 2.26, r’=0.68, Portunoidea (blue,
diamond): 1.24* log;o(CW) - 0.12, r’=1 , Xanthoidea (black, circle): 2.45* log:o(CW) -
2.43,r*=0.92.
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Figure 11: The average egg size +/- 1SE for 54 species of brachyurans from each of the

six superfamilies: Cancroidea, Grapsoidea, Majoidea, Ocypodoidea, Portunoidea, and

Xanthoidea. Superfamily means were adjusted for egg number, egg stage, and habitat.

Different letters represent significant differences between superfamilies and the

horizontal bar represents the grand adjusted mean.
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Figure 12: The average spermatheca % fullness +/- 1SE for 40 species of brachyurans
from each of the six superfamilies: Cancroidea, Grapsoidea, Majoidea, Ocypodoidea,
Portunoidea, and Xanthoidea. Superfamily means were adjusted for habitat and region.

The horizontal bar represents the grand adjusted mean.
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Fig. 13: The average female sperm/egg ratio +/- 1SE for 54 species of brachyurans from
five different superfamilies: Grapsoidea, Majoidea, Ocypodoidea, Portunoidea, and
Xanthoidea. Superfamily means are adjusted for habitat. The horizontal bar represents

the grand adjusted mean.
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Fig. 14: The average spermatheca % fullness +/- 1SE for 54 species of brachyurans from

four different geographical regions: cold temperate, warm temperate, semi-tropical,

tropical. Regional means are adjusted for depth and superfamily. The horizontal bar

represents the grand adjusted mean.
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Fig. 15: The average gonopod volume (mm?) +/- 1SE for 54 species of brachyurans from

four different geographical regions: cold temperate, warm temperate, semi-tropical,

tropical. Regional means are adjusted for depth and superfamily. Letters represent

significant differences between region and the horizontal bar represents the grand

adjusted mean.
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Figure 16: The average egg size +/- 1SE for 54 species of brachyurans from five
different depths: semi-terrestrial, intertidal-shallows, subtidal, deep. Habitat means are
adjusted for egg number, egg stage, and superfamily. Different letters represent
significant differences between habitats and the horizontal bar represents the grand

adjusted mean.
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Figure 17: The average female sperm number +/- 1SE for 10 species of brachyurans with
one of three mating strategies: ‘female defense,” ‘encounter/scramble,” and ‘resource
defense.” Mating strategy means were calculated after removing the significant effect of
superfamily from a sequential ANCOVA. Letters represent significant differences

between mating strategies.
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Figure 18: The average sperm/egg ratio +/- 1SE for 10 species of brachyurans with one

of three mating strategies: ‘female defense’, ‘encounter/scramble,” and ‘resource

defense.” Mating strategy means were calculated after removing the significant effect of

superfamily from a sequential ANCOVA. Letters represent significant differences

between mating strategies.
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Figure 19: The average posterior vas deferens weight (mg) +/- 1SE for 12 species of
brachyurans with one of three mating strategies: ‘female defense,” ‘encounter/scramble,’
and ‘resource defense.” The residuals of mating strategy means were calculated after
removing the significant effects of carapace width, superfamily and the interaction of
carapace width and superfamily from a sequential ANCOVA. Letters represent

significant differences between mating strategies.
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Figure 20: The average vas deferens weight (mg) +/- 1SE for 14 species of brachyurans
with one of three mating strategies: ‘female defense,” ‘encounter/scramble,” and ‘resource
defense.” The residuals of mating strategy means were calculated after removing the
significant effects of carapace width, superfamily and the interaction of carapace width
and superfamily from a sequential ANCOVA. Letters represent significant differences

between mating strategies.
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superfamily (Cancroidea, Majoidea, Portunoidea, Xanthoidea, Grapsoidea, Ocypodoidea)
for 31 species of brachyurans using the resemblance matrix from the ANOSIM analysis.
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CHAPTER IV
Testing for phylogenetic patterns in life history traits for six

superfamilies of brachyuran crabs

ABSTRACT

Phylogeny has profound implications on the evolution of life history traits. With recent
advances in phylogenetic methods, previously described life history trade-offs and
correlations among male and female life history traits can now be evaluated within a
phylogenetic context. To better define phylogenetic patterns in brachyurans, | first
reconstructed a Bayesian phylogeny using 16S rDNA and measured variation in six male
and four female reproductive traits for 36 species of brachyurans from 6 superfamilies
(Majoidea, Xanthoidea, Cancroidea, Portunoidea, Grapsoidea, Ocypodoidea). | tested for
a significant phylogenetic signal in each of several key life history traits by conducting
permutation tests across the phylogeny. Most life history traits displayed a significant
phylogenetic signal; however, male traits were less constrained by phylogeny than female
traits. After accounting for phylogeny, | corroborated previous studies which showed that
egg number and egg size are negatively correlated. | also show that species whose males
possess heavier vas deferens weights have females with heavier spermatheca and fuller
sperm storage organs (after correcting for body size) than species with lighter vas
deferens. This study suggests phylogeny has played an important role in the evolution of
life history traits, and that it is imperative to account for phylogeny in tests of correlation

between life history traits in brachyurans.
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INTRODUCTION

Male and female life history traits display significant phylogenetic patterns across a
diverse array of taxa (Stearns, 1992; Charnov, 1993). Trade-offs between these traits
have been well described (Lack, 1948; Cody, 1966; Williams, 1966), and male and
female life history traits also have been shown to co-evolve. Co-evolution of male and
female traits has been known for more than a century and explains many of the unique
and diverse secondary sexual traits seen in various plants and animals (Darwin, 1874).
More recently, this Darwinian view has been expanded to include post copulatory traits
such as male sperm traits, and the co-evolution of male and female traits has received
strong support (Dybas & Dybas, 1981; Eberhard, 1997; Minder et al., 2005; Anthes et al.,

2008).

Studies on the evolution of life history traits have begun to incorporate rigorous
phylogenetic analyses to test for independence of these traits from lineage effects
(Arngvist et al., 2000; Blomberg et al., 2003; Anthes et al., 2008). Since species share a
common phylogenetic history, they cannot be considered independent units, and by
ignoring phylogeny, the assumption of independence of units underlying statistical
analyses is violated (Felsenstein, 1985). Various statistical techniques have been
employed to account for phylogeny in comparisons among species: nested analyses
(Clutton-Brock & Harvey, 1977); independent contrasts (Felsenstein, 1985); concentrated
changes (Lorch & Eadie, 1999); and phylogenetic regressions (Grafen, 1989; Martins &
Hansen, 1997). In addition, increased software capabilities in computer modeling and

analyses (e.g., Bayesian analysis and maximum likelihood) have allowed the inclusion of
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more complex models of evolution and are becoming widely used techniques in

comparative studies.

