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ABSTRACT

ALTERED BEHAVIOR AND COST OF MANIPULATION: THE ACANTHOCEPHALAN

LEPTORHYNCOIDES THECATUS IN ITS AMPHIPOD HOST HYALELLA AZTECA

Behavioral manipulation occurs when a parasite causes changes in its host’s behavior to
the parasite’s benefit. The parasite benefits from these behavioral changes by increased survival
or transmission. It has been hypothesized that such manipulation carries a cost for the parasite
because energy allocated to manipulation does not contribute to growth or reproduction. The
acanthocephalan parasite Leptorhynchoides thecatus provides a system in which to test this
concept. This parasite uses the amphipod Hyalella azteca as an intermediate host and fish as
definitive hosts; it has not been previously shown to alter host behavior. This system is
advantageous for testing costs of manipulation: the size of the larval cystacanth stage in the
intermediate host provides an easily quantified measure of fitness. Larger cystacanths establish
in the fish host more frequently than smaller cystacanths. If manipulation is costly, I predict that
there should be a negative relationship between the strength of behavioral change and fitness
measures (larval size).

I compared geotaxis, phototaxis, photophilia, and activity responses of infected and
uninfected H. azteca to determine whether L. thecatus modified behavior. I also measured the
responses of infected and uninfected amphipods to alarm pheromones and predator kairomones. |
then investigated whether these behavioral changes were correlated with larval size.

I found that L. thecatus does indeed alter host behavior. Compared to uninfected
amphipods, infected amphipods were found higher in the water column, spent greater time in

lighted areas, and were more active. There was no difference in phototaxis; both groups of
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amphipods swam away from a direct light source. Infected amphipods also reduced anti-predator
responses to alarm pheromones and predator kairomones.

This is the first example of altered alarm pheromones behavior in parasitized amphipods.
These findings strongly suggest that L. thecatus increases encounters between its intermediate
host and definitive host predators and that the parasite increases its transmission rate through
behavioral manipulation. None of these behavioral changes were correlated with a decrease in
larval size as predicted by the manipulation cost hypothesis. In fact, larger cystacanths altered
geotaxis and photophilia more than smaller cystacanths did.

Finally, I compare L. thecatus host use data collected from Atkinson Reservoir,
Nebraska, between 2008 and 2011 to published data from 1979-1980. Both data sets show that
the Green Sunfish (Lepomis cyanellus) and Pumpkinseed Sunfish (Lepomis gibbosus) are the
highest quality hosts for this population. However, the current data suggest a possible shift in
secondary hosts from Largemouth Bass (Micropterus salmoides) to Bluegill Sunfish (Lepomis
macrochirus).

Understanding the cost associated with any trait sheds light on the evolution and
maintenance of that trait. This dissertation uses a unique population of L. thecatus to add this
parasite to the growing list of those that behaviorally manipulate their hosts, and to demonstrate
that, contrary to predictions from the theoretical literature, behavioral manipulation is not

necessarily costly.
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CHAPTER 1: Introduction and Study System
Introduction

Parasitic worms are foreigners that colonize other animals. They live with very different
requirements for success and different tools for survival than their hosts and free-living cousins.
In many ways these worms appear simplistic; they often lack eyes and ears, complex nervous
systems, and even mouths and guts. But this simplicity is deceptive; parasites are incredibly
successful at what they do and possess highly effective adaptations to succeed. Lacking eyes and
ears, they navigate chemical gradients to specific sites of infection. They deploy an arsenal of
hooks, suckers, and chemical cocktails to resist efforts of their hosts to dislodge and eliminate
them. Parasites face two primary hurdles: surviving destruction by their host’s defenses and
getting to new hosts before their current host dies (Combes 2001). This second hurdle can be
quite high, because the number of parasites that survive transmission to new hosts is usually
vanishingly small. Perhaps the most famous adaptation to overcome this barrier is the mind-
bogglingly large number of offspring that many parasitic worms produce. In addition, many
worms behave so that they are more likely to encounter their new hosts (e.g. at night for
nocturnal hosts), and others employ an impressive strategy: altering their host’s behavior to
deliver the parasite’s most desirable outcome.

Parasitized hosts frequently behave differently than uninfected ones (Moore 2002). Some
behavioral changes help the host rid itself of the parasite, e.g. behavioral fever, while others
increase the chances that the parasite succeeds in reaching a new host in reproducing (Moore
2002). These types of behavioral changes can be quite dramatic and specific. The famous
horsehair worm causes its cricket host to jump into water; the parasite then escapes the host and

swims away to find a mate (Blunk 1924, Thorne 1940, Thomas ef al. 2002). Some trematodes



cause an ant to climb to the top of a blade of grass and latch on so that they are more likely to be
consumed by a sheep (Carney 1969). And thorny-headed worms have been shown to cause
aquatic crustaceans to swim away from the safety of the lake bottom to the surface where they
come into more frequent contact with a surface-feeding duck (Bethel and Holmes 1973, 1977).
While the examples of parasite induced behavioral change are many, there is still much that we
do not understand, including how do these manipulations evolve and are maintained.

This study explores the evolutionary cost of manipulation. We know that these
manipulations are advantageous because they increase transmission or survival, but at what cost?
Conceptual studies have proposed that the cost of manipulation is significant (e.g. Poulin 1994,
Vickery and Poulin 2010) and this cost is generally assumed to be a facet of behavioral
manipulation, but empirical tests of these costs are lacking. This may be due to the fact that
relatively few study systems are suitable for testing such questions. I propose that the
acanthocephalan parasite Leptorhynchoides thecatus offers an ideal system to answer these
questions. In this first chapter I will describe this study system, review the aspects of the
particular population used in the following studies, and address why this system lends itself to

testing questions of cost.

Classification and Description

Leptorhynchoides thecatus (Kostylev) is placed in the phylum Acanthocephala. This
phylum is commonly known as the “thorny-headed worms” because of the prominent proboscis
on the anterior end, which is covered with a large number of hooks. This phylum of parasitic
worms infects arthropod intermediate hosts and vertebrate definitive hosts. In the intermediate

host, acanthocephalans grow through of three developmental stages. First, when an appropriate



arthropod ingests the egg, the motile acanthor stage leaves its egg casing and penetrates the
host’s gut (Roberts and Janovy Roberts 2009). The worm settles in the host’s hemocoel, becomes
relatively immobile, and begins to grow in the acanthella stage. The acanthella is not infective to
final hosts and at this point resembles an adult worm with a spine-covered proboscis and single
body region. The final larval stage is the cystacanth, in which the proboscis withdraws into the
body, a cyst wall forms around the parasite, and the parasite is infective to its definitive host
(Roberts and Janovy 2009).

All acanthocephalans live in the vertebrate intestinal tract as dioecious sexually
reproducing adults. They lack an internal digestive tract and absorb all nutrients through the
body wall. The body cavity of the female is used almost exclusively for egg production. Each
female produces large numbers of eggs, which pass with the host’s feces into the environment to
continue the lifecycle, when the egg is ingested by an appropriate arthropod.

Leptorhynchoides thecatus is in the class Palaeacanthophala, a group in which adult
worms infect fish, amphibians, reptiles, birds, and mammals. This acanthocephalan class is
characterized by a double walled proboscis receptacle and fragmented cement glands and
hypodermal nuclei (Amin 1987). Leptorhynchoides thecatus is placed the order Echinorhynchida
and family Rhadinorhynchidae. The genus name Leptorhynchoides comes from the Greek roots
for lepto, “thin,” and rhynch, “nose,” and oides, “like.” The specific epithet, thecatus, “cased
(Gr)” refers to the theca, or casing, around the base of each of the spines projecting from the
proboscis.

Linton (1891) first described L. thecatus and placed it in the genus Echinorhynchus
(Lincicome and Van Cleave 1949a). The species was moved to the genus Leptorhynchoides

along with a similar European species by Kostylev (1924) and placed in the family



Rhadinorhynchidae (Lincicome and Van Cleave 1949a). The natural geographical range of L.
thecatus stretches across North America, from northern Canada to the Caribbean and Atlantic
seaboard in the East to generally the Mississippi river in the West (Steinauer ef al. 2006), but has
been introduced in other areas (see below). This parasite encompasses a great deal of
morphological variation across the range. Lincicome and Van Cleave (1949a) distinguished
between populations in Canada and the United States by the number of spines on the proboscis, a
trait that also differs between male and female worms. In the United States, male worms are 3-
12mm in length and the proboscis bears 12, or rarely 14, rows of hooks with 11-15 (average 13)
hooks each. Female worms are larger, between 6-26mm long, and 12 rows of hooks with 12-16
(average 13) hooks in each row (Lincicome and Van Cleave 1949a).

The only known intermediate host for L. thecatus is the freshwater crustacean Hyalella
azteca (Saussure, Amphipoda). DeGuisti (1949) used H. azteca and rock bass (Ambloplites
rupestris Rafinesque) to demonstrate the life cycle of the parasite and the details of its
development within the amphipod. While H. azteca is the only known intermediate host for this
parasite, this host specificity is unlikely a limit the parasite’s range because H. azfeca inhabits a
great variety of freshwater habitats across North America, from northern Canada to Central
America and from Pacific to Atlantic coasts (Smith 2001). Infections take approximately 30 days
to mature from the time the acanthor penetrates the amphipod’s gut to infective cystacanth
(DeGuisti 1949). However, this process is temperature dependent and colder temperatures retard
the development of the parasite. Infections in H. azteca cultured at 13°C took twice as long to
mature as those cultured at 20-25°C (DeGuisti 1949). Cystacanths in the amphipod are soft white
in color and the parasite does not sequester carotonoids as some other acanthocephalans do, so

dissection is necessary to reliably tell whether an amphipod is infected by a cystacanth. Uznanski



and Nickol (1980) tested L. thecatus for lethal and sublethal effects on H. azteca and found no
significant difference in survival between infected and uninfected amphipods in the first 24hrs or
one month of infection. To my knowledge, there are no studies on the effects of L. thecatus
infections on the reproductive capacity in female H. azteca. While other parasites do interfere
with oogenesis in amphipods, the results of Uznanski and Nickol (1980) suggest that this is not
the case for this host-parasite system.

Centrarchid fish are the primary definitive hosts for L. thecatus (see below). After an
infected amphipod is consumed, the cystacanth activates in the stomach of the fish and
establishes in the pyloric caeca at the junction of the stomach and intestine (Uznanski and Nickol
1982). Not all cystacanths go directly to the pyloric caeca, but must migrate within the anterior
intestine to the establishment site (Richardson et al. 2008). One-week post infection, worms are
found exclusively in the pyloric caeca, and a typical Green Sunfish (L. cyanellus Rafinesque)
provides sufficient resources for establishment of 10-15 worms (Uznanski and Nickol 1982).
Adult worms copulate and fertilization occurs 3-4 weeks post infection (DeGiusti 1949,
Richardson et al. 1997), but adult development can be retarded at lower temperatures (Olson and
Nickol 1995). Leptorhynchoides thecatus does not form exclusive mating pairs. Males copulate
indiscriminately and repeatedly during their lifetime and are known to couple with other males
(Richardson et al. 1997). Females produce eggs with a fibrillar outer coat that shreds while
exiting the host’s digestive tract and in the outer environment. This increases the chances that
eggs catch on aquatic vegetation where the egg is more likely to be consumed by H. azteca
(Barger and Nickol 1998).

Leptorhynchoides thecatus is found in an extraordinarily variety of definitive and

paratenic hosts. This parasite is documented from a wide variety of vertebrates in North America



including fishes, amphibians, and reptiles, but it is likely that the latter two are at best paratenic
hosts (Lincicome and Van Cleave 1949b). The parasite is found in 79 different species of fish;
the centrarchid fishes are the primary hosts. Functional hosts may not be so broadly distributed,
because the reports often did not determine the reproductive status of the parasites (Ashley and
Nickol 1989). Across the parasite’s range, smallmouth bass (Micropterus dolomieu Lacépede) is
considered the most common host, followed by largemouth bass (Micropterus salmoides
Lacépede) and rock bass (4. rupestris) in frequency (Steinauer ef al. 2006). In addition, many
fish may be used as paratenic hosts, where L. thecatus cystacanths encysts in the mesenteries and
viscera of fish. Visceral cystacanths are particularly common in environments with additional
established trophic levels (Steinauer et al. 2006).

The large geographic range and geographic differences in host use led Steinauer et al.
(2007) to investigate the inter-specific variability of this parasite. Molecular techniques, host use,
habitat use, and transmission types suggest that the species called L. thecatus comprises six
highly divergent and independent lineages that should be considered separate species (Steinauer
et al. 2007). These cryptic species tend to be geographically constrained with little overlap in
their ranges (Steinauer et al. 2007). These species have not been formally distinguished, but the
geographic distinction of lineages is important for my study of this parasite’s manipulation of its
host. The L. thecatus super-species is generally limited to a range east of the Mississippi River,
although it is found westward into Louisiana and Texas (Steinauer ef al. 2006). The greatest
concentrations are around the Great Lakes, and as far west as watersheds in Minnesota, and Gulf
Coast regions. Leptorhynchoides thecatus has spread west of the Mississippi by several instances
of human introduction. A small number of established populations are known in Nebraska and

Oklahoma, and we have a single account of L. thecatus in Spokane, Washington, of larvae only



(Lang and Edson 1976). Morphological and molecular data suggest that the Nebraska population
of interest to this study was most likely introduced from a population in Wisconsin (Steinauer et
al. 2007). No accounts of this parasite are known from Colorado or Wyoming (Pete Walker,
Colorado Department of Wildlife - Fish Pathology, personal communication).

A survey of water bodies throughout Nebraska between 1971 and 1974 found L. thecatus
in seven of seventy-two ponds or dams sampled (Samuel ef al. 1976). All of these water bodies
are in the northern Sandhills region of central Nebraska, and are constrained to two watersheds:
the Elkhorn River and Niobrara River. However, the Niobrara yielded L. thecatus from only one
site at Spencer Dam and only from Largemouth Bass (M. salmoides). Atkinson Reservoir, in
Atkinson, Holt County, Nebraska, had the highest concentration of L. thecatus in nine host fish
species, and was also home to three other species of fish acanthocephalans: Pomphorhynchus
bulbocolli (Linkins in Van Cleave), Neoechinorhynchus prolixus (Van Cleave and Timmons),

and Neoechinorhynchus cristatus (Lynch) (Samuel ef al. 1976).

Leptorhynchoides thecatus Host Use in Atkinson Reservoir, Nebraska

The L. thecatus population in Atkinson differs from other populations in its fish definitive
host use. As noted above, this L. thecatus population shares traits with a population in Wisconsin
(Steinauer et al. 2007), which suggests that Atkinson parasites were introduced from the
Wisconsin subspecies. Whereas in the Great Lakes region bass are the major hosts for L.
thecatus (Steinauer ef al. 2006), in Atkinson, green sunfish (L. cyanellus), pumpkinseed sunfish
(Lepomis gibbosus Linnaeus), bluegill (Lepomis macrochirus Rafinesque), and largemouth bass
(M. salmoides) are most frequently infected (Ashley and Nickol 1989). Atkinson Lake is the

only known population in which L. cyanellus is the host species most likely to harbor gravid



female worms; L. macrochirus is much less likely to host reproductively mature female worms
(Ashley and Nickol 1989). Green sunfish is considered the primary host for this population of L.
thecatus (Ashley and Nickol 1989).

