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ABSTRACT

Interactions with enemies are an important source of ektrinortality in natureAs
such, traits that alleviate the detrimental effects of enemies are expected to be under strong
selection and to evolve rapidly following shifts in the level of enéamdyced mortality. The
evolutionary effects of increasing engpressure on defensive traits against those enemies are
straight forward and well supported both theoretically and empiricatigreased enemy
pressure should lead to increased investment in defences and promote the evolution of defences.
The consequemrs of relaxing enemy pressure, on the-$iige, are more complex to predict
given that the evolution of defensive traits are now more strongly influenced by theiofimde
with other fithess enhancing traits. In this dissertation | asddssnaturethe eceevolutionary
implications of enemy release on defence against parasitiesn host speciatiomhrough
laboratory and field assays | ulse common and deleterious parastigrodactylusspp.) and its
poeciliid host Poeciliareticulata- guppie$ as a model system

First, | assesdwhether removal of this parasite in replicate introductions in the wild led
to the rapid evolutionary loss of resistanc&tgodactylusthus coforming to theoretical and
laboratoryinformed expectations, and whettieis evolution occuedin parallel between the
sexesAfter two generations of laboratory rearing to control for plasticity and maternal effects |
found that, contrary to theoretical expectations, female guppies that had evolved for four and
eight generations released fr@yrodactylushad rapidly and repeatly evolved increased
resistance to the parasite. After consideration of alternative explanations | concluded that this
evolution is likely caused by rapid I[Hgistory evolution in response to release from predators. In
addition, | found nosparallel evdution of the sexes. Male guppies in the ancestral population

had higher resistance @yrodactylughan females, and parasite release in the introduced



populations did not lead to male evolution of resistance, whicturn- led to the evolutionary
reduwction of sexual dimorphism. | argue that the pamallel evolution of resistance is caused by
previous selection for high resistance in males that constrains further evolution of the trait.

Given that the results indicate that simultaneous relaxatiprestation pressure may
have accounted for the findindghen evaluatgin a multidimensional selection context (i.e.,
changes in parasitism, predation, diet and productiwibgther evolution under enemy release,
led to the formation of reproductive biars (ecological speciation) through the evolution of
mate choice and signaling trail3espite theoretical expectations that multidimensional divergent
selection would promote ecological speciation and observed rapid evolution of male signaling
traits, eemy release in this system does not promote the evolution of assortative mating. |
conclude that other aspects of sexual seleéticonserved preference for novel males
counteracts the influence of strong multifarious divergent selection.

Finally, | testedwhether interspecific social interactions (mixespecies group
formation) can provide a degree of enemy release against contagious parasites, a rarely
considered but potential advantage of mispécies group formation. | found that the presence
andabundance oByrodactyluds lower in poeciliids forming mixegpecies groups than those
forming single species groups, which is consistent with the hypothesis thatspeeds groups
provide a level of protection against contagious parasites.

These sidies add a new dimension to the growing evidence of contemporary evolution in
the wild and point to the need for theaensideration of simple expectations from Rostasite
theory, and more broadly relaxed selection. In particular, the results highlegheed for
increased consideration of multiple sources of selection and pleiotropy when studying evolution

in natural contexts.
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RE SUME

Les interactions avec les ennemis sont une source importante de maarailés

milieux naturels.De e f ait, on doit sdébattendre ~ ce que
des ennemis soient soumis ° une forte s®l|l ecti
changements au niveau de | a mortalit® induite
| 6accroi ssement de | a pression due aux ennemi

évidents et bien soutenus a la fois théoriquement et empiriquérhedita c cr oi ssement de

pression due 7 | 6ennemi d o i tissecnenhdhns iles défensesatn a c
promouvoir | 6®volution des d®f enses. Les cons
ennemis, en revanche, sont plus complexes ~ p

défensifs est a présent plus fortemenuiaficée par leuftradeoffsbpavec dobéautres tra

augmentant |l a fitness. Dans cette dissertatio
®volutives du rel ©chement de | a preestsurlan de |
spéciaton. Au travers doéoexp®riences en | aboratoire

et délétereGyrodactylusspp.) et son héte poecilidBdecilia reticulatai guppies) comme un
systeme modele.

Tout dbéabord, | e t esansdessntrodlctonsrépliguéesienr de c e
milieu naturel entraine une rapide perte évolutive de la résistaBgmdactylus en conformité
avec les prévisions théoriques et celles issues de tests en laboratoires, et si cette évolution a lieu
en paralléle entries sexes. Apres deux générations de surveillance en laboratoire pour contrdler
pour | a plasticit® et | es effets maternel s, |

théoriques, les femelles guppies qui avaient évolué depuis quatre et huit générations 6 a b s e n ¢

