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Figure 5-4. Do newts possess strategies that limit predation on their eggs? (Top) The
number of caddisflies observed at five heights in aquatic vegetation over a five-hour
period compared with the proportion of eggs deposited at four different heights by female
newts exposed to caddisflies during vertical oviposition trials. All trials were conducted
in the lab. Elodea line drawing provided by the University of Florida, Center for Aquatic
and Invasive Plants. (Bottom) Mean (+ SE) proportion of eggs that survived over a 25
hour period when placed at one of three different heights (cm) above the substrate in a
natural pond. Different letters indicate significant differences between treatments (P <
0.05).
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Figure 5-5. The mean height obtained by larval caddisfly Limnephilus flavastellus in
relation to (A) Larval mass (Fpi241 = 7.7, R2 = 0.24, P = 0.01), (B) case length (solid
circles; Fp1241 = 11.4, R2 = 0.32, P = 0.003), and case diameter (hollow circles; F1 241 =
10.1, R2 =0.30, P = 0.004).
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length (Fp24 = 11.4, R? = 0.32, P = 0.003, Fig. 5-5), and case diameter (Fjy24 = 10.1, R?

=0.30, P =0.004, Fig. 5-5) and the height obtained in vegetation.

Field experiment on egg survival

Caddisflies were observed on the experimental stakes and evidence of predation
by caddisflies (torn egg jelly and consumed yolk) was identified on most stakes. The
height of newt eggs in the pond had a significant effect on their survival (df =2, F = 7.51,
P =0.002, Fig. 5-4), with eggs placed near the substrate suffering the greatest predation
and survival increasing with increasing height (Fig. 5-4). Block (pond) had no effect on

egg survival (df =2, F =1.44, P = 0.25).

3. ISTHE TTX PRESENT IN NEWT EGGS SEQUESTERED BY CADDISFLIES?
Caddisflies that consumed five newt eggs in the laboratory had significantly
higher levels of tetrodotoxin in their tissues than caddisflies that did not consume newt
eggs (df =22, F =5.06, P < 0.001, Fig. 5-6). Many of the caddisflies frozen immediately
after collection from Soap Creek ponds had elevated levels of TTX. However, total TTX
(ng) was negatively correlated with body mass (N = 32, F = 55.86, R* = 0.65, P < 0.001,
Fig. 5-6). Caddisfly larvae collected at Soap Creek ponds but reared in the lab retained
TTX despite being maintained on an egg-free diet (Fig. 5-6). Larvae that successfully
pupated and eclosed in the laboratory also retained similar TTX levels, with some
individuals retaining TTX for at least 135 days after collection (Fig. 5-6). Nine larvae

and nine adult caddisflies from Utah (H. occidentalis) did not possess tetrodotoxin.
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Figure 5-6. Is the TTX present in newt eggs sequestered by caddisflies? (Top) Mean
(x SE) total amount of TTX (ng) present in the tissues of caddisflies that had consumed
five eggs in the laboratory. Caddisflies that consumed eggs had significantly higher levels
of tetrodotoxin than caddisflies that did not consume eggs (df = 22, F = 5.059, P < 0.001).
(Middle) The total amount of tetrodotoxin (ng) in the tissues of larval caddisfly
Limnephilus flavastellus in relation to body mass (N = 32, F = 55.86, R = 0.651, P <
0.001). Caddisflies were frozen immediately after collection from a pond containing
actively breeding newts. (Bottom) Total amount of TTX (ng) present in caddisflies
collected from a pond with actively breeding newts and reared in the lab.
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4. WHAT IS THE POTENTIAL FOR INDIRECT SELECTION BY

CADDISFLIES TO LEAD TO ELEVATED TOXICITY IN NEWTS?

Caddisflies consumed progressively fewer eggs as the amount of TTX in the eggs
increased (Fig. 5-7). There was a significant difference in the number of eggs consumed
by caddisflies when those eggs contained low (569 ng), medium (676 ng), or high (1108
ng) quantities of TTX (Fp282 = 6.75, P = 0.002, Fig. 5-7). In the low and medium TTX
treatments, 28% and 31% of caddisflies failed to consume any eggs, respectively. In
contrast, 55% of caddisflies in the high TTX treatment failed to consume a single egg.
Further, in the low TTX treatment 49% of caddisflies consumed two or more eggs,
whereas 31% and 14% of caddisflies in the medium and high TTX treatments consumed
two or more eggs. The maximum number of eggs consumed (maximum possible was 10)

in the low, medium, and high TTX treatments was 10, 3, and 2, respectively.