Leptorhynchoides thecatus has a rather low prevalence among amphipods in Atkinson
does. Ashley and Nickol (1989) sampled each month for a year, inspected nearly 4000
amphipods, and determined the total, yearly prevalence of L. thecatus cystacanths to be 0.7%,
with a peak in the month of May of a 2.4% (N=128 amphipods). In addition, in an entire year of
sampling only one amphipod was infected by more than one cystacanth, suggesting that multiple
infections are extremely rare in the natural setting.

Centrarchid fishes in Atkinson have a much higher prevalence than in the intermediate
host. Approximately sixty-percent of fish collected in 1978-1979 were infected with L. thecatus,
with an intensity of 1-75 worms, and a mean relative density (Relative density is defined as the
mean number of individuals of a particular parasite species per host examined — per Margolis et

al. 1982) of 3.5 worms per infected fish (Ashley and Nickol 1989).

Atkinson Reservoir Description

Atkinson Reservoir is an impoundment on the Elkhorn River at Atkinson, Holt County,
Nebraska (42°33°N, 98°58’W, elevation 2,125ft). The dam creating the lake was built in 1967 by
the city of Atkinson and state and federal agencies. There is a main channel running from NW to
S side, and 3 finger-like coves 50-100 yards in length off the main body of water (See Figure 1).
Ashley and Nickol (1989) described the lake as an alkaline, eutrophic reservoir of nearly uniform
depth, with a maximum depth of nearly 2m. While sampling for this study between 2007-2011, 1

did not test eutrophication, but estimated that the lake lies somewhere between mesotrophic and



eutrophic in nature. Water samples yielded a pH of 7.1-7.3 and General Hardness of 161 ppm
KH/GH. I did not measure the lake’s depth, but I found by wading that the centers of the coves
were deep enough to prevent crossing and estimated the depth of the cove between 2-3m. The
main channel was associated with sandbars that moved yearly depending on hydrological
conditions.

Yearly dynamics of the lake are such that some of the shallow coves freeze to the bottom
during winter and lake water levels may drop considerably during summer (Ashley and Nickol
1989). However, in the summers of 2010 and 2011 the Elkhorn River experienced heavy
flooding, which inundated the lake; the conditions during these periods were opposite to normal
summer depth drops. In June 2010 the river reached record flood levels high enough to

effectively overtop the dam (see Figures 1-2).

Management of Atkinson Lake

Nebraska Game and Parks Commission (NGPC) managed the reservoir and associated
land, including a rudimentary campground, from the 1970’s until 2008. During this time NGPC
stocked the reservoir with desirable sport fishing species (see Chapter 5). Management of the
reservoir was transferred from NGPC to the Municipality of Atkinson in 2008, and no stocking
has occurred since. In 2012 and 2013, the Municipality took advantage of low summer depths to
significantly deepen and widen the channels and bays of the lake (Charlene Paris, personal

communication).



Previous Studies on Leptorhynchoides thecatus from Atkinson Reservoir

Steinauer and Nickol (2003) used this population of L. thecatus to test whether cystacanth
size influences the parasite’s adult success. They divided cystacanths into different size classes,
fed them to L. cyanellus, and six weeks later dissected the fish and checked for parasite survival
and condition. Larger cystacanths survived the transition from larva to adult and established in
the definitive host significantly more frequently than smaller cystacanths. The authors suggest
that transition from larva to adult and establishment in the host may be energetically costly, and
smaller worms may have a harder time migrating from the intestine to the pyloric caeca.
However, many other adult traits did not differ between larger or smaller cystacanths. All adult
worms reached similar sizes regardless of their cystacanth size, and females from both
cystacanth size classes developed to a gravid state at equal rates. This study provides an
important base for my research, because larger cystacanths are more likely to survive and
establish than smaller cystacanths, and thus they have a fitness advantage.

Steinauer and Nickol (2003) also statistically analyzed the traits that influence cystacanth
size. They found that cystacanth size was significantly influenced by intensity of infection, sex of
the cystacanth, amphipod length, and an interaction between amphipod length and cystacanth

SeX.

Leptorhynchoides thecatus and Cost of Manipulation

This system presents an opportunity to test for manipulation because this population of L.
thecatus has a measure of fitness in the larval stage. We know that cystacanth size is a
determinant of survival, which is a primary component of fitness and we have an idea of the

factors that influence cystacanth size.
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Before presenting my study of behavioral modification and cystacanth size in this system,
I would like to emphasize six pertinent aspects of this study system, summarized in Table 1.
First, acanthocephalans inhabit the hemocoel of their arthropod host. This means that the
proximate mechanism of behavioral change is one carried out at distance from the central
nervous system (CNS) and other tissues. Whereas other parasites that infect the CNS can alter
host behavior by physically harming the nervous tissue, L. thecatus must cause behavioral
changes remotely. Remote mechanisms likely involve parasite-produced chemicals that are
assumed to be costly for the parasite to produce. Second, acanthocephalans generally have low
infrapopulation sizes (number of parasites per host) in their intermediate hosts - particularly
amphipods. This means that a single parasite must incur the cost of producing behavioral change
and the cost cannot be spread between many parasites (concept reviewed in Chapter 2).
Leptorhynchoides thecatus has a very low rate of multiple infections (Ashley and Nickol 1989).
Third, this parasite has a measure of fitness in cystacanth size because larger cystacanths have
higher survival success. This provides a potential measurement of fitness that can be correlated
with behavioral change.

Fourth, altered behavior and behavioral manipulation have been documented in most, but
not all, acanthocephalans (Moore 2002). Prior to this study, L. thecatus was not known to alter
host behavior, but its similarities to other acanthocephala-amphipoda systems make it likely to
exhibit behavioral change (see Moore 2002 for full list). Fifth, L. thecatus infections in the
amphipod are cryptic; we cannot reliably tell whether an amphipod is infected without killing it
and dissecting it. The first implication of cryptic infection is that behavioral experiments are by
necessity blind. An experimenter may know whether the amphipod has been exposed to

infection, but there is no way to know if the individual amphipod being observed is infected.
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Prevalence among exposed amphipods was at no time above 35% for my studies. The second
implication is that it is difficult to conduct predation studies to determine whether infected
amphipods are consumed at higher rates. Without reliable infection status, we cannot set up
experiments with particular numbers, or ratios, of infected and uninfected amphipods and test
whether a sunfish consumes infected amphipods at higher rates. Because of this, it is difficult to
demonstrate an increase in transmission rates for this parasite compared to other parasite
systems. Sixth and lastly, there has extensive study of amphipod behavior and how it relates to
predation. We can show that behaviors that have been demonstrated to alter predation in
amphipods are changed in this system and infected amphipods behave in more risky ways.

Despite this final aspect, the ability to investigate the connection between a measure of
fitness and behavioral modification offers an opportunity not present in other parasites. It allows
us to test the assumptions of the cost of manipulation, to provide important experimental
evidence to inform theoretical models, and advance our understanding of the complex

phenomenon of behavioral manipulation.
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Table 1.1. Summary of the Leptorhynchoides thecatus study system.

Aspect of study system

Implication

1 Acanthocephalans infect hemocoel of

arthropod host

2 Very low chance of multiple infection

in amphipod

3 Larger cystacanths have higher
establishment success and survival
(fitness) than small cystacanths

4 Most acanthocephalans alter or
manipulate host behavior

5 Infections in H. azteca are cryptic and

host must be dissected to determine
infection status

6 Uninfected amphipod behavior is well

studied

13

Physical damage to central nervous
system tissue by parasite not possible.

Behavioral change caused remotely.

Mechanisms are hypothesized to be
more costly for remote proximate
mechanism

Parasite must manipulate host alone and
cannot share costs

Cystacanth size may be used as a
measure of fitness

L. thecatus is likely to cause some sort
of behavioral change

Behavioral experimental protocols are
blind

Predation studies are very difficult to
conduct

We know what behaviors correlate with
increased predation



Figure 1.1. Atkinson Lake Recreation Area on July 26, 2013. This photo demonstrates normal
conditions during summer. The view is from south (downstream of the dam) looking north

toward the lake where sampling occurred. Photo courtesy of Charlene Paris. Atkinson, Nebraska
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Figure 1.2. Atkinson Lake Recreation Area on 14 June 2010. This photo was taken during the
high flood stage. Photographer is standing on or near the bridge that crosses the Elkhorn River

on a raised road south of the dam. Photo courtesy of Charlene Paris, Atkinson, Nebraska.
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CHAPTER 2: Cost of Behavioral Manipulation: Review and Concepts
Introduction

It may seem intuitive that adaptations come with associated costs. Resources are required
to build and maintain such traits, and resources used for one trait may not be available for
another (Stearns 1992). Beyond such costs, adaptations may reduce certain aspects of fitness.
What may benefit the organism in certain environments may harm its fitness in another. While
these ideas are easily conceived, defining the currency by which costs are measured and showing
that these cost exist is a challenging endeavor. This task is made no easier by the question about
cost I wish to answer: the cost of parasitic behavioral manipulation.

Parasitic manipulation occurs when a parasite alters its host’s behavior or phenotype to
increase the likelihood of transmission (Thomas ef al. 2005). Parasitic manipulation describes an
extremely broad phenomenon and has been documented in nearly every parasitic taxon (see
review in Moore 2002, also Poulin 1994a). Because this phenomenon has been documented in
such a diverse array of organisms, Poulin (2010) suggests that it may have evolved as many as
20 separate times. Despite the prevalence of behavioral manipulation, we have a limited
understanding of the proximate mechanisms that parasites use to alter host behaviors.

This chapter will address the cost of manipulation in two parts. First, I will provide a
review of how manipulative costs have been approached in theoretical analyses and how
demonstrations of mechanistic pathways have influenced how we think about costs. Second, |
will categorize the types of potential costs parasites might incur; I will address how the few
demonstrations of cost that we do have fit into the larger picture, and how we may best

demonstrate these types of costs in the future.
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Definitions

Before reviewing studies on the costs of manipulation, a brief review of the history of
“parasitic manipulation” is in order, along with how the term has changed over time. Parasitic
manipulation is currently, and most frequently, defined as an alteration in behavior or phenotype
that benefits the parasite, usually by increasing its transmission rate (Thomas et al. 2005). Early
studies did not use this term, but rather documented “altered” or “modified” behaviors (Bethel
and Holmes 1973, Bethel and Holmes 1977, Moore 1983). The term “manipulation” became
popular around 1990 (Moore and Gotelli 1990), and likely took hold because of its simplicity,
ease in comprehension, and powerful psychological impact. While the early studies did not use
the term manipulation, today we recognize them as having the attributes of manipulative host-
parasite systems.

After the introduction of the manipulation hypothesis, the term was used in a variety of
ways. Poulin (1994b) used the term manipulation in his theoretical approach to the cost of
manipulation. However, his definition of manipulation included “only changes in host behavior
that follow specific actions by the parasite” (Poulin 1994b, pg. S110). I have contemplated
Poulin’s definition and its implications for understanding of cost of manipulation is a good
starting point. In the twenty years since that publication, we do not have clear demonstrations of
such specific actions. Other authors have adopted terms that limit the scope of manipulation in
order to more easily understand the phenomenon. While there is merit in such careful definition
of manipulation, to do so when addressing the cost of manipulation leaves us with too few
studies within a given category and even more opportunities for speculation. For clarity I will use

the definition of manipulation proposed by Thomas et al. (2005; see above).

20



Theoretical Approaches to Cost of Manipulation

Although our theoretical understanding of the cost of manipulation is rudimentary, it has
been addressed in models of manipulation. I will address three central theoretical approaches.
The first, put forth by Poulin (1994b), incorporates cost to explain patterns of manipulation. The
basis for his analysis is the assumption that energy used for manipulation is not available for
reproduction, growth, or fighting the host’s immune system. This idea fits the definition of a
physiological trade-off as described by Stearns (1992). Poulin (1994b) narrows his focus by
defining “active manipulation” as manipulation requiring an active involvement of the parasite at
the cost of decreased growth or reproduction. Building from this assumption, costs can be
optimized to the greatest increase in transmission with the least manipulation effort (ME; see
Figure 1 in Poulin 1994b). If the manipulative effort can be optimized by the parasite, a set of 6
predictions follow that address how certain parasite population characteristics would affect ME*
in each case. For example, a small parasite infrapopulation size (parasites per individual host) is
predicted to have a higher ME* because single, or few, parasites must invest all of the energy
required for manipulation; parasites with large infrapopulations could possibly share the costs of
manipulation (Poulin 1994b). To my knowledge, the predictions presented in this paper have not
been revisited (but see Poulin et al. 2005) and we are as yet unable to assess the accuracy of
these theoretical concepts. Regardless, Poulin’s paper is significant in that it was the first to
propose costs of manipulation.

In the original paper, Poulin (1994b) discusses the fact that we have no information on
the physiological costs he hypothesizes. In a 2010 review, Poulin (2010) slightly modified the
conceptualization of costs by adding a curve representing the increased probability of dying early

because the energy that could have been used by the parasite to support life has been invested in
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manipulation instead (see Figure 1 in Poulin 2010). In the same paper, Poulin (2010) notes that
the nature of the curve in these figures has not been demonstrated. While Poulin offers a
significant starting point for understanding manipulation, it is possible that additional factors
may have been overlooked. For example, if a threshold must be reached before manipulation
occurs, then parasites may be forced to invest so long as the increased likelihood of transmission
remains larger than the fitness costs associated with the change.

The second analysis that illuminates the cost of manipulation was presented by Parker e?
al. (2009). The purpose of this analysis was to predict host manipulation by trophically
transmitted helminths in two forms: decreasing host mortality (suppression of predation on the
host) and increasing host mortality (enhancement of predation). The model is extensive and
includes 40 mathematical parameters - including five representing various aspects of costs for
both suppression and enhancement. The authors model cost by assuming that increased
manipulation decreases the parasite’s reproduction, in terms of egg production.

Parker et al. (2009) note that among other components of mortality, suppression of
predation (decreasing predation below that achieved by normal predator-avoidance behavior) is
important early in the intermediate host infection, and allows maturation of the larva so that it
can be infective to the next host. Manipulation that suppresses predation in this stage increases
parasite fitness because all parasites must reach infectivity if they are to be successfully
transmitted. Suppression of predation is simpler than enhancement of predation because reducing
all predation tends to happen earlier in the parasite’s development and does not have to target
specific predators.

Enhancement of predation, on the other hand, is more complex and involves two

components: the length of survival in the intermediate host and the cost in egg production later in
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the definitive host. If a parasite survives for a long time, then enhancement of predation will
evolve only if the manipulation is more likely to increase predation by the appropriate host
(selective manipulation) rather than predation by inappropriate hosts (non-selective) (Parker et
al. 2009). Additionally, if the host suffers high mortality due to non-predator-related factors, then
enhancement should not evolve. “Predation enhancement manipulation requires the increase in
transmission rate, devalued due to the reduction in fecundity through the manipulative effort, to
be greater than the average increase in the mortality of its intermediate host.” (Parker et al. 2009,
pg. 451). When parasites do not live long periods in the intermediate host, the benefits of
predation enhancement, selective (increasing predation by viable hosts) and non-selective
(increasing all predation), are greater because any increase in the chance of suitable host
predation is better than a certain demise. Between these two longevity extremes in the
intermediate host, natural selection favors predation enhancement that is as selective as possible.

Reduced egg production as a result of manipulation also influences whether predation
enhancement evolves. High reduction in egg production prevents enhancement from developing.
However, Parker et al. (2009) also conclude that small manipulative costs can explain
enhancement even when it increases all components of intermediate host mortality. In this case
an enhancement mutation may not spread by selective advantage, but could spread by genetic
drift if the costs of manipulation are very small (approaching 0) (Parker et al. 2009).

