ABSTRACT
Marcy E. Hutchinson. CHEMICAL DEFENSE IN THE GAMMARID AMPHIPODS
CHROMOPLEUSTES OCULATUS, CH. LINEATUS, AND CRYPTODIUS KELLERI
(ARTHROPODA: CRUSTACEA). (Under the direction of Dr. Stephen F. Norton).
Department of Biology, November 2002.
Organisms that use chemical compounds as defense must either produce these
compounds de novo or sequester them from another source, typically something in their
diet. The central focus of my research was to determine if the source of chemical defense
used by three gammarid amphipods Chromopleustes oculatus, Ch. lineatus, and
Cryptodius kelleri (Arthropoda: Crustacea) is endogenous or exogenous. Three
approaches were used: an investigation of diet by fecal analysis, an examination of
ontogeny of chemical defense and an experimental analysis of regeneration of chemical
defense after depletion. Consumption of chemically defended prey is a prerequisite for
sequestration of defensive chemicals. Ch. oculatus was found to consume a chemically
defended sea cucumber, Cucumaria miniata. Chemically defended prey were not
identified in the diets of Ch. lineatus or Cr. kelleri. Eggs recovered from the brood pouch
of any of the three species were not chemically defended. Ontogenetically, chemical
defense occurred in Cr. kelleri at the pre-feeding juvenile stage when palatability was
tested using a predatory fish, Clinocottus acuticeps. Ch. oculatus and Ch. lineatus were
not significantly rejected by predators until adults; however, a high frequency of “cough”
responscs by predators when cating these amphipods at the juvenile stage may indicate a
developing chemical defense. The most conclusive evidence for endogenous production

of chemical defense was the regeneration of chemical defense within two days by Ch.

oculatus that had been depleted of defensive chemicals and deprived of food. Access to



chemically defended prey did not effect the regeneration of defensive ability. The
compilation of evidence from these experiments indicated an endogenous source of

defensive chemicals in these crustaceans.
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CHAPTER ONE
DIET OF THE CHEMICALY DEFENDED GAMMARID AMPHIPODS
CHROMOPLEUSTES OCULATUS, CH. LINEATUS AND CRYPTODIUS KELLERI

INTRODUCTION

Many organisms that use chemical defenses to escape predation, acquire their
chemical defense from their own prey. Works by insect chemical ecologists indicate that
consumption of prey that produce secondary chemicals, and often specialization on a
single chemically defended prey species, is a necessary evolutionary step in the
adaptation to sequester chemical defenses from food sources (Bowers 1992). A
secondary chemical is defined as any chemical substance not directly involved in
fundamental life processes (Berenbaum and Seigler 1992). The occurrence of predator
sequestration of defense from prey is well documented among terrestrial arthropods
(Blum 1981). Many insects readily regurgitate or defecate when disturbed and it has
been emphasized that these enteric discharges can constitute highly effective repellents
because of the plant secondary chemicals that they contain (Esiner 1970).

Among marine organisms there are relatively few documentations of sequestered
chemical defense. Some nudibranchs acquire defensive compounds from the sponges,
coelenterates, bryozoans, or tunicates that constitute their diet (Paul and Pennings 1991,
Rogers and Paul 1991, Paul 1992, Slattery et al. 1998, Johnson and Willows 1999). The
butter clam, Saxidomus giganteus, sequesters dinoflagellate toxins from its planktonic

diet as a means to deter predators (Kvitek 1989). Ascoglossans feed by sucking algal sap



mainly from Caulerpa spp. and are widely assumed to derive their chemical defense from

algal metabolites; however, this interaction has not been rigorously tested (Hay 1992).

Chemical defense in crustaceans

Evidence for chemical defense among crustaceans is sparse. This is surprising
given the diversity of marine organisms that are chemically defended (Pawlik 1993), the
speciose nature of the Crustacea, and the wide-spread occurrence of chemical defenses in
other arthropods (Berenbaum and Seigler 1992). Lucken and Orth (1990) suggest that
the higher rejection rate of larval pea crabs Pinnotheres ostreum versus larval blue crabs
(Callinectes sapidus) by the mummichog (Fundulus heteroclitus) was due to an
unidentified chemical defense. In another case, de Freitas (1990) reported that a
digestive secretion regurgitated by some brachyuran decapod crustaceans affected the
feeding behavior of the predatory marine gastropod Nassarius vibex. Other studies
indicate that amphipod crustaceans may employ an “indirect” chemical defense. For
example, some amphipods reduce their predation risk by living on chemically defended
algae (Hay et al. 1987), and Antarctic amphipod Hyperielle dilatata uses a chemically
defended pteropod as a shield against fish predators (McClintock and Janssen 1990). In
light of the common occurrence of prey-derived chemical defenses in other organisms, a

likely source of secondary compounds in crustaceans, if discovered, would be their diet.

Amphipod trophic ecology



Various gammarid amphipods have been classified as shredders, detritivores,
scavengers, predators and omnivores (Clemens 1950, Barlocher and Kendrick 1973,
Ladle 1974, Moore 1975, Willoughby and Sutcliffe 1976, Marchant 1981, Delong et al.
1993). These designations are based on observations of mouth parts, direct observations
of feeding in the laboratory, or examination of gut contents or fecal contents. Although
generalist feeding behavior is apparently most common among amphipod species, some
dietary specialists have been reported. Diet studies have revealed amphipod species that
specialize on coelenterates or sponges (Coleman 1989a), bryozoans (Coleman 1989b),
and holothurians (Coleman 1990). These species possess specialized mouthpart
morphologies which may represent adaptations to utilize their specialized food source.

Even if an organism consumes chemically defended prey, it may not become
chemically defended as a result. For example, while a variety of gammarid amphipods
do feed on the chemically defended alga, Dictyota dichotoma, they remain palatable to
predatory fish (Hay et al. 1987). This is also true of insects which may feed on
chemically defended host plants but not acquire chemical defenses as a result (Isman et
al. 1977, Blum 1983, Bowers and Puttick 1986, Rowell-Rahier and Pasteels 1986,

Brattsten 1986).

Chemically defended amphipods
Recent research indicates that three species of gammarid amphipods
(Chromopleustes oculatus, Chromopleustes lineatus and Cryptodius kelleri) are

chemically defended against predatory invertebrates and fish (Norton and Stallings 1999,



Zalewski 2001). All three species are brightly colored and occur conspicuously in the
open and at high densities on a variety of substrates in the subtidal zone of the Strait of
Juan de Fuca, WA (Norton and Stallings 1999). Yet they are rarely consumed by
common amphipod predators (Norton, personal communication). Zalewski (2001)
showed, through prey choice experiments, that adults of Ch. oculatus, Ch. lineatus and
Cr. kelleri were not eaten by two predatory fish (Artedius harringtoni and Jordania
zonope) which had prior experience with these amphipods. Laboratory observations
reveal that when physically disturbed all three amphipod species expel fluids from their
mouths that are distasteful to fish and invertebrates that feed on amphipods (Norton,
personal communication). These defensive compounds are stored in the digestive tract,
particularly the midgut caecae. A similar phenomenon has been commonly observed in
insect-plant interactions, in which the herbivore sequesters secondary compounds from
the plants it consumes and then regurgitates these compounds for its own defenses
(Harborne 1993). For example, Eisner (1970) demonstrated that the enteric regurgitates
of two grasshoppers, Romalea microptera and Brachystola manga, effectively repel

aggressive worker ants.

Although the two Chromopleustes species and Cryptodius kelleri are conspicuous,
very little is known about their biology. Bousfield and Hendrycks (1994) describe the
family Pleustidae, to which Chromopleustes belongs, as benthic detritivores and micro-
predators. The mouth parts and gnathopods of the Pleustidae tend to show specialization
for carnivory and raptorial feeding behavior (Bousfield and Hendrycks 1994). The

superfamily Stegocephaloidea, to which Cryptodius kelleri belongs, was referred to as



“parasitic” by Barnard and Karaman (1991) based on the conically projecting mouthpart
bundle observed in members of this group. More recent research by Moore and Rainbow
(1984, 1989, 1992) and by Coleman (1989a, b, 1990) indicate that stegocephaloids are
carnivorous, existing on diets of coelenterates, sponges or bryozoans.

While chemically defended organisms appear to be more abundant in the tropics,
many temperate organisms have been discovered to harbor chemical defenses against
predators (Bakus 1974, 1981). In San Juan Islands, WA, Chromopleustes oculatus, Ch.
lineatus and Cryptodius kelleri were observed on organisms known to be chemically
defended. These organisms include holothorians (Bingham and Braithwaite 1986), kelps,
tunicates, bryozoans, and sponges (Scheuer 1982, Paul 1992). However, the diets of
these amphipods have not been studied, and it is therefore unclear if there is any potential

mechanism of acquiring defensive chemicals via their diet.