Xii



de Gyrodactylusavaient rapidement et de maniere répétée évolué vers un accroissement de la
r®si stance envers | e parasite. Apr s avoir co
gue cette évolution est probablement due auneiédval on r api de doéhi stoire
di minution de pression par | es prpadidddeur s . De
sexes. Les males guppies de la population ancestrale avaient une résistance plus forte au
Gyrodactylugjue les fenelles, et le relachement de la pression parasitaire dans les populations
introduites nda pas condui t 7 Jleror@&uwiddondtitiaon de
une r®duction ®volutive du di mor phalédemdela se x uel
résistance est causée par la sélection passée pour une forte résistance chez les méales qui contraint
| 6®volution future de ce trait

Etant donné que les résultats indiquent que le relachement simultané de la pression de
prédation pourraitexplguer | es r®sultats, jbéai test® ensu
multidimensionnelle (i.e., changements en termes de parasitisme, prédation, alimentation et
productivit®), si | 6®volution en condduti ons d

|l a formation de barri res reproductives (sp

choix du partenaire et des traits de signalisation. Malgré les prédictions théoriques que la
sélection divergente multidimensionnelle devrait promouvapkciation écologique et
| 6®vol ution rapide observ®e des traits de sig
| 6ennemi dans ce syst me ne promeut pas | 6®vo
conclus que doaut msexeldmséfremce consevee poua lessn@uveauxt i o
malesc ontrebal ance | 6influence de | a s®l ection

Enfin, je teste si les interactions sociales hsi@écifiques (formation de groupes mixtes

déesp ces) peaitnfdegn®rdenrek®©chement de | a p
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parasites dangereux, un avantage potentiel mais rarement considéré de la formation des groupes
mi xtes dobébesp ces. Jbai tr oGywo@actgusstplusdaibler ®s enc e
dans | es poecilid®s formant des groupes mixte

doune seule esp ce, ce qui est en accord avec

dbesp ces fournissent un nivegeuw. de protection
Ces ®tudes ajoutent une nouvelle dimension

contemporaine en milieu naturel et établit la nécessité de reconsidérer les prédictions simples de

la théorie hotgparasite, et plus largement de la sélectionogtiexte de relachement de

contraintes. En particulier, les résultats de ces expériences mettent en lumiére la nécessité de

considérer davantage les multiples sources de sélection et la pléiotropie quand on étudie

| 6®vol ution en contexte natur el
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STATEMEND©OROEI NALI TY

The manuscriptesontained as chapters in this thesis (Chapt&sate novel contributions
to scientific knowledge that advance our understanding of the evolution and ecology of host
parasite interactions. Chapter 2 expandsutigerstanding of the evolution of defence against
parasites, specifically under relaxed selection, by showing that a common theoretical and
empirical expectation that release from selection by parasites should lead to the evolutionary
loss of resistanciedoes not hold in nature, under multifarious selection. Chapter 3 broadens this
knowledge by showing that, when subject to a similar environmental divergence (removal of
parasites), the sexes do not evolve in parallel, and as a result sexual dimanpleisistanceé a
common occurrence in naturalecreases and in some cases disappears. In Chapter 4 we extend
the understanding of speciation by showing takihough parasitism is expected to be a driver of
ecological speciation, strong divergence inggarsmundermultifarious selectiomloes notead
to assortative mating in the guppy syst&urthermore, through preference for novel males,
Chapter 4 reconciles the common observation that guppies show strong and rapid divergent
adaptive evolution andey often show no signs of assortative mating. Chapter 5 empirically
explores a novel mechanism for mixgpecies group formation and shows that when two
different fish species form interspecific groups their parasite loads are lower than when they
form sirgle-species groups.

Chapter 2 was published in Proceedings of the Royal Society B, Chapter 5 was published in
PLOS One, Chapter 3 is under reviewhat Journal of Evolutionary Biologynd Chapter 4 will

soon be submitted to Animal Behaviour.
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CHAPTHR

Introduction



The effects of ecology and evolution on enevictim interactions in nature are the
focus of my dissertation. | explore enewigtim interactions in the context of enemy release, a
form of relaxed selection, where the strength of a previously importardesof selection is
decreased or eliminated. Throughout my thesis | first assess the implications of enemy release, in
nature, on the evolution of defence against enemies and how this process differs between the
sexes. | then expand the focus to a broadale and ask whether enemy release and multifarious
selection can lead to rapid speciation through the evolution of assortative mating. Finally | assess
whether interspecific social interactions can provide a level of enemy release when victims

cannot flly evade but have to eexist with their enemies.

1.1 Relaxed selection and enemy release:
Relaxed selection

Natural selection is the main cause of adaptive evolution in thglyig)and commonly
occurs when populations are exposed to changes in tbéa or abiotic environment.
Environmental change can introduce a number of alterations that can modify the selective regime
experienced by a population and lead to rapid initiation of adaptive evo{8tidh These
changes can be broadly categorisedigla continuum from increased to decreased action of a
source of selection. In the first case, there is an increase in the presence of a previously existent
source of selection or, in an extreme case, the appearance of a novel source of selection
(increasd selection or emergence); the second case is known as relaxed s€fe@)oan
decrease in the presence of a source of selection where its most extreme expression would be the
complete loss of that previously important sou#ge Although increased kection and

emergence are more often studied than relaxed selection, both in nature and in the laboratory,



there is na priori reason to expect it to be a more common process than relaxed selection in
nature. Therefore, there is a major gap in our unaedgtg of evolutionary processes.