Parker et al. (2009) model costs in terms of future reproductive success, but also suggest
that in the context of mortality-associated costs (Poulin ef al. 2005) their model can be
interpreted in terms of mortality due to manipulation. They do conclude, “High costs may be a
key reason why host manipulation is observed in some parasite species, but not in other closely

related species.”(Parker et al. 2009, pg 457) However, comparative studies of manipulation are
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lacking in the literature (despite calls by Moore and Gotelli (1990) nearly 20 years ago), and this
issue will take some time to resolve.

My final example of theoretical approaches to cost of manipulation is a game theory
model of manipulation (Vickery and Poulin 2010). This analysis models a trematode system;
trematodes commonly share intermediate hosts with both kin and non-kin conspecifics. These
authors incorporate three costs. First, they assert that manipulation requires effort (energy) that
reduces growth rate in the intermediate host and potentially decreases survival or reproduction in
the definitive host. They cite evidence of behavior-altering chemicals and suggest that these are
produced in specialized structures that must be built and maintained in manipulative parasites.
Second, manipulation costs parasites when they are exploited by conspecifics that do not expend
energy on manipulation. These “hitch-hiking” parasites gain the advantage of manipulation but
do not pay the costs (Thomas ef al. 1998). Vickery and Poulin (2010) incorporate work by
Brown (1999) that suggested that parasites could balance individual selective disadvantages with
kin-selection advantages when they share hosts with kin. The last type of cost Vickery and
Poulin (2010) address in their model is the disadvantage that manipulative parasites experience
in competition with non-manipulative parasites that do not invest in manipulation. The logical
justification of both the second and third costs assumes that the first energetic cost exists and is
significant.

Using this model, Vickery and Poulin (2010) conclude that a lone parasite should invest
up to one-half of its fecundity for the benefits of manipulation. However, in the presence of
competition from other parasites this investment should decrease. The benefits of manipulation
are sufficient to remain profitable even in the presence of other kin, so long as they do not

overload the host and kill it (Vickery and Poulin 2010). Relatedness and the passive transmission
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rates appear to be key determinates of the investment that parasites put into manipulation for this

model.

Mechanisms and Cost

Increased understanding of proximate mechanisms of manipulation has influenced how
we understand cost and will continue to play a major role in that understanding. Helluy (1983)
demonstrated that there are imbalances in serotonin levels in amphipods infected with
manipulative parasites. Helluy and Holmes (1990) found octopamine and dopamine imbalances
associated with behavioral alterations in amphipods, although dopamine appears to be more
important to behavioral change (Tain et al. 2006, Tain et al. 2007). Dopamine has also been
demonstrated in other parasitic behavior manipulations (Prandovszky et al. 2011).
Norepinephrine (Zuk et al. 1990), cytokines (Boucias and Pendland 1998, Friberg ef al. 2010),
phenoloxydases (Cornet ef al. 2009), and NO (Helluy 2013) are among a growing list of
molecules implicated in manipulation (for recent syntheses see Adamo 2013, Helluy 2013, Biron
and Loxdale 2013). A comprehensive description of the mechanism is beyond the scope of my
focus on cost, but there are a number of helpful sources that do address mechanism (review in
Moore 2002, Lefévre et al. 2009, Adamo 2012, Helluy 2013, Lafferty and Shaw 2013, Perrot-
Minnot and Cezilly 2013). While it has proven difficult to demonstrate that these
neurotransmitters originate from the parasite rather than the host, our understanding of
mechanisms suggest that manipulators may pay relatively little energetic cost to induce
behavioral changes in some cases.

Adamo (2002) shifted thinking on mechanism by demonstrating that altered behavior can

result from the immune response of the host. Thomas et al. (2005) incorporated this concept and
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proposed two major classes of modification pathways: (1) direct effects, which are chemicals
produced by the parasite that affect the host nervous system or muscle, and (2) indirect effects,
which comprise affects on non-excitable tissues other than nerves or muscles that result in host-
mediated changes in behavior. Adamo (2013) added a third manipulative pathway, suggesting
that parasites can induce genomic and/or proteomic activity changes in the brain of the host.
Thomas et al. (2005) asserted that for indirect mechanisms the cost of manipulation could be
surprisingly small, which likely applies to the genomic and proteomic pathway (Adamo 2013).
As researchers begin to untangle the Gordian knot of parasite and host chemical
production (and resulting crosstalk), speculation about cost appears to be inevitable. In recent
reviews of this subject, Adamo (2013), Lafferty and Shaw (2013), Biron and Loxdale (2013) all
mention cost of manipulation, with the prevailing logic being that indirect and genetic/proteomic
pathways are cheap and that parasites may avoid more costly direct pathways of manipulation.
The involvement of host immune response makes the costs of manipulation much lower, but
links manipulation with selection for parasite traits for surviving host immune system attack and
pathology (Lefévre et al. 2008, Helluy 2013, Perrot-Minnot and Cezilly 2013). Such links among
these factors increase the complexity that must be assessed to understand the evolution of
parasitic manipulation and highlights the number of different selective forces parasites balance to

maximize fitness (Combes 1997).

Categories of Cost
The term cost has applied equally to energy consumption, decreased fecundity, and
increased mortality (Vickery and Poulin 2010), and I contend that this generic definition limits

our understanding. I believe it useful to categorize the possible costs so that we can be more
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specific about the costs we are addressing so that we can facilitate comparisons between studies.
I propose three categories: genetic costs, internal costs, and external cost for manipulative
parasites, with subcategories within each.

Genetic Cost of Manipulation

Before identifying the potential genetic costs of manipulation, I must address the genetic
basis of manipulation. Any approach to the evolution of manipulation operates under the
assumption that there must be a genetic basis and variation in these traits. There is some
preliminary evidence for genetic basis for manipulation (Franceschi et al. 2008, Franceschi et al.
2010) and intraspecific variation (Benesh et al. 2009, Sparkes et al. 2004). However, Moore
(2013) has pointed out that much work remains to be done in this field because these examples
of manipulation genetics are limited in their scope (e.g. study of strains) and confounded by the
difficulty of distinguishing between normal variation in host behavior and manipulation. The
genetic basis of manipulation is ripe for investigation and the increased ease of genetic analyses
suggest that we will see more studies on this subject in the near future.

While we lack comprehensive demonstrations of genetic bases of manipulation, there
may be intrinsic genetic costs of manipulation (van Kleunen and Fischer 2005). Genotypes
associated with stronger manipulation of the host may have a lower fitness associated with that
genotype when compared to genotypes conferring less manipulation (DeWitt ef al. 1998, van
Kleunen and Fischer 2005, Auld et al. 2010). The genetic costs may be difficult to distinguish
from non-genetic costs (Murren et al. 2013). However, as we gain a deeper understanding of the
genetic basis of manipulative traits it will behoove researchers to incorporate the techniques of
quantitative genetic experimental design and apply the lessons learned by evolutionary ecology

to clearly identify the genetic costs of these traits (van Kleunen and Fischer 2005).
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Internal Costs of Manipulation

In this category I place the production and maintenance costs of manipulative structures,
physiological trade-offs, and other costs that occur during development and survival of the
individual parasite. Poulin focused on these types of costs (1994b, 2010)

Metabolic costs — production and maintenance

First, there may be metabolic costs of production and maintenance of structures required
for manipulation. It has been argued that manipulation can be a neutral byproduct of pathology,
per Minchella (1985), but as Moore has argued (Moore 2002, Thomas et al. 2005, Moore 2013)
it is unlikely that any byproduct that routinely increases parasite fitness will remain free of
selective pressures for long. There is some evidence that manipulation may be a result of and
inseparable from host immune system evasion (Lefévre et al. 2008, Lefévre et al. 2009, Adamo
2013). The metabolic costs of both byproducts and immune system evasion are hypothesized to
be small.

It may prove difficult to quantify these production and maintenance costs (DeWitt ef al.
1998, Auld ef al. 2010). However, there is some promise in the proteomics investigations into
manipulative parasites (Thomas et al. 2003, Biron ef al. 2006, Lefévre ef al. 2009, Hughes 2013,
Perrot-Minnot and Cezilly 2013). It may be possible to identify what proteins and structures are
produced in a manipulative parasite and how much is invested in them.

Allocation Trade-offs

Allocation trade-offs are a consequence of metabolic costs. Optimal allocation involves
optimizing the partitioning of an organism’s resources to maximize fitness (Cody 1966);

allocation trade-offs involve compromises between competing traits for survival, growth, and

28



reproductive output (Silvertown and Dodd 1999). This is the logic underpinning Poulin’s
analyses (1994, 2010).

Demonstrating physiological trade-offs can be notoriously difficult (Stearns 1992,
Trumbo 1999). Trade-offs may or may not be observed under certain environmental conditions
and in some cases we only observe them when an organism experiences limited resources
(Stearns 1992). Two traits that are predicted to conflict may in fact be positively correlated,
depending on environmental conditions (Reznik et al. 2000). Despite these barriers, there are a
number of studies that indicate that the parasite larval stage is a particularly good place to
demonstrate trade-offs between traits including growth rates, maturity rates, and fecundity (e.g.
Crosson et al. 2007, Paterson and Barber 2007).

One possible case of a physiological trade-off between manipulation and another fitness-
related trait is that presented by Maure ef al. (2011). The bracionid parasitoid wasp Dinocampus
coccinellae induces its host, a ladybird beetle, to guard the wasp when it emerges from the host
to pupate. The proximate mechanism is unknown, but the authors propose that it is an effect of
the wasp’s venom (Maure et al. 2011). This study found a negative relationship between the
duration of guarding behavior by the ladybird beetle and the fecundity of the emerging wasp
(Maure et al. 2011). One explanation for these results is a trade-off between the size, or perhaps
output, of the venom organs and fecundity; larger amounts of venom require more energy and
this in turn reduces egg production, particularly if the female does not feed as an adult. However,
this case highlights the attention needed when demonstrating trade-offs, as there is an alternate
explanation: limited resources available to the growing parasite. I will discuss resource limitation

in the next section.
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External Costs of Manipulation

I will now address the costs of manipulation that do not have an origin within the
developing parasite. A parasite acquires energy from an external source, its host, and may pay
trade-off costs with the strength of its manipulation. Manipulative parasites may suffer higher
mortality in effecting the altered behavior. Competition with other parasites for host resources
belongs in this category as well. We have few examples of manipulative costs from the literature,
but those that do exist fit best into this external cost category.

Resource Acquisition Costs

Energy acquired from a host clearly benefits a parasite, but it comes at a cost in terms of
the pathology caused to the host unless resource acquisition increases (Combes 1997). The
virulence of a parasite is an optimization among factors including transmission, longevity of the
host, and mortality rates (Anderson and May 1978, 1979; May and Anderson 1978).

As an example of resource acquisition costs, let us revisit the parasitoid wasps studied by
Maure et al. (2011). These authors first suggest that production of the manipulative agent is
costly and that fecundity suffers as a result. However, they also posit that a more plausible
explanation is that the strength of the manipulative behavior — how long the beetle guards the
pupae — depends upon how much energy the ladybird beetle has. That is, the host runs out of
energy to guard the pupae. Wasps that cause more damage may have more eggs when they
emerge from the pupae because they have taken more from their host, but the beetle will guard
them for a shorter period of time.

Mortality Costs

Thomas et al. (2005) proposed that indirect manipulation pathways had the potential to

make manipulation costs very small and questioned whether they could be demonstrated. Poulin
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et al. (2005) responded that there were in fact at least three documented cases to demonstrate
costs. However, these costs differed from those in previous studies (Poulin 1994b, Thomas et al.
2005) because they occur in the form of increased mortality, and thus belong in the category of
external costs of manipulation. Poulin ef al. (2005) submitted that individual manipulative
parasites suffered greater mortality compared to other parasites in the same animal that cause
little or no manipulation. Manipulative parasite died at higher rates because of predation,
inability to develop, and host immune system.

The most comprehensive example of mortality costs presented by Poulin ef al. (2005) is
that of two trematode species that both parasitize the cockle Austrovenus stutchburyi. Individual
parasites of both species can be manipulative when they locate themselves near the edge of the
cockle’s foot causing malformation, rendering cockles unable to burrow, and increasing the rate
at which predators consume infected cockles. A minority of individuals of both species encysts
in the middle (25%) or base (10%) of the foot. These individual parasites do not cause
manipulation, but reap the benefit. There is a demonstrable cost to this manipulation. Cockles
stranded above the substrate have a higher predation rate from unsuitable hosts, such as a
predatory whelk. Not only this, but a non-host predator, a labrid fish, feeds by taking bites out of
the malformed foot of infected cockles and in doing so ends the lives of those trematodes near
the edge of the foot (Mouritsen and Poulin 2003a). Manipulation increases the predation rates of
cockles by 5 to 7 times compared to that of buried, healthy cockles (Mouritsen 2002), and the
manipulative parasites suffer nearly 20% additional mortality as a result of the labrid fish than
conspecifics located at the base of the foot (Mouritsen and Poulin 2003b). In this case Poulin et

al. (2005) present a thorough example of differential mortality as a cost of manipulation for
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which we have estimates of the benefits (rates of increased transmission) and costs (rates of
increased mortality).

Two other cases of differential mortality are the trematode Dicrocoelium dendriticum and
Microphallus papillorobustus (Poulin 2005). Dicrocoelium dendriticum is a classic example of
host manipulation in an ant intermediate host. The ant consumes many cercaria clones, and a
single cercaria migrates to the ant’s subesophageal ganglion, causes the ant’s behavior to change,
and then fails to develop into an infective stage. For this individual parasite the direct fitness
reward is zero, but it may be compensated by inclusive fitness of its clones that are passed on at
higher rates (Wickler 1976, Wilson 1977). In the case of M. papillorobustus, the metacercaria
stages infect both the brain and body of their gammarid (Amphipoda) intermediate host. Those in
the cerebral ganglion suffer an approximately 17% mortality from the host’s immune response,
while non-manipulative metacercariae in the abdomen suffer around 1% mortality (Thomas ef al.
2000). These cases of differential mortality offer the potential to quantify one type of cost to
manipulation.

It is important to note that these examples assume that mortality creates a selective
pressure on the variation in site selection within the host that is in opposition to the selection
force for increased transmission from the behavioral manipulation. To my knowledge, we do not
know the basis of site selection in these parasites and there is no evidence for a genetic basis of
infection site selection.

Competition Costs

Exploitation of manipulation effort by non-manipulative parasites has proven an
attractive concept (Thomas et al. 1998a, Thomas et al. 1998b, Vickery and Poulin 2010).

These costs proved to be important factors in the game theory analysis of Vickery and
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Poulin (2010) and thus warrant mention as potential external costs. If we can demonstrate
that individual parasites do pay metabolic costs of manipulation - leading to trade-offs with
other traits - then it follows that these parasites may pay additional fitness costs relative to
others in the population, but only if the manipulative parasite is in direct competition for
resources in the same host. Detecting these negative fitness costs may prove difficult,
because one must compare singly and multiply infected hosts, determine which parasites
are manipulative and non-manipulative, and thoroughly understand the genetic
relationship between the parasites. On this last point, recall that manipulation is predicted
to provide benefits to manipulative parasites even when they are being exploited by non-
manipulative kin (Vickery and Poulin 2010). As such, competition costs may be

prohibitively difficult to demonstrate.