Objectives of the research

The central focus of this research was to determine whether the chemical
defenses employed by Chromopleustes oculatus, Ch. lineatus and Cryptodius kelleri to
deter predatory fish could be sequestered from prey. I will attempt to ascertain potential
external sources of defensive chemicals by delineating the diet of Chromopleustes
oculatus, Ch. lineatus, and Cryptodius kelleri through fecal pellet analysis and laboratory

observations of feeding behavior.



MATERIALS AND METHODS

Study sites and collections

The primary study area was Bell Island, a small rocky island (0.03 km?), in Wasp
Passage, San Juan Islands, WA. A secondary collection area was established at a rocky
outcrop (Twin Peaks) located 500m west of Bell Island and southeast of Crane Island. At
both sites rocky slopes and walls drop rapidly to a maximum depth of 35m. While both
sites are swept by strong currents driven by mixed semi-diurnal tides, currents are
especially strong at the north and south ends of Bell Island and Twin Peaks.

The diet study began during December 2000 with the collection of fecal pellets
from individuals of Ch. oculatus, Ch. lineatus and Cr. kelleri. Fecal pellets of these
species were also collected during May — July, 2001. Ch. oculatus, Ch. lineatus, and Cr.
kelleri were collected from the subtidal using SCUBA. These amphipods are commonly
found on the fronds of Agarum fimbriata and Laminaria saccharina. Intact fronds
bearing the amphipods were each enclosed in a large (70cm x 95¢m) plastic bag. The
bag was then tied shut and brought to the surface. Adults of all three amphipod species
were also collected from a variety of substrates (e.g. rocks, sea cucumbers) using a turkey

basting bulb as an aspirator to capture them.

All amphipods were returned to the lab and kept in individual containers of
filtered seawater for 24-48 hours. Fecal pellets produced during this period of time were
removed with a pipette and preserved in 70% ethyl alcohol. Fecal pellets were examined

microscopically for the presence of identifiable items which were limited to the hard,



non-digested parts of prey. A list was compiled of prey identified in the fecal pellets of

each amphipod species and the frequency of occurrence of each prey item.

Analysis

Data, consisting of the frequency of occurrence of identified prey, were analyzed
for evidence of differences in diet among Ch. oculatus, Ch. lineatus and Cr. kelleri. A
homogeneity Chi-square was used to identify those prey that differed in their frequency
of occurrence among the three species. For example, a Chi-square analysis was used to
address the null hypothesis that centric diatoms occurred with similar frequencies among
the three amphipod species. Because of the larger sample sizes, I also analyzed the data
from Ch. oculatus for differences in the frequency of occurrence of identified prey a)
between seasons (December 2000 versus May - July 2001), b) between collection sites,
location of collection (Bell Island versus Twin Peaks), and c) between different substrates
(rock versus sea cucumber). The observed and expected values used in the Chi-square

calculations are reported in appendix B.



RESULTS

The only clearly identifiable prey in the fecal pellets were those with distinctive
hard parts that survived digestion. Five prey types: pinnate diatoms, centric diatoms,
crustacean pieces, sea cucumber ossicles and echinoderm pedicellaria dominated the diets
of these amphipod species. Prey items found in only single individuals included a
dinoflagellate, filamentous algae and a foraminiferan; these rare prey types were not
included in the subsequent quantitative analyses.

There were significant deviations from a homogenous frequency of occurrence of
prey among the three species of amphipods. While pinnate and centric diatoms were
common in the diets of all three species there were significant differences in their
frequency of occurrence (minimum X*= 19.5, df = 2, P<0.001) (Figure 1-1). Pinnate
diatoms had the highest frequency of occurrence in the feces of Cr. kelleri; they were
present in 86% of fecal pellets collected from this species. Centric diatoms had a lower
than expected frequency of occurrence (present in 17 % of samples) in the feces of Ch.
lineatus and had the highest frequency in the feces of Ch. oculatus (present in 70% of
samples). Crustaceans were present in the diet of Ch. oculatus and Cr. kelleri but did not
comprise a major portion of identifiable prey. There was no significant difference in the
frequency of occurrence of crustacean parts among the three species (X*>= 2.3, df =2,
P>0.25). There were significant differences among the three species in the occurrence of
sea cucumber ossicles (X*= 16.6, df = 2, P<0.001) and echinoderm pedicellaria (X*=
64.9, df =2, P<0.001). Sea cucumber ossicles, most likely belonging to Cucumaria

miniata or Cu. piperata (Lambert 1997), were found exclusively in fecal pellets from Ch.



Figure 1-1. Percent frequency of occurrence of prey recovered from the fecal pellets of
Chromopleustes oculatus, Ch. lineatus and Cryptodius kelleri. All collections during
December 2000 and May — July 2001 from the Bell Island and Twin Peaks sites are
combined in this graphic. Numbers in parentheses indicate the number of fecal pellets

examined that had identifiable prey.
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oculatus. They were present in 29% of the fecal samples from this species. Echinoderm
pedicellaria (not identified) were found in the fecal contents of Ch. oculatus and Ch.
lineatus. Echinoderm pedicellaria were most common in the fecal contents of Ch.
lineatus; they were present in 58% of fecal pellets collected from this species. Evidence

of consumption of echinoderm tissue was absent from fecal pellets of Cr. kelleri.

Sources of variation in the diet of Ch. oculatus

The larger sample size for Ch. oculatus allowed for a more detailed analysis of
the diet of this species. I looked for differences in the frequency of occurrence of prey
between collection seasons (winter 2001 versus May — July, 2001) for the Bell Island
population, substrate (rocks or sea cucumber) at the Twin Peaks site, and location of the
collection (Bell Island collections from algae versus Twin Peaks collections from algae).
Seasonal differences in diet were limited to the presence of echinoderm pedicellaria (X*=
14.95, df = 1, P<0.001) in winter and a 29% higher abundance of centric diatoms during
May — July, 2001 (X*= 5.9, df = 1, P<0.025) (Figure 1-2). There were no seasonal
differences in the frequency of occurrence of centric diatoms, pinnate diatoms, crustacean
pieces or sea cucumber ossicles (maximum X = 2.43, df = 1, P>0.5).

Because two of the dominant substrates occupied by Ch. oculatus were rocks and
sea cucumbers, I compared the fecal contents of individuals collected from these two
substrates during May — July, 2001 at Twin Peaks for homogeneity of frequency of
occurrence of prey. Ch. oculatus from both substrates showed similar diets, consisting of

pinnate and centric diatoms and sea cucumber ossicles. The substrate from which an
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Figure 1-2. Percent frequency of occurrence of prey recovered from the fecal pellets of
Chromopleustes oculatus. Ch. oculatus were collected during December 2000 and May
— July 2001. Numbers after the collection season indicate the number of fecal pellets
examined that had identifiable prey. * indicate categories that were significantly

different (minimum X° = 4.14, df = 1, P < 0.05).
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amphipod was collected had no significant effect on the number of identifiable prey in
the fecal contents (maximum X*= 2.85, df = 1, P>0.05). When sea cucumber ossicles
were present in fecal pellets from Ch. oculatus collected on rocks or sea cucumbers, they
were found in high density.

While there were strong similarities in the types of prey in the diet of Ch.
oculatus collected at Bell Is. Versus Twin Peaks, there were differences in frequency of
occurrence of pinnate diatoms and sea cucumber ossicles. Pinnate diatoms (X>= 12.9, df
=1, P<0.001) and sea cucumber ossicles (X>= 7.1, df = 1, P<0.01) made up a greater
proportion of the diet of Ch. oculatus collected at Twin Peaks where 81% of fecal pellets
contained pinnate diatoms and 46% of fecal pellets contained sea cucumber ossicles.
While at Bell Island, 40% of fecal pellets contained pinnate diatoms and 19% of fecal

pellets contained sea cucumber ossicles (Figure 1-3).
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Figure 1-3. Percent frequency of occurrence of prey recovered from the fecal pellets of
Chromopleustes oculatus. Ch. oculatus was collected from algae (4garum fimbriata) at
either Bell Island or Twin Peaks. Numbers after each location indicate the number of
fecal pellets examined that had identifiable prey. * indicate categories that were

significantly different between the two locations (minimum X> = 7.1, df = 1, P <0.01).
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DISCUSSION
Diet differences among species of amphipod

The groups to which Chromopleustes oculatus, Ch. lineatus and Cryptodius
kelleri belong have previously been described as benthic detritivores and carnivores
(Bousfield and Hendrycks 1994, Moore and Rainbow1984, 1989, 1992, Coleman 1989a,
b, 1990). However, the types of food ingested by these three species have not been
determined before this study. Analyses of fecal pellets indicate Ch. oculatus, Ch.
lineatus and Cryptodius kelleri are omnivorous. All three species consumed diatoms and
either small crustaceans or echinoderm tissue.