While many of these analyses can be employed to identify a phylogenetic signal in a trait,
identification of a signal does not indicate the underlying cause of the pattern. For
example in stomatopods, shifts in habitat can be constrained across the phylogeny and
these in turn shape body size and thus life history traits (Reaka, 1986; Caldwell, 1991). A
similar link between habitat and phylogeny is also observed in brachyurans. Brachyurans
are thought to have evolved in the littoral zone from a shared common ancestor with the
dromiid crabs and subsequently radiated into the deep-sea and semi-terrestrial zones by
the late Cretaceous (Stevcic, 1971). With a shift to semi-terrestrial habitats, their bodies
became more stream-lined and adapted for speed. There were multiple independent
invasions from terrestrial to freshwater habitats (Diesel et al., 2000), which lead to the
production of lecithotrophic larvae and species thus produced fewer, larger eggs (Diesel
et al., 2000). Similar changes in habitat likely shaped patterns in sperm storage. Habitat
correlates with morphology of the female spermatheca in stylommatophoran snails and
slugs; those inhabiting rocky coasts have simple fertilization pouches, whereas those in
woodland habitats tend to have complex organs with multiple pouches for sperm storage
(Beese et al., 2008). Thus, broad shifts in habitat may shape many of the phylogenetic

patterns observed for life history traits.

Brachyurans provide a good model group for the study of phylogenetic patterns in life

history traits and for the study of correlations in male and female life history traits,
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particularly sperm storage traits. All brachyurans have internal fertilization and females
possess a paired spermatheca for sperm storage (Hartnoll, 1969). There is a large degree
of variation across species in the duration of female sperm storage, in the amount of
sperm that females store in their spermathecae, and in the amount of sperm and seminal
fluid produced by the male. While there is a well established trade-off between egg
number and egg size (Hines, 1982), and there are significant superfamily patterns for
many brachyuran life history traits (Hines, 1982; Hines, 1986), these patterns are highly
interactive with and confounded by, effects of habitat and mating strategies (Rodgers,
chapter 3 of this dissertation). Despite the fact that these superfamily patterns have been
well studied in brachyuran crabs, these traits have not been tested rigorously across the
phylogeny. By first identifying the presence of a phylogenetic signal in these life history
traits, | then used a phylogenetic regression which accounts for phylogenetic relatedness
to test for correlations between male and female life history traits independent of

phylogenetic relatedness.

While the phylogeny of brachyuran crabs continues to be revised, several molecular and
morphological phylogenies have been established within the main superfamilies. The first
published molecular phylogeny across the main brachyuran superfamilies (Ahyong et al.,
2007) has a similar topology to previous phylogenies based on adult and larval
morphology for the major superfamilies of brachyurans (Rice, 1983; Martin & Davis,

2001). However, patterns in life history traits have yet to be tested across the brachyuran

phylogeny.
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The goal for this study was to first construct a phylogenetic tree for six superfamilies of
brachyuran crabs (Grapsoidea, Majoidea, Portunoidea, Ocypodoidea, Xanthoidea,
Cancroidea), and to use this phylogeny to test for phylogenetic patterns in several key life
history traits. After accounting for significant phylogenetic effects, | then test for
correlations between male and female life history traits to better understand the evolution
of these traits. Given that many life history traits vary significantly across superfamilies
(Rodgers, chapter 3 of this dissertation), | predicted that each of several key life history
traits (female reproductive output, male sperm traits, female sperm storage traits) would
show significant phylogenetic patterns. | also predicted that egg number is inversely
related to egg size, and that species with more eggs, higher sperm-egg ratios and larger
stored female sperm correlate with large male sperm reserves (sperm number and seminal
fluid weight). By using a phylogenetic approach, we were able to take a first step at
incorporating rigorous phylogenetic analyses in studies of life history traits for

brachyurans.

METHODS

I collected a total of 36 species from 14 different families and six superfamilies of
brachyuran crabs (Majoidea, Xanthoidea, Cancroidea, Portunoidea, Grapsoidea,
Ocypodoidea) (Table 1). Approximately 10 males and 10 females were collected for most
species; however, several species were rare or difficult to find and fewer specimens were
collected for these species. The range of sampling locations spanned a broad range of
latitudes, including the eastern seaboard of the United States from Nova Scotia to Florida,

the Caribbean coast of Panama, and the Pacific coastline from Panama to Coquimbo,
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Chile (Table 1). While most specimens were collected opportunistically by hand, some of

the deeper specimens were collected by trawl.

Construction of Phylogeny

A 520 base pair portion of the 16S rDNA nucleotide sequence was acquired from
Genbank for each of the 36 study species and for Raninoides louisianensis, the outgroup
(Table 1). Given the difficulty of aligning sequences using 16S rDNA (Schubart et al.,
2000a), the data were separated by superfamily and analyzed individually: Majoidea,
Xanthoidea, Portunoidea and Cancroidea (Brosing et al.,, 2006), Grapsoidea, and
Ocypodoidea. Multiple alignments were conducted in ClustalX v.2. The models of
nucleotide substitution were determined in JModelTest v.3 (Posada, 2008), and the best
model of nucleotide evolution was chosen using the Akaike Information Criteria (AIC)
model selection criteria (Steel, 2005) for each superfamily: Majoidea (TVM+G),
Xanthoidea (TIM3+G), Portunoidea & Cancroidea (GTR+G), Grapsoidea (GTR+I+G),
Ocypodoidea (TPM1uf+G) (for a description of the parameters for each model of

nucleotide evolution listed above, see Posada 2008).

Maximum likelihood (ML) and Bayesian analysis (BI) were used to construct
phylogenies for each data set using the models of evolution selected by JModelTest.
Garli v.0951 (Zwickl, 2006) was used to construct trees by maximum likelihood and
1000 bootstrap replicates were conducted on the data. Bayesian analyses were run in Mr.
Bayes v.3.1 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) and each

dataset was run with two MCMC (Markov Chain Monte Carlo) chains; the analyses were
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run until the two chains converged on a stable distribution (standard deviation <0.08) or
when the log likelihood converged on a stable value (Grapsoidea 20,000; Majoidea
20,000; Ocypodoidea 10,000; Portunoidea and Cancroidea 10,000; Xanthoidea 30,000)
(Schubart et al., 2000c). Consensus trees were constructed using the 50% majority rule
and the posterior probabilities reported. Phylograms were drawn and rooted in TreeView

(Page, 1996).

While the topologies of the Bayesian consensus trees and maximum likelihood trees were
quite similar, the Bayesian consensus trees resulted in topologies that best matched those
of published brachyuran phylogenies that used molecular (Schubart et al., 2000b;
Rosenberg, 2001; Schubart et al., 2006; Robles et al., 2007; Hultgren & Stachowicz,
2008) and morphological (Rosenberg, 2001) traits. Since the relationships across the six
superfamilies have previously been established (Brosing et al., 2006; Ahyong et al.,
2007), the complete phylogeny was compiled in TreeView using the topologies and
branch lengths from our Bayesian analysis to identify within-superfamily patterns and the
topology from the literature to construct the relationship across superfamilies. Branch
lengths of 1 were assigned only to the branches separating superfamilies and the
phylogeny was labeled ‘estimated branch length’ (Fig. 1). A second tree was constructed
using the topology of the “‘estimated branch length’ phylogeny but with all branch lengths
set as 1. This second tree, ‘equal branch length,” makes fewer model assumptions about
branch lengths (Blomberg et al., 2003). Phylogenetic signal and co-evolution of traits

were tested against each phylogeny.
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Measurements of life history traits

For all collected individuals, | measured carapace width (mm) and removed one side of
the paired sperm storage organs: spermatheca (females), vas deferens (males). Percent
fullness of the spermatheca was determined visually as the percent of the spermatheca
that was occupied by ejaculate contents. The male vas deferens was carefully separated
into anterior, median and posterior vas deferens sections (Cronin, 1947), and each section
was weighed (wet weight). One side of the reproductive tissue -- female spermatheca or
male vas deferens -- was weighed (wet weight) and fixed in 3% glutaraldehyde in a 0.1M
sodium phosphate buffer. The fixative was removed after 24 hours and the tissue was
rinsed and stored in 0.1M sodium phosphate buffer. Sperm were counted by first grinding
the tissue in a known volume of 0.1M sodium phosphate buffer using a handheld glass
Dounce homogenizer®. Three subsample counts were conducted on a Petroff-Hausser
Counting Chamber® using 400x magnification on a phase contrast microscope. The

average number of sperm was calculated for each sample.