Conclusions

We must understand that costs of manipulation are not monolithic in their origin.
Researchers must be clear about which costs they wish to address, and realize that these costs
will not always be easily measureable or even demonstrable. Many negative fitness effects
associated with increased manipulation (e.g. reduced fecundity) could be allocated to more than
one of the categories I have proposed. The case presented by Maure et al. (2011) demonstrates
that it is not always simple to determine the nature and origins of an observed cost. The strongest
explanation Maure et al. (2011) propose for the observed trade-off between length of host
guarding and parasite fecundity lies in an acquisition trade-off in host energy reserves (external
cost), but they also suggest that an allocation trade-off in energy for venom gland size can

explain their results (internal cost). It is well known that energy acquisition levels can mask
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allocation trade-offs so that the trade-offs are difficult to clearly discern (van Noordwijk and de
Jong 1986). Certain individuals acquire greater resources and can express high levels of traits on
both sides of a trade-off (Reznik et al. 2000). On the population level, these individuals can
confound a researcher’s attempts to elucidate a trade-off. We must be wary of such pitfalls when
addressing the cost of manipulation, but this aspect of manipulation is ripe for the lessons and
techniques of evolutionary ecology. Cost of manipulation is an important facet in understanding
the evolution and maintenance of host-parasite interactions that holds great potential for

exploration.
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CHAPTER 3: What does it cost a parasite to manipulate host behaviour? An experimental

test*

Summary

Behavioral manipulation, which occurs when a parasite modifies its host’s behavior to
increase transmission, is believed to be costly for the parasite, despite lack of empirical
demonstrations of such costs. We tested the cost hypothesis with the acanthocephalan parasite
Leptorhynchoides thecatus, in which juvenile size is an indicator or fitness. Increased
manipulation should be correlated with smaller larval size. First, we demonstrate that the parasite
causes modification of three behaviors in the amphipod intermediate host Hyalella azteca:
geotaxis, photophilia, and activity, but does not alter phototaxis. Second, none of these behaviors
showed the negative relationship to parasite size predicted by theory. In fact, geotaxis
modification is stronger in larger parasites. We suggest that if manipulation is costly, its cost is

not evident in this host-parasite system.

Introduction

Parasitic manipulation occurs when a parasite changes the behaviour of its host so that
the parasite benefits from increased transmission rate or survival (Moore, 2002 and Thomas,
Adamo, & Moore, 2005). Under the concept of extended phenotype, manipulation of host
behaviour is considered a parasite trait, which, like any other trait, must increase fitness to persist
(Dawkins, 1982; Combes, 2001). The benefits of manipulation are well documented. Host

behaviour modification benefits a parasite’s fitness by increasing the probability of successful

*Submitted for publication in the journal Animal Behaviour October 2013
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transmission (Bethel & Holmes, 1977; see Moore 2002). Many parasites that rely upon predation
for transmission are known to alter behaviours that increase interactions with suitable host
predators (see Moore, 2002). Such altered behaviours include, but are not limited to, preferences
for illuminated areas, increased activity, and elevation seeking (particularly in aquatic
organisms) (Bethel & Holmes, 1973; Moore, 1983; Cezilly, Gregoire, & Bertin, 2000; review in
Moore, 2002).

The costs of manipulation are not as well documented or as easily understood as the
benefits. Poulin (1994) was the first to link the field of parasite manipulation of hosts with a
major area of evolutionary theory, that of cost/benefit trade-offs. He argued that manipulation is
costly because energy used on manipulation was not available for growth or reproduction (see
also Parker, Ball, Chubb, Hammerschmidt, & Milinski, 2009; Vickery & Poulin, 2010). There
have been no empirical tests for the energetic cost-of-manipulation hypothesis, despite its
persistence in the literature (Thomas, Renaud, & Poulin, 1998; Vickery & Poulin, 2010). We
believe that the costs of behavioural modification may be understood by providing an empirical
demonstration of energetic costs and tests of these hypotheses.

The acanthocephalan parasite Leptorhynchoides thecatus (Kostylev) is a particularly
good candidate for examining fitness cost of manipulation. First, L. thecatus has a fairly simple
life cycle: it uses a single crustacean species, Hyalella azteca (Amphipoda), as an intermediate
host and is transmitted to its fish final host when the crustacean is consumed. No altered host
behaviours have been previously documented in this host-parasite system but we predict they
exist because altered behaviours are seen almost all acanthocephala-amphipod systems (Moore,
2002). Second, acanthocephalan behaviour modification may be relatively costly, because the

parasite grows in the amphipod’s hemocoel and must remotely affect the amphipod’s behaviour
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by biochemical secretions. Third, we can quantify one major aspect of fitness in the L. thecatus
larval stage known as the cystacanth: Steinauer & Nickol (2003) showed that while cystacanth
size did not influence an individual’s adult fecundity, larger cystacanths survived the transition to
adulthood in the intestine of the fish at significantly higher rates than smaller cystacanths — a
necessary prerequisite for reproduction. Thus, if behavioural modification is costly for L.
thecatus, we expect it to be linked to cystacanth size such that cystacanths that cause stronger
behavioural changes suffer a greater reduction in size.

This study had two goals: 1) To determine whether parasite-induced behavioural changes
occur in the L. thecatus — H. azteca system, and 2) to investigate the connection between the
strength of behavioural change and the size of the cystacanth causing that change. A negative
relationship between strength of manipulation and cystacanth size would support the hypothesis
that manipulation is costly, while the absence of a negative relationship would suggest that
manipulation is not so costly so as to decrease an important fitness trait, that of establishment

(survival).

Methods

General Methods

Collection of Organisms

We limited our study to parasites from Atkinson Reservoir in Atkinson, Nebraska, a

population studied for over 30 years and a local race of the parasite (Ashley & Nickol, 1989).

42



Green Sunfish (Lepomis cyanellus Rafinesque), Bluegill (Lepomis macrochirus Rafinesque), and
Pumpkinseed Sunfish (Lepomis gibbosis Linnaeus) were collected from Atkinson Reservoir,
Holt County, Nebraska (42°32°36”N X 98°58°22”W). On the day of capture, fish were dissected
and inspected for intestinal worms. All L. thecatus were removed from the caeca of the fishes,
placed in tap water, and stored at 4°C. Collection was carried out under C.S.U. Animal Care and
Use protocol 11-2590A. Amphipods (Hyalella azteca) were also collected from aquatic

vegetation at the perimeter of the reservoir and transported to the laboratory for culturing.

Infection and Culture of Amphipods

Eggs were harvested from gravid female worms dissected in several millilitres of tap
water. The resulting egg suspension was standardized so that an average of 1.5 fully-
embryonated eggs was present per field of view in 0.05 ml of suspension at 100X (Barger and
Nichol, 1998). Fifty (50) H. azteca were placed in wide-mouth glass quart jars containing 800ml
culture water, 50g gravel, and four grams of filamentous green algae (Pithophora sp.). In order
to expose amphipods to the parasite, one (1) ml of the egg suspension was pipetted over the
algae. Amphipods were allowed to forage for 24-72 hrs and were then transferred to 4.5L
Rubbermaid® plastic containers, where they were cultured for 32-40 days at 23°C.

DI water used in experiments and culturing was modified according to the Moderately
Hard Water formula (see U.S. EPA, 1994). Amphipods were cultured in 27L and 30L Sterilite®
plastic storage containers with 1-2 cm of sand substrate. Cultures were given Tetramin® tropical
fish food three times per week and water was changed weekly. All animals were kept in a

climate-controlled room a 23°C, on a 15:9 light dark (LD) cycle.
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Behavioural Experiments

General Methods

Six behavioural experiments were designed to determine whether infection changes an
amphipod’s geotactic preference, its phototactic and photophilic responses, or its activity level.
Experiments were conducted in three apparatuses: one for geotaxis, one for phototaxis and
photophilia, and a third for activity. This meant that there were three groups of experiments (see
Table 1) for each amphipod; within an apparatus, experiment order for each apparatus was
similar for all subjects (e.g. 1A, 1B, 1C) but the order of apparatus use (and experiment groups)
was randomized to prevent potential order bias. All of the experiments for a given amphipod
were conducted back-to-back in a single three-hour period. To increase the number of subjects,
tests were conducted with two amphipods in an apparatus at the same time. We chose amphipods
easily identified by visibly different size so that both subjects could be reliably identified if they
entered darkened areas. Amphipods were removed from culture tanks in hours 3-6 of their
photophase and introduced to the experimental apparatus in total darkness; they were allowed 20
minutes to acclimate in complete darkness to the new environment before observations began. A
similar acclimation of 20 minutes in darkness was repeated after each transfer to a new
apparatus. All light sources were full-spectrum fluorescent bulbs (5500 20W —
naturallighting.com). All experiments were conducted in the same climate controlled room, and a
test of water temperature found that no detectable difference in temperatures among different

areas of water within the apparatuses.
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After experiments described below were completed, amphipods were euthanized in 95%
ethanol. We measured each amphipod’s size from rostrum tip to urostyle by straightening it on a
ruler under a dissecting microscope. Each amphipod was dissected under a dissecting
microscope to determine the infection status and intensity. Unlike some acanthocephalans, L.
thecatus cystacanths are not visible in the intact amphipod, so one must dissect the amphipod to
reliably determine if it is infected. Cystacanths were placed in aged tap water on a depression
slide for two minutes, covered with a cover glass, and their sex determined under a compound
microscope. Length and width of the cystacanth were measured using an ocular micrometer on a
compound microscope. If the amphipod harboured an acanthella, the infection status was
recorded, the worm’s length and width measured, and the acanthella preserved. Behaviour of
amphipods harbouring acanthellae was analyzed separately from that of amphipods containing

cystacanths.

1. Geotaxis in infected and uninfected amphipods

Experimental Apparatus

A 1L Pyrex ® graduated cylinder (6cm in diameter and 44cm in depth) was filled with
one litre of culture water to a depth of 36¢cm. This apparatus is similar to that used by Cezilly et
al. (2000), with which these authors determine differences in “Vertical Distribution;” we are
calling this experiment “Geotaxis.” The 100ml marks on the side of the cylinder were 3.6cm
apart, defining a total of ten contiguous spaces that amphipods could occupy. An upright white

plastic 18.9L bucket was suspended one meter above the graduated cylinder. The bottom of the
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bucket was lined with 3 layers of black plastic. A light bulb was lowered into the bucket and
suspended 0.15 meters above the bottom of the bucket and black plastic barrier. This physical
barrier ensured that amphipods did not experience direct light; it provided a diffuse light in the
room similar to an overcast day. A second light source was placed 25cm below the base of the
graduated cylinder, without any obstruction between the light and the cylinder. Before the
experiment started, two H. azteca to be tested were placed into the cylinder just below the water

surface and allowed 20 minutes to acclimate in darkness.

Experiment 14: Geotaxis: Is there a difference in vertical position between infected and

uninfected amphipods?

Observations began when the diffuse light above the apparatus was switched on; the
position of each amphipod was recorded at 30-second intervals for 15 minutes, for a total of 30
observations (see Cezilly et al., 2000). For any single observation, an amphipod’s score ranged
from 1 (bottom 100ml) to 10 (top 100ml). Thus, the total score for an individual amphipod over

the 15-minute period was a sum of the scores over 15 minutes and ranged from 30 to 300.

Experiment 1B: Geotaxis/Phototaxis: Is vertical position influenced by direct light? Is this

response different for infected amphipods?

This experiment is based on that of Bethel & Holmes (1973). Immediately following

experiment 1A the physical barriers around the light source (white plastic bucket and opaque

plastic) were removed so that direct light could shine on the graduated cylinder from above.
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Simultaneously, the light source above the apparatus was switched off and the light bulb below
the apparatus turned on (see Bethel & Holmes, 1973); the amphipods’ responses over the
following 30 seconds were recorded. The light source was reversed again and the response of
each amphipod over the following 30 seconds recorded. Light sources were switched such that
only one light was on at any one time and amphipods experienced light from above and then

below 3 times each — a total of 6 30-second observations.

2. Responses to light in infected and uninfected amphipods

In this experiment, we follow Bethel & Holmes (1973) in distinguishing between
phototaxis, defined here as a directional movement toward a light source, and photophilia, a
preference for lighted environments. Phototaxis was tested by exposing the amphipod to a new
source of direct light, while photophilia was measured by observing the amphipod over a period

of time during which they were given the choice between a dark and a lighted area.

Experimental Apparatus

We covered the top, sides, and bottom of one half an unframed glass aquarium (44cm x
20cm x 22cm) with opaque black plastic. The aquarium was filled to 18cm depth with fresh
culture water. An air-stone was mounted 8cm below the surface at the light-dark interface to
aerate the water. Flow from this air-stone did not noticeably disturb the amphipods or create
strong currents in the tank. A light bulb was placed 25cm above the water surface and another

was placed 25¢cm below the bottom of the aquarium. Both light sources were directly over or
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under the centre of the tank so as to simulate full sunlight in the uncovered half of the tank.
Following Bethel & Holmes (1973), three zones were delineated on the tank: the upper 2cm (1/9)
of the light zone (ULZ), the remainder (8/9) of the light zone (RLZ), and the dark zone (DZ). For
some analyses, ULZ and RLZ were combined for one score: the combined light zone (CLZ).
Amphipods were transferred by pipette, placed just below the water surface in the centre of the

tank, and allowed 20 minutes to acclimate in darkness.

Experiment 2A: Phototaxis: Is there a difference in phototaxis between infected and uninfected

amphipods?

After acclimation, the light source above the tank was switched on, and 30 seconds later,
the location of each amphipod in the DZ, ULZ, or RLZ was determined. We classified the initial
reactions in three categories: the amphipod 1) was stationary within the same zone, 2) swam in

the same zone (photokinesis), or 3) changed zones.

Experiment 2B: Photophilia: Is there a difference in photophilia between infected and uninfected

amphipods?

Immediately following experiment 2A, the position of each amphipod was recorded at
30-second intervals for 15 minutes, for a total of 30 observations (after Cezilly et al., 2000). At
each 30-second interval, we recorded whether each amphipod was in the ULZ, the RLZ, or not

visible (assumed to be in the DZ). If an amphipod was stationary immediately after experiment
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2A, it was disturbed with a glass rod by lightly touching it until it moved from its initial location;

observation began when it was clear that the amphipod was active and responsive.

Experiment 2C: Is there a difference in phototaxis between infected and uninfected amphipods

that are physically disturbed?

In some parasite-amphipod associations, altered phototaxis in infected amphipods is less
prevalent when the amphipods are physically disturbed (Bethel & Holmes, 1973, 1977). To test
this with L. thecatus, immediately after experiment 2B the two amphipods were removed from
the tank and one was randomly chosen. This animal was placed by pipette into the bottom of the
tank in middle of the light zone (CLZ) with the same overhead light source as 2A and 2B, and
disturbed by a light touch with a glass rod until it moved (Bethel & Holmes, 1973). The lower
light source was then turned on and the upper one extinguished. We recorded the animal’s
behaviour over the following 15 seconds: it could swim toward or away from the light, or remain
stationary. The light source was then switched from bottom to top, the amphipod disturbed again
with the rod, and its reaction recorded. Light sources were alternated such that each was used
three times, for six total observations, or until the amphipod swam into the dark zone (DZ). After
the first amphipod of the pair was tested in this way it was removed, the other placed in the

apparatus, and the experiment performed using the second amphipod.
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3. Activity levels of infected and uninfected amphipods

Experimental Apparatus

A Pyrex® 1L beaker with a diameter of 10cm was filled with one litre of culture water. A

line was drawn across the underside of the beaker to separate it into two equal sections. One

indirect light source was provided above the apparatus as described in experiment 1 (above).

Experiment 3: Is there a difference in activity levels between infected and uninfected amphipods?

After acclimation, the light was turned on and the number of times each amphipod

crossed the centreline during a 15-minute period was recorded. This count served as the activity

score for the amphipod.