The distinction between increased versus relaxed selection is important given that traits
are expected to evolve differently under these two situafgre). Increased selection and
emergence are well studied phenomenth straight forward expectations: increased response of
the affected trait, and evidence from both field and laboratory studies often support this
hypothesig7-12). However, under relaxed selection the evolution of a trait is no longer under
the directeffects of a previously important source of selection and therefore tlie drait
contribution to fitness now depends on its interactions with other fithess enhancing traits (i.e.,
tradeoffs) (13, 14) Although most studies have been performed in the ledogrdhere is
accumulating evidence showing how relaxed selection affects traits in (E&r@). In both lab
and field studies the reported outcome is either no change in trait expression or loss of the trait
(5, 6, 13) The evolution of a trait undeelaxed selection is thus determined by the type of
correlation between that trait and those traits with which-itazees(5). Furthermore, the degree
to which the trait under relaxed selection is costly or prone to mutation accumulation is expected

to determine the rate at which the trait will be 1@t 6)

Enemy release
A special case of relaxed selection is enemy release, which is the focus of this
dissertation. | define enemy release as the increased opportunity of victims to reduce the direct
detrimental effects on their fithess caused by another species (i.e., ning.enehat sense,
parasites and predators are the most common enemies that victims face. Enemy release can occur

in many instances, perhaps the most immediate concept that comes to mind is enemy release



following a species translocation to a new envirenmspecifically, out of its natural ran¢f8,

19). Nonetheless, migration within the species range, following changes in the biotic and abiotic
environment can also lead to release from ene(@®sYet, not all cases of enemy release need

to be as drstic as to involve a complete disappearance of the enemy, victims can also achieve a
level of reduction of the detrimental effects caused by their enemies through behd2iba®)|
developmental24-26) or evolutionary(27-30) changes. In this thesisaésess in nature, through
laboratory and field assays, the evolutionary impacts of enemy release on victims and a novel

behavioural mechanism that can lead to enemy release.

1.2 What is a parasite?

The type of enemy | focus on in this dissertation are gasadtarasites are classically
defined as organisms that cause harm (i .e.,
which possess adaptations that allow them to [1] feed on, and [2] live on (ectoparasites) or in
(endoparasites), another organishe hosi(31-33). These activities do not necessarily or
i mmedi ately |l ead to the hostds death (a key
more restrictive definitions of parasites which limit the group to metazoans and some protozoans
(31, thus excluding other important pathogens such as viruses, bacteria and fungi. Although the
core of my experiments relates to the effects of a metazoan ectopdsgsueactyluspp.)
from the taxon Platyhelminthes, | will use the term parasite indot® general and broadest
connotation, that is, to include all pathogens.

Parasites are a pervasive and influential driver of ecological prog843eRarasites
account for more than one third of animal diver§&®, 35)and can represent a larger biosas

than that of predator within ecosyste(86). Parasitism is a common trophic strat€gy, 37)



an important source of extrinsic mortal{88), can modify the strength of interspecific
interactiong39) and can shift the structure and energy flow ofti@ebs(37). However, until

recently parasites have often been neglected in ecological and evolutionary studies, yet
understanding their effects on ecological and evolutionary dynamics is essential to improve our
conservation programme40, 41) food secuty (42), disease control strategi@s3), invasive

species managemefi9) and possibly poverty alleviatiqd4). Finally, a more personal reason

for the study of these questions is that parasites and theavetdtionary interactions with their

hosts & simply fascinating.

1.3 Evolution in the lab and in nature:

The empirical evidence for evolution under enemy release is derived from two main
approaches: [1] laboratctyased experimental evolution and [2] field surveys. The first
approach, experimentav@ution in the laboratory, manipulates the presence of enemies in a
repeatable way while controlling for or removing variation in other selective fqdtoysy et,
evolution in nature occurs in the context of these other factors (i.e., multidimensiectibs),
which could strongly modify the evolutionary response to divergence in enemy levels and thus
influence our ability to predict and understand the process. These other factors become of
particular importance when studying enemy release givenr#it¢volution following the
removal of a previously important source of selection becomes subject totiadéth other
traits and therefore to effects of other sources of sele@jon

The second approach, field surveys, incorporates the effetisltyble interacting
selective pressures, and therefore informs on the effects of multidimensional selection and the

relative importance of the selective factor of interest. Nonetheless, this approach is rarely able to



discriminate cause and effect or tiage at which evolution proceeddéurthermore, field

surveys rarely allow to disentangle the ecological causes of the phenotype (i.e., phenotypic
plasticity and maternal effects) from the genetic component of the phenotype (the one which is
subject to ewlution).

A way to link these two approaches is to experimentally manipulate enemy levels in
nature which then allows assessing the rate and nature of the response to changes in enemy levels
in the context of natural variation in other selective fadi83 This third approach is more
powerful when informed by data gathered from the previous two approaches, such that there is a
clear understanding of how evolution is expected to proceed when only the focal source of
selection varies and there is subsitdrunderstanding of the other relevant sources of selection
and trait variation under natural conditions. Therefore, in order to assess evolution under enemy

release | use experimental manipulations of enemy levels in nature.