Many species of macroalgae are known to be chemically defended (e.g. Hay et
al.1988, Hay and Fenical 1988, Duffy and Hay 1994, Paul et al. 1987), and they are a
potential source of secondary compounds. However, there were no indications from field
or laboratory observations that Ch. oculatus, Ch. lineatus or Cr. kelleri consume
macroalgae even thought they are commonly found on this substrate in the wild.
Macroalgae cells were not identifiable in the fecal contents nor was there any evidence of
damage to algal blades in the field, in spite of amphipod densities as high as 24,500
ind/m” (Norton and Stallings 1999). In the laboratory, amphipods were never observed to
feed on or take any interest in pieces of macroalgae offered to them.

The mechanism by which Ch. oculatus, Ch. lineatus and Cr. kelleri capture
diatoms is not known. However, scrapings of algal blades when viewed microscopically
revealed pinnate and centric diatoms similar to those found in the fecal contents of all

three species. Schram (1986), noted that some amphipods feed by scraping the nutritive
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films off surfaces, such as sand grains, or from a host, such as an echinoderm.
Gammarideans can also use setose anterior pereiopods to extract a filtrate from the
respiratory current produced by the pleopods. The maxillipeds clean these pereiopodal
setae and pass the food particles forward to the mouth (Schram 1986). While Ch.
oculatus, Ch. lineatus and Cr. kelleri were commonly found aggregated on algal blades,
they were also found on a variety of other substrates, such as rocks and sea cucumbers
(Norton and Stallings 1999). They were often observed grooming themselves. Scraping
of surfaces on which the amphipod is found or filter feeding from respiratory currents are
both possible mechanisms for the capture of diatoms.

Both Ch. oculatus and Ch. lineatus consumed echinoderm tissue, as indicated by
the presence of pedicillaria ossicles and dermal ossicles. The dermal ossicles observed in
the feces of Ch. oculatus were most likely from the holothurians Cucumaria miniata or
Cu. piperata according to the shape of the ossicles (Lambert 1997). These holothurians
produce secondary compounds that deter predators (Bingham and Braithwaite 1986), yet
they are consumed by Ch. oculatus. Based on this observation this species was a possible
candidate for sequestration of chemical defense. Other diet studies have reported several
species of gammarid amphipods and caprellids that feed on echinoderm tissue, especially
body fluids or epidermis, but this food source is uncommon (Vader 1978, Comely and
Ansell 1988, Coleman 1990).

Vader (1978) compiled information from diverse studies documenting
associations between gammarids and caprellids from 15 families with echinoderms of all

classes. Most observations of such associations are restricted to the northern hemisphere.
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The kinds of associations are diverse. Some amphipods use echinoderms merely as a
substratum, which also provides some protection from predation, e.g. Dulichia
rhabdoplastis (Vader 1978). Others live as “energy commensals” with burrowing
echinoderms, which deliver oxygenated water and food. Several amphipods, living on
the surfaces of starfishes, ingest secretions from their hosts. The lysianasids Ambasia
atlantica and Menigrates obtusifrons are commensals stealing partly digested food from
an asteroidean host (Vader 1978). In the field, Ch. oculatus was observed on the
tentacles and near the mouth of Cu. miniata and may in engage in commensal behavior
like that described for Ambasia atlantica and Menigrates obtusifrons in addition to
consuming the tissue of sea cucumbers.

While specific identification of the crustaceans in the diet was not possible, Ch.
oculatus were observed to capture and consume mysid shrimp in the laboratory when the
prey was repeatedly passed in front of the amphipod. In no case did the amphipod pursue
the prey, even though the amphipod was apparently hungry based on the fact the prey
was consumed once captured. This feeding behavior was similar to predaceous
caprellids that passively wait for prey to pass by, whereupon they grab the prey with the
gnathopods rather than actively stalk the prey (Schram 1986). The “sit and wait” hunting
tactic may be advantageous in the strong currents that occur with each tidal exchange in

the San Juan Archipelago.

Season, substrate and spatial variation in the diet of Ch. oculatus
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The more detailed analysis of the diet of Ch. oculatus revealed seasonal and
spatial variation in diet. The presence of echinoderm pedicellaria in winter was the only
significant effect of season on the composition of this species diet. The presence of
echinoderm pedicellaria in winter collections of Ch. oculatus may be evidence of a
seasonal expansion of diet in response to differences in food availability or abundance.
Relative abundances of identifiable prey were lower in winter than in summer collections
(43% of individuals with identifiable prey in December, 2000 versus 67% of individuals
with identifiable prey May — July, 2001). This may be indicative of slower feeding rate
during the winter. Also, the decline of diatoms in winter diet may reflect a seasonal
decline in primary producers which accompanies the shorter day length in winter.

Other studies of the diet of amphipods have also demonstrated seasonal changes
in the frequency and types of prey in the diet. Summers et al. (1997) noted that the
relative abundance of prey items in the diet of Gammarus fasciatus, an omnivorous
amphipod, changed seasonally. This species shows relatively low levels of feeding during
the winter and switches to a diet consisting mainly of filamentous algae, diatoms and
animal matter in early spring and summer.

Because of the strong currents at the collecting sites, it would not be surprising if
these amphipods were not very mobile and that their diets would reflect the local prey
spectrum found on a particular substrate. However, amphipods collected from rocks and
sea cucumbers at the field site Twin Peaks demonstrated no difference in the frequency of
occurrence of various prey types. This is may indicate that the amphipods are moving

from one substrate to another in spite of the strong currents and the risk of dislodgment.
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In the comparison between the two field sites (Bell Island versus Twin Peaks),
there were significantly lower numbers of pinnate diatoms and sea cucumber ossicles
found in the fecal contents of Ch. oculatus collected from Bell Island. At both sites
amphipods were collected from algae; however, the field site at Bell Island was
characterized by more macroalgae and fewer sea cucumbers overall than the Twin Peaks
site. The differences in dominate substrate type between these two sites may indicate that
substrate does in fact have an effect on the amphipods feeding behavior but that because
the amphipods are mobile, these differences can only be detected on a larger spatial scale.

Some of the prey in the diets of Ch. oculatus, Ch. lineatus and Cr. kelleri may be
potential exogenous sources of chemical defense. The diet of Ch. oculatus included a
chemically defended sea cucumber (Bakus 1974, Bingham and Braithwaite 1986). Thus,
chemical defense in Ch. oculatus may be exogenous, provided by the saponins in the sea
cucumbers in its diet. Ch. lineatus consumed echinoderm tissue as indicated by the
presence of pedicillaria ossicles, but dermal ossicles were absent. Because pedicillaria
are not found on holothurians, it is likely Ch. lineatus was feeding on starfish or urchins.
Some asteroids are known to produce a chemical defense (Lucas et al. 1979, Scheuer
1982, Paul 1992), but I was unable to identify the echinoderm from which the observed
pedicillaria ossicles originated from. Thus, it is uncertain if there is a potential source of
chemical defense in the diet of Ch. lineatus. Evidence for consumption of echinoderm
tissues was absent from the diet of Cr. kelleri. There was no potential exogenous source
of defensive chemicals identified for this species. However, it is important to note the

limitations of fecal analysis: that the importance of soft bodied prey is often overlooked
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or underrepresented (Quigley and Vanderploeg 1991). It is possible soft bodied prey may

be a potential source of defensive chemicals in any of the three amphipod species.
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CHAPTER TWO

ONTOGENY AND REGENERATION OF CHEMICAL DEFENSE IN THE
GAMMARID AMPHIPODS CHROMOPLEUSTES OCULATUS, CH. LINEATUS
AND CRYPTODIUS KELLERI

INTRODUCTION
Characteristics of chemically defended insects

The use of exogenous (i.e., sequestered from other chemically defended
organisms) and endogenous (i.e., produced internally) chemical defenses by insects
against their predators has been investigated extensively (e.g., Blum 1981, Roitberg and
Isman 1992). Unpalatable insects often exhibit a suite of associated characteristics to
advertise their unpalatability, such as aposematic (“warning”) coloration and gregarious
behavior (Bates 1862, Cott 1940, Brower 1984). Aposematic coloration is thought to
enhance avoidance behavior of predators by making the prey more recognizable to the
potential predator and thus aiding learning (Gittleman and Harvey 1980, Roper and
Wistow 1986). Gregarious behavior is thought to serve a similar function by increasing
the magnitude of the warning signal and may immediately reinforce predator avoidance-
learning (Cott 1940, Edmunds 1974, Sillen-Tullberg and Leimar 1988, Guilford 1990).
There are, however, exceptions to the general characteristics of chemically defended
insects. Some cryptic insects are also chemically defended (Jarvi et al. 1981, Turner
1984), and some species of chemically defended insects, such as larvae of danaid

butterflies, are solitary (Ackery and Vane-Wright 1984).
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Several features are required for the evolution of exogenous chemical defense.
Feeding on prey that contain defensive chemicals is a prerequisite for sequestering those
compounds (Bowers 1992). Detoxification mechanisms that would normally break down
ingested secondary metabolites must be circumvented and the secondary metabolites
stored in such a way that they can be delivered by the new host when attacked (Bowers
1992). A secondary metabolite is defined as any chemical substance not directly
involved in fundamental life processes. They are often assumed to have a defensive
function (Berenbaum and Seigler 1992). In most cases, organisms that sequester their
defense from chemically defended prey also specialize on that prey type (Futuyma and
Gould 1979, Price 1983, Strong et al. 1984) because the predator of defended prey first
must have physiological processes to render it immune to the effect of the chemical
defense of the prey. Further, to use the defenses of the prey for protection, the predator
must possess even more specialized physiological adaptations to incorporate the
defensive compound (Bowers 1992). This presumably requires considerable co-

evolution.