Statistical Analysis

Statistical analyses were conducted using Stata/IC Version 11.0 (StataCorp LP, College Station,

Texas). Graphical representations of the data were created using the R statistical program.
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Behavioural Alterations

All Behavioural Experiments: 14, 1B, 24, 2B, 2C, 3

First, to eliminate the effects of a possible bias in experiment order, for results from each
experiment, a two-way ANOVA with Tukey adjustment was conducted including factors of
infection status and experiment order. A similar test was done to see if the larger amphipod in
each pair of subjects scored differently than the smaller amphipod. In every case no significant
effect was found for apparatus order, relative size, or interaction terms. These variables were
ignored for further analyses and each experiment used more simple and precise tests to

investigate differences in behaviour between infected and uninfected amphipods.

Experiment 14: Geotaxis

Scores from this experiment ranged from 30-300, so data were log transformed to adjust
for this scoring system. Data for this test had a very strong skew toward lower scores. Log
transformation helped reduce skew in the data, but persisted and we used a non-parametric two-
sample rank sum Wilcoxon (Mann-Whitney U) test to determine differences between infected

and uninfected amphipods.
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Experiment 1B: Phototaxis

This experiment produced simple proportion of amphipods that were negatively

phototactic (predicted behaviour) and positively phototactic. Differences between infected and

uninfected groups were determined using a Chi-squared test.

Experiment 2A: Phototaxis

Chi-squared tests were used to determine differences in proportions of infected and

uninfected amphipods that moved between zones or stayed within the zone in which they were

initially observed.

Experiment 2B: Photophilia

Data from this experiment proved to be highly skewed toward large numbers of

observations in the dark zone (DZ) of the apparatus for both infected and uninfected amphipods.

For this reason, a non-parametric two-sample rank sum Wilcoxon (Mann-Whitney U) test was

used to determine differences in behaviour between infected and uninfected amphipods.

Experiment 2C: Phototaxis and disturbance

A chi-squared test was conducted using the proportion of infected amphipods that

responded with negative phototaxis to the proportion of uninfected amphipods that did likewise.
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Experiment 3: Activity

This experiment produced count data met the assumptions of normality for parametric
tests. A one-way ANOVA was used to detect differences in activity between infected and

uninfected amphipods.

Correlation Analyses between Behavioural results and Cystacanth Volume

To ask if larval size was related to the strength of behavioural change, we used
correlation analyses on experimental results of geotaxis (1A), photophilia (2B), and activity (3).
The other three tests, all of phototaxis (1B, 2A, 2C), did not indicate significant altered
behaviour due to parasitism and therefore could not be used to determine whether behavioural
change was costly, i.e. whether there was a relationship between behavioural modification and
cystacanth size. Cystacanth volume was log transformed for analyses (see also Steinauer &
Nickol 2003). The models incorporated other attributes that influence cystacanth volume:
amphipod sex, amphipod length, and cystacanth sex (Steinauer & Nickol, 2003). All models
were tested using a one-sided test against the a priori prediction of a negative relationship
between cystacanth volume and strength of behavioural change. For experiment 1A (Geotaxis)
we used the non-parametric Spearman’s R, while experiment 2B and 3 used parametric

assessments of the relationship.
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Results

Behavioural Alteration

We found significant differences in behavioural scores between infected and uninfected
amphipods. Geotaxis (1A), photophilia (2B), and activity levels (3) are all modified when H.
azteca is infected with L. thecatus. However, there were no effects of infection on phototaxis

(experiments 1B, 2A, 2C).

Experiment 1A: Geotaxis: Is there a difference in vertical position between infected and

uninfected amphipods?

Geotaxis scores differed significantly between uninfected and infected amphipods. For
this test, the subject animal had a minimum score of 30 (1 for each of the 30 observations). The
majority of uninfected amphipods spent their time on or near the bottom (Figure 1). These
amphipods had an average geotaxis score of 38 = 5.4 (N = 58); that is, their average was 8 above
the minimum of 30 observations. Infected amphipods averaged a score of 57 + 8.9 (N = 30), or
27 above the minimum of 30 observations. Thus, infected amphipod scores were approximately
3% times those of uninfected amphipods. The difference in means of infected and uninfected

amphipods was statistically significant (U = 556, N;=30, N,= 58, P=0.001).
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Experiment 1B: Phototaxis/Geotaxis: Is vertical position influenced by direct light? Is this

response different for infected amphipods?

The majority of amphipods responded to direct light sources by swimming away from
them but a small number of animals did not respond to light source changes or were very slow in
responding (three of 30 infected; four of 59 uninfected). There was no statistical difference
between the proportions of uninfected and infected amphipods that failed to swim away from the

light source (X*, = 0.36, P = 0.55).

Experiment 2A. Phototaxis: Is there a difference in phototaxis to a direct light source between

infected and uninfected amphipods?

There was no difference in phototaxis between infected and uninfected amphipods during
the first 15 seconds after the overhead light source was illuminated. Amphipods started in the LZ
of the aquarium in 46% of trials and these amphipods (N = 41) were significantly more likely to
change zones (X%, = 4.04, P = 0.04) and significantly less likely to remain in the same zone (X,
=445, P=0.03) than those amphipods starting the dark zone (N = 48). There was no difference

between infected and uninfected amphipods (X%, = 0.08, P = 0.77).
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Experiment 2B. Photophilia: Is there a difference in photophilia between infected and

uninfected amphipods?

We used the combined light zone (CLZ) data for number of times an amphipod was
observed in the light during the 15-minute period, because divisions within the light zone were
intended to detect altered phototaxis; the results of experiments 1B, 2A, and 2C failed to
demonstrate any altered phototaxis. There was a significant difference in the number of
observations in the light zone between uninfected (4.2 + 1.0) and infected (8.6 & 7.6) amphipods
(U=459, N;=30, N,= 58, P <0.001). Although all amphipods were photophobic, infected ones
were much less so, and were nearly twice as likely to be observed in the CLZ (Table 2; Figure

2).

Experiment 2C: Is there a difference in phototaxis between infected and uninfected amphipods

that are physical disturbed?

Disturbance with a glass rod did not alter phototaxis in either infected or uninfected
amphipods. There was no significant difference between the proportions of infected (3 of 53) and
uninfected amphipods (1 of 23) that failed to swim away from the light source (X%, = 0.08, P =

0.74).
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Experiment 3: Is there a difference in activity levels between infected and uninfected

amphipods?

There was a significant difference in the activity scores of infected (112 + 20) and
uninfected (80 + 17) amphipods, ¢ = -2.2405, P = 0.028 (Table 2; Figure 3). On average, infected

amphipods were 40% more active than uninfected amphipods in this test.

Behavioural scores for acanthella-infected amphipods

Behaviours of six amphipods infected by acanthella were compared to those of the
uninfected amphipods (n=50). There was no difference in geotaxis scores (experiment 1A:
acanthella-infected amphipods (38+5), uninfected amphipods (42+7), P = 0.7), photophilia
scores (experiment 2B: 4+1 and 8£7 respectively; P = 0.27), and activity scores (experiment 3;
80+17 and 98+21; P = 0.26) of acanthella and uninfected amphipods. All six acanthella-infected
amphipods showed negative phototaxis in experiments 1B, 2A, and 2C. These measures were not
significantly different from those of uninfected amphipods. The number of amphipods infected

with acanthellae did not allow for reliable analysis of parasite size.

Cystacanth Size and Behavioural Alteration

Correlation Analyses

The relationship between cystacanth size and altered behaviour is key in demonstrating

cost of altering host behaviour in this study. A negative relationship supports the hypothesis that
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a cost is incurred for altering behaviours. We analyzed the results of the behavioural experiments
that demonstrated parasite induced behavioural alteration: geotaxis (1A), and photophilia (2B),
activity (3). Regression analyses used log-transformed cystacanth volume. Factors correlated
with cystacanth size (see Methods) were included in the models to account for other influences

on our primary measure of fitness.

Geotaxis (14): Do geotaxis scores of infected amphipods correlate with cystacanth volume?

There is a positive relationship between geotaxis scores and cystacanth size; that is, larger

cystacanths are found in more negatively geotactic amphipods (Figure 4). Geotaxis and

cystacanth size were significantly correlated (s = 0.68, N =18, P =0.002).

Photophilia (2B): Do photophilia scores of infected amphipods correlate with cystacanth

volume?

There is also a positive correlation between cystacanth size and the number of times an

infected amphipod was observed in the light zone (Figure 5). This relationship is significant for

our one-tailed analysis (= 0.46, P =0.043) and is not negative as predicted a priori.
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Activity (3): Do activity scores of infected amphipods correlate with cystacanth volume?

There is no clear relationship between activity and cystacanth size (Figure 6). The full
statistical model indicates that activity is not a significant (» =-0.16, P = 0.56) and does not

support the predicted negative correlation.

Discussion

Leptorhynchoides thecatus can be added to the list of acanthocephalans that modify
amphipod behaviours (Bethel & Holmes, 1973; Bakker, Mazzi, & Zala, 1997; Maynard,
Wellnitz, Zanini, Wright, & Dezfuli, 1998; Cezilly et al., 2000; Bauer, Trouve, Gregoire,
Bollache, & Cezilly, 2000; Dezfuli, Giari, & Poulin, 2001; Bauer, Haine, Perrot-Minnot, &
Rigaud, 2005) and this parasite does so with no detectable impact on its future survival, as
indicated by cystacanth volume. First, this study addressed whether infected amphipods exhibit
altered behaviour. Experimentally infected Hyalella azteca spent more time higher in the water
column, more time in lighted areas, and were more active than uninfected amphipods. However,
both infected and uninfected amphipods were negatively phototactic to a direct light source. Our
results also suggest that amphipods harbouring the acanthella stage, which cannot infect a fish,
behave similarly to uninfected amphipods. The number of acanthellae-infected amphipods in this
study is small, so we cannot definitively rule out the possibility that they alter amphipod
behaviour, but our results are consistent with the prediction that in manipulative parasite’s onset
of behavioural changes and parasite infectivity to the definitive host should be simultaneous

(Bethel & Holmes, 1973; Dianne et al., 2011). These altered behaviours, along with the normal
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behaviour in acanthella-infected amphipods, support the hypothesis that this parasite is
manipulation.

The second major question addressed in this study is the cost of these behavioural
changes for Leptorhynchoides thecatus. In this study, cost can be viewed in two ways. Both can
be linked to size: Larger cystacanths show increased survival and larger cystacanths require
greater energy to reach their size than smaller cystacanths. Following the assumptions of
previous theoretical analyses, which postulate an energetic cost for acanthocephalan
manipulations, we predicted a negative relationship between cystacanth size and behavioural
changes. Our results provide no evidence to support this prediction. If anything, altered
behaviour is related to increased, not decreased, fitness — as reflected in survival. If there is a cost
for the parasite, we did not detect it with this straightforward indicator of parasite survival. Of
course there are countless ways to measure fitness (e.g. mating success, egg production, etc.),
which were not addressed here, but before any of these can be measured the acanthocephalan
must establish in the definitive host.

Poulin (1994) proposed that, in the absence of other factors, a negative relationship
should exist between increased manipulation and other fitness components such as growth or
reproductive output. In other words, he suggested that manipulation is subject to a physiological
trade-off based on an allocation of energy to competing life history traits (Stearns 1992). Our
results run counter to this logic: cystacanths that grow larger have higher survival rates and are
associated with greater behavioural alterations than smaller conspecifics. Larger cystacanths are
associated with greater negative geotaxis; the opposite would be true if altering geotaxis was
costly in terms of size and/or survival. In addition, neither photophilia nor activity is higher for

smaller cystacanths. In sum, there is no evidence that behaviours altered by L. thecatus cost the
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parasite in terms of survival, as indicated by size. Not only do we conclude that the cost of
altering behaviour does not match that predicted by theory, but that the opposite is true: larger
cystacanths tend to alter behaviour more than smaller ones do. Larger cystacanths are associated
with increasing negative geotaxis and they tend to be associated with increasing photophilia.
Larger cystacanths are demonstrably not associated with decreased photophilia or decreased
activity.

An organism’s fitness is a consequence of its survival and reproduction, and we have
shown that the extent to which a cystacanth alters behaviour does not affect its adult survival, a
parameter that is predicted by cystacanth size. In this parasite, reproduction — the second
component of fitness — occurs in the adult stage. This takes place in the fish, and it is unclear
how increased ability to alter behaviour by the cystacanth — a different stage in a different host —
could have negative consequences for adult fecundity or egg quality, especially as cystacanth
size itself is not related to adult fecundity (Steinauer & Nickol 2003). Although L. thecatus
probably uses chemical intermediaries in order to alter its host’s behaviour (Helluy 2013), these
have not been identified, and it is not clear that they are expensive to produce. Even if they are,
our results suggest that the benefit from altering behaviour exceeds that of cost.

Cystacanth size not only predicts adult survival, it also can be seen as an indicator of
energy sequestration on the part of the cystacanth. Even if we ignore the linkage between
cystacanth size and adult survival, and the fact that behavioural modification does not reduce
either, we are left with the observation that manipulation does not require an energy expenditure
large enough to affect size itself. In the case of geotaxis, it is quite the opposite.

At this point, we can consider other possible fitness costs associated with manipulation,

such as decreased competitive ability for the parasite causing behavioural change (Vickery &
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Poulin 2010). For L. thecatus, this particular measure is unlikely because cases of amphipods
with multiple cystacanths are exceedingly rare in nature (Ashley & Nickol 1989). It is also
possible that manipulative parasites experience increased mortality (Poulin, Fredensborg,
Hansen, & Leung, 2005). There are intriguing indications that some parasites may even use the
host immune system to alter behaviour (Helluy 2013).

The mechanisms of behavioural modification can greatly influence the cost (Thomas et
al., 2005). For instance, altered behaviours may result from active parasite effort (e.g. a
secretion) or mechanical influence (e.g. nervous system interference). Unfortunately, we have
few study systems that demonstrate proximate mechanisms of host behaviour modification
(Helluy & Holmes 1990; Helluy 2013).

In short, there are countless ways to measure fitness, and because of this, we do not claim
to have shown that manipulation is cost-free for L. thecatus. Instead, we have noted that despite
nearly two decades of theory based on the idea that manipulation must be costly, such costs have
yet to be empirically identified. We have attempted to identify a cost of manipulation using an
acanthocephalan in which greater cystacanth size confers greater survival in the final host. Based
on the cost hypothesis, we expected to see more manipulative cystacanths pay a price in terms of
size. Instead, we found the opposite: if anything, larger cystacanths cause greater behavioural
changes. Whatever the cost of altering behaviour, it is invisible to our system and the result for
the parasite seems to be a net benefit.

The benefit of altered behaviour to parasite fitness is increased transmission. We have not
demonstrated transmission directly, because infected amphipods can only be identified upon
dissection. However, we do have strong evidence that behaviours such as those we investigated

increase transmission in other amphipod systems (Bethel & Holmes, 1977; Cezilly et al., 2000).
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In addition, modified behaviours, such as activity and refuge use in the presence of predator
odours, can be reliable indicators of manipulation (Baldauf et al., 2007; Perrot-Minnot,
Kaldonski, & Cezilly, 2007; Benesh, Kitchen, Pulkkinen, Hakala, & Valtonen, 2008).
Preliminary results from odour tests suggest that L. thecatus infections reduce amphipod anti-
predatory behaviours (Study authors, in prep).