1.4 Evolution of defence:

The mpacts of parasites on host fithess can be partitioned into different components, for
exampl e, parasite infection has been shown to
mating success, and survivorsii8#, 47) Given that parasites can caustense negative effects
(directly and indirectly) on host fithess and that they are ubiquitous in {@&rd4, 37)t is
generally expected that parasites impose stro
and processes that reduce fitnless when parasites are pres@®)). Defence against parasites
can be expressed by hosts in multiple w@gs 49)which can include
physiological/immunological49, 50)and behaviourgs1-53) responses. The magnitude of the

detri mental effects caused to the host by par



take away resources from the host, [2]tkenber ofparasits carried by the ho¢b4), [3] the
likelihood that infectiondcilitates the establishment of other pathod&6% [4] the amount of
resources and energy the host invests in its response to the (d&5@ 56)[5] the duration
of the infection, and [6] the host's ability to reduce the number of parasitistafnes) or the
damage caused by a given number of parasites (toler&7eg9).

Investment in defence against parasites has assobeutefits anadostswhich affect the
evolution of this traitEvolutionary models of host resistance to paragi@1) predict that
increased parasHieduced mortality, which correlates with increased parasite abundance and
prevalence, selects for hosts that better avoid, control or clear parasites, leading to the evolution
of increased resistance in the host popaoiretisince these individuals have higher lifetime
reproductive success. Laboratory studies with bacte?i®5), protozoang12) and invertebrates
(29, 6668) as well as comparative field studi@, 69, 70)ktrongly support this pattern.
Similarly, theay predicts that a decrease in parasituced mortality and morbidity, which
correlates with decreased parasite abundance and prevalence, will select for individuals that
invest less in resistance and more in other fitg@dmncing traits, leading toefevolution of
decreased resistan(@0, 61) Only laboratorybased studies on bacteria and invertebrates have
directly tested for the evolution of resistance under relaxed selection; in all cases the result has
been no evolutionary change or the evolubbdecreased resistan(i3, 7176), as would be
predicted under relaxed selecti).

Resistance against parasites increases the fitness of exposed individuals, and yet the
degree of resistance varies among populations of the same host species anthdiridoals
within those populations (i.e., high resistance it is not a fixed trait), which suggests that

resistance has associated c¢38 77) These evolutionary costs of resistance are often assessed



as tradeoffs with life-history traits(13, 29) one such trait that often trade# with resistance is
fecundity/fertility (78, 79, but see 80yWhen multiple traits are measured as potential costs of
resistance, the most frequent outcome is that a few, but not all, of the evaluated traits show a
negative correlation with resistance. Therefore, the fact that some sfadies9, 8130 not

detect a tradeff between resistance and some specificHifory traits should not be taken as
evidence of lack of costs of resistance; it seems more likatyesistance either trades off more
strongly with other unmeasured liFgstory traits, or alternatively the costs are expressed
differently (e.g. physiological costs ).

One further consequence of divergent exposure to enemies among victim popidations
ecological speciatio(B2) (i.e., the buildup of reproductive barriers owing to divergent natural
selection between different environments). On the one hand, divergent predation levels have
been shown to drive reproductive isolat{@3, 84) where indviduals from different populations
preferentially mate with individuals from similar environments and similar adaptive traits rather
than with more divergent, but more closely related, ecotypes. Parasitism, on the other hand, is
increasingly suggested as important driver of ecological speciati@b-87) yet empirical
support for parasites as drivers of ecological speciation is (@&akAdditionally, natural
divergence in enemy levels is often accompanied by divergence in other biotic and abiotic
compaments of the environme(86) (i.e., high dimensionality) which should increase the
number of independent traits under selection (i.e., multifarious selection), and lead to increased

progress towards ecological speciat{88, 89)



1.5 Various ways to measure defence:

Hosts can defend themselves from parasites in many ways. These include behavioural
and physiological (including immunological) mechanisms that reduce the probability of
becoming infected or reduce parasite loads once iafebtis occurre(B3, 48, 90) Behavioural
components of defence include, for example, active avoidance of places associated with higher
parasite abundancés?), modifying grouping behaviour to reduce attack or transmission of
parasite91-93), engagingn cleaning behaviours such as grooming and allogroo(®ibhgo4)
or the ingestion of anparasitic substancé85).