In addition to exogenous sources of chemical defense, many chemically defended
insects are capable of synthesizing secondary compounds de novo. Insects which use an
endogenous chemical defense typically produce the defensive chemicals in exocrine
glands (Tschinkel 1975, Deroe and Pasteels 1982). In some species, the glands do not
make the final product but only precursor components of the defensive chemical which
are mixed just prior to discharge (Eisner 1970, Eisner et al. 1977). Ontogenetically, such

glands originate as epidermal invaginations (Noirot and Quennedy 1974). Pasteels et al.
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(1990) suggest that in the Chrysomelidae (leaf beetles), sequestration of chemical
defenses was a derived feature and that de novo synthesis was ancestral. In addition to
Chrysomelids, a variety of arthropods are capable of biosynthesizing secondary
compounds (Blum 1981). Examples include tenebrionids (darkling beetles) (Tschinkel
1975), Carabid beetles (Schildknecht 1970), millipedes (Esiner et al. 1967), and even

cockroaches (Roth and Stay 1958).

Chemical defense and marine organisms

In contrast to terrestrial arthropods, specialized feeding by marine herbivores is
rare (Lubchenco and Gaines 1981, Hay et al. 1988 a, ¢, Hay and Fenical 1988b). Hay
(1992) proposed that sequestering of chemical defenses from prey is less common in the
marine environment when compared to the terrestrial environment because there are
fewer dietary specialists in the marine environment. Some nudibranchs acquire
defensive compounds from the sponges, coelenterates, bryozoans, or tunicates that
constitute their diet (Paul and Pennings 1991, Rogers and Paul 1991, Paul 1992, Slattery
et al. 1998, Johnson and Willows 1999). The butter clam, Saxidomus giganteus,
sequesters dinoflagellate toxins from its planktonic diet as a means to deter predators
(Kvitek 1989). Ascoglossans feed by sucking algal sap mainly from Caulerpa spp. and
are widely assumed to derive their chemical defense from algal metabolites; however,

this interaction has not been rigorously tested (Hay 1992).
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Endogenous chemical defense in marine organisms appears relatively common.
The most potent producers of endogenous defensive compounds in the marine
environment are typically soft bodied and sessile. They include such diverse groups as
corals (Pawlik et al. 1987, Coll et al. 1982, Coll and Sammarco 1983), sponges (Pawlik
1993, Pawlik et al. 1995, Lindquist and Hay 1996, Chanas et al. 1997), holothurians
(Bakus 1974, Burnell and Apsimon 1983), and algae (Hay et al.1988, Hay and Fenical
1988, Duffy and Hay 1994, Paul et al. 1987). It is commonly assumed that because these
organisms lack other defensive abilities, such as evasion or mechanical defense like
armor, natural selection has favored the development of chemical defense using

endogenous secondary metabolites.

Research by Fraenkel (1959) and Ehrlich and Raven (1965) provided the first
evidence that secondary metabolites are a defensive adaptation to predation pressure
(Harborne 1982). Since that time, this area of research has gained much attention and the
diversity of known secondary metabolites now includes over 30,000 unique compounds
(Harborne 1982). Especially vulnerable structures tend to be better defended (Bingham
and Braithwaite 1986), and the production of secondary compounds can be induced by

the presence of or damage by predators (Van Alstyne 1988, Harvell 1990).

Evidence for chemical defense among crustaceans is sparse. This is surprising
given the diversity of marine organisms that are chemically defended, the speciose nature
of the Crustacea, and the wide-spread occurrence of chemical defenses in other
arthropods (Berenbaum and Seigler 1992). Lucken and Orth (1990) suggest that the

higher rejection rate of larval pea crabs Pinnotheres ostreum versus larval blue crabs
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(Callinectes sapidus) by the mummichog (Fundulus heteroclitus) was due to an
unidentified chemical defense. In another case, de Freitas (1990) reported that a
digestive secretion regurgitated by some brachyuran decapod crustaceans affected the
feeding behavior of the predatory marine gastropod Nassarius vibex. However,
amphipod crustaceans may employ an “indirect” chemical defense. For example, some
amphipods reduce their predation risk by living on chemically defended algae (Hay et al.
1987). The Antarctic amphipod Hyperielle dilatata uses a chemically defended pteropod

as a shield against fish predators (McClintock and Janssen 1990).

Recent research indicates three species of gammarid amphipods (Chromopleustes
oculatus, Ch. lineatus and Cryptodius kelleri) are chemically defended against predatory
invertebrates and fish (Norton and Stallings 1999, Zalewski 2001). All three species are
brightly colored, occur conspicuously in the open and at high densities on a variety of
substrates in the subtidal zone of the Strait of Juan de Fuca, WA (Norton and Stallings
1999), yet they are rarely consumed by common amphipod predators (Norton, personal
communication). Zalewski (2001) showed, through prey choice experiments in the
laboratory, that the adults of Ch. oculatus, Ch. lineatus and Cr. kelleri were not eaten by
predatory fish (Artedius harringtoni or Jordania zonope) that had prior experience with
these amphipods in the wild. Laboratory observations reveal that when physically
disturbed, all three amphipod species expel fluids from their mouths that are distasteful to
fish and invertebrates that feed on amphipods (Norton, personal communication). These
defensive compounds are stored in the digestive tract, particularly the midgut caecae. A

similar phenomenon has been observed in insect-plant interactions, in which the insect
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herbivore sequesters secondary compounds from plants in its diet and then uses these
compounds for its own defenses (Harborne 1993). For example, Eisner (1970)
demonstrated that the enteric regurgitates of two grasshoppers, Romalea microptera and

Brachystola magna, effectively repel aggressive worker ants.

The presence of chemically defended prey in the diet of a chemically defended
species provides circumstantial evidence that the source of chemical defense in this
species is exogenous. In previous research, Chromopleustes oculatus was found to
consume chemically defended prey (Cucumaria miniata) (see chapter 1). The results for
Ch. lineatus and Cryptodius kelleri did not positively identify a potential source of
chemical defense in the diet; however, these dietary investigations were complicated by
the limits of the means of analysis, fecal samples, from such small organisms (Quigley
and Vanderploeg 1991). For this reason, few prey items (only those with hard body
parts) were identifiable in the amphipod fecal pellets. Soft bodied prey were not detected
by this method of diet analysis. Thus, there is a potential for chemically defended prey to

have been overlooked in the diets of Ch. oculatus, Ch. lineatus and Cr. kelleri.

Even if Ch. oculatus, Ch. lineatus and Cr. kelleri consume chemically defended
prey, they may not become chemically defended themselves as a result. For example,
while a variety of gammarid amphipods do feed on the chemically defended alga,
Dictyota dichotoma, they remained palatable to predatory fish (Hay et al. 1987). This is
also true of insects which may feed on chemically defended host plants but not acquire
chemical defenses as a result (Isman et al. 1977, Blum 1983, Bowers and Puttick 1986,

Rowell-Rahier and Pasteels 1986, Brattsten 1986). For this reason, I conducted
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laboratory experiments to gain insight into the source of the chemical defenses observed

in Ch. oculatus, Ch. lineatus and Cr. kelleri.

Objectives of the research

This research addresses two questions: (1) When during the life cycle of Ch.
oculatus, Ch. lineatus and Cr. kelleri is a chemical defense first acquired? (2) Are the
defensive chemicals synthesized by the amphipods (i.e., endogenous) or do they acquire
them from their prey (i.e., exogenous)? I will exploit the life history pattern of
amphipods to address the first question. Amphipods and other paracarid crustaceans
(isopods, mysids, etc.) have direct development. The female amphipod retains her
fertilized eggs in a brood pouch made from modified thoracic appendages. The larvae
hatch but remain in the brood pouch until they become juveniles, thereby eliminating an
extensive pelagic larval phase that is characteristic of most other crustacean taxa
(Bousfield 1995). Therefore, I can collect all life cycle stages (fertilized eggs, brooded
juveniles and adults) and subject each stage to predatory fish in order to determine the
ontogeny of chemical defense for each of the three species of amphipods. To test the
ability of the amphipod to regenerate defensive chemicals, I will compare the palatability
of adult amphipods that have been depleted of their chemical defenses and subsequently

starved with those allowed to feed on chemically defended prey.
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MATERIALS AND METHODS

Field collections and maintenance of prey and predators

Ch. oculatus, Ch. lineatus and Cr. kelleri were collected from the subtidal using
SCUBA off of Bell Island during May - July of 2001. Bell Island is a small rocky island
(0.03 km?) located in Wasp Passage, San Juan Islands, WA. It is characterized by rocky
slopes that drop rapidly to a maximum depth of 35m and strong currents driven by mixed
semi-diurnal tides. Ch. oculatus, Ch. lineatus and Cr. kelleri are commonly found on the
fronds of Agarum fimbriata and Laminaria saccharina. Intact fronds bearing the
amphipods were each enclosed in a large (70cm x 95cm) plastic bag. The bag was then
tied shut and brought to the surface. At the lab, each bag was emptied into a sorting tray
with seawater. Gravid females were removed and placed in individual containers of
filtered seawater. These females provided a source of eggs and newly released juveniles
for subsequent predation experiments. Adults from these collections were also retained
for use in experiments on the regeneration of defensive chemicals.