DISCUSSION

EVOLUTION OF BEHAVIOR IN PREDATOR AND PREY

Caddisflies are major predators of newt eggs and appear to be resistant to the
negative effects of tetrodotoxin poisoning (see Chapter 3). In addition, caddisflies possess
a series of behavioral responses that likely increase access to newt eggs. One species of
caddisfly, L. concolor, responded to the presence of gravid female newts by increasing
activity. The most abundant species (L. flavastellus) was specifically attracted to
chemical cues emanating from gravid female newts, as well as the presence of recently

deposited eggs. Surprisingly, this response disappeared after the female newts had
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completed egg deposition. These results, combined with the lack of response to male

newts and TTX in an agar solution, indicates that a response is contingent upon a specific
cue present during gravidity that is currently unknown.

Previous studies have determined that caddisfly larvae can detect and respond to
water-born chemical stimuli (Boyero et al. 2006; see Chapter 2), yet in these cases,
changes in behavior were the result of exposure to predators. Spanhoff et al. (2005)
examined the response of caddisflies with intact and excised antennae to patches of algal
biofilm. The authors found that random movement, rather than attraction to chemical
cues from those patches, was the method used to locate food. Unlike periphyton or
detritus, eggs provide a resource rich in lipids and protein, and caddisflies are often found
in aggregations on dead fish and egg clusters from fish and amphibians (Murphy 1961;
Brusven and Scoggan 1969; Fox 1978). Caddisflies attain greater sizes when they
consume eggs in the laboratory (see Chapter 3), and larger sizes have been correlated
with greater egg production in female caddisflies (Spanhoff 2005; Jannot 2009).
Caddisflies that respond to cues indicating the presence of eggs would likely consume
more eggs in the wild, thereby gaining a fitness advantage. Further, both strategies for
finding eggs would likely increase the rate at which caddisflies find and consume newt
eggs in nature, further strengthening their role as a selective agent on the newt
population.

Given the potential for caddisflies to influence selection on newts via egg
predation, one would predict the evolution of behavioral strategies by newts that limit
predation on their progeny. In this laboratory study, female newts avoided egg predators

by ovipositing in microhabitats relatively inaccessible to predatory caddisflies. Caddisfly
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locomotion is generally limited by the presence of a portable case (Dodds and Hisaw

1925), and most species are restricted to benthic habitats (Betten 1934; Mackay and
Wiggins 1979). In the laboratory, caddisfly abundance decreased with increasing plant
height, indicating that L. flavastellus does not commonly use the upper portions of
aquatic vegetation. Larger caddisfly larvae, which consume greater numbers of eggs in
the laboratory (see Chapter 3), are even less prone to climb vegetation than are smaller
larvae, and larger wild-caught caddisflies possessed lower quantities of TTX, further
indicating large larvae are not consuming eggs in the wild and may be inefficient
predators on newt eggs. This spatial isolation has yielded a microhabitat that serves as an
optimal oviposition site for female newts.

Discrimination between oviposition sites has been shown to affect offspring
survival and parental fitness. For example, phytophagous insects often exhibit strong
preference for specific host plants, and offspring survival on these plants is often higher
than on non-preferred species (Rausher 1980; Thompson and Pellmyr 1991). For prey
with access to discrete oviposition sites that vary in predation risk, avoidance of habitats
containing egg or larval predators may greatly increase offspring survival. For example,
mosquitos avoid depositing eggs in habitats containing predatory notonectids,
amphibians, and fish (Chesson 1984; Petranka and Fakhoury 1991). Several treefrog
species (Hyla) deposit more eggs in artificial ponds that lack predatory conspecifics,
salamanders, and fish than in ponds containing these predators (Resetarits and Wilbur
1989; Crump 1991; Resetarits and Wilbur 1991; Resetarits 1996). In these cases, predator
dispersal is limited (e.g. fishes), and successful oviposition is dependent on the presence