Physiological mechanisms of defence are varied and include, among others, changes in
body temperaturé®6, 97)and the various moleculesd pathways that compose the recognition,
signaling and effector branches of the immune sy$83) These components can be measured
in various ways, for example by targeting direct measures of the amount of swelling in response
to antigen injections (g., PHA)(98), the degree and rate of encapsulation of foreign objects
(99) and antibody titers after exposure to an antid€@) These measures are useful when
variation in parasite loads does not correlate with damage experienced by hosts or when direc
counts of parasite numbers are difficult. However, given the multitude of possible behavioural
and physiological mechanisms that need to be accounted for, the most direct and integrative
measure of the host ability to control parasite numbers is tdlgliesssess parasite numbers
under controlled infection. Under certain circumstances (e.g., when using ectoparasites that
reproduce on their hosts) the whole infection dynamic can be monitored at the individual host
level and measures such as establishisgritess, peak load, parasite growth rate and infection
clearance rate can be determii@dl) In systems where parasite loads cannot be directly

counted or where the main interest lies in host population dynamics, resistance can be measured



as the propordn of individuals in a group that become infected or survive infe¢figan67, 68,
102), or as the concentration of parasites needed to kill a certain proportion of the host
populationg71, 76)

One common problem that the above metrics share whenpiated alone is the
assumption that a stronger response or a lower parasite load necessarily implidsoisigher
fitness(103) Although this is partially correct, given that lower loads correlate with lower
damage, overinvesting in resistance is dorteeatost of investment in other fitness enhancing
traits (56) and high resistance can lead to-selctivity (e.g. autoimmune responsgi)4)
Furthermore, defence can be conceptualised as not only being constituted by resistance
mechanisms (the abilityf hosts to reduce their parasite loads) but also as being constituted by
tolerance mechanisms (the ability of hosts to reduce the negative impacts of a given parasite
load)(57-59, 61, 105)Investment in these components is expected to have a negatislaton
(57, 61)because reducing the damage caused by parasites that are cleared before they can cause
damage, or investing resources in eliminating parasites that cause no damage, would both be an
inefficient use of resources. Therefore, a comprekiensiderstanding of defence and its
evolution under enemy release should include not only measures of resistance but of tolerance

too.

1.6 Group formation as a mechanism of defence against enemies:

As mentioned above, hosts have 1pdrysiological ways of dehding themselves against
enemies, and behavioural strategies might play a crucial role in defence when victims cannot
fully evade their enemies. One such strategy is group form@iii) Group formation is a

common adaptive strategy by which individuddat maintain a close spatial association have a
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higher relative fitness than those that are by themség&3 Although members of a group
benefit from a series of advantages (such as increased foraging £16¢ed98) reduced

thermal stres§109), increased locomotion efficieng¢10)and enhanced mating opportunities
(111), reduced predation rigR1, 112115)is an important and we#itudied mechanism of

group formation. As group size increases, victims (i.e.,-ppegies) are more likely to detect
(113) reduce their exposure th12)and decrease their probability of being attacke@ay
enemies (i.e., pdators) as well as reduce the ability of predators to make effective &ftabks

In this sense, group formation is an effective enemy release mechanism when victims cannot
fully escape their enemies.

Parasites are another type of enemy that is affégteploups, yet the effect of group size
is more nuanced than for predators. On the one hand, when parasites transmit thrdivwygfree
stages or vectors (i.e., actively or passively search for their hosts) increasing group size may
confer similar benefs as those obtained against predatbi§) On the other hand, parasites
that are transmitted through host to host contact (i.e., contagious pafER&Henefit from
increased contact among suitable hosts as group size increases. Therefore,sasegroup
increases there is a higher mean number of parasites per individual victim (i.e., host) and larger
percentage of infected individuals in the gr¢up6-118) In this sense, increased contagious
parasite transmission is a common cost of group li{di®)

One way in which in which victims may be able to reduce the costs of forming groups
(i.e., constagious parasite transmission) while keeping some of the advantages of larger groups
(i.e., antipredator advantages) is by forming mispdcies groupdl19). Mixed-species groups
are frequent in natud20-122)and occur when members of two or more species overlap

spatially and temporallf106, 120) These groups are commonly explained as providing

11



foraging, vigilance and anfiredator benefits to membdd?2, 123) but the effect of parasitism

as a possible driver of mixespecies groups has been mostly overlooked. Msgeties group
formation can serve as a strategy to avoid mobile and vector transmitted parasites, and has been
reported to occur wheihé numbers of conspecific host individuals are (6@).While a
heterospecific association provides the same benefits as a monospecific group in terms of the
numerical advantage (i.e., larger groups lead to decreased individual risk and exposure), the
hetegospecific nature of mixedpecies groups may play a crucial role as a mechanism against
contagious parasit¢$19). For example, when contagious parasites are highlydpestfic, an
equallysized singlespecies group provides twice as many opporturfidiesansmission and
establishment as a mixagpecies group with an everbalanced hostpecies composition, thus
leading to higher parasite loads (mean abundance and prevalence) in thepsogde groups.

In my thesis, | conducted a first empiricast of mixedspecies group formation as a potentially

important mechanism providing enemy release to parasitised fish.