Several types of palatable prey were used as controls in the fish feeding
experiments or during “training” and maintenance of predatory fish between experiments.
Control eggs were obtained from gravid female glass shrimp (Hipployte clarki). Gravid
H. clarki were collected from the same algal blades as the three species of defended
amphipods, returned to the lab, and maintained in an aquarium. Eggs were siphoned
from the pleopods by pipette for use in the predation experiments. The palatable
gammarid amphipod, Allorchestes spp., and the harpacticoid copepod, Tigiopus

californicus, were used as a source of food for maintaining fish in the lab and as controls



31

in fish feeding experiments. Both species were collected from the intertidal zone at Eagle
Cove, San Juan Is., WA. Allorchestes were found in high densities under detrital algae.

T. californicus were dip netted from small tide pools that filled rock crevices in the supra
littoral zone. In the lab, Allorchestes and T. californicus were held separately in large
plastic containers partially submerged in flow-through sea water tables at ambient
temperatures, 9 - 12°C.

Young of the year Clinocottus acuticeps were used as predators in the feeding
experiments with eggs and juveniles. Young of the year Oligocottus maculosus were
used as predators in the feeding experiments with adult amphipods. These fish were
collected by dip net from tidepools at Eagle Point on San Juan Island. CI. acuticeps and
O. maculosus were chosen as the predators in my experiments because they are abundant,
available at an appropriate size for consumption of Ch. oculatus, Ch. lineatus and Cr.
kelleri, and are common amphipod predators in the field (Cross 1981). However, CI.
acuticeps and O. maculosus occur intertidally and are therefore unlikely to encounter
subtidal species like Ch. oculatus, Ch. lineatus or Cr. kelleri in the wild. Thus, CI.
acuticeps and O. maculosus are naive to the chemical defense of these amphipods and do
not avoid them when initially encountered.

Cl. acuticeps were held in plastic containers (20 x 25 x 7 cm or 15 x 20 x 7 cm)
that were partially submerged in a flow-through sea water table to maintain ambient
seawater temperature. The bottoms of the holding containers were covered with sand and
small rocks to provide hiding places. O. maculosus were placed in individual plastic

containers (31 x 18 x 12 cm) that also served as feeding arenas for these fish. All fish
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were acclimated to lab conditions for at least one week before feeding experiments began
and were maintained on a diet of Allorchestes spp. and copepods. Prey were introduced
to the holding containers twice a day by pipette so that the fish would become
accustomed to this feeding method. Most CI. acuticeps ate readily within a day of being
brought into the lab, while O. maculosus generally needed a week to become acclimated

to the lab.

Ontogeny of chemical defense: are eggs defended?

To assess if the chemical defense in the three defended gammarid amphipod
species is passed from mother to offspring when the egg is provisioned, I comi)ared the
feeding response of CI. acuticeps when fed eggs removed from the brood pouch of the
three amphipods with that of eggs removed from the pleopods of the palatable shrimp H.
clarki. To collect fertilized eggs from a female amphipod, she was first placed in a finger
bowl and beheaded to prevent her from releasing copious amounts of defensive
chemicals. Eggs were then siphoned from the brood pouch using a pipette, washed three
times with approximately 100 ml of filtered seawater (approximately Sum pore size) and
placed in a finger bowl containing filtered seawater. Five to eight broods of eggs from
each of the three species of defended amphipods were used in these feeding trials. The
individual broods for a particular species were labeled and used in random order during a

feeding trial to account for potential inter-brood differences in level of defense.

The feeding experiments assessing the palatability of amphipod versus shrimp egg

by ClI. acuticeps were carried out in 8 x 8 cm plastic containers. The bottoms of these
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containers were not covered with sand because sand made it difficult to see the eggs
during feeding trials. Fish (each approximately 20 mm total length) were transferred to
feeding arenas the day before feeding trials to allow them time to adjust to their new
containers. Fishes were not starved prior to a feeding experiment; however, the number
of maintenance prey (4l/lorchestes spp.) was reduced to 2 — 4 individuals on the day of an
experiment to minimize complications resulting from starvation or satiation.

During a feeding experiment, a CI. acuticeps was first offered four H. clarki
eggs to determine if the fish was willing to eat. If the fish ate, it was then offered an egg
from Ch. oculatus, Ch. lineatus or Cr. kelleri. The presentation of eggs to CI. acuticeps
then alternated between one from the non-defended H. clarki and one from a different
brood of the same “defended” amphipod species, until an egg from each available
amphipod brood had been presented to the fish. This process was repeated with a
different fish until a total of at least eight eggs from broods of the same amphipod species
had been presented to each fish for consumption or rejection. Ten fish were normally
used to complete the feeding trials for a single life cycle stage of each amphipod species.
This entire process was repeated on subsequent days using eggs from one of the other
two species of “defended” amphipods.

The reaction of CL. acuticeps to control and amphipod eggs was assigned to one
of three categories: 1) consumed, 2) rejected, or 3) ignored prey. Consumed prey were
those that the fish ingested. Rejected prey were captured but then spit out by the fish. An
ignored prey item (prey that were obviously noticed by the fish but not eaten) was

removed and presented again. If a prey item was ignored twice, it was recorded as an
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ignore. Ignore reactions were excluded from the statistical analysis. My analysis thus
examined whether amphipods were rejected once tasted, not whether they were avoided

without being sampled by the fish.

Analysis

The central question is do eggs of the amphipods Ch. oculatus, Ch. lineatus or Cr.
kelleri elicit a rejection response by the predator? The categories, accept or reject, reflect
the ultimate outcome for the amphipod and therefore represent the most relevant data for
determining defended or non-defended status. During a feeding bout, a fish was
presented a series of alternating prey types (e.g., amphipod egg, control egg, amphipod
egg, ...) until it had been exposed to a total of eight “defended” prey and eight control
prey. Accordingly, the responses by the fish within a feeding bout cannot be used as
independent data points in a statistical analysis because exposure to defended prey early
in the bout may have influenced the response by the fish to defended prey later in the
bout. Therefore, a scoring system was developed to generate an average response score

for “defended” prey and control prey for each fish for each feeding bout.

To convert my raw data into a form that could be tested statistically, a numeric
value was assigned to each response category (1 = consumed, and 2 = rejected). The
number of responses a fish made in a particular category was multiplied by the
appropriate numeric value. Therefore, if a “defended” prey score for an individual fish
was 4 consumed and 4 rejected, its total score would have been (4 x 1) + (4 x2) =12,

with an average response score of 1.5 (12/8 prey). In this scoring system, a higher value
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for the response score is indicative of a higher frequency of rejection responses. A
response score for control prey was calculated by the same method. The “defended” and
control prey response score were compared for statistically significant differences by a

Wilcoxon signed rank test.

Ontogeny of chemical defense: are newly released juveniles defended?

To assess if the chemical defense in the three defended gammarid amphipod
species is present as the brood is released from the brood pouch of the mother, 1
compared the feeding response of CI. acuticeps when fed newly released broods
(hereafter juveniles) from the three amphipods with that of comparably sized non-
defended amphipod, Allorchestes. The juvenile amphipod feeding trials were based on
the assumption that juvenile Ch. oculatus, Ch. lineatus and Cr. kelleri do not feed
exogenously while in the brood pouch, and do not return to the brood pouch after leaving
it. Both are rare behaviors in amphipods (Bousfield 1973) thus, free swimming juveniles
collected from brooding females maintained in the lab were assumed to have received no
nutrition other than that originally supplied in the egg.

Data on the palatability of newly released juveniles of each species were collected
from May to late June, 2061. The timing of brood releases by Ch. oculatus, Ch. lineatus
and Cr. kelleri is not simultaneous; therefore, the two month time span was necessary
such that juveniles of all three species could be collected. Average, minimum, and
maximum brood size and the time frame over which juveniles were collected is recorded

in Appendix A.