of habitats that completely lack predators (e.g. Hopey and Petranka 1994). Caddisflies are
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highly mobile as adults (winged) and inhabit almost all freshwater ecosystems (Wiggins

and Currie 2008). It is therefore unlikely that female newts would find a completely new
pond that lacked these predators. However, because predation pressure from caddisflies
varies spatially within a pond, newts are able to reduce the risk of predation on their eggs
by selecting oviposition sites within a breeding habitat that are less accessible or
unsuitable to caddisflies.

Spatial variation in predation pressure likely has driven the evolution of
behavioral responses to avoid egg predators and increase female fitness. For this
behavioral strategy to be effective, eggs deposited high in the water column must be more
likely to survive. Results from our field experiment indicate that eggs deposited higher in
the water column are indeed subjected to reduced predation and may therefore be more
likely to survive to hatching. Therefore, female newts increase total lifetime fitness by

shifting oviposition upward in the water column.

POTENTIAL FOR SELECTION

Maternal toxicity is correlated with egg toxicity in newts (Hanifin et al. 2003).
This relationship implicates predation on newt eggs as a potential pathway for indirect
selection on toxicity, one that could ultimately yield elevated TTX levels in adult newts.
It was previously unclear whether egg consumption by a predator was capable of
influencing selection on toxicity. For selection to operate on the toxicity of adult newts
caddisflies must preferentially consume more eggs that contain lower quantities of TTX.
In no-choice trials caddisflies consumed almost five times more eggs that contained

lower (500 ng), as opposed to higher (1100 ng), quantities of TTX. This difference in
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preference suggests that they have the potential to indirectly drive the selective

environment of the newt population.

It is unclear how caddisflies distinguish between palatable eggs (low TTX) and
less palatable eggs (high TTX) without sampling the contents of each egg. There is very
little variation in toxicity level within a clutch of eggs from a female newt (Hanifin et al.
2003), and sampling one egg would provide a reliable measure of the toxicity of the other
eggs. Similarly, the Bella moth (Utetheisa ornatrix) provisions its eggs with pyrrolizidine
alkaloids, which are then deposited in clusters on the larval food plant (Dussourd et al.
1988). A predator of those eggs, larvae of the green lacewing (Ceraeochrysa cubana),
sample one or a few eggs from a clutch and reject clusters that contain high
concentrations of the toxin (Eisner et al. 2000). However, in our study more than half of
the caddisflies given the most toxic eggs avoided the eggs entirely, indicating that some
other method of discrimination is likely utilized by caddisfly larvae to assess the toxicity
of newt eggs.

Caddisflies attain larger sizes when they consume toxic eggs in the laboratory
compared to control individuals that do not consume eggs (see Chapter 3), and it is
possible that retaining the TTX present in these eggs may provide additional fitness
benefits. Caddisflies that consume eggs in the laboratory sequester small concentrations
of TTX in their tissues. Sequestration of toxins from prey occurs in a variety of
organisms including insects (Eisner et al. 1997; Nishida 2002), New Guinea passerine
birds (Dumbacher et al. 1992; Dumbacher et al. 2004), dendrobatid frogs (Daly et al.
1994), and bufophagous snakes (Hutchinson et al. 2007). Similarly, garter snakes that

consume toxic newts sequester TTX in the liver (Williams et al. 2004). Tetrodotoxin was
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found in the tissues of wild-caught caddisflies and was retained by some individuals

through metamorphosis. Organisms that sequester toxins are assumed to utilize it for
defense (Brower and Glazier 1975; Dussourd et al. 1988), and the TTX present in
caddisflies may protect the larvae or winged-adults or could be secondarily transferred to
the caddisflies’ eggs or offspring (e.g. Eisner et al. 2000; Hutchinson et al. 2008). If TTX
does serve a defensive function in caddisflies, individuals that are able to consume and
sequester greater quantities of toxin may receive a fitness advantage, leading to greater

tolerance and preference for TTX laden eggs.