1.7 Guppies andGyrodactylus The study system:

In order to assess the ecological and evolutionary effects of enemies on their vicems | us
aPoeciliareticulatai Gyrodactylusspp. hosparasite system. The host species, guppies
(Poeciliareticulata), are livebearing poeciliid fish native to nordastern South America (i.e.,
Guyana, Venezuela and, Trinidad and Tobd@@%)and are a welestablished microevolution
model speciegl24) Gyrodactyluss a diverse genus of teleost skin ectoparasites (>400 species)
that have important ecological and economic consequé¢h28} Furthermore, they are a well
studied model species for host paesiynamics and there has been recent increasing interest in

their importance as an ecological driver in the guppy sy&i@g, 127)
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Guppies: Poecilia reticulata

Guppies occur in first to fourth order tropical streams in Trinidad, and occur under a wide
range of physiochemical conditions, ranging from pristine freshwater streams, brackish anoxic
streams, naturally occurring higemperature oily streams (>26 °C), highly humaodified
streams, as well as farm, urban and industrial polluted redebesQbs).

A key feature of the Trinidadian guppy system, in the northern range mountains, is that
guppy populations within watersheds are separated by waterfalls. Each population located above
a waterfall represents an independent colonization event froadjaeent belowvaterfall
populationi genetic divergence between watersheds is greater than between populations above
and below waterfall§128, 129) Therefore above waterfall populations represent multiple
independent and repeatable events of localtatap. Below and above waterfall environments
diverge in many biotic and abiotic characteris{it24)that lead to divergent selection between
these environments. For example, below waterfall environments are characterised by higher
predator pressur@30, 131) higher primary productivityl132), wider streams and lower guppy
densitieq20, 133) whereas above waterfall environments have the opposite characteristics. This
environmental divergence has been shown to correlate with divergencehistbiy (134)as
well as in morphological135, 136)and behaviourgl1l37-140)traits in guppies. Moreover,
guppy experimental translocations in Trinidddom below to above waterfall sitetiave been
effectively used to demonstrate the role of environadativergence (i.e., divergent selection)
on trait evolutionand havedentified chiefly predation as the main cause of guppy trait
divergence (lifenistory(141-143), morphological144)and behaviourg145)).

Traditionally, strong variation in guppylaptive traits has been explained by the

binomial division between high predation and low predation environnQEs@ Specifically,
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high predation environments are characterised by a diverse community of piscivorous fish that
includeChrenicichlaspp.Aequidens pulcherCichlasoma bimaculatumndHoplias

malabaricus whereas in low predation environments only a gape limited fish is pré&seulus
hartii) (124, 131) In high predation communities mortality tends to be higher for adult guppies,
and highefor males than femalg&46), while in low predation sites juvenile guppies may be
preyed upon bYR. hartii (147) Yet, the reality is that guppies show fiseale gradual variation

in life-history traits in response to more subtle gradual changes jmmetlator community
richnesg148), and there is increasing awareness of the importance of other biotic and abiotic
factors that cevary along the predation divide. Some of these covarying factors that can be
relevant for guppy evolution are divergent digt49, 150) productivity(132), and density
effects(151, 152) Perhaps the strongest evidence in favour of a predominant role of predation
over other axes of variation comes from the observation that populations a few meters apart
above and below wateifa differ strongly in their traits and exposure to predators but the abiotic
conditions of their environment are almost ident{@&l), suggesting that predation is the most
likely cause for the observed differences.

One possible source of variation argayuppy populations that has received relatively
less attention until recently is parasitism. Nonetheless, the effects of environmental divergence
on parasite loads in the wild has gained increasing interest during the last decade and shows
increased parésm in high predation reach€s26, 130) Yet the understanding of the
evolutionary dynamics of defence against parasites is scarce and derived from correlational
evidence. In nature, guppies are infected by a diverse array of pathogens Buchoasna spp.,

Camallanusspp. andchtyophthiriusspp. Pers. Obs., Gheorghiu et al unpublished gata
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Among these pathogens, the most prevalent macroparasite of wild gugpwsdsctylusspp.

(153)

Gyrodactylus spp.

Two species ofsyrodactyluanfect guppies in the wild G. turnbulliandG. bullatarudis
(153) Although these two species have similar requirement nichesgjdtieries and
morphologieg154), they can coexist in the same host populations and even on the same
individual hostg153), presumably because of a low degree of resource partiti(ireng
microhabitat specialization153, 155)G. turnbullihas been reported to have a higher degree of
host specificity thai@. bullatarudisunder experimental infections in the laborat(iy6, 157)
yet there is no supporting evidence for these claims from wild populations; it seems unlikely that
given the opportunity to infect their specific hosts these parasites will establish-spewinc
hosts.