36

Individual gravid Ch. oculatus, Ch. lineatus and Cr. kelleri were placed in
separate containers containing filtered seawater. These were kept partially submerged on
a flow-through sea water table. When the female released her brood, the juvenile
amphipods were removed from the parent container with a plastic pipette. Broods of
newly-released amphipods were collected daily. Each brood of juveniles was placed in a
new container of filtered seawater separate from its mother. Experiments began when a
total of five to eight separate broods of juveniles from each species were collected. The
broods for a particular species were labeled and used in random order during a feeding
trial to mitigate against potential inter-brood differences in level of defense.

Palatability was tested using CI. acuticeps approximately 35 mm in length in
round feeding arenas measuring 12 cm in diameter and 10 cm in height. The bottom of
the feeding arena was covered with a thin layer of sand such that the new container
resembled the holding containers. Fish were transferred to feeding arenas the day before
feeding trials to allow sufficient time for the fish to adjust to their new containers.
Feeding trials with newly released juveniles followed the same procedure and analysis
used in experiment described above for eggs with the exception that the palatability of
juvenile Ch. oculatus, Ch. lineatus, and Cr. kelleri was compared with that of comparably
sized juveniles of Allorchestes spp., a non-defended, palatable amphipod. The reaction of
Cl. acuticeps to each food item presented was recorded using the categories of predator
response described in the eggs feeding experiments.

Recordings of fish behavior during feeding trials were amenable to analysis that

included a gradient of predator responses. Predator responses were recorded as one of
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four categories: swallowed prey, coughed and swallowed prey, coughed and spit out the
prey and spit out prey without coughing. Coughing described a forceful movement
where the fish thrusts its mouth open and flares the opercula. In this gradient, a direct
swallow (1) was considered a response to a non-distasteful prey. Coughed and
swallowed (2) was viewed as a reaction to weak distastefulness. The cough and spit
reaction (3) was viewed as weaker distastefulness than an immediate spit (4). In
analyses, these four response categories were converted into a response score similar to
that used in the egg and juvenile feeding experiments described above with the exception
that each response was weighted to represent the gradient of distastefulness (1 = swallow,
2 = cough and swallow, 3 = cough and spit, 4 = spit). Control prey response scores were

compared to these data for significant differences by a Wilcoxon signed rank test.

The use of up to eight individuals from the same brood on multiple CI. acuticeps
allowed for a comparison of responses by multiple predators to a single brood. A
homogeneity Chi-square was used to test for consistent responses by predators among
broods to identify broods that were significantly different from others in the frequency of
consume or reject responses by predators. Although this type of analysis is confounded
by the possibility that some individual CI. acuticeps may be more sensitive to the
defensive chemical than others, this possibility was controlled for by only comparing
broods that were exposed to the same set of predators and is an ecologically relevant

comparison of variation in defense.

Ontogeny of chemical defense: are adults defended?
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To complete the analysis of ontogenetic patterns in chemical defense among the
three defended amphipod species, data on the response of O. maculosus to post release,
field-caught individuals were collected in June-July 2000 (Norton and Hutchinson in
prep.). These experiments were conducted using the same procedure described above for
experiments with eggs and juveniles. Because individuals of O. maculosus reach a larger
size than those of CI. acuticeps, they are a better match in size for the adult amphipods.
This predator species demonstrates the same behavioral responses as CI. acuticeps
(swallow, cough/swallow, cough/spit, and spit). These responses were used to calculate
predator response scores as described for egg and juvenile feeding experiments and were
analyzed similarly. To examine changes in predator response across life stages, a
Kruskal-Wallis test was used to compare predator response scores among eggs, juveniles
and adults for each amphipod species. This was followed by Wilcoxon-Mann-Whitney
tests to identify which life stages showed significant differences. Significantly rejected
life stages indicated the onset of chemical defense in that species; P-values for these a

posteriori test were adjusted using a Bernoulli correction.

Can Ch. oculatus regenerate defensive chemicals?

Because Ch. oculatus was the most abundant of the three species during my field
season and are also more easily induced to release their defensive chemical, this species
was tested for its ability to regenerate defensive chemicals. This work consisted of two
parts. The first part was designed to test the ability of starved Ch. oculatus to regenerate

the defensive chemical. The second part was designed to test the role of diet in the
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regeneration of defensive chemicals. Both parts of the experiment were conducted over

the same six-day period during the summer of 2001.

Preparation of amphipods

To deplete the amphipods of their defensive compounds, a group of 300-mid
sized Ch. oculatus, approximately 5 mm in length, were transferred into a mesh container
and placed in fresh water for one minute and then returned to sea water and allowed to
recover for at least 30 minutes. Exposure to fresh water causes the amphipods to release
defensive chemicals from the midgut caecae. This process was repeated three more times,
for a total of four one-minute “dunks” for this group of amphipods. Preliminary trials
indicated that four one-minute dunks are sufficient to deplete the supply of defensive
chemicals in a Ch. oculatus individual and render it palatable. A control group of 300

Ch. oculatus were transferred to tanks of filtered seawater but not dunked.

Do starved Ch. oculatus regenerate their defense?

A group of depleted amphipods and a group of control amphipods were held for
up to six days during the duration of this experiment. Two plastic aquariums (40 x 20 x
30 cm) were filled with filtered sea water, placed in a flow-through sea water table to
maintain temperature and aerated to ensure adequate dissolved oxygen. In these
aquariums, 96 of the 300 depleted amphipods and 96 of the control amphipods were

isolated and not provided with food during the six days of this experiment. The



40

palatability of these amphipods was tested using the predator, CI. acuticeps, measuring
approximately 35mmTL, on the same day as dunking occurred (day zero), and two and
six days after the dunking. These predation trials were carried out as described

previously for predation experiments on eggs, juveniles and adults.

Does diet influence regeneration?

The second part of this work assessed the role that food may play in regenerating
chemical defenses in Ch. oculatus. Both laboratory observations and fecal collections
from the field (see results, chapter 1) indicate that the diet of Ch. oculatus includes both
crustaceans and sea cucumbers, including Cucumaria miniata. C. miniata is known to
possess defensive compounds (saponins) that deter predation by fishes (Bingham and
Braithwaite 1986), while P. danae is not known to produce defensive chemicals.
Accordingly, I set up the following groups: (1) 32 depleted Ch. oculatus that were
provided with pieces of tail meat from P. danae; (2) 32 control Ch. oculatus with pieces
of P. danae; (3) 32 depleted Ch. oculatus in a holding tank with a live sea cucumber, Cu.
miniata; and (4) 32 control Ch. oculatus in a holding tank with a live Cu. miniata.
Amphipods were allowed to feed for five days and then offered to CI. acuticeps on day
six in feeding experiments like those described for eggs and juveniles: However, in these
experiments, only four prey were offered to the fish since amphipods used in these
experiments were large enough to cause satiation of the predators when offered in higher
numbers. A feeding trial consisted of a palatable control (Allorchestes spp.), two

depleted Ch. oculatus alternated with palatable control amphipods (4/lorchestes spp.),
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and a non-depleted Ch. oculatus followed by a final palatable control amphipod
(Allorchestes spp.). Prey were offered in this order so that a distasteful experience with
non-depleted Ch. oculatus would not effect the response by the fish to depleted Ch.

oculatus.
Analysis

Response scores (consumed vs. rejected) of predatory fish feeding on starved or
fed Ch. oculatus were determined as described earlier for the feeding trials on eggs,
juveniles and adults. A Wilcoxon signed-rank test was used to evaluate the feeding
responses of fish on starved depleted Ch. oculatus and on the palatable amphipod
Allochestes spp. for day zero of the experiment. A Kruskal-Wallis test was used to
compare feeding responses on starved depleted Ch. oculatus among days 0, 2 and 6 for
equality of response scores. This analysis, if significant, was followed by an a posteriori
Wilcoxon-Mann-Whitney tests with a Bernoulli correction to identify those days in
which significantly different feeding responses occurred. A Kruskal-Wallis test was used
to assess differences in the response of predatory fish on day 6 among starved depleted
Ch. oculatus, depleted Ch. oculatus that had subsequently been allowed to feed on P.
danae (not chemically defended) and dunked Ch. oculatus that were allowed to feed on

C. miniata (chemically defended).
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RESULTS
Ontogeny of chemical defense

While a wide variety of marine and terrestrial invertebrates pass chemical
defense to their offspring via materials packaged in the egg, there is no evidence that the
eggs of chemically-defended gammarid amphipods received this type of chemical
defense. A total of 193 eggs were tested for palatability (67 for Ch. oculatus, 63 for Ch.
lineatus and 63 for Cr. kelleri). All of the eggs were consumed with no indication of
distastefulness to the predators; hence, there was no indication that the eggs from any of

the three species of amphipods were chemically defended. (Figure 2-1).

In palatability tests with pre-feeding juveniles, Ch. oculatus, Ch. lineatus and Cr.
kelleri did not evoke equivalent responses from the predators. While juvenile Ch.
oculatus experienced 20 % rejection by predators, this was not significant when
compared to Allorchestes spp. (Wilcoxon signed rank test, P = 0.125). All juvenile Ch.
lineatus were consumed. Juvenile Cr. kelleri, however, were rejected significantly more

often than the palatable control prey (Wilcoxon signed rank test, P = 0.002) (Fig. 2-1).