IMPLICATIONS FOR COEVOLUTION

The phenotypic interface of the coevolutionary arms-race between newts
(Taricha) and garter snakes (Thamnophis) is the potent neurotoxin tetrodotoxin. In this
well characterized system newts have evolved extreme toxicity, which has been
countered in snakes via modifications to the amino acid sequence of the sodium channel
protein, thereby conferring resistance to TTX poisoning (see review in Brodie 2010). The
level of selection on each population is geographically variable, with one of the most
intense interactions occurring in the Willamette Valley of Oregon (Hanifin et al. 2008).
Newts originated in the early Cretaceous (approximately 100 million years ago; Zhang
and Wake 2009), whereas the ancestor of modern colubrid snakes (Colubridae), including
garter snakes (Thamnophis), did not originate until at least 50 million years later (Pyron
and Burbrink 2011). All modern newts possess tetrodotoxin (Hanifin 2010); therefore its
evolution in salamanders preceded the origin of garter snakes. There may be multiple

selective influences on the evolution of toxicity, and understanding the origin of extreme
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toxicity in the arms-race requires analyzing the role of alternative predators in toxin

evolution.

The interaction between caddisflies and newts is complex, and the question
remains: Are caddisflies and newts involved in a coevolutionary interaction? For this
process to occur, natural selection imposed by caddisflies must lead to defensive
adaptations in newts, which further increases selective pressure on caddisflies to exploit
their prey (i.e. reciprocal selection). Over three-quarters of a million caddisflies may
occupy a single pond from central Oregon and that under optimal conditions they have
the potential to consume the entire reproductive output of a newt population in as little as
36 hrs (see Chapter 3). Further, caddisflies possess behavioral adaptations that likely
increase their ability to find and consume newt eggs. This may be partially moderated
however by behavioral adaptations of female newts to reduce predation on their eggs.
Although the details are unknown, caddisflies appear to be at least partially resistant to
the negative effects of TTX (see Chapter 3), indicating that selection (newt — caddisfly)
may occur. The preference that caddisflies exhibit for lower toxicity eggs has the
potential to lead to the elevation of toxicity (caddisfly — newt). Although the results of
this study do not demonstrate reciprocal selection between newts and caddisflies, the
interaction between these species is multifaceted and could potentially involve this
process.

Ultimately, the predator-prey arms-race between snakes and newts may be
influenced by caddisflies if the correlation between egg toxicity and maternal toxicity,
combined with selective egg predation, leads to indirect selection on the toxicity of

newts. At the extreme, snake resistance, believed to be due to selection from newts, could
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be due to correlational selection with caddisflies if the primary selective pressure driving

adult toxicity is egg predation. In this case, snake resistance may be “hitchhiking” on an
arms-race between caddisflies and newts. Nevertheless, the reciprocal pathway is also
possible, and caddisflies may be consuming toxic eggs only as a byproduct of
coevolution between snakes and their toxic prey. Certainly, each player may be
influencing the traits of the other to some degree, and only additional research will begin
to elucidate the extent of interaction between these three players in the evolution of the
arms-race between toxicity and resistance.

Most organisms have multiple predators, and understanding the evolution of an
arms-race requires an analysis of the selective role of all potential predators. The
ancestors of caddisflies (Trichoptera) arose approximately 225 million years ago
(Wiggins 2004), well before the origin of newts; recent work has demonstrated that
caddisflies may be major players in the arms-race revolving around tetrodotoxin (see
Chapters 3 and 5). Specifically, newts and caddisflies exhibit a series of behavioral
adaptations that limit egg predation and facilitate egg consumption, respectively, that is
redolent of a behavioral arms-race. Moreover, the TTX sequestered by caddisflies and the
preference they exhibit for eggs with less toxin indicate reciprocal selection between
newts and caddisflies is possible, and that this interaction may influence the

coevolutionary process between newts and snakes.
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Table 6.1. Summary of the known attributes of the interaction between caddisflies, newts,

and snakes.