Broods from egg-bearing females were fixed in 3% glutaraldehyde, and stored in 70%
ethanol. A volumetric method was used to estimate the number of eggs. The egg mass
was rinsed three times in 0.1M phosphate buffer and placed in a known volume of 0.1M
phosphate buffer and the volume displaced was recorded +/- 1ul. The eggs were then
removed from the pleopods and the volume of buffer displaced by the pleopods was
subtracted from the volume displaced for the total egg mass. The average ovum volume
was calculated for each brooding female by measuring the diameter of twenty eggs per

egg mass in 0.1M phosphate buffer at 100x or 400x magnification, and the spherical
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ovum volume was calculated using the formula: ovum vol. (mm®) = (4/3)*z*(diameter/2)®. The

average egg number for each female was calculated using the equation: no. of eggs = vol.

displaced by the egg mass/ave ovum vol.

One gonopod was removed from each male and stored in 70% ethanol. Measurements of
length (base to tip excluding any setae) and average width (measured at the base, midline
and near the tip on both sides of the gonopod) were conducted under a dissection
microscope or using a vernier caliper in accordance with the size of the gonopod. Volume

of the gonopod was calculated by multiplying the length by the average width.

Phylogenetic Signal

To test for significant phylogenetic signals for each of the life history traits, a modified
generalized least squares model (GLS) was conducted in the analysis of phylogenetics
and evolution (ape) package of R (Paradis et al., 2004). Each trait was first transformed
for normality and regressed against male or female body size. A GLS model was used to
calculate the variance in the trait using a Brownian motion model of evolution (assumes
the trait evolves randomly along branches) and phylogenetic relatedness was incorporated
into the error term. The log Likelihood score was computed which measured the
phylogenetic component of the trait variance (Blomberg et al., 2003). Permutation tests
were then used to randomly sample the trait across the phylogeny 1000 different times
without replacement (this removes any phylogenetic signal). The range of log Likelihood
scores were calculated for each permuted data set and frequency histograms of the log
Likelihood scores were constructed. A log Likelihood score of the observed data that was

greater than 95% of the log Likelihood scores for the permuted data indicated a
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significant phylogenetic signal (related species had more similar trait values).
Conversely, a log Likelihood score of the observed data that was lower than 95% of the
permuted data sets indicated an anti-signal (closely related species had less similar trait
values than expected by chance alone) (Blomberg et al., 2003). Permutations were run on

both the *equal branch length’ and “estimated branch length’ phylogenies.

Correlated Evolution of Traits

Phylogenetic regressions were run in R using the ape package to test for regressions
between male and female life history traits independent of phylogenetic relatedness.
Regressions were conducted on both the ‘estimated branch length’ and ‘equal branch
length’ phylogenies. All life history variables were first transformed to meet normality
and regressed against female or male body size and the residuals used as the response
variables in the phylogenetic regression (Table 5). Using a modified generalized least
squares model that incorporates phylogenetic distance in the error term of the model and
a Brownian motion of trait evolution (assumes the trait evolves randomly along
branches), | tested for significant regressions between male and female life history traits

(Grafen, 1989; Martins & Hansen, 1997).

RESULTS
Phylogeny construction
The Bayesian superfamily analyses returned phylogenies with high posterior probability

support that ranged from 0.54-1.00 (Fig. 1). The phylogeny returned one polytomy
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among E. depressus, E. dissimilis, and R. harrisii, but all other relationships between

species were resolved (Fig. 1).

Phylogenetic Signal

When using the ‘estimated branch length’ phylogeny, four variables, in addition to male
and female carapace widths, displayed significant phylogenetic signals (log-likelihood
scores above the 95% confidence interval for the permuted data): spermathecae %
fullness, spermatheca weight, female sperm number, and male gonopod volume (Table
2). Compared to the “estimated branch length phylogeny,” more of the variables displayed
a significant phylogenetic signal on the ‘equal branch length’ phylogeny: male carapace
width, female carapace width, egg number, egg size, spermathecae % fullness,
spermathecae weight, female sperm-egg ratio, female sperm number, male gonopod
volume, and posterior vas deferens weight (Table 2). Since the data best fit the ‘equal
branch length’ phylogeny, the results of the phylogenetic signal permutation histograms
are displayed only for this phylogeny (Figs. 2, 3). Most of the variables with a significant
phylogenetic signal displayed a higher log Likelihood than the permuted data, and thus a
greater signal between closely related species than predicted by chance alone. However,
the log Likelihood value for the observed gonopod volume was much lower than the
range of log Likelihood values expected from the permuted data, an anti-signal, meaning
that closely related species had more dissimilar gonopod volumes than predicted by
chance alone (Fig. 2, 3). The log Likelihood value for the posterior vas deferens was also

lower than predicted by chance, however it was the only sperm storage trait that
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displayed an anti-signal, and the log Likelihood value was fairly close to the range

computed for the permuted data (Fig. 3).

Correlated Evolution of Traits

Prior to correcting for phylogenetic effects, seven of the measured variables displayed
significant regression equations (Table 3). After correcting for phylogeny using the
‘estimated branch length’ phylogeny, only three regressions were significant: egg number
and egg size, female spermatheca weight and male vas deferens weight, and female
sperm number and male sperm number (Table 3). However, the ‘equal branch length’
phylogeny produced the best model fit (lowest AlICc values) (Table 3), and these results
are displayed graphically. Using the ‘equal branch length’ phylogeny, there were four
significant regressions: egg number decreased with increasing egg size (Fig. 4);
spermathecae % fullness increased with increasing total male vas deferens weight (Fig.
5); and spermatheca weight increased with increasing total male vas deferens weight

(Fig. 6), and with increasing anterior + median vas deferens weight (Fig. 7).

DISCUSSION

Phylogenetic Signals

Most brachyuran life history traits displayed a significant phylogenetic signal, meaning
that closely related species had similar life history traits. Therefore, these life history
traits are at least partially constrained to phylogenetic patterns and not completely free to
vary with nonphylogenetic factors. From a metanalysis of 35 phylogenies, life history,

body size and morphological traits were typically more constrained by phylogeny than
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ecological, behavioral and physiological traits (Blomberg et al., 2003). In fact all of the
female reproductive and sperm storage traits in this study displayed a significant
phylogenetic signal. In brachyurans, female reproductive output, egg number and egg
size are constrained by the volume available in the body cavity for ovary development
(Hines, 1982). Even after removing the effects of body size, significant phylogenetic
patterns in reproductive output emerged. Thus, using a more rigorous phylogenetic
approach, this study confirms earlier findings in which reproductive output varied across

superfamilies for brachyurans (Hines, 1982).