Resistance t@&yrodactylusspp. in tle guppy can be partially decomposed intwate and
acquired resistandé55, 158160), where innate resistance can limit the initial establishment and
growth rate of the parasite population and acquired resistance affects the later stages of the
primary nfection and the establishment and development uporigetion. The initial host
response t&. turnbulli andG. bullatarudisin guppies is not species specific to either one of
these parasitg455), yet guppies vary in their ability to resist both [sétes specie€l61l)and
even different strains within a given spedig8l; Perezlvostov et al. unpublished)

Nonetheless, overall guppy differences in ranking of resistance among populations are
maintained independently of the parasite species/straih(L6#&). Although mechanisms

involved in guppy resistance @yrodactylushave not been fully characterised, the involvement
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of the immune system is inferred from experiments on salmonids which have shown that

I nterl eukin 1b sti mud aitmepainuicrug tphe dpart d int, e @ s
feed, and Complement factor C3 binds to and kills the pa(d&% Additionally, although it is

clear that guppy resistance@®yrodactylusspp. has a heritable componéh62, 163) it is also

influencedby multiple norgenetic components, such as tempergtléd), salinity (165, 166)
contaminant$167-169) diet(170, 171) host conditior(171), predation(126, but see 127and

social interaction§172, 173) Furthermore, resistance @&yrodactyluspp. in other systems has

been shown to respond to host sti@sel) seasonality175177)and testosteron@.78)

Overall, the effects of the nagenetic components appear strong enough to confound the
heritable component if phenotypic plasticity (and ppdhmaternal effects) between individuals
is not controlled for, which could therefore compromise the conclusions of studies that make
inferences about variation on individual resistance. | fiadicularlyconcerning the effect of
acquired resistance, since contrargtmtt (179) who found total loss of acquired resistance on
petstore guppies after 4 to 6 weeks post exposiable and Van Oosterhout (16@port that
wild guppies remain refractoty infectionfor at leas63 days after the end of a primary
infection; perhaps due to unidentified infection by multiple parasites ircaildiht guppies or
perhaps due to more than fit@d variation in MHC diversity between pstore and wild
guppies(160, 180). Moreover, although there is support for a role of MHC Class 1IB alleles
explaining some of the of guppy variation in resistang@ymdactylug163, 181, 182)our
understanding of the mechanisms and contributions of MHC to guppy defence is linisted.
therefore most appropriate to use welaught, laboratoryeared F2 guppies to assess the
evolution of resistance agairGyrodactylusthis approach controls for the confounding effects

of phenotypic plasticity and maternal effects.
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Advantages ahe model system

The guppyGyrodactylushostparasite model is a convenient and appropriate system to
explore questions on enemy release and evolution in nature. It is convenient because both
Gyrodactylusand guppies are amenable to laboratory breediegmwultiple generations, have
relatively short generation times, are well studied model species both in the laboratory and field,
and because the whole infection dynamic of the parasite can be tracked without killing the host.
It is an appropriate systenetause resistance shows potential for rapid evolution through natural
selection and@yrodactyluscan be an important source of selection. Previous research in wild
guppies has shown rapid evolution ofifsstory, behavioural and morphological traits in
response to divergence in predat{@dl, 142)and productivity132)suggesting the potential
for rapid evolution of resistance. Resistance shows all the components for evolution through
natural selection, [1] guppies show variation in their resistanGgtodactylug126, 127, 160,
161) [2] this resistance is heritab|#62, 163)and [3] defence against this parasite influences
individual survival(161, 183)and reproductioii184-187) Gyrodactyluss highly likely to be an
important agent of selectioreGause [1] it is the most prevalent macroparasite of wild guppies
(188), [2] causes high levels of mortality in both the laborat@61)and field(183) [3] the
lesions it causes on the skin serve as entry point for secondary bacterial and fungahafecti
(55, 189)[4] and infection influences mate choice in both s€489, 184187). Therefore, the
system has the potential to allow the evaluation of contemporary evolution of defence under
enemy release in nature.

Furthermore, guppies are used as aigkeselection and behavioural ecology model
species(124)two subject areas which provide further insights into the mechanisms and process

of defence evolution against parasites and into the ecological drivers of variation in infection. In
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general, guppeshow adaptively divergent preferences for male colouration in response to
environmental divergence, specifically the presence of predaeesl 90 for a reviewy et

guppy sizg191), nutritional statug192)and infection history159, 184187)also afect female

and male mate preferences. In a similar way, guppies also show divergent social behaviour in
response to changes in predat{®87, 139, 140and parasitisn193). Additionally, guppy

distribution overlaps with a closely related poeciliid fighoecilia picta(194, 195)i and when

these two species @mcur they form mixegpecies groupd 96, 197) Thus, the system also has

the potential to allow the assessment of the effects of enemy release on ecological speciation, and

the effects of sociahteractions on enemy release.

1.8 Chapter overview:

Although the guppyGyrodactylussystem has provided insight into some aspects of the
ecology of hosparasite dynamics there has been no assessment of the evolutionary dynamics of
defenceagainst parasites in the system, nor of its contribution to speciation or how direct
interactions with other species affect parasitism. Additionally, previous research has rarely
disentangled individual defence against parasites from the influence lohstioceevents of
transmission caused by interactions within groups (i.e., infection dynamics with contagious
parasites in groups are strongly influenced by iimtdividual interactions). Furthermore,
previous research has not isolated maternal effegisemotypic plasticity from the genetic
component of antiparasite defence. Therefore, throughout this thesis | assess, through laboratory
and field assays, the evolutionary impacts of enemy release on victims in nature and a novel

behavioural mechanism thedin lead to enemy release. Specifically | assess the evolution of
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defence against parasites (Chapters 2 and 3), its implications for speciation (Chapter 4), and
whether social interactions among species affect defence against parasites (Chapter 5).