Caddisflies

Extremely abundant

Feed on newt eggs

Resistant to negative effects of TTX

Larger larvae consume more eggs in the lab
Attracted to gravid female newts

Attracted to recently deposited newt eggs
Primarily benthic and do not climb vegetation
Large larvae do not climb as high as small larvae
Sequester tetrodotoxin after eating newt eggs
Sequestered toxin retained through metamorphosis
Prefer consuming eggs with less TTX

(This Study, Chapter 3)
(This Study, Chapter 3)
(This Study, Chapter 3)
(This Study, Chapter 3)
(This Study, Chapter 5)
(This Study, Chapter 5)
(This Study, Chapter 5)
(This Study, Chapter 5)
(This Study, Chapter 5)
(This Study, Chapter 5)
(This Study, Chapter 5)

Newts

TTX stored in the skin, ovaries, and eggs

Egg toxicity correlated with female toxicity

Avoid caddisflies by ovipositing at top of water column
Eggs laid higher are more likely to survive

TTX deposited in egg retained by larvae and juveniles
Juveniles with more TTX more likely to survive predation

Multiple newt species have entered an arms race
Geographic variation in toxicity

Adults avoid chemical cues from newt-fed snakes
Newts with more TTX more likely to survive predation
TTX increases in long-term captive newts

(Twitty 1937; Wakely et al. 1966)
(Hanifin et al. 2003)

(This Study, Chapter 5)

(This Study, Chapter 5)

(This Study, Chapter 4)

(This Study, Chapter 4)

(Brodie et al. 2005)
(Brodie and Brodie 1991; Hanifin et al.
1999; Brodie et al. 2002)

(Gall et al. 2011)
(Williams et al. 2010)
(Hanifin et al. 2002)

Snakes

Feed on adult newts
Resistant to TTX

Amino acid substitutions to sodium channel protein
Some populations have escaped the arms-race
Multiple snake species involved in arms race
Ability to self-assess resistance

Geographic variation in resistance

Trade-off between speed and resistance

Sequester TTX in liver after consuming newts
Preadapted to TTX ingestion

Allele variation in Na,1.4 correlates with resistance

(Brodie 1968)
(Brodie 1968; Brodie and Brodie 1990;
Geffeney et al. 2002)

(Geffeney et al. 2005)

(Hanifin et al. 2008)

(Brodie et al. 2002; Feldman et al. 2009)
(Williams et al. 2003)

(Brodie et al. 2002)

(Brodie and Brodie 1999)

(Williams et al. 2004)

(Motychak et al. 1999)

(Feldman et al. 2010)
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In Chapter 3, | started to evaluate the interaction between newt eggs and their

predators. First, | characterized the macroinvertebrate community at my study site and
tested a suite of these invertebrates for their propensity to consume toxic newt eggs in the
laboratory. | estimated that caddisflies were extremely abundant (approximately 775,000
per 0.21 hectare pond). Moreover, caddisflies were the only invertebrate to consume any
number of eggs in the laboratory (see Chapter 3), confirming preliminary observations
from previous researchers (Lehman 2006; Lehman and Campbell 2007). All four species
of caddisflies that co-occur with Taricha at this site consumed newt eggs (see Chapter 3).
Moreover, individual Limnephilus flavastellus grew substantially larger when they
consumed eggs compared to when they had access to detritus only (see Chapter 3). This
research confirms that caddisflies are resistant to the negative effects of ingesting TTX.
The extreme abundance of caddisflies, their resistance to TTX, and greater growth when
provisioned with eggs suggests caddisflies are an important predator of newt eggs and
have the potential to be a major selective force on the newt population.

Consumption of TTX laden prey may introduce similar selective pressures on
ecologically different predators. For example, garter snakes from the continental United
States that prey on toxic newts (Taricha) have amino acid substitutions in the sodium
channel protein that render them resistant to TTX intoxication (Geffeney et al. 2002;
Geffeney et al. 2005; Feldman et al. 2009). Moreover, several species of snake from
Southeast Asia, Japan, and South America prey upon TTX laden prey, and all of these
species exhibit similar genetic changes rendering them resistant to the negative effects of