Not only did female reproductive output display phylogenetic patterns, but sperm storage
patterns also showed significant phylogenetic signals consistent with superfamily trends
previously described for these traits (Rodgers, chapter 3 of this dissertation). Since
morphological features of the brachyuran spermatheca are known to vary across
superfamilies (Jensen et al., 1996; Sainte-Marie & Sainte-Marie, 1998; Lopez-Greco et
al., 2009), it is not surprising that spermathecal capacity displayed a phylogenetic pattern.
Spermathecal capacity may in turn be constrained by reproductive output. Since female
spermathecae and ovaries occupy the same space in the body cavity, a lineage that has
evolved large ovaries has less room available for the development of large spermathecae
and for the storage of large ejaculate volumes (Sainte-Marie, 2007). Thus the evolution of

large sperm storage organs constrains, and is constrained by, the size of the ovaries.

Since only a few of the male reproductive traits displayed significant phylogenetic

signals, male traits appear to be less constrained by phylogeny. While detection of a
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phylogenetic signal is sensitive to sample size up to approximately 20 species (Blomberg
et al., 2003), our data set contained 36 species, suggesting that there was adequate power
to detect phylogenetic signals if they existed. According to our results, male reproductive
traits are more labile and may be under greater selection due to ecological and mating
system effects. It is known that as sperm competition increases, size of the testes
increases in many bird species (Moller, 1991), and number of sperm increases in both
voles (delBarco-Trillo & Ferkin, 2004) and guppies (Evans & Magurran, 1999). Thus,
allocation to larger sperm stores in males may be the result of increased sperm
competition and depends greatly on the mating system strategy. The relative importance
of sperm competition is not known for most brachyurans due to the challenges associated
with observing mating events in the field and identifying multiple sperm packets within
the female spermatheca. However, it is known that males alter mating tactics -- guarding
behavior (Jivoff, 1997a), copulation duration (Wedell & Cook, 1999), seminal fluid
allocation (Kendall et al., 2001; Kendall et al., 2002), and sperm allocation (Gage &
Barnard, 1996) -- with the presence of competitors and with increased sperm competition.
Since males can invest in large copulations or frequent mating, male reproductive traits
might respond to selection from ecological and behavioral factors more than female

reproductive traits.

Surprisingly, gonopod volume displayed a significant anti-phylogenetic signal. Closely
related species may have dissimilar gonopod morphologies which act as physical barriers
to matings between species. Some species of male fiddler crabs have been observed to

court and even attempt to mate with females of a different but closely related species
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(Christy, pers. comm.); and male Callinectes sapidus have been observed to exhibit
mating displays and copulated with female C. similis (Hines, pers. comm.). A
morphological barrier to cross-species mating could prevent the occurrence of

nonfunctional copulations. However, conclusions await further investigation.

Co-evolution/Correlated Evolution

If phylogenetic relatedness were not accounted for, | would have erroneously concluded
that most of the male and female life history traits were significantly correlated. Instead,
phylogenetic relatedness explained the correlation between many of these life history
traits. Since the data best fit the ‘equal branch length’ phylogeny (determined by smaller
AICc values), it was best to make fewer assumptions about the branch lengths when there
was less certainty about the actual lengths (Blomberg et al., 2003). By assuming
potentially erroneous branch lengths, the error in the model can increase, thus decreasing

statistical power to detect significant correlations when they exist.

As the number of eggs per brood increased, the relative egg size decreased. Given that
females have a limited amount of energy that can be allocated to reproduction, they can
either produce many small eggs or few large eggs. While this trade-off is well described
in the literature for a broad array of taxa (Smith & Fretwell, 1974; Hines, 1982; Charnov
& Ernest, 2006) and across brachyuran superfamilies (Hines, 1982), we were able to test
this trade-off after correcting for phylogenetic relatedness. Interestingly, the decline in
number of eggs with increasing egg size was greater after correcting for phylogeny,

confirming that females must allocate their energy to producing many small eggs or few
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large eggs in this group. This has important implications not only for female reproductive

output, but also for sperm allocation and storage.

Several of the male and female life traits remained correlated even after accounting for
phylogeny. The weights of the male vas deferens and of the anterior + median vas
deferens correlated with spermatheca weight as well as with the percent fullness of the
spermatheca. In species for which males produced heavier vas deferens, females had
larger sperm storage capacities. Females can accumulate large ejaculate stores either by
receiving large amounts of ejaculate at mating or by mating frequently. While
polyandrous mating has been documented for most brachyuran species, the size of male
sperm stores explains a significant amount of variation in the amount of ejaculate stored
by females across species. Interestingly, the weight of the posterior vas deferens did not
correlate with capacity of the female spermatheca. The posterior vas deferens contains
mostly seminal fluid but no spermatophores (Cronin, 1947), and is thought to contain
seminal products important in anaerobic sperm metabolism (Jeyalectumie &
Subramoniam, 1991) that might be used up at different rates in species, depending on the
length of sperm storage in the female organ. Nevertheless, the amount of sperm in the
anterior vas deferens and seminal fluid in the median vas deferens best explains larger

ejaculate stores in brooding females.

CONCLUSIONS

The results from this study reveals the vital important of incorporating phylogeny into the

study of life history traits. Not only did many of the life history traits display a significant
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phylogenetic signal, but the correlation between male and female traits differed with the
incorporation of phylogenetic analyses. The male life history traits tested in this study
displayed a greater degree of phylogenetic plasticity and likely respond more strongly to
selection from ecological and mating system effects than female traits. Species with large
male vas deferens weights had females with large sperm stores, suggesting that these
traits are correlated in brachyurans. By correcting for phylogeny, we were able to tease
apart correlations in male and female traits versus phylogenetic trends in life history
traits. With the impending publication of the brachyuran tree of life, these methods can be

used in the future to rigorously test hypothesis across the complete brachyuran

phylogeny.
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Table 1: Species of brachyuran crabs collected from 2005 to 2009 for this study.
Superfamily, collection location and Genbank accession numbers for 16S rDNA are

listed for each species.