What should we make of normal phototactic behaviour in H. azteca infected by L.
thecatus, when other acanthocephalans seem to alter this behaviour? In order to understand this,
we need to consider the difference between phototaxis and photophilia. Bethel & Holmes (1973)
usefully distinguished between phototaxis and photophilia, with phototaxis seen as directed
movement in relation to a light source and photophilia seen as a preference or aversion for
lighted areas. This distinction is important because the same parasite-host association (e.g.
Polymorphus marilis in Bethel & Holmes, 1977) yielded increased photophilia while having no
effect on phototaxis. Given this definition, most subsequent studies on acanthocephalans and
amphipods have shown increases in photophilia, but not tested phototaxis sensu Bethel &
Holmes (1977) (Table 3). Thus, the results of most studies of acanthocephalans and amphipods
are consistent with ours in that they shot increased photophilia as defined by Bethel & Holmes
(1977) but have not examined phototaxis in that context.

This has significant ecological relevance to manipulation. Bethel & Holmes (1977)
suggested that the distinction between phototaxis and photophilia is important because surface
feeders are likely to encounter and positively phototactic animals, whereas for sub-surface
feeders, increased photophilia may be sufficient to cause increased predation. Surface-feeding
mallards consumed amphipods harbouring phototaxis-altering parasites but ate no amphipods

harbouring parasites that did not alter phototaxis (Bethel & Holmes, 1977). For acanthocephalans
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exploiting fish, such as L. thecatus, strong reversal of normal negative phototaxis may reduce
transmission, because it would increase encounters with non-host surface-feeding predators. Fish
parasites appear to rely on other altered behaviours, such as increased activity and photophilia, to
increase predation rates. A review of amphipod-acanthocephalan study systems is presented in
Table 3. It demonstrates that our findings are consistent the patterns of light preferences and
reactions in these other systems, and suggests that lack of altered phototaxis in intermediate hosts
represents a wider trend among parasites using fish definitive hosts.

In conclusion, this study demonstrates that L. thecatus infections cause altered behaviour
in their intermediate host and provides an important test of the cost hypothesis associated with
studies of manipulation and parasite-induced behavioural change. This study of L. thecatus
suggests that these costs of behavioural modification are not large enough to be detected in the
fitness indicator of cystacanth size. While we could not explore every possible indicator of
parasite fitness, our results suggest that costs related to establishment and survival are not
substantial and that the benefits of behavioural modification outweigh the costs. We recognize
that this is the first test of the cost hypothesis and look forward to future studies that will explore
costs and how they are manifested in the balance with the benefits that manipulation brings.
Exploration of cost and benefits of a trait is a key component of understanding how that trait has

evolved and is maintained.
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Table 3.1. Experimental apparatus and the behaviours observed in each. Columns indicate the
apparatus used in experimental tests, and the associated behaviours for the subject H. azteca
observed in each. “Geotaxis” is reaction to gravity, or vertical positioning, “phototaxis” is a
directed reaction to a single light source, “photophilia” is the preference for light areas over a

period of time, and “activity” is a measure of horizontal movement.

Geotaxis Phototaxis/Photophlia Activity
. 20L Unframed glass 1L Beaker with line
Apparatus ]L, }? Tz)duate.d clylmder aquarium 50% covered with to indicate two equal
wit vertical zones opaque plastic halves
Behaviours Tested 1A. Geotaxis 2A. Phototaxis 3. Activity level
1B. Geotaxis & 2B. Photophilia
phototaxis

2C. Phototaxis & disturbance
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Table 3.2. Mean scores and analysis results of effects of infection for each experiment.
Summary of average scores (£ S. D.) of uninfected amphipods (H. azteca) and amphipods
infected with L. thecatus cystacanths. P-values indicate the results of the statistical test for each
experiment: geotaxis (1A) and photophilia (2B) used ranked-sum Wilcoxon tests, while a one-

way ANOVA was used for activity (experiment 3).

Experiment 1A. Geotaxis 2B. Photophilia 3. Activity
Uninfected Mean 38+5.4 42+1.0 8017

Infected Mean 57+8.9 8.6t£7.6 112 £21
P-value 0.001 <0.001 0.023
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Table 3.3. Summary of studies on light responses altered by acanthocephalans using amphipods
and infecting mammals, birds, and fish. Photophilia is defined as a preference/avoidance for
lighted areas measured by time spent in such areas and phototaxis as the positive or negative
movement in reaction to a direct light stimulus. This distinction is based on Bethel & Holmes

(1973, 1977).

Acanthocephalan  Definitive Behaviour Nature of Author(s)
species Host Altered* change
P. minutus Dabbling ducks Photophilia Increased Hindsbo, 1972
P. paradoxus Muskrats Phototaxis Positive Bethel & Holmes,
1973
C. constrictum Dabbling and Phototaxis Positive Bethel & Holmes,
Diving ducks 1977
Bethel & Holmes,
P. marilis Diving Ducks Photophilia Increased 1977
Bethel & Holmes,
Phototaxis None 1977
P. laevis Fish Photophilia Increased Maynard et al., 1998
P. laevis Fish Photophilia Increased Cezilly et al., 2000
P. minutus Bird Photophilia Increased Cezilly et al., 2000
P. laevis Fish Photophilia Increased Franceschi et al., 2007
P. tereticolis Fish Photophilia Increased Tain et al., 2006
A. galaxii Fish Photophilia Increased Rauque et al., 2011
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Figure 3.1. Median geotaxis score by infection status. Geotaxis scores represent the total vertical
scores of an amphipod (H. azteca) over a 15-minute period. Scores were log transformed because

of non-normality. These groups are significantly different (P =0.001).
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Figure 3.2. Median photophilia score by infection status. Photophilia scores represent the total
number of times an amphipod (H. azteca) was observed in the light zone (LZ) of the
experimental apparatus over a 15-minute period. These groups are significantly different (P <

0.001).
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Figure 3.3. Median activity score by infection. Activity score is the total number of times an
amphipod (H. azteca) crossed a line dividing a 1L beaker in two equal halves over a 15-minute

period. These groups are significantly different (P = 0.028).
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Figure 3.4. Geotaxis scores by cystacanth volume. Each point represents behaviour of an
amphipod infected by a single cystacanth and the residual of cystacanth volume accounting for
other factors in the model (n=18). The geotaxis score is based on a total of 30 scores of height in
the water column over a 15-minute observation period. There is a significant positive

relationship between geotaxis scores and cystacnth size (7= 0.68, N=11, P=0.002).
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Figure 3.5. Photophilia and cystacanth volume. Each point represents behaviour of an amphipod
infected by a single cystacanth and the residual of cystacanth volume accounting for other factors
in the model (n=18). Each amphipod’s position was recorded every 30 seconds for 15 minutes.
The photophilia score is the number of times an amphipod was observed in the uncovered half of
the aquarium and ranges from 0-30. Photophilia was not negatively correlated (» = 0.46, P =

0.043) with cystacanth size.
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Figure 3.6. Activity score and cystacanth volume. Each point represents behaviour of an
amphipod infected by a single cystacanth and the residual of cystacanth volume accounting for
other factors in the model (n=18). The activity score is the total number of times that an
amphipod crossed from one half of a 1L circular beaker to the other during a 15-minute

observation period. This relationship was not significant (» =-0.16, P = 0.56).
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CHAPTER 4: Parasite induced manipulation of odor responses in an amphipod-

acanthocephalan system*

Summary

Odor-related behaviors in aquatic invertebrates are important and effective anti-
predator behaviors. Parasites often alter invertebrate host behaviors to increase
transmission to hosts. This study investigated the responses of the amphipod Hyalella
azteca when presented with two predator chemical cues: (1) alarm pheromones produced
by conspecifics and (2) kairomones produced by a predatory Green Sunfish (Lepomis
cyanellus). We compared the responses of amphipods uninfected and infected by the
acanthocephalan parasite Leptorhynchoides thecatus. Uninfected amphipods reduced
activity and increased refuge use after detecting the odors with a stronger reaction to
alarm pheromones than predator kairomones. Infected amphipods spent significantly more
time active and less time on the refuge than uninfected amphipods, and behaved as if they
had not detected the chemical stimulus. Therefore, L. thecatus infections disrupt the
amphipod’s normal anti-predator behaviors and likely make their hosts more susceptible

to predation.

Introduction
Many aquatic invertebrates rely heavily upon chemosensory perception for survival,
particularly when in turbid and low-light environments. Two types of chemical cues alert prey to

the presence of predators: alarm pheromones and kairomones (Wisenden, 2000). Prey species

*Submitted for publication in the International Journal for Parasitology, October 2013
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release alarm pheromones during or after predator attacks to alert conspecifics to impending
danger (Chivers and Smith, 1998). Prey can also sense chemicals that predators unintentionally
produce (kairomones) and alter their behavior as they become aware of the threat.

Freshwater amphipods (Crustacea) feature prominently in research on odors and
associated anti-predator behavior. Amphipods in the genus Gammarus (Gammaridae) are less
active and less likely to drift in the water column in streams containing predatory fish
kairomones than in streams without kairomones (Williams and Moore, 1985, Anderson et al.,
1986, Holomuzki and Hoyle, 1990, Wudkevich et al., 1997). Fish kairomones also cause
amphipods to spend more time in refuges, to favor less exposed habitats, to swim down to
substrates, to aggregate, and to select smaller, less noticeable mates (Holomuzki and Hoyle,
1990, Mathis and Hoback, 1997, Wudkevich et al., 1997, Kullmann et al., 2008). Similar
behaviors are observed in gammarids exposed to alarm pheromones (Wudkevich et al., 1997).
These behaviors benefit amphipods by reducing predation rates. Amphipods previously exposed
to either alarm pheromones or predator kairomones were less likely to be found and consumed
by Green Sunfish (Lepomis cyanellus Rafinesque) than unexposed amphipods (Holomuzki and
Hoyle, 1990, Wisenden et al., 2001). These studies demonstrate that decreased activity, increased
refuge use, and increased geotaxis by amphipods in response to alarm pheromones and
kairomones are effective anti-predator behaviors.

Many animals behave abnormally when infected by parasites and anti-predator behaviors
are among those affected (see Moore, 2002). Parasites can benefit from altered host behavior if
the behavioral changes increase the parasite’s transmission rates. These types of parasitic
manipulations have been documented in a wide variety of host-parasite interactions (Poulin,

1994, Moore, 2002, Thomas et al., 2005). Aquatic arthropods serve as intermediate hosts for
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several parasite species (see review in Moore 2002). Many of these parasites can only grow to
adulthood after a predator consumes their intermediate host. Thus, interference in host anti-
predator behaviors may be a parasite strategy to increase predation rates by suitable definitive
hosts (Dianne et al. 2012).

Amphipods feature prominently in manipulation research, particularly amphipods
infected by worms from phylum Acanthocephala. These thorny-headed worms are known to
alter activity (Thiinken et al., 2010), orientation to light (Bethel and Holmes, 1973), drift rate
(Dezfuli et al., 2003), and refuge use (Perrot-Minnot et al., 2007) in amphipods. This slate of
behaviors is strikingly similar to those that influence predation rates and infected amphipods can
be at greater risk of predation than uninfected amphipods (Bethel and Holmes, 1977).

Acanthocephalans also affect amphipod responses to odors. In choice experiments,
uninfected amphipods avoided areas with high concentrations of predatory fish kairomones
while amphipods infected by acanthocephalans did not. Similarly, given a choice between two
incurrent water sources, one containing fish kairomones and one free of kairomones, uninfected
amphipods avoided the stream containing fish kairomones, while infected amphipods did not
discriminate between streams (Baldauf et al., 2007).

These alterations in predator-related odor behavior can be remarkably specific. For an
acanthocephalan, predation by an inappropriate host leads to the parasite’s death and these
parasites can be quite specific in the odor-related behaviors they manipulate. For instance, an
acanthocephalan of fish altered its host’s responses to fish kairomones and infected amphipods
had higher fish predation rates, but bird acanthocephalans in the same amphipod population did
not alter amphipod responses to fish kairomones or result in higher fish predation (Kaldonski et

al., 2007).
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This study asks whether the acanthocephalan Leptorhynchoides thecatus (Kostylev) alters
its amphipod host’s odor-related anti-predator behavior. Leptorhynchoides thecatus is a common
fish parasite found in eastern and central North America. It uses a single amphipod species,
Hyalella azteca (Saussure), as an intermediate host and a broad range of centrarchid fish as
definitive hosts (Linton, 1949). The amphipod is infected when it consumes the parasite egg,
which hatches and then develops in the amphipod’s hemocoel from a non-infective acanthella
stage into an infective cystacanth. A fish acquires the parasite when it consumes an amphipod
hosting a cystacanth. The acanthocephalan establishes in the fish’s intestinal ceca, matures, finds
a mate, and produces eggs that pass with the feces to continue the life cycle.

Our previous study of this L. thecatus population found that the infected amphipods
exhibit altered photophilia, geotaxis, and activity, behaviors that may reasonably be thought to
influence encountering predators (Stone and Moore, in prep). This study aimed to determine
whether L. thecatus alters H. azteca behaviors that are directly implicated in predation and
transmission rates, that is, anti-predator behaviors. Because dissection is required to reliably
determine amphipod infection, we cannot easily conduct predation experiments to determine
whether a fish captures infected amphipods at a higher rate than uninfected amphipods. We
therefore investigated two chemical cues that stimulate anti-predator behavior: alarm
pheromones from H. azteca and kairomones from L. cyanellus. To our knowledge, this is the

first study to address parasite-altered responses to alarm pheromones in amphipods.
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Materials and Methods

Collection of organisms

All organisms used in this study were collected from Atkinson Reservoir, Holt County,
Nebraska (42°32°36”N X 98°58°22”W). This population of L. thecatus appears unique in its host
use patterns with Green Sunfish (L. cyanellus) providing the primary definitive host in this
location (Ashley and Nickol, 1989). Capture, collection, and culture of animals were carried out
under CSU Animal Care and Use protocol 11-2590A and Nebraska Game and Parks
Commission scientific collection permits. Green Sunfish (L. cyanellus), Pumpkinseed Sunfish
(Lepomis gibbosus Linnaeus), and Bluegill (Lepomis macrochirus Rafinesque) were captured by
seine net on the littoral portion of the lake. On the day of capture, fish were dissected and adult
L. thecatus worms were removed from the host’s alimentary tract, placed in aged tap water, and
stored at 4°C. Three juvenile L. cyanellus sunfish were captured and transported to the laboratory
at Colorado State University, Fort Collins, CO, where they served as kairomone sources.
Amphipods were also collected from aquatic vegetation found in the same littoral zone as fish

sampling and transported to the laboratory.

Culturing of organisms

Fish captured and transported to the laboratory were cultured in individual 10-gallon

aquaria with a hang-on-the-back filtration system. The fish were fed to satiety on Tetramin®

tropical fish food once per day and water was changed once every two weeks. Because the
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carbon component of the filtration system removes the organic compounds including fish
kairomones sensed by amphipods, the carbon filter was removed from the culture tanks 24hrs

before behavioral tests.

Amphipods were cultured in 27L and 30L Sterilite® plastic storage containers with one
1.25cm of sand substrate and approximately 20L of culture water. Culture water was formulated
from DI water according to the Moderately Hard Water formula (see U.S. EPA, 1994). Cultures
were given Tetramin® tropical fish food three times per week and water changed weekly. All

animals were kept in a climate-controlled room a 23°C, on a 15:9 light dark (LD) cycle.