TTX (Feldman et al. 2012).
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Unlike the eggs, larval Taricha granulosa were assumed to be extremely

vulnerable to predation. Experiments by Twitty and Johnson (1934) and Twitty (1937)
found that Taricha eggs paralyzed their host when grafted to another species. The
paralysis persisted until the yolk was absorbed. Therefore, Taricha larvae were believed
to lack tetrodotoxin. The results of Chapter 4 however indicate that substantial quantities
of TTX are retained by developing larvae (see Chapter 4). Although the amount of TTX
in each individual does decline after hatching, larvae and recently metamorphosed
juveniles retain approximately 400 nanograms of TTX (see Chapter 4). This amount of
TTX was sufficient to repel one of the most voracious predators on amphibian larvae,
predatory dragonfly nymphs (Anax junius). Analyzing the toxicity of metamorphosed
juveniles that were palatable and unpalatable to dragonflies indicated that elevated
toxicity levels conferred a survival advantage, which is consistent with previous studies
on the survival advantage of TTX in newts (Williams et al. 2010). The amount of TTX
present in larval and metamorphosed juvenile newts was highly variable and likely
residual from the quantity initially deposited in the eggs. Because female toxicity is
correlated with egg toxicity this relationship may continue between larvae and adult
females (see Chapter 4). In addition to indirect selection on toxicity via egg predation
(Hanifin et al. 2003), these results indicate that selection may also operate on adult
toxicity indirectly through predation on the larvae.

The goal of Chapter 5 was to further assess the interaction between caddisflies
and newts. Building on information acquired in Chapter 2, it was found that two species
of caddisfly (Limnephilus flavastellus and L. concolor) were attracted to chemical stimuli

emanating from gravid female newts and recently deposited newt eggs. These data,
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combined with their propensity to consume eggs, greater growth, and great abundance

(See Chapter 3) further implicate caddisflies as a major selective force on the newt
population.

Because eggs are extremely vulnerable to predation (Orians and Janzen 1974)
many female invertebrates and amphibians have evolved behavioral defenses enabling
them to detect the presence of egg predators and shift oviposition to habitats that are
relatively safe for their offspring (e.g. Chesson 1984; Resetarits and Wilbur 1989). Like
many of these species, female newts are not defenseless toward predatory caddisflies.
Gravid female newts responded to the presence of caddisflies by ovipositing away from
caddisflies and shifting egg deposition to the upper portion of the water column. If this
shift in microhabitat use is to be a successful strategy to prevent predation, caddisflies
must be less likely to utilize this habitat and newt eggs must be more likely to survive in
this area. Caddisflies are assumed to be benthic organisms, primarily utilizing the bottom
of the pond and consuming fallen organic debri (Betten 1934; Mackay and Wiggins
1979). In the laboratory, caddisflies primarily utilized the substrate and lowest portion of
vegetation indicating the microhabitat used as an oviposition site by female newts is
unsuitable for predatory caddisflies in some way. Further, results from a field experiment
indicate the second of these tenants, that newt eggs have a greater probability of
surviving predation in this microhabitat, is also met. Combined, these results indicate
complex behavioral strategies have evolved in caddisflies to procure newt eggs and in
newts reduce the probability of predation on their offspring.

Organisms that eat toxic prey often sequester some of the toxin and utilize it for

their own defense. For example, poison-dart frogs (Dendrobates sp.) in Central and
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South America sequester large quantities of alkaloids from arthropods and other

invertebrates they consume from the leaf litter (Daly et al. 1994; Saporito et al. 2007).
These alkaloids function to repel predators (Daly and Myers 1967; Fritz et al. 1981).
Relative to their size, caddisflies consume a large amount of TTX when they eat newt
eggs. Laboratory experiments identified that caddisflies sequestered small quantities of
TTX after consuming newt eggs. Samples from caddisfly larvae collected in the field
also found similar levels of TTX indicating caddisflies consume newt eggs in nature.
Further, several caddisflies retained the TTX through metamorphosis (up to 140 days).
The role of sequestered TTX in caddisflies is unknown, although it may function in
defense of the larvae or winged-adult, or be secondarily deposited in the caddisflies eggs.
The amount of TTX retained by caddisflies is insufficient to kill avian and mammalian
predators (Williams et al. 2004), but may deter other unknown predators [e.g.
invertebrates; dragonfly larvae are far more sensitive to TTX than birds and mammals
(see Chapter 4)]. Nevertheless, TTX is also a powerful emetic (Hayama and Ogura 1962;
Kao 1966) and could function in this role for caddisflies.