Accession
Taxon Superfamily Family Location No
Cancer irroratus Cancroidea Cancridae ~ Nova Scotia, CANADA AJ130812
Aratus pisonii Grapsoidea Grapsidae Fort Pierce, FL, USA AJ784012
Pachygrapsus transversus Grapsoidea Grapsidae Fort Pierce, FL, USA AM180259
Point Lookout, MD,
Sesarma cinereum Grapsoidea  Sesarmidae USA AJ784010
Sesarma ricordii Grapsoidea  Sesarmidae Fort Pierce, FL, USA AJ225876
NAOS, Panama City,
Sesarma occidentale Grapsoidea  Sesarmidae PANAMA AJ225856
Point Lookout, MD,
Sesarma reticulatum Grapsoidea  Sesarmidae USA AJ130799
Hemigrapsus sanguiensis Grapsoidea Varunidae Tuckerton, NJ, USA AJ493053
Acanthonyx petiverii Majoidea Epialtidae Fort Pierce, FL, USA EU682803
Mithrax forceps Majoidea Mithracidae  Peanut Island, FL, USA EU682782
Mithrax sculptus Majoidea Mithracidae  Caribow Caye, BELIZE =~ EU682785
Chionoectes opilio Majoidea Oregoniidae  Nova Scotia, CANADA  AB188684
Hyas araneus Majoidea Oregoniidae  Nova Scotia, CANADA  EU682773
Hyas coarctatus Majoidea Oregoniidae  Nova Scotia, CANADA  EU682774
Libinia dubia Majoidea Pisidae Gloucester, VA, USA EU682794
Pitho Iherminieri Majoidea Tychidae Peanut Island, FL, USA EU682789
Uca thayeri Ocypodoidea  Ocypodidae Fort Pierce, FL, USA 279647
Uca pugilator Ocypodoidea  Ocypodidae Fort Pierce, FL, USA 779662
Point Lookout, MD,
Uca minax Ocypodoidea  Ocypodidae USA Z79670
Uca pugnax Ocypodoidea  Ocypodidae Tuckerton, NJ, USA 779672
Rodman, Panama City,
Uca beebei Ocypodoidea  Ocypodidae PANAMA Z79646
Uca rapax Ocypodoidea  Ocypodidae Fort Pierce, FL, USA Z79676
Ocypode quadrata Ocypodoidea  Ocypodidae Fort Pierce, FL, USA 279681
Rodman, Panama City,
Uca stylifera Ocypodoidea  Ocypodidae PANAMA 279688
Carcinus maenas Portunoidea Portunidae Avery Point, CT, USA AJ130811
Ovalipes ocellatus Portunoidea Portunidae Tuckerton, NJ, USA FJ716615
Callinectes sapidus Portunoidea Portunidae Gloucester, VA, USA AJ130813
Panopeus lacustris Xanthoidea ~ Panopeidae Fort Pierce, FL, USA AJ274681
Panopeus herbstii Xanthoidea ~ Panopeidae Fort Pierce, FL, USA AJ130815
Eurypanopeus depressus Xanthoidea ~ Panopeidae Fort Pierce, FL, USA AJ274688
Euypanopeus dissimilis Xanthoidea ~ Panopeidae Fort Pierce, FL, USA AJ274689
Rhithropanopeus harrisii Xanthoidea ~ Panopeidae Edgewater, MD, USA AJ274697
Panopeus americanus Xanthoidea ~ Panopeidae  Caribow Caye, BELIZE AJ274683
Caribow Caye, BELIZE,
Xanthodius sternberghii Xanthoidea Xanthidae USA AMO076785
Cataleptodius floridanus Xanthoidea Xanthidae Fort Pierce, FL, USA AJ274698
Paraxanthus barbiger Xanthoidea Xanthidae Coquimbo, CHILE FJ031221
Raninoides louisianensis Raninoidea Raninidae Outgroup AF436044
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Table 2: Log Likelihood scores measuring the phylogenetic component of variance for
each life history trait (logio transformed and corrected for body size) are displayed for
both the “‘estimated branch length’ and ‘equal branch length’ phylogenies (AVD= anterior
vas deferens, MVD= median vas deferens, PVD= posterior vas deferens). Asterisks
signify significant phylogenetic signals (0=0.05) compared to a permutated data set
created by randomly assigning traits across the phylogeny 1000 different times.

Estimated branch length Equal branch length
Variable Log Likelihood Log Likelihood
Male carapace width [log;o] -2.7* -5.4*
Female carapace width [logso] -2.7* -0.3*
Egg number -35.1 -14.1*
Egg size 79.5 100.5*
Spermathecae % fullness -21.6* -14.0*
Spermatheca weight -17.1* -12.6*
Female sperm/egg ratio -292.3 -288.5*
Female sperm number -31.3* -24.1*
Male sperm number -45.3 -32.5
Male gonopod length 35.0 47.9
Male gonopod volume -36.4* -20.6*
Male VD weight -48.4 -31.4
Male AVD&MVD weight -45.7 -30.4
Male PVD weight -23.4 -8.9*
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Table 3: P values for the phylogenetic regressions of male and female life history traits
(logio transformed and corrected for body size) corrected for either the ‘estimated branch
length” or ‘equal branch length’ phylogenies (AVD= anterior vas deferens, MVD=

median vas deferens, PVD= posterior vas deferens). Asterisks signify significant

differences («=0.05) and values in parenthesis represent the AICc model fit.

Estimated branch Equal branch
Response Explanatory No phylogeny length length
Male sperm
Eqg number number 0.95 0.43 (73.1) 0.79 (30.1)
Egg size <0.0001* <0.0001* (19.5) <0.0001* (3.7)
Male VD weight 0.0004* 0.015* (30.6) 0.01* (18.4)
Spermatheca | Male AVD&MVD | 5,54 0.052 (22.3) 0.04% (9.4)
weight weight
Male PVD weight 0.09 0.29 (25.4) 0.21 (12.4)
Female Male sperm
sperm/egg numIEer 0.06 0.83 (569.2) 0.20 (560.2)
ratio
Male VD weight 0.003* 0.05 (43.3) 0.003* (28.0)
0,
% fullness of Male AVD&MVD 0.0028* 0.11 (39.4) 0.09 (24.5)
spermatheca weight
Male PVD weight 0.0091* 0.16 (40.2) 0.10 (24.9)
Female sperm Male sperm 0.0076* 0.01* (58.8) 0.84 (50.2)
number number
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Fig 1: Phylogenetic tree based on 16S rDNA using Bayesian Inference (BIl) for
brachyuran crabs from six different superfamilies: Majoidea (open), Xanthoidea
(horizontal stripes), Grapsoidea (vertical stripes), Ocypodoidea (solid), Cancroidea
(dotted), and Portunoidea (diagonal stripes). Numbers represent posterior probabilities for
each node. Branches between superfamilies (dashed lines) were determined from
published molecular (Ahyong et al., 2007) and morphological (Rice, 1983; Martin and
Davis 2001) phylogenies and all of these were set at branch lengths of 1.0. Branch
lengths within superfamilies (solid lines) were estimated as indicated above: ‘estimated
branch length phylogeny.” Letters in parentheses represent families: Sesarmidae (S),
Varunidae (V), Grapsidae (G), Ocypodidae (Oc), Xanthidae (X), Panopeidae (P),
Portunidae (Po), Cancridae (C), Mithracidae (M), Epialtidae (E), Oregoniidae (O),
Pisidae (P), Tychidae (T).
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Fig. 2: Permutation test results across the ‘equal branch length’ phylogeny for the female
traits. The boxed region represents the 95% confidence region of the log Likelihood
scores for the permuted data and the arrow points to the dashed line at the actual log

Likelihood score for the observed data.
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Fig. 3: Permutation test results across the ‘equal branch length’ phylogeny for the male
traits. The boxed region represents the 95% confidence region of the log Likelihood
scores for the permuted data and the arrow points to the dashed line at the actual log

Likelihood score for the observed data.
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Fig 4: The relationship between egg number and egg size (both corrected for female
carapace width) for 29 species of brachyuran crabs. Dashed line equation: Egg No. =
-40.84*Eqqg size - 2.2. The solid line represents the relationship of egg number and egg
size after correcting for phylogenetic relatedness using the ‘equal branch length’
phylogeny. Solid line equation: Egg No. =-46.5512*Eqqg size - 2.44, F=40.66, p<0.0001.