Infection of Amphipods

Eggs were harvested from gravid female worms dissected in several milliliters of tap
water. The resulting egg suspension was standardized so that an average of 1.5 fully-
embryonated eggs was present per field of view in 0.05 ml of suspension at 100X (Barger and
Nichol, 1998). Fifty (50) H. azteca were placed in wide-mouth glass quart jars containing 800ml
culture water, 50g gravel, and four grams of filamentous green algae (Pithophora sp.).
Amphipods were exposed to one (1) ml of the egg suspension, which was pipetted over the
algae. The amphipods foraged for 24-72hrs and were then transferred to 4.5L Rubbermaid®

plastic containers, where they were maintained for 32-40 days at 23°C.
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Test apparatus

A 5-gallon aquarium (40cm x 20cm x 25¢cm) was separated into two equal halves by a
single clear glass partition. This division allowed the one aquarium to serve as two equally sized
test areas, so that preparing a single apparatus could be used to test two amphipods. For each
behavioral test, the area was filled to 15cm depth with fresh culture water so that the focal animal
was observed in 20cm X 20 cm X 15cm of water, with a substrate of sand just thick enough to
cover the bottom of the tank. A single air stone was suspended against one wall approximately
Scm above the substrate. The flow from the air stone mixed and aerated the water, but was not so
strong as to hinder amphipod movement. A single 60W full-spectrum fluorescent light bulb
suspended 25cm above the surface of the water provided illumination. Following the design of
Wisenden et al. (1999), a single refuge was created by a 3cm x 6¢cm piece of opaque black glass
supported by legs 2cm above the substrate. The refuge was placed in the center of the

experimental space, equidistant from all sides and directly under the light source.

Behavioral tests

Amphipods were allocated to one of three treatments: exposure to alarm pheromone,
exposure to predator kairomone, and exposure to no cue (culture water only). Treatment
solutions were prepared prior to testing each pair of amphipods. Alarm pheromones were
obtained by removing 3 amphipods from a culture tank and placing them in a small eyeglass with
10ml of culture water. Following Wudkevich et al. (1997), these amphipods were homogenized

with a glass rod. Two 10ml solutions were prepared simultaneously because two amphipods
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were tested sequentially in the test apparatus. The chemical stimulus for a second amphipod
awaited application while the first amphipod was observed. Chemical cues do degrade over time,
but the introduction of the second alarm pheromone occurred well before degradation and within
the efficacy time, so there is no reason to believe that results would differ between amphipods
tested first or second (Wisenden et al., 2009). A two-way ANOVA for difference in activity
between first and second applications of the predator kairomone and between infection groups
did not detect a degradation of kairomone potency (n = 86, P = 0.43).

Predator kairomones were collected by removing 10ml of water from a L. cyanellus
culture aquarium in which the water had been circulating for 24hrs without the carbon filter (see
above). The individual fish chosen as a kairomone source was not recorded because amphipod
reaction to kairomones from different individual fish tends not to vary (Wudkevich et al., 2009).
The control treatment consisted of 10ml of newly formulated culture water put aside while
preparing the test apparatus.

Each amphipod was introduced to the experimental apparatus in darkness and allowed to
acclimate for ten minutes before the light was switched on, signaling the commencement of a 5-
minute observation period. We recorded the amount of time the amphipod was active (swimming
or crawling not on or under the refuge) and the time it spent in refuge use (on or under the
refuge), using a stopwatch dedicated to each behavior. The total number of seconds spent in each
state served as scores for the two behavior categories, activity and refuge use.

Immediately following the first 5-minute observation period, 10ml of one of the three
stimuli (alarm pheromones, predator kairomones, no cue) was pipetted into the water above the
bubbling air stone, approximately 3-5cm below the surface and in the path of rising bubbles. We

allowed 30 seconds for the added liquid to disperse, and then observed the amphipod for 5
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minutes. The number of seconds active and in refuge use was recorded and scores calculated as

above.

Measurement of infection status and organisms metrics

After the behavioral test, amphipods were euthanized in 95% ethanol. Each amphipod
was measured from rostrum tip to urostyle by straightening it on a ruler under a dissecting
microscope; it was subsequently dissected to determine presence and intensity of infection.
Cystacanths were placed in aged tap water on a depression slide for two minutes, covered with a
cover glass, and their sex, length (not including proboscis), and width determined under a
compound microscope with an ocular micrometer. If the amphipod harbored an acanthella
(uninfective immature stage), the infection status was recorded, and the worm’s length and width

measured and recorded.

Statistical Analysis

Statistical analyses were conducted using R: R Development Core Team (2013). R: A
Language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. ISBN 3-900051-07-0.

To determine differences in reactions to cues, a difference score was calculated by
subtracting the post-cue score in a behavioral category (Activity or Refuge Use) from the score
in that category before the cue was added. Difference scores with negative values indicated a

decrease in that activity after the cue was added and positive values indicated an increase.
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First, uninfected amphipods exposed to no chemical cue were tested with t-tests to
determine whether there was a difference in the mean scores before and after the application. We
used two-way ANOV As with Tukey adjustment to investigate differences in behavior before and
after exposure to the cue and by infection group. We conducted this test using difference scores
for both activity and refuge use as response variables. Not all infections matured to the
cystacanth stage and there were a small number of infected amphipods that harbored acanthellae.
The ANOV A model tested how difference scores in each behavior category were influenced by
infection status (uninfected, acanthella-infected, and cystacanth- infected), chemical cue
(kairomones and alarm pheromones), and an interaction between term infection status and
chemical cue. Pairwise t-test comparisons were carried out to clarify differences between
infection groups and whether an infection group changed behavior before and after the addition

of the cue.

Results

Uninfected amphipods reduced activity and increased refuge use when presented with the
chemical cues. Alarm pheromones elicited stronger responses than predator kairomones. Infected
amphipods harboring cystacanths differed significantly from uninfected amphipods, and the
strength of altered response was stronger for alarm pheromone responses than kairomones
(Figures 1-4).

As expected, the “no cue” treatment had no effect on active or refuge use scores (n =29,
active: P =0.61; refuge use: P = 0.43; Table 1). In other words, the addition of 10ml of culture
liquid to the environment does not change amphipod behavior. In contrast, when exposed to

alarm pheromones, uninfected amphipods reduced their activity, on average, by -60 (+58)
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seconds. Cystacanth-infected amphipods exhibited no significant difference in time active before
or after the alarm pheromone was added (-1.6 £ 27 seconds; P =0.74). The difference in activity
scores was statistically significant for these two infection groups (F = 115.5, P =0.037; Table 2).
In the refuge use category, the average score of uninfected amphipods doubled in the presence of
alarm pheromones (44 + 46 seconds) and cystacanth-infected amphipods did not statistically
increase refuge use (2.5+25 seconds; P = 0.48); the difference in refuge use was significantly
different between uninfected and infected amphipods (F =30.33, P <0.001, Table 2). For both
chemical stimuli, cystacanth-infected amphipods were more similar to uninfected amphipods
exposed to no chemical cue than uninfected amphipods given alarm pheromones (Alarm
pheromones: F'=1.34, P =0.45; kairomones: F'= 0.85, P = 0.54; Figures 1&2).

Predator kairomones significantly altered the activity and refuge use of uninfected
amphipods, but not of cystacanth-infected amphipods. Both uninfected amphipods and infected
amphipods decreased activity, on average, when exposed to kairomones, but uninfected
amphipods did so to a significantly greater extent (-30 & 59 seconds) than infected amphipods (-
8.1 £52; P=0.003; Table 1). There was also a significant difference in refuge use; uninfected
amphipods increased refuge use 14.6 (+55) seconds on average, while infected amphipods
actually decreased refuge use by -2.7 (+49) seconds (P = 0.036). These scores were significantly
different between groups (F = 8.65, P <0.001).

The interaction term between infection status and chemical in the two-way ANOVA was
significant for activity, but not for refuge use. For activity, the effects test found the interaction
term between chemical and infection to be significant (F = 3.3, P =0.039; Table 3). This

indicates that cystacanths alter amphipod activity more strongly for alarm pheromones than
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kairomones. The same analysis did not find the interaction term for refuge use significant (F' =
1.6, P=0.20; Table 3).

Behavior of acanthella-infected amphipods was compared to both uninfected and
cystacanth-infected amphipods. For alarm pheromones, acanthella-infected amphipods (n = 5)
were indistinguishable from uninfected amphipods in activity (P = 0.5) and refuge use (P =
0.67). Acanthella-infected and cystacanth infected amphipods differed significantly in their
responses to alarm pheromones in activity and refuge use (P < 0.001 for both categories). For
kairomones, acanthella-infected amphipods (z = 10) did not differ significantly from uninfected
amphipods in difference scores for activity (P = 0.5) or refuge use (P = 0.67), nor could
difference scores be distinguished from cystacanth-infected amphipods for activity (P = 0.5) and

refuge use (P = 0.67).

Discussion

Amphipods infected with Leptorhynchoides thecatus cystacanths reacted to predation-
related odors differently than uninfected amphipods did. Uninfected H. azteca reduced their
activity and increased their refuge use when presented with both alarm pheromones and predator
kairomones. This behavior was stronger for alarm pheromones than kairomones. Cystacanth-
infected amphipods did not significantly decrease activity or increase refuge use when these cues
were present — it is as if cystacanths-infected amphipods did not sense the stimuli. We believe
that this is the first time that parasite-induced alteration of intermediate host response to alarm
pheromones has been demonstrated.

These behaviors are directly relevant to amphipod-predator interactions. For instance, this

study is modeled on demonstrations that these odor-related behaviors reduced predation in
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uninfected amphipods (Gammarus lacustris; Wudkevich et al., 1997, Wisenden, 2000). Our
uninfected H. azteca decreased average activity to the same extent as Gammarus lacustris
exposed to predator kairomones and alarm pheromones (Wudkevich et al., 1997). In predation
tests, the behavioral responses to alarm pheromones directly benefitted G. lacustris by increasing
the time it took for a L. cyanellus to find and strike amphipods (Wisenden, 2000). The same
predation tests have not been conducted using predator kairomones, but the similarity of
response to both cues - decreased activity - suggests that the behavioral response to kairomones
is an equally effective anti-predator behavior. Other studies on the efficacy of anti-predator
reactions to odors support these findings (Bakker ef al. 1997, Wisenden, 2000, Baldauf et al.,
2007, Médoc and Beisel, 2007). The qualitative and quantitative similarities between the
responses of H. azteca and other amphipod species to chemical cues, and the predation study
results in other species suggest that reduced activity and increased refuge use decrease predation
for H. azteca much as they do for other amphipod species.

It is therefore reasonable to suggest that risk of fish predation is increased by the reduced
activity and refuge use associated with L. thecatus infections. These changes fit the definition of
manipulation proposed by Thomas et al. (2005): parasite-induced changes in behavior or
physiology that increase parasite transmission.

The timing (ontogeny) of behavioral change in this host-parasite association is also
consistent with parasite-induced manipulation. Bethel and Holmes (1977) pointed out that
manipulative parasites were likely to alter behavior at the time that they became infective, when
transmission would be beneficial, and not before that time. In our study, the onset of infectivity
matches the pattern of behavioral change in amphipods harboring acanthellae and cystacanths.

Acanthellae-infected amphipods exposed to alarm pheromones exhibit anti-predator behavior
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similar to that of uninfected amphipods and respond to the stimulus, while cystacanth-infected
amphipods do not change their behavior. For kairomones, the results for acanthellae-infected
amphipods are not distinguishable from those found with cystacanth-infected amphipods. One
reason may be that the response to kairomones in general was not as strong as the response to
alarm pheromones and this weaker response makes it more difficult to distinguish differences
between groups. Although the sample sizes of acanthella-infected amphipods are not large,
sample size is addressed in the analyses; it is therefore reasonable to interpret the data from
acanthellae-infected amphipods as similar to that of uninfected amphipods. The fact that L.
thecatus acanthellae do not alter H. azteca as cystacanths do is expected for a manipulative
parasite.

This study sheds light on an ecologically important aspect of the parasite-host
relationship, the manipulation by Leptorhynchoides thecatus of Hyalella azteca’s reaction to
conspecific alarm pheromones and predator kairomones. Cystacanth-infected amphipods do not
react to these chemical cues as their uninfected conspecifics do, and were more similar to
amphipods exposed to no chemical stimulus. Normal behavior of uninfected amphipods
effectively reduces predation (Wisenden, 2000), so it is reasonable to assume that these parasites
increase predation rates through these altered behaviors.

Human sensory biases make it easy for researchers of parasitic manipulation to overlook
chemosensory perception (see Moore, 2013). However, the chemical environment plays an
essential role for many animals, particularly aquatic invertebrates. It is likely that as we move
beyond our attraction to easily observed behavioral changes (e.g. photoreactions and activity),
we will find a wealth of possible olfactory manipulations. We add alarm pheromones to odor-

related manipulations in amphipods (Baldauf et al., 2007, Kaldonski et al., 2008, Médoc and
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Beisel, 2009, Thiinken et al., 2010), in other crustaceans including isopods and copepods
(Hechtel et al., 1993, Jakobsen and Wedekind, 1998), and in other host phyla such as mammals,
particularly mouse responses to predator odors infected by protozoans Toxoplasma and Eimeria
(Kavaliers and Colwell, 1995, Kavaliers et al., 1998, Berdoy et al., 2000). It is likely that
additional odor-related behavioral manipulations will be documented; there is much to be
explored in this field. We do not yet know the specificity and limits of olfactory alteration in our
L. thecatus system. However, if previous studies are an indication (Kaldonski et al., 2007),
manipulative parasites are likely to surprise us with their ability to target specific, ecologically

important odor-related behaviors to achieve increased transmission.
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Figure 4.1. Mean difference scores in time active response to alarm pheromones. Difference
scores represent the total time active after the chemical stimulus minus total time active before
chemical stimulus exposure, such that negative values indicate a decrease in that behavior
between trials. Alarm pheromones consisted of 3 pulverized amphipods (H. azteca) in 10ml

culture water. The “Cyst” column represents amphipods infected with L. thecatus cystacanths.
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Figure
4.2. Mean difference scores in time of refuge use response to alarm pheromones. Difference
scores represent the total time of refuge use after the chemical stimulus minus total time of
refuge use before chemical stimulus exposure, such that positive values indicate an increase in
that behavior between trials. Alarm pheromones consisted of 3 pulverized amphipods (H. azteca)
in 10ml culture water. The “Cyst” column represents amphipods infected with L. thecatus

cystacanths.
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Figure 4.3. Active response to predator kairomones, as measured by mean difference score
times. Difference scores represent the total time active after the chemical stimulus minus total
time active before chemical stimulus exposure, such that negative values indicate a decrease in
that behavior between trials. Predator kairomones were added in 10ml of Green Sunfish (L.
cyanellus) conditioned water. The “Cyst” column represents amphipods infected with L. thecatus

cystacanths.
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Figure 4.4. Mean difference score in times of refuge use response to predator kairomones.
Difference scores represent the total time of refuge use after the chemical stimulus minus total
time of refuge use before chemical stimulus exposure, such that positive values indicate an
increase in that behavior between trials. Predator kairomones were added in 10ml of Green
Sunfish (L. cyanellus) conditioned water. The “Cyst” column represents amphipods infected with

L. thecatus cystacanths.
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CHAPTER 5: Host Use Patterns of Leptorhynchoides thecatus in Atkinson Lake, Nebraska:

Comparison of Samples 30 Years Apart=l=

Summary

This study compares current population metrics from a unique population of the
acanthocephalan parasite Leptorhynchoides thecatus in Atkinson Lake, Nebraska to data from a
study 30 years ago. This L. thecatus population was originally documented to use Green Sunfish
(Lepomis cyanellus) and Pumpkinseed Sunfish (Lepomis gibbosus) as its predominant hosts;
Largemouth Bass (Micropterus salmoides) was a less frequent host and Bluegill Sunfish
(Lepomis macrochirus) rarely hosted viable parasites. My data on gravid female parasite
prevalence confirm L. cyanellus and L. gibbosus as primary hosts. While both of these fish are
suitable hosts, there are more L. cyanellus in the lake that provide a greater base for this parasite
population. Contrary to the previous study, L. macrochirus had the third highest prevalence of
gravid worms and M. salmoides hosted a single gravid female worm. The current study confirms
L. cyanellus as the primary host and L. gibbosus as an equally suitable, but less frequent, host for

this unique acanthocephalan population.