Finally, to more directly assess the possible influence of caddisflies on newt
toxicity via indirect selection, | provided caddisflies with eggs of varying toxicity and
examined their preference for these eggs. Caddisflies consumed more eggs when those
eggs contained the least amount of toxin. Moreover, there was tremendous variation
between caddisflies in the number of eggs consumed indicating natural variation in either
the ability or the willingness to consume newt eggs. This preference indicates caddisflies

have the potential to drive the evolution of toxicity in adult newts by preying upon their

eggs.
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Additional research is necessary to fully understand whether reciprocal selection

is occurring between the caddisfly and newt populations. Specifically, the following
questions need to be addressed: (1) Is there variation in resistance among caddisflies
within a population? (2) What patterns of behavior, resistance, and toxicity exist between
caddisflies and newts across a large geographic scale? (3) Is the gene sequence of the
sodium channel protein in caddisflies different from populations that do not consume
newt eggs? (4) When a caddisfly sequesters TTX, where is it stored?

Is there variation in resistance between caddisflies within a population?
Assessing individual caddisfly resistance to TTX is difficult; caddisflies cannot be
injected with TTX and raced down a racetrack, and measuring LDsg is not cost effective.
Therefore, the most effective method may involve a repeated measures design whereby
an individual is provided with eggs of varying toxicities to determine the maximum
amount of toxin the individual consumes. Although this technique does not enable the
differentiation between ability and willingness, it may be the most effective way to
understand the level of variation in resistance within a population. This question is
critical to determining whether there is sufficient standing genetic variation for selection
to operate on caddisfly resistance.

What patterns of behavior, resistance, and toxicity exist between caddisflies and
newts across a large geographic scale? It is unknown whether the patterns observed
between caddisflies and newts from my study population can be extrapolated across a
wide geographic range. Therefore, it is necessary to examine this interaction in other
populations, especially populations that exhibit lower toxicity, to fully investigate the

possibility that predation on newt eggs is playing a role in the evolution of newt toxicity.
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The first step will entail collecting gravid female newts and caddisflies from multiple

populations across the western United States. These caddisflies will be offered newt eggs
from their locality to determine if egg predation by caddisflies is widespread or restricted
to central Oregon. | will use these data as the basis for examining the extent of
interaction between caddisflies and newts across their range.

Is the gene sequence of the sodium channel protein in caddisflies different from
populations that do not consume newt eggs? Caddisflies appear to be at least partially
resistant to the negative effects of ingesting TTX, yet one of the most important questions
yet to be addressed is what mechanism underlies this resistance? Garter snakes that
consume toxic newts possess amino acid substitutions in the sodium channel protein that
confer varying levels of resistance to TTX (Geffeney et al. 2005; Feldman et al. 2009,
Feldman et al. 2010). Pufferfishes possess large quantities of TTX in the liver and ovary,
and genetic deviations analogous to those found in TTX resistant snakes are responsible
for resistance in these species (Venkatesh et al. 2005). Further, molluscs exposed to high
concentrations of saxitoxin (STX) from algal blooms exhibit changes in the P-loop region
of domain Il of the sodium channel, thus conferring resistance to STX (Soong and
Venkatesh 2006); STX is functionally similar to TTX. Thus, it seems probable that TTX
resistance in caddisflies from Soap Creek ponds may be the result of similar action. The
first critical phase to answering this question will be to compare the sodium channel gene
sequences from caddisflies in sympatry and allopatry with toxic newts. | will also
compare these sequences to sodium channels from organisms with known resistance to
investigate whether caddisflies sodium channels possess similar genetic modifications

that may confer resistance to TTX.
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When a caddisfly sequesters TTX, where is it stored? Caddisflies sequester

tetrodotoxin after consuming newt eggs, and substantial quantities are retained through
metamorphosis. Yet, the location where the toxin is stored remains unknown. [ will
dissect and section adult caddisflies with specific focus on the wings and integument,
ovaries, testes, and viscera. This information may provide valuable information about the

ecological function of TTX in caddisflies.
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