R? values are not calculated for generalized least squares covariance models.
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Fig 5: The relationship between spermatheca % fullness and vas deferens weight (VD)
(both corrected for female carapace width) for 27 species of brachyuran crabs. Dashed
line equation: Spermatheca % full= 0.05*VD +1.34. The solid line represents the
relationship of spermatheca % fullness and vas deferens weight after correcting for
phylogenetic relatedness using the ‘equal branch length’ phylogeny. Solid line equation:
Spermatheca % full= 0.3171*VD+1.3587726, F = 4.854, p=0.037. R? values are not

calculated for generalized least squares covariance models.
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Fig 6: The relationship between spermatheca weight and vas deferens weight (VD) (both
corrected for female carapace width) for 28 species of brachyuran crabs. Dashed line
equation: spermatheca weight = 0.39*VD + 0.022. The solid line represents the
relationship of spermatheca weight and vas deferens weight after correcting for
phylogenetic relatedness using the ‘equal branch length’ phylogeny. Solid line equation:
spermatheca weight = 0.3229*VD-0.0097, F=7.35, p= 0.0117. R? values are not

calculated for generalized least squares covariance models.
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Fig 7: The relationship between spermatheca weight and AVD+MVD weight (both
corrected for female carapace width) for 26 species of brachyuran crabs (AVD= anterior
vas deferens, MVD= median vas deferens). Dashed line equation: Spermatheca weight =
0.4468*(AVD+MVD) + 0.0064. The solid line represents the relationship of spermatheca
weight and VD weight after correcting for phylogenetic relatedness using the ‘equal
branch length” phylogeny. Solid line equation: Spermatheca weight =
0.2214*(AVD+MVD) + 0.0434, F=4.57, p= 0.0429. R? values are not calculated for

generalized least squares covariance models.
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Appendices

Appendix I: Power analysis results for all ANCOVAs run on C. sapidus and E.

depressus listed by response variable. Power of the test is listed in parentheses next to

each explanatory variable.

Response Variable Explanatory Variables
Body weight (l0gso) C. sapidus: latitude (0.286), time (0.975)
E. depressus: latitude (0.728), latitude? (0.884), time (0.999)
Carapace width C. sapidus: latitude (0.535), time (0.998)
E. depressus: latitude (0.701) latitude? (0.862), time (0.996),
latitude*time (0.577)
Egg number (logs) C. sapidus: weight (1.0), egg stage (0.957), latitude (0.984), time

(0.999), latitude® (0.873)
E. depressus: weight (1.0), egg size (0.998), latitude (0.050), time
(0.033)

Egg size C. sapidus: latitude (0.250), egg stage (0.999), time (0.999)
E. depressus: latitude (0.715), egg stage (1.0), time (0.967)

Spermatheca weight (sqg. rt.) C.sapidus: CW (1.0), latitude (0.993), time (0.976), latitude?
(0.981), latitude® (0.962), latitude*time (0.915)
E. depressus: CW (0.992), latitude (0.166), time (0.012)

Sperm number (sg. rt.) C.sapidus: CW (0.975), latitude (0.027), time (0.472)
E. depressus: CW (0.576), latitude (0.730), time (0.751), latitude?
(0.656), CW*time (0.866)

Sperm egg ratio (sq. rt.) C.sapidus: latitude (0.726), time (0.997), latitude? (0.595)
E. depressus: weight (0.020), latitude (0.804), time (0.607),
latitude? (0.709), weight*time (0.571)
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Appendix Il: The average of the female life history traits for each species. Standard error
of the mean +/-1 is presented in parentheses for each species average (CW= carapace

width).
Superfamily Spermath- | Sperm
Cw Egg Egg | Spermath- eca number
Taxon (mm) | number | size | eca (mgQ) (%full)
Cancroidea Cancer irroratus 85.2 - - 90 5 8.25x10’
Cancer 102 1562314 333 -
antennarius (6.9) (354326) (9.0) - -
127.7 2377643 311 -
Cancer anthonyi (5.2) (246421) (4.3) - -
120 676712 428 -
Cancer borealis (2.6) (58345) (11.4) - -
68.1 484761 333 -
Cancer gracilis (2.3) (51397) (6.5) - -
159 973369 442 -
Cancer magister (2.8) (79526) (5.1 - -
Cancer 29.3 41449 339 -
oregonensis (1.6) (5984) (14.1) - -
163 1556266 396 -
Cancer pagurus (7.9) (316655) (6.0) - -
112 838853 400 -
Cancer productus (5.8) (88143) (39.8) - -
Grapsoidea Cardisoma 65.2 242052 382 -
guanhumi (4.0) (34163) (6.1) - -
18.0 16950 331 2.57x10’
Aratus pisonii (1.2) (2490) (5.5) 17 (3.6) 65 (3.9) (7.97x10°%)
Pachygrapsus 12.7 8250 288 1.74x10°
transversus (0.7) (2297) (6.6) 2.8 (6.6) 24.5 (5.9) (6.16x10°%)
Sesarma 4.47x10°
cinereum 13.0 387 914 11.8 75.0
17.8 15043 359 4.93x10’
Sesarma ricordii (1.2) (6409) (6.6) 28.6 (1.0) 85.0 (5.0) (4.67x10°%)
Hemigrapsus 20.0 20080 307 4.99x107
sanguiensis (1.0) (5683) (6.4) 26 (7.8) 50.0 (8.0) (1.35x107)
Pachygrapsus 13.3 9589 274 1.96x10"
gracilis (0.5) (1118) (6.3) 5.5(0.9) 50 (5.5) (5.28x10°%)
Cyclograpsus 11.5 1528 369 2.59x10°
cinereus (0.6) (212) (12.6) 37.4(7.1) 54.5 (6.5) (1.25x10°%)
Majoidea Acanthonyx 1.04x10’
petiverii 135 2155 487 4.1 50.0
Stenorhynchus 111 1194 466 -
seticornis (0.3) (67.9) (8.9) 6.0 (1.8) 29.3(9.3)
Mithrax forceps 12.9 391.0 | 527.2 17 1.92x10°
17.7 1073 541.7 3.17x10°
Mithrax sculptus (0.8) (184) (9.6) 11.9 (2.5) 28.5(8.1)
Mithrax 2.75x107
spinosissimus 40.4 - - 14.7 75.0
Macrocoeloma -
trispinosum 7.4 1455 823.2 14.7 75.0
Chionoectes 58.0 27481 696 8.14x10°
opilio (1.9) (5560) (38) 1006 (156) 73 (5) (2.06x10°%)
43.6 19387 691 4.89x10°
Hyas araneus (2.1) (3641) (23.6) 789 (98) 62.5 (8.9) (2.31x10°%)
425 11595 658 6.83x10°
Hyas coarctatus (3.2) (5696) | (28.1) 816 (505) 58.3 (10.1) | (1.35x10")
59.3 73071 563 6.68x10’
Libinia dubia (2.7) (8232) (24.1) | 270.0(69.2) 36.3 (7.5) (2.24x107)
Pisoides 16.0 1295 530.8 2.98x10°
edwardsi (1.1) (643) (16.1) 5.0(1.3) 45.0 (5.0) (9.76x10°)
Pitho Iherminieri 12.1 326 686 1.4 10.0 7.5x10°
Ocypodoidea 17.8 14967 278 2.75x10°
Uca thayeri (1.2) (2234) 8 6.6 (2.4) 7.5(.5 (1.20x10°%)
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16.2 | 19496 285 3.12x10°
Uca pugilator (0.6) (4793) 4.8 7.7 (0.7) 7.8 (2.2 (1.63x10°%)
214 35227 | 251.3 7.60x10°
Uca minax 1.1 (6565) (7.6) 15.2 (2.9) 27.2(6.2) (2.86x10°%)
13.6 10281 300.1 6.87x10°
Uca pugnax (0.5) (1151) (4.8) 3.9 (0.5) 37.7 (3.6) (2.24x10%
7.8 4077 227.6 1.94x10°
Uca beebei 0.3) (649) (3.7) 1.1(0.1) 38.5(3.3) (3.35x10%)
9.9 6189 265.4 2.68x10°
Uca terpsichores (0.3) (633) (7.9 2.2(0.4 41.7 (5.9) (5.97x10°%)
Portunoidea 46.9 40060 308 1.94x10’
Carcinus maenas (5.78) (7561) (8.4 148 (48) 32 (9) (7.62x10°%)
Ovalipes 2.70x10’
ocellatus 44.8 120926 374.1 24.6 20.0
Callinectes 146.1 1957236 263.9 3.61x10°
sapidus (3.3) (154797) (4.0) 256.6 (26.6) 9.0 (1.0 (6.67x107)
124 282807 567 -
Geryon fenneri 2.7 (19945) (4.4) - -
Geryon 108 158709 731 -
quinquidens 1.7 (9337) (11.6) - -
61.5 204467 283.2 -
Portunus gibbesi (1.7) (55175) (4.9) - -
Portunus 48.7 30265 335.6 -
spinicarpus (1.6) (5562) (8.2 - -
Xanthoidea Menippe 59.6 140014 364.9 -
nodifrons (1.9 (15162) (6.1) - -
Panopeus 20.4 19419 380 2.63x10"
lacustris (2.9) (9947) (20) 8.9 (3.1) 13.9 (3.8) (1.83x107)
22.9 23362 314 7.39x10’
Panopeus herbstii (1.0) (5931) (5.3) 19.0 (3.1) 35.0 (3.3) (3.81x10")
Eurypanopeus 115 2917 306 3780990
depressus 0.7) (829) (5.0) 1.3(0.4) 9.4(1.2) (1039653)
Euypanopeus 14.0 3617 314 1.64x10°
dissimilis (0.9) (429) (8.3) 1.7 (0.3) 5 (0) (6.32x10°%)
Rhithropanopeus 9.5 1901 327.8 2.46x10°
harrisii (0.4) (531) (8.6) 1.8 (0.3) 23.0 (3.6) (5.03x10°)
Xanthodius 11.9 4.88x10°
sternberghii (1.0) 2518 312 1.7 (0.6) 13.3 (6.0) (1.22x10°%)
Cataleptodius 15.4 6083 268.9 2.65x10°
floridanus (0.6) (645) (3.5) 8.8(1.9) 29.0 (5.4) (1.86x10°%)
Paraxanthus 1.75x10°
barbiger 44.0 3.4811 447.2 43.2 10.0
Eriphia gonagra 23.0 10275 | 394.4 143 60.0 1.16x10°
92.3 247955 | 590.9 2.20x10°
Homolaspis plana (7.0) (114100) | (81.5) | 801.6 (241.6) 50.0 (14.4) (1.17x108)
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Appendix I11: The average of the male life history traits for each species. Standard error