Analysis that incorporated the gradient of predator responses to prey (1 =
swallow, 2 = cough and swallow, 3 = cough and spit, 4 = spit) showed that juvenile Ch.
oculatus evoked a higher frequency of cough and swallow, cough and spit, and spit than
the palatable control, Allorchestes (Wilcoxon signed rank test, P = 0.008) (Fig. 2-2).
Similarly, juvenile Ch. lineatus showed a significantly higher frequency of cough and

swallow responses by predators but did not produce any response above this level
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Figure 2-1. Percent consumption by the predator CI. acuticeps for eggs (E) and juveniles
(J) and the predator O. maculosus for adults (A) of the three “defended” amphipod

species. Values are means + standard error.
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Figure 2-2. Behavioral responses of CI. acuticeps to pre-feeding juvenile Ch. oculatus
and Ch. lineatus compared to their behavioral response to the control amphipods,
Allorchestes spp. Responses are abbreviated as follows: Swallow = Sw, cough and
swallow = Ch/Sw, cough and spit = Ch/Sp and spit = Sp. Values are means + standard

€IT0r1.
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(Wilcoxon signed rank test, P = 0.031) (Fig. 2-2). All but one juvenile Cr. kelleri were

spit out immediately.

There was some evidence for variation in effectiveness of the chemical defense
against predatory fish among broods of juveniles. There was a significant difference in
the categories “consume” vs. “reject” among juvenile Ch. oculatus (X?=13.59,df =3,
P<0.005). That is, some broods of this species experienced greater consumption by the
predators than others (Table 2-1). The consumption of Ch. lineatus by CI. acuticeps was
not different from their consumption of the non-defended control amphipods as both
juvenile Ch. lineatus and Allorchestes spp. were always consumed. Juvenile Cr. kelleri
were always rejected by CI. acuticeps; thus there was no observable difference in

reactions by predators to this species.

Naive O. maculosus rejected the adults of all three defended amphipods
(Wilcoxon signed rank test, all P-values < 0.008). Adult Ch. oculatus were rejected in a
little over half (58%) of the trials compared to the control, comparably sized Allorchestes,
which were never rejected. Adult Ch. lineatus and Cr. kelleri were never consumed

during feeding trials with the predator O. maculosus (Fig. 2-1).

Unpalatability to predatory fish developed at different life stages among Ch.
oculatus, Ch. lineatus and Cr. kelleri (Kruskal-Wallis test, all P-values < 0.00001). Ch.
oculatus and Ch. lineatus did not evoke a significant rejection response by predatory fish
until the adult stage (Wilcoxon-Mann-Whitney test, P-values < 0.004). Of the three

species, Cr. kelleri showed evidence of chemical defense earliest in the life history,
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Table 2-1. Percent consumption by CI. acuticeps of broods of juveniles released from
female Ch. oculatus. Each brood was exposed to the same set of seven CI. acuticeps.

Each predator tasted 10 newly-released Ch. oculatus.



Species Brood % Consumed | % Rejected # of predators
Ch. oculatus  #134 64 36 7

#140 79 21 7

#25 79 21 7

#113 86 14 7

mean 77 23

std.err. +8.9 +8.9

49
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evoking a rejection response by predatory fish as a newly released juvenile (Wilcoxon-

Mann-Whitney test, P = 0.0001).

Regeneration of chemical defense by Ch. oculatus

While repeated dunking in freshwater was an effective means to deplete the
chemical defense in Ch. oculatus, individuals were capable of restoring their defense in
as little as two days (Fig. 2-3). Ch. oculatus were as palatable as the non-defended
control amphipods after four dunks in freshwater on day zero (Wilcoxon signed rank test,
P =1.0). After two days without access to food, these depleted amphipods were rejected
significantly more often than the palatable control food (Wilcoxon signed rank test, P =
0.0001) and were also rejected significantly more often than depleted amphipods on day
zero (Wilcoxon-Mann-Whitney test, P = 0.0015) (Fig. 2-3). There was no significant
difference in rejection between depleted amphipods tested on day two and depleted
amphipods tested on day six (Wilcoxon-Mann-Whitney test, P = 0.2824). However, even
after six days, depleted amphipods were not rejected with the same frequency as Ch.
oculatus that were never depleted of their chemical defense (non-dunked control)

(Wilcoxon signed rank test, P = 0.0005) (Fig. 2-3).

The opportunity to feed on defended prey did not enhance the ability of Ch.
oculatus to regain its defense. There were no significant differences among dunked
amphipods that were starved for six days or provided with access to chemically-defended

sea cucumbers or with palatable shrimp Ch. oculatus (Kruskal-Wallis test, P = 0.30)
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(Figure 2-4). Thus, diet does not seem to play a role in acquisition of chemical defense in

Ch. oculatus.
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Figure 2-3. Percent consumption (mean + standard error) by the predator CI. acuticeps of
Ch. oculatus that were exhausted of their defensive chemical (day 0) and two days and

six days later. These amphipods were not provided with food.
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Figure 2-4. Percent consumption (mean + standard error) by the predator CI. acuticeps of
Ch. oculatus after the amphipods were exhausted of defensive chemical on day zero and
then starved for six days (starved), fed a non-defended diet of Pandalus danae (P. danae)

or a defended diet of Cucumaria miniata (Cu. miniata) for six days.
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DISCUSSION

Ontogeny of chemical defense

Ch. oculatus, Ch. lineatus, and Cr. kelleri were dissimilar in the schedule of
development of chemical defense through the life stages: egg, newly-released-juvenile
and adult. The eggs of all three species were consumed. At this point in the life history
none were defended against predatory fish. Ch. oculatus and Ch. lineatus at the juvenile
stage were not significantly rejected; however, an analysis that included the gradient of
predator responses (swallow, cough and swallow, cough and spit, and spit) showed there
were significant differences between controls and these species when “coughing” by the
fish was considered an indication of distastefulness. In this analysis, 51% of pre-feeding
juvenile Ch. oculatus received a response of cough and swallow or higher and 19% of
pre-feeding juvenile Ch. lineatus received a response of cough and swallow. The
differences in predator behavior when tasting these amphipods compared to the palatable
control may indicate a weak level of chemical defense and may mark the beginning of
chemical defense development in these species. Cr. kelleri was rejected by predators as
juveniles at the time of release from the brood pouch and therefore showed a fully
developed chemical defense at the pre-feeding stage. The evidence of a weakly
developed chemical defense in pre-feeding juveniles of the two Chromopleustes species,
and a fully developed chemical defense in pre-feeding juveniles of Cr. kelleri preceded in
all three species by palatable eggs, is indicative of an endogenous source of chemical

defense.
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Transmission of defenses from parents to offspring has been reported in a variety
of marine organisms. Chemical defenses have been reported in asteroid eggs (Lucas et
al. 1979, McClintock and Vernon 1990), ascidian larvae (Young and Bingham 1987,
Lindquist et al. 1992), and the egg masses of a nudibranch (Pawlik et al 1988). In most
cases, the chemically defended larvae of these organisms are brooded lecithotrophic
larvae (non-feeding), relatively large and conspicuously colored, and quickly settle to the
adult habitat (i.e. did not have an extensive planktonic stage) (Lindquist 1996).

In these amphipod experiments, all brooded eggs were palatable as well as the
juveniles of the two Chromopleustes species. Orians and Janzen (1974) asked “why are
embryos so tasty?” after noting that many organisms loose large proportions of their eggs
or larval stages to predators and pointed out that the evolution of distasteful eggs and
larvae should be favored. They hypothesized that eggs and larvae generally lack
chemical defenses due to autotoxicity resulting from a fundamental incompatibility of
actively growing tissues and secondary metabolites used in defense (Orians and Janzen
1974). Energetic constraints may also limit investment in secondary metabolites in a
trade off between deterrence and potential development rates (Orians and Janzen 1974).
Interestingly, Ch. oculatus, the least well defended as an adult of the three species tested,
had the highest fecundity measured during my study (Appendix A). Life history theory
predicts higher fecundity for organisms that suffer high mortality from predation (Green
1967). For example, Daphnia lumholtzi exposed to fish predation as adults had higher
reproductive effort and lower growth rates than individuals that developed in the absence

of fish predators (Green 1967).
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There is an energetic cost to de novo synthesis of chemical defense (Bowers
1992). This cost is derived from the diversion of resources that might otherwise be used
for growth, for the production of defensive compounds (Bowers 1992). If an individual
experiences a cost for being less palatable than other individuals in the population then it
may be to the advantage of some individuals to cheat, to produce less or even no defense,
and yet gain protection from predation by predators who have experience with the less
palatable individuals (Bowers 1992). Substantial variation in the defensive chemical
content of individuals within a population has been documented in a diversity of systems
(Brower et al. 1968, 1982, 1984; Bowers 1980; Gardner and Stermitz 1988; Jones et al.
1987, 1989). Because the individuals are the same species, the visual resemblance is
exact. This phenomenon has been called automimicry (Brower et al. 1968, 1970). The
relative abundance of models and automimics in the population, coupled with the
predation pressure and the discriminatory ability of the predators, will determine the
efficacy of automimicry.