Text

There are few longitudinal comparisons of parasite populations. This study compares
current population metrics from a unique acanthocephalan population to the results of sampling
nearly 30 years previous. The population of Leptorhynchoides thecatus (Kostylev) in Atkinson

Lake, Nebraska differs in its host use patterns from populations in other parts of the parasite’s
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range (Ashley and Nickol, 1989; Steinauer et al., 2007). This acanthocephalan parasitizes a wide
variety of fish hosts, with centrarchid fishes as the most common hosts (Lincicome and Van
Cleave, 1949). For most L. thecatus populations, Smallmouth Bass (Micropterus dolomieu) is
the most frequent host, and Largemouth Bass (Micropterus salmoides) and Rock bass
(Ambloplites rupestris) rank second and third (Steinauer et al., 2006). The L. thecatus population
in Atkinson differs from others in that it is found most frequently in sunfish and has low
prevalence in bass. Green Sunfish (Lepomis cyanellus) is the most reliable host for reproductive
female worms; the congeneric Bluegill Sunfish (Lepomis macrochirus) does not appear to be
successful hosts for reproductive worms (Ashley and Nickol, 1989).

The current study documents the persistence and current host use patterns of the Atkinson
population and compares them to the findings of Ashley and Nickol (1989). Ashley and Nickol
(1989) used monthly data from 1979 and 1980 and the current study uses collection data from 4
years of sampling (2008-2011). Because gravid females are the key to population persistence, |
was especially interested if and how the ecological parameters associated with gravid females
changed over time. I therefore focused on collecting parasites from the species and the months
identified in the previous study as most likely to yield gravid females by Ashley and Nickol
(1989).

Collections occurred at Atkinson Reservoir, Holt County, Nebraska (elevation 2,125 ft, at
42°33°N, 98°58’W). Collection and dissection of fishes was done in accordance with CSU
Animal Care and Use protocol 11-2590A and with Nebraska Game and Parks Commission
(NGPC) scientific collection permits. Parasites were collected twice each year at peak times for
gravid female L. thecatus: April-May and October (Ashley and Nickol, 1989). One additional

collection occurred in July 2011 because of very low fish numbers in the May 2011 sample. A
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10.7m seine net was used to collect young-of-year (5-20cm) L. cyanellus, L. gibbosus, L.
macrochirus, and M. salmoides. Every L. gibbosus (3 fish) and L. cyanellus captured was kept
for dissection because these species were likely to harbor gravid worms. Most L. macrochirus
and M. salmoides captured were returned to the lake, but a small number were retained for
dissection. Fewer of these two species were kept because they were less likely to harbor gravid
female worms.

Worms were collected from fishes within 24 hours of capture. Fishes were identified to
species. The designation Lepomis sp. was used for cases in which it was not possible to
determine the species because adult coloration was not present in young sunfish, or if the fish
was a L. cyanellus - L. macrochirus hybrid (Tomelleri and Eberle, 1990). Each fish was
euthanized and dissected. Worms were removed from the intestinal caeca and anterior intestine,
and reproductive condition recorded. Further confirmation of gravid status occurred in the
laboratory.

Data from each collection were tabulated and population statistics calculated for each
month as defined by Margolis et al. (1982) and Bush et al. (1997), and consistent with Ashley
and Nickol (1989). Because I sampled in April, May, July, and October, comparisons were made
only for these months. Graphs for population metrics from these months were formatted in the
style of Ashley and Nickol (1989).

In the course of this study 132 fish were inspected for L. thecatus. Overall, 69% of fish
were infected with 1-16 L. thecatus with an intensity of 2.4 (£ 2.7) worms. Leptorhynchoides
thecatus prevalence was highest in L. gibbosus (n=3, 1.00), followed by L. cyanellus (n=47,
0.94, 95% Confidence Interval: 87-100%), Lepomis sp. (n= 26, 0.67, 95% CI: 47-86%), M.

salmoides (n=15, 0.53, 95% CI: 27-79%), and L. macrochirus (n=41, 0.46, 95% CI: 29-
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59%)(summarized in Table I). The fish species that hosted the highest percentage of gravid
females were, in decreasing order: L. cyanellus (n@ worms = 100, 37% gravid), Lepomis sp. (n%Q
worms = 24, 33% gravid), L. gibbosus (nG worms = 7, 29% gravid), L. macrochirus (nS worms
=20, 15% gravid) and M. salmoides (n9 worms = 7, 0 gravid) (Table II).

These results indicate that L. thecatus continues to inhabit Atkinson Reservoir and the
pattern of hosts of highest prevalence is consistent between studies. In both studies, the majority
of worms and gravid females are found in L. cyanellus and L. gibbosus (Table II). There is some
possible shift in prevalence of secondary hosts between M. salmoides and L. macrochirus.

The L. thecatus in Atkinson Lake between 2008 and 2011 were most prevalent and most
likely to reach patency in L. cyanellus and L. gibbosus (Table I, Figures 2&3). Overall,
prevalence and gravid female prevalence for L. gibbosus was similar to that of L. cyanellus, but
these measures fail to encompass the importance of each species in the persistence of the parasite
population. Only three L. gibbosus were captured in four years and these were larger, more
mature fish than most L. cyanellus sampled. Among the hosts with lower prevalences, prevalence
was slightly higher for M. salmoides than L. macrochirus, but M. salmoides had a lower mean
intensity (Table I). More importantly, L. macrochirus hosted a small number of gravid females,
while no gravid female worms were found in M. salmoides (Table 11).

I contend that L. cyanellus remains the most important fish species for this L. thecatus
population. Lepomis gibbosus was slightly more likely to harbor gravid females but this host
species was far less abundant, suggesting that the L. gibbosus population was less important for
maintaining the parasite population. Without a comprehensive sampling effort to yield a larger
number of L. gibbosus, it is not possible to calculate a reliable metric of relative flow rates for

these species (per Holmes et al., 1977; Ashley and Nickol, 1989; Rauque et al., 2003).
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Across fish species, the prevalence and intensity of L. thecatus in this study closely match
those described by Ashley and Nickol (1989) for 1979-1980. The monthly calculations of
prevalence are strikingly similar between studies (Figure 1). Lepomis cyanellus continues to be
the most commonly infected species and is the host species most likely to harbor gravid female
worms (Figure 2). Lepomis gibbosus was a second reliable host in the 1979-1980 data. All three
L. gibbosus 1 captured were infected with multiple worms and had a similar mean intensity L.
cyanellus (Table II). Based on previous data and my small sample, it is reasonable to assume that
L. gibbosus continues to be a high quality host that supports gravid females worms (Ashley and
Nickol, 1989), but its population size may not be sufficient to sustain the parasite in the absence
of other hosts.

When examining the occurrence of gravid females, there are a few notable differences
between these two studies. In 1979-1980, M. salmoides exhibited high overall prevalence and
intensity of both non-reproductive and gravid female worms. Ashley and Nickol (1989 — Table
III, pg 47) calculated that M. salmoides was the largest contributor to egg production for this L.
thecatus population during the month of May, and in April and October matched or exceeded L.
gibbosus in this metric. In contrast, I did not find a single gravid female in any of the M.
salmoides from corresponding months. Lepomis macrochirus showed differences in parasite
numbers between the two studies as well. Whereas Ashley and Nickol (1989) found L.
macrochirus the least suitable of the four fish species for L thecatus and only 1 gravid female
from 139 dissected fish, I found L. macrochirus harbored more parasites than M. salmoides and 3
gravid females in 41 fish (Figure 5, Table II). In both studies the mean intensity in L.
macrochirus was close to 2.0. Acanthocephalans are dioecious, so a low mean intensity may

limit the chance of sharing a host with suitable mates and complicate egg production. While
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these two data sets differ in the extent to which M. salmoides or L. macrochirus is more likely to
host gravid female worms in Atkinson, both of these species are poorer quality hosts than L.
cyanellus or L. gibbosus.

There are some limitations to the present study. The data were collected with the goal of
obtaining gravid female worms, so there was species bias in my sampling effort. And as a result,
the sample size of 132 fish is not as large as the 517 used by Ashley and Nickol (1989) and I am
not able to provide an equivalent resolution of population metrics. Nonetheless, these data
provide observations of the same parasite population separated by 30+ years, and the close
similarities between the datasets provide important information about the long-term population
dynamics of this parasite species at this location.

For instance, this study demonstrates that this L. thecatus population is fairly consistent
in overall prevalence, gravid female prevalence, and host use patterns despite a number of
changes to the lake’s ecology in the period between studies. One major change in lake ecology
was the stocking of fish by game agencies. 4 priori, it was suggested that stocking was a
potentially detrimental perturbation to the host community for this parasite population (pers.
comm. Dr. B.B. Nickol). Records from NGPC indicate that the agency stocked two host species
in 1991: Bluegill (L. macrochirus) and Largemouth Bass (M. salmoides). After 1994, Channel
Catfish (Ictalurus punctatus) was the sole fish stocked. In addition, it is highly unlikely that the
definitive host community has been consistent. Ashley and Nickol (1989) did not report the ratio
of L. macrochirus to L. cyanellus but 1 found a very high ratio my sampling. A high L.
macrochirus:L. cyanellus ratio may be associated with an increase in hybridization rates between
these fish species (Tomelleri and Eberle, 1990). It is not known whether or not these hybrids are

suitable hosts for L. thecatus, but the hybrid question is a topic that warrants further research.
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Finally, despite similarities in prevalence and gravid female prevalence, both mean intensity and
relative density of L. thecatus in my study were lower than those documented by Ashley and
Nickol (1989), particularly in April and May (Figures 1&2). The lower number of parasites per
host suggests that this parasite population may not be as robust as it once was. Despite such
environmental changes, this parasite population appears resilient to perturbations and consistent
in its relative prevalence across host species, and one explanation for this could be that the
reservoir is an open system that receives host immigrants from other areas.

This study confirms that Atkinson Reservoir continues to be a suitable ecosystem for L.
thecatus and the parasite continues to use L. cyanellus as its primary host species. The population
of L. thecatus in Atkinson Reservoir persists and the pattern of prevalence remains similar over
time. The majority of worms and gravid females are found in L. cyanellus and L. gibbosus. There
1s some possible shift in importance of secondary hosts between M. salmoides and L.

macrochirus.
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Table 5.1. Leptorhynchoides thecatus occurrence by fish species for the study period (2008-

2011).

Prevalence Mean Intensity Relative
Species n (fish) Prevalence C.L* Intensity = St. Dev.} Density

L. gibbosus 3 1.00 100% 3-5 4.3+1.2 433

L. cyanellus 47 0.94 87-100% 1-16 4.4+3.2 3.82

Lepomis sp. 24 0.67 47-86% 1-10 3.342.6 2.56

L. macrochirus 41 0.46 29-59% 1-4 2.2+1.4 1.19

M. salmoides 30 0.53 27-79% 1-2 1.4+2.6 0.73

* 95% Confidence Interval
1 Standard Deviation
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Table 5.2. Monthly totals of Leptorhynchoides thecatus from each fish species

L. Cyanellus (n* = 47) Lepomis sp.  (n*=26) L. macrochirus (n* = 41) M. salmoides (n* = 15) L. gibbosus (n* = 3) Combined n*=132
Month?t No. 2 (8) % Q@ gravid  No. ? (&) % Q gravid  No. 2 (3) % Qgravid  No. ? () % Q gravid  No. @ (&) % Q gravid  No. ? (&) % @ gravid
April '08 10 (10) 60 1(2) 100 34 0 2(0) 0 2(3) 50 18 (19) 44
April '79-'80 55(51) 29 - - 0(0) - 32 (30) 9 50 (41) 12 137 (122) 18
May '08-'11 25 (18) 45 8(9) 25 3(5) 33 2(1) 0 5(3) 20 54 (51) 28
May '79-'80 78 (66) 13 - - 2(2) 0 15 (9) 33 36 (31) 11 131 (108) 15
July '11 5(3) 40 9(5) 33 3(D) 0 - - - - 17(9) 29
July '79-'80 3(7) 33 - - 4(3) 0 10 (19) 0 22 (38) 36 39 (67) 23
Oct '08-'11 49 (47) 33 6 (10) 33 11(10) 18 3(2) 0 - - 68 (69) 32
Oct '79-'80 38 (54) 55 - - 7(7) 14 46 (51) 20 39 (15) 49 132 (177) 39

*n = total number fish examined. Number examined each month shown in Figures 1-5.
1 Shaded rows report the findings of Ashley and Nickol (1989) collected from 1979-1980 for those same months.
¥ Lepomis sp. includes those fish that I could not reliably determine to species. Ashley and Nickol (1989) did not report this category
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Figure 5.1. Monthly occurrence of Leptorhynchoides thecatus from all centrarchid fishes in
Atkinson Reservoir. A, prevalence (%); B, relative density; C, mean intensity (Bush et al. 1997).
Two bars represent each month: White bars depict all parameters from Ashley and Nickol
(1989); grey bars depict the same month’s data collected 2008-2011 and reported here. Stippled
bars depict gravid females for both studies. Solid bars depict all other worms captured. Numbers

above bars indicate the number of fishes sampled.
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Figure 5.2. Monthly occurrence of Leptorhynchoides thecatus from Lepomis cyanellus in
Atkinson Reservoir. A, prevalence (%); B, relative density; C, mean intensity (Bush et al. 1997).
Two bars represent each month: White bars depict all parameters from Ashley and Nickol
(1989); grey bars depict the same month’s data collected 2008-2011 and reported here. Stippled

bars depict gravid females for both studies. Solid bars depict all other worms captured. Numbers

above bars indicate the number of fishes sampled.
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Figure 5.3. Monthly occurrence of Leptorhynchoides thecatus from Micropterus salmoides in
Atkinson Reservoir. A, prevalence (%); B, relative density; C, mean intensity (Bush et al. 1997).
Two bars represent each month: White bars depict all parameters from Ashley and Nickol
(1989); grey bars depict the same month’s data collected 2008-2011 and reported here. Stippled
bars depict gravid females for both studies. Solid bars depict all other worms captured. Numbers

above bars indicate the number of fishes sampled.
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Figure 5.4. Monthly occurrence of Leptorhynchoides thecatus from Lepomis gibbosus in
Atkinson Reservoir. A, prevalence (%); B, relative density; C, mean intensity (Bush et al. 1997).
Two bars represent each month: White bars depict all parameters from Ashley and Nickol
(1989); grey bars depict the same month’s data collected 2008-2011 and reported here. Stippled
bars depict gravid females for both studies. Solid bars depict all other worms captured. Numbers

above bars indicate the number of fishes sampled.
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Figure 5.5. Monthly occurrence of Leptorhynchoides thecatus from Lepomis macrochirus in
Atkinson Reservoir. A, prevalence (%); B, relative density; C, mean intensity (Bush et al. 1997).
Two bars represent each month: White bars depict all parameters from Ashley and Nickol
(1989); grey bars depict the same month’s data collected 2008-2011 and reported here. Stippled
bars depict gravid females for both studies. Solid bars depict all other worms captured. Numbers

above bars indicate the number of fishes sampled.
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