of the mean +/-1 is presented in parentheses for each species average. (CW= carapace

width, AVD&MVD = anterior and median vas deferens, PVD= posterior vas deferens).

Superfamily AVD Gonopod
Vas & length
Cw Sperm | deferens | MVD | PVD (mm)
Taxon (mm) | number (mg) (mg) | (mg)
Cancroidea 10.2 1.84x10° 20.9 9.3 3.4(0.2)
Cancer irroratus (0.5) (4.60x10") 29.2 (5.1) (3.6) (2.1)
Grapsoidea 20.5 1.10x10° 30.4 13.2 6.1(0.3)
Aratus pisonii 0.8 (2.88x10") 43.6 (4.9) (3.4 (2.1)
Pachygrapsus 12.7 4.72x107 4.6 1.6 3.2(0.1)
transversus 0.5 (1.16x10") 5.1 (0.6) (0.8) (0.3)
15.5 7.89x10’ 42.8 14.4 -
Sesarma cinereum (0.9) (3.02x10") 57.2 (21.8) (19.1) (3.0)
9.8 1.57x10’ 12.7 46 3.3(0.1)
Sesarma ricordii (0.7) | (8.67x10% | 17.4(7.2) (5.2) (2.1)
Sesarma 20.8 1.2x107 2.1 11 3.6 (0.3)
occidentale (1.1) (8.19x10%) 3.3(1.2) (0.8) (0.4)
Sesarma 18.4 3.36x10’ 12.4 6.0 -
reticulatum (1.0) | (2.18x10") | 18.5(5.6) (6.7) (1.1)
Hemigrapsus 20.4 3.72x10’ 216 20.4 6.4 (0.5)
sanguiensis (1.4) (1.55x10") | 42.0(13.9) (7.0) (7.8)
Pachygrapsus 16.1 2.90x10’ 6.2 3.4 3.6 (0.2)
gracilis (0.5) (8.04x10°) 8.8 (1.2) (0.9) (0.7)
Majoidea Stenorhynchus 10.3 1.02x10’ 6.0 5.8 5.2(0.2)
seticornis 0.8 (8.78x10°) 11.8 (5.0 (2.8) (2.3
14.3 6.55x10° 5.2 1.6 5.8 (1.3)
Mithrax forceps 0.7 (6.16x10j) 6.84 (4.6) (3.6) (1.0)
18.6 1.28x10 9.1 9.3 5.3(0.2)
Mithrax sculptus (0.9) (1.11x10") 18.5 (7.0) (2.9) (4.1)
Mithrax 34.4 9.0 (0.5)
spinosissimus (2.7) 2.92x10° | 34.7 (14.9) 454 4.3
Mithrax coryphe 14.8 1.30x10° 12.2 6.0 6.2 3.5
80.1 5.73x10° 4402.6 3084 1711.0 18.3 (1.8)
Chionoectes opilio (7.3) (1.36x10%) (737.9) (464.9) | (330.0)
59.0 8.68x10° 4600.0 1878.1 | 2721.8 17.7 (1.2)
Hyas araneus (4.4) (2.77x102) (1138.4) (475.6) | (693.0)
63.0 6.13x10 6274.6 25118 | 3762.8 | 17.8(2.61)
Hyas coarctatus (2.7) (1.79x109) (1043.2) (424.1) | (723.3)
65.2 9.26x10° 14575 513.9 943.6 20.9 (0.8)
Libinia dubia (2.2) (1.84x10%) (239.2) (78.5) (177.9)
16.0 3.0x107 17.9 42.7 5.5
Pisoides edwardsi (1.6) (2.31x10") 60.6 (37.2) (3.5) (33.9)
Pitho Iherminieri 20.6 8.87x10° 51.9 - - 6
Ocypodoidea 20.6 2.74x10’ 3.9 3.8 8.2 (0.3)
Uca thayeri (0.5) (2.48x10% 7.7 (0.6) (0.3) (0.6)
16.6 1.94x10° 35 2.4 6.4 (0.2)
Uca pugilator 0.3 (2.37x10° 6.0 (0.7) (0.5) (0.4)
34.3 9.0 (0.5)
Uca minax (2.7) 2.92x10’ 34.7 (14.9) 45.4 4.3
17.2 1.91x10’ 43 3.1 5.7 (0.2)
Uca pugnax (0.6) (4.09x102) 7.4(0.7) (0.5) (0.3)
8.9 4.57x10 1.1 1.4 3.7(0.2)
Uca beebei (0.3) (1.85x10°) 3.1(0.5) (0.2) (0.2)
223 8.89x10’ 16.2 7.4 8.7 (0.3)
Uca rapax (0.6) | (1.84x107) | 23.6(3.9) (3.6) (1.3)
36.5 1.46x10° 2145 112.2 102.3 16.1 (0.5)
Ocypode guadrata (2.0) (2.98x102) (39.2) (28.7) (11.6)
26.6 3.40x10 10.5 (0.3)
Uca stylifera (0.8) (2.82x10") 33.6 (3.4) - -
9.5 3.66x10° 1.1 3.6 2.7(0.2)
Uca terpsichores 0.2 (8.02x10°) 4.4 (0.4 (0.2) (0.5)
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12.8 1.75x107 5.0 (0.2)