The palatability experiments with juveniles of Ch. oculatus provided possible
evidence of automimicry. Broods of pre-feeding juvenile Ch. oculatus were not
consumed equally by CI. acuticeps. 1t is useful to use broods in feeding trials with
predatory fish to look for evidence of automimicry because genetically similar
individuals (siblings) were exposed to multiple predators, and the consistency of the
responses by predators to a brood analyzed. One possible explanation for variation in
consumption of broods is that individuals of some broods may start to develop the

defensive chemical earlier than individuals of other broods. Eventually all broods may
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reach the same level of defense. A second possible explanation is that some individuals
produce a higher concentration of the defensive chemical. Recall that newly-released
juvenile Ch. oculatus experienced rejection in 20 % of encounters with predatory fish.
Even though this level of rejection was not significantly different from the palatable
control amphipods, it showed evidence that some newly-released Ch. oculatus are better
defended against predatory fish than those which were consumed. When some
individuals of the species are chemically defended against predators while other are not
or are less defended, this is considered automimicry. Because adults of this species are
sometimes consumed there is evidence the phenomenon of automimicry may play an

important role in adult populations as well.

Regeneration of chemical defense by Ch. oculatus

Ch. oculatus depleted of chemical defense was able to regenerate its chemical
defense in a few days regardless of the quantity or quality of food. Starved amphipods
were as well defended as fed amphipods regardless of the prey offered after a period of
six days. It appears, based on these experiments, that the source of chemical defense in
Ch. oculatus was independent of diet and was produced de novo rather than sequestered
from prey items.

For organisms that produce defensive compounds de novo, variation in the
amount and thus effectiveness of the defense may depend on a variety of factors such as
the number of recent discharges (Eisner 1965) and the time since the last use of the

defense (Eisner 1965, Abushama 1972). Ch. oculatus depleted of their defensive
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compound, regained defensive ability within two days however; even after six days, these
amphipods were not rejected with the same frequency as Ch. oculatus that were never
depleted of their chemical defense. When defensive chemicals cannot be replenished
quickly, conservation (i.e., reluctance to use the defense) of these chemicals is important
for maintaining defensive ability. Repeated dunks in freshwater were necessary to
provoke regurgitation to the point of depleting the defensive chemicals of Ch. oculatus.
This indicated a storage mechanism and an unwillingness to use the entire store of
chemical on a single attack/offense.

The general conservativeness of arthropods regarding defensive secretions may
reflect this inability to rapidly regenerate defensive compounds. Dethier (1939) observed
that the froth produced by the arctiid Apantesis arge was only partially regenerated 3-12
hours after the initial secretion had occurred. Eisner (1967) examined the cyanogenetic
potential of two species of millipedes and demonstrated that after one week, both were
able to produce and discharge less than 10% of their initial capacity and even after two

months were not able to produce their defensive chemicals at initial levels.

Evaluation of endogenous versus exogenous chemical defense

Based on a review of intensive research of insect chemical ecology, Bowers
(1992) proposed several requirements for the evolution of unpalatability due to
sequestration of secondary metabolites from prey. The initial requirement is that the
organism feeds on chemically defended prey. In chapter one I found that Ch. oculatus

fed on chemically defended prey (Cu. miniata and potentially other sea cucumber
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species). Ch. lineatus fed on unidentified echinoderms; so it is possible, but not
conclusive, that this species fed on chemically defended prey. Cr. kelleri did not feed on
chemically defended prey based on fecal analysis. Thus, only Ch. oculatus meets the
first requirement for sequestration of chemical defense, although the possibility Ch.
lineatus and Cr. kelleri may also feed on defended prey cannot be ruled out because of
the limitations of fecal analysis.

Not all life stages of Ch. oculatus, Ch. lineatus and Cr. kelleri were chemically
defended. The absence of chemical defense at the egg stage in the life history indicated
the mother did not pass the chemical defense to her offspring in any of the amphipod
species studied. The rejection by predators of pre-feeding juvenile Cr. kelleri is
indicative of de novo production of defensive compounds, since these individuals never
had the opportunity to feed and therefore could not acquire defense through an exogenous
source. Ch. oculatus and Ch. lineatus were not significantly rejected as pre-feeding
juveniles and can only be considered defended at the adult stage. However, the
frequency of “cough and swallow” reactions by the predators in feeding trials with these
species may be an indication of a developing chemical defense at the pre-feeding juvenile
stage.

The most conclusive evidence for de novo production of chemical defense among
the three species studied was the regeneration of chemical defense within two days by
Ch. oculatus that had been depleted of defensive chemicals and deprived of food. While
this provides strong evidence for an endogenous source, it should be noted that even after

depletion, there may be diet-derived precursors stored within the body tissues that are not
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immediately available for use in defense. To investigate this possibility, future research
might include identification of the defensive chemical used by these amphipods and
comparison with possible matches found in their diets.

The selective agents for the adaptations of unpalatability and associated
characteristics, such as warning coloration and gregariousness, are generally considered
to be visually oriented predators (Bowers 1992). The dynamic relationship between the
selective agents and the characteristics of chemically defended organisms has been
studied extensively for terrestrial arthropods. In 1930, Fisher first suggested that kin
selection was a prerequisite for the evolution of unpalatability and warning coloration.
Because aposematic animals are often gregarious, the attacked individual could be killed,
but in the process, the predator would learn to avoid other similarly-colored individuals,
which were likely to be siblings in the same aggregation as the attacked individual. This
suggestion became commonly accepted (Benson 1971, Harvey and Greenwood 1978,
Harvey and Paxton 1981) until a series of experiments suggested that individual selection
could also be invoked to explain the evolution of unpalatability and warning coloration
(Jarvi et al. 1981, Wiklund and Jarvi 1982, Sillen-Tullberg 1985). These experiments
showed that several species of aposematic insects, including lepidopteran caterpillars,
beetles, and true bugs could survive attack by birds. Because the attacked individual
survived, it was not necessary to invoke kin selection as an explanation for the evolution
of unpalatability and warning coloration. Experiments with adult Ch. oculatus, Ch.
lineatus and Cr. kelleri showed a 98% survival rate 24 hours after being attacked (Norton

pers. comm.) and may provide additional support for the idea of individual selection.
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The presence of chemical defense in adults of all three species and the nearly
identical aposematic coloration of Ch. oculatus and Ch. lineatus creates the possibility of
an association where both species benefit from being distasteful and having the same
warning coloration since predators may learn to avoid both species after tasting either one
or the other (Norton and Hutchinson in prep.). Because Ch. oculatus was less well
defended than Ch. lineatus as an adult, there is the possibility of quasi-Batesian mimicry
(Speed 1993). In this case a palatable or presumably more palatable species (Ch.
oculatus) might benefit from the distasteful experience a predator had with the highly
unpalatable species with similar coloration (Ch. lineatus). At the same time, because Ch.
oculatus is far more abundant, it is more likely to function as a model than as a mimic.
Also, Ch. oculatus may not have to be as defended individually because they occur in
dense aggregations and may derive protection from this.

Interest in the chemical ecology of marine organisms has grown tremendously in
recent years (Paul 1992). This research provided additional examples of the great
potential the marine environment has as an area for research in chemical ecology and that
the huge diversity of amphipods, in particular, may provide new opportunities to study

the dynamics between predators and chemically defended species.
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APPENDIX A:

Average brood size + standard error, minimum and maximum brood size at the time of

brood release. Dates through which broods were collected are given.
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Species

Mean + st. err.  Maximum Minimum  Collection dates

Chromopleustes oculatus
Chromopleustes lineatus
Cryptodius kelleri

324 )7 67 9 5/24 t0 6/17/01
16 +1.7 28 7 6/22 to 6/29/01
1721 23 6 6/22 to 6/30/01
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APPENDIX B:

Observed percent frequency of occurrence of prey types and expected values used in
Chi-square tests for homogeneity of frequency of occurrence of prey. Numbers in

parentheses indicate the number of fecal pellets with identifiable prey.



Species Pennate Centric Crustacean  Seacuc. Echinoderm

diatom diatom parts ossicles  pedicellaria
Ch. oculatus (106) 44 70 9 29 4
Ch. lineatus (24) 21 17 0 0 63
Cr. kelleri (21) 86 57 10 0 0
Expected value 46 60 7 21 13
Season
Winter (18) 28 50 6 39 22
Summer (58) 43 79 14 21 0
Expected value 40 72 12 25 5
Location
Bell Island (64) 39 75 12.5 19
Twin Peaks (26) 81 73 0 46
Expected value 51 74 9 27
Substrate
Sea cucumber (12) 67 58 42
Rock (14) 93 86 50

Expected value 81 73 46