Uca stenodactylus (0.1) | (3.25x10% | 14.8(2.8) - -
Portunoidea 55.5 5.02x10° 484.7 316.3 168.3 12.2 (0.9)

Carcinus maenas (4.1 (8.82x10;) (81.7) (57.2) (28.9)

167.1 4.05x10 2084.7 1381.4 703.3 43.8 (2.2)
Callinectes sapidus (2.8) (8.32x102) (321.7) (206.5) | (121.1)

Xanthoidea 31.2 9.65x10 64.4 36.0 9.5 (1.3)

Panopeus lacustris (2.2) (3.19x102) 91.3 (21.5) (21.2) (13.5)

27.4 8.39x10 116.9 100.0 17.0 7.1(0.5)
Panopeus herbstii (2.0) | (2.37x10% (28.4) (24.5) (4.2)
Eurypanopeus 15.8 6.79x10’ 5.0 2.6 4.1(0.2)
depressus 0.5 (9.70x10° 8.4 (0.9 (0.7) (0.3)
Euypanopeus 14.3 2.79x10° 3.9 1.2 3.7(0.2)
dissimilis (1.1) (2.35x10%) 8.1 (2.0) 0.9) (0.3)
Rhithropanopeus 12.3 1.44x10° 4.7 (0.2)
harrisii (0.9) | (4.48x10") | 11.3(2.8) - -
Panopeus 225 16.4 6.8 6.5(0.2)
americanus (0.6) 5.10x10° 23.2(8.3) | (6.0) (2.3)
Xanthodius -
sternberghii 10 9.58x10° 2.2 1.1 1.1
Cataleptodius 15.9 5.12x10’ 12.2 9.4 3.7(0.3)
floridanus (0.7) (9.54x10°%) 21.6 (3.6) (2.1) (1.8)
Paraxanthus 84.1 2.6x10° 605.4 461.0 144.4 19.1 (0.6)
barbiger 1.3 (1.96x102) (66.6) (37.6) (42.1)

86.8 5.14x10 2248.6 1676.0 572.6 18.3 (0.9)
Homolaspis plana 4.3 (1.53x10°) (805.0) (587.9) | (245.1)
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Appendix 1V: Relative influence of response variables for the groupings ‘superfamily’

‘sperm plug’ and “female molt.” The average squared distance corrected for the standard

deviation and the percent contribution of the variable to the average group similarities are

represented in the table below.

Factor Groups Variables Sim/SD | % Contribution
Superfamily Majoidea vs. Egg stage 0.90 21.80
Portunoidea Spermatheca weight 0.80 17.57
(r=0.237, Egg number 1.16 14.54
p=0.156) Vas deferens weight 0.90 12.71
Spermatheca % full 0.94 9.76
Female sperm number 0.76 9.46
Male sperm number 1.06 7.57
Ocypodoidea vs. Ovary stage 1.17 36.80
Portunoidea Egg stage 1.01 31.59
(r=0.813, Spermatheca weight 1.74 7.67
p=0.036%) Egg number 0.94 6.6
Spermatheca % full 0.94 5.4
Spermatheca weight 0.85 4.67
Grapsoidea vs. Spermatheca % full 1.12 20.59
Xanthoidea Gonopod length 0.48 17.74
(r=0.158, p=0.04) | Female sperm number 0.69 14.61
Spermatheca weight 0.74 11.05
Vas deferens weight 0.66 9.12
Ovary stage 0.67 7.67
Male sperm number 0.91 7.25
Egg number 0.65 6.34
Majoidea vs. Male sperm number 0.82 16.02
Xanthoidea Gonopod length 0.45 15.73
(r=0.281, Spermatheca weight 0.83 13.44
p=0.003*) Egg number 1.45 11.18
Spermatheca % full 0.96 9.92
Spermatheca weight 0.87 9.67
Egg stage 0.94 9.12
Female sperm number 0.93 8.18
Ocypodoidea vs. Gonopod length 0.45 25.01
Xanthoidea Male sperm number 1.47 19.34
(r=0.35, Ovary stage 1.11 16
p=0.004%*) Vas deferens weight 0.57 14.66
Egg stage 0.83 8.58
Spermatheca % full 0.92 5.38
Egg number 1.65 4.88
Portunoidea vs. Egg stage 1.08 23.24
Xanthoidea Gonopod length 0.44 20.03
(r=0.241, Male sperm number 1.42 16.07
p=0.244) Ovary stage 0.68 10.72
Vas deferens weight 0.52 10.49
Spermatheca weight 1.02 7.63
Female sperm number 0.71 5
Grapsoidea vs. Egg number 1.4 17.79
Majoidea Female sperm number 0.77 34.46
(r=0.106, Spermatheca weight 0.93 47.11
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p=0.128) Male sperm number 0.77 59.29
Spermatheca % fullness 0.78 69.35
Ovary stage 0.60 79.15
Egg stage 0.91 88.89
Vas deferens weight 0.80 97.70
Grapsoidea vs. Spermatheca % fullness 0.99 18.57
Ocypodoidea Female sperm number 0.70 16.67
(r=0.34, Ovary stage 1.07 12.54
p=0.012%) Vas deferens weight 0.96 12.31
Egg number 0.53 10.44
Spermatheca weight 0.74 9.24
Male sperm number 0.72 8.16
Egg stage 0.72 7.33
Majoidea vs. Egg number 2.27 22.65
Ocypodoidea Ovary stage 1.14 18.40
(r=0.519, Vas deferens weight 1.05 15.37
p=0.004%) Spermatheca weight 0.88 10.60
Egg stage 0.90 9.28
Spermatheca % full 0.84 7.52
Male sperm number 1.05 7.37
Grapsoidea vs. Egg stage 1.07 20.94
Portunoidea Female sperm number 0.82 17.71
(r=0.299, p=0.25) | Spermatheca % full 1.12 16.46
Spermatheca weight 0.79 13.24
Ovary stage 0.70 10.38
Vas deferens 0.85 6.91
Egg number 0.62 6.66
Sperm plug Plug present vs. Spermatheca weight 1.52 20.73
plug absent Ovary stage 1.23 16.62
(r=0.525, Female Sperm number 0.95 13.10
p=0.022*) Vas deferens weight 1.22 12.49
Egg stage 1.00 11.12
% fullness of 1.02 9.54

spermatheca
Female molt Terminal molt to Egg number 1.21 14.79
maturity vs. Ovary stage 0.74 12.18
continuous Egg stage 0.88 11.90
molting after Spermatheca weight 0.84 11.90
maturity Male sperm number 0.76 11.49
(r=0.27, Vas deferens weight 0.80 10.62
p=0.008~) Female sperm number 0.71 10.24
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