In Chapter 2, | assess the evolution of resistance against a common and deleterious
parasite Gyrodactylusspp, after the experimental release from this parasite in four replicate
introductions of guppy (hogpopulations in nature. Although a reduction in strength of
selection is expected to cause the evolution of reduced trait expression or no change in trait
value, we found that, contrary to theoretical expectations, the f@mtheighthgeneration
descendant female guppies had rapidly and repeatatllyeehMincreased resistance to the now
absent parasite. This change in resistance is not owing to plastic or maternal effects (removed by
common garden laboratory rearing to(E41)), nor to resistancwlerance tradeffs or
differences in productivity aong the sites. | suggest as a leading mechanism that rapid life
history evolution, common to such introductiqtd1-143), in response to release from predators
pleiotropically drives increased resistanc&tgodactylus In Appendix A, | discuss furthend
reject some alternative explanaticrartificial selection and density effedtsvhile highlighting
the importance of experimental evolution in nature.

Females and malestenshowstabletrait dimorphismseven when they constantly
exchange geneticarerial within a populatigrand would thus be incorrect to assess thedsadt
character of the populatiand not of each sex independen@ne trait that is often sexually
dimorphic is defence against parasites tyetimplications of sexual dimorf@m are rarely
considered when assessing defence evolufiberefore inChapter 3} expand on the previous
work done on females @mssess whether both male and female guppies evolve resistance in
parallel in response to enemy release. This questiortgdmarh the increasing attention given to

the reality that populations in different environments often differ substantially in adaptive traits,
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suggesting a neparallel component of evolution, and the fact that mpathors and (126)

previously foundhat wild guppies are sexually dimorphic in resistance but were unable to tease
apart the genetic component of resistance from phenotypic plasticity, maternal effects and social
interactions. To address these questions | used famtheightgeneration decendant guppies
released fronGyrodactylusspp. from the four replicate introductions. | found that in the

ancestral source population male guppies had higher resista@geottactylughan females,

and that parasite release in the derived populatiahtoleonparallel evolution of the sexes.

Male guppies did not evolve in resistance, as expected by enemy release theory, whereas the
previously reported increased resistance of females led to the evolutionary reduction of sexual
dimorphism in resistance.

In Chapter 4, | continue assessing the evolutionary effects of enemy release in two of the
introduced populations and use the source population as a reference. | evaluate if enemy release,
within a broader multifarious selection framework, leads to eatdbgpeciation by assessing
matechoice preferences among the source and introduced populdinsshapter is no
exclusively concerned witthe evolution of defence against parasites (which is expected to be
most strongly influenced by parasitism) lalgo withspeciationHere, @rasitism is one of many
axes of environmental change that could lead to reproductive isoliati@meforefocus on the
multifarious selectie forceso which the introduced populations where sulgéct used the
eighth- and twelfth-generation of the introduced guppies to assess the preference of females from
each population towards males from each population in a paired design. | found that despite the
rapid evolution of male signaling traits, positive assortative matehgali evolve. In its place,

dissasortative mating occurred due to the maintenance of the ancestral preference for novel
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males. | conclude that strong multifarious divergence in this system did not promote the rapid
evolution of assortative mate choice.

Finally, in Chapter 5, | assess a social mechanism of enemy release when victims cannot
fully escape their enemiess in previous chapterdut have to coexist with them. Predation
and parasitism are two of the most important sources of extrinsic moirtatizgure(38), by
forming groups, victims can gain some protection against predators but may increase their risk of
being infected by contagious parasi{&$9). A way of resolving this conflict might be by
forming mixedspecies groups, thereby reducthg number of available hosts to hepecific
contagious parasites. To test this hypothesis | move away from the introduction experiments into
the lower reaches of Trinidadian rivers, and into the transition zone between fresh to brackish
water, to explag how theGyrodactyludoad of guppies and their sister speciesgcilia picta
(194)71 which is infected by their own species@yrodactylus Gyrodactylus picta¢198)) i
changes between singépecies and mixespecies groups. Fish were collected frotesswere
single and mixedspecies groups occur in three different basins and assessed for their
Gyrodactyludoads. The sites of collection were determined based on whole island exploration
as part of a project with my eauthors to determine the ecologi correlates of the distribution
limits of these two poeciliid speci€$95) | found that the presence and abundance of
Gyrodactylusvas lower when fish of both species were part of mixed species groups relative to
singlespecied groups, which is consient with the hypothesis that mixsgdecies groups

provide a level of protection against contagious parasites.

21



1.9 References:

1. Endler JA. Natural selection in the wild. Princeton: Princeton University Press; 1986.
2. Schluter D. The ecology of adage radiation. Oxford: Oxford University Press; 2000.

3. Hendry AP, Kinnison MT. The pace of modern life: Measuring rates of contemporary
microevolution. Evolution. 1999;53(6):1633.

4. Thompson JN. Rapid evolution as an ecological process. Trend&sol
1998;13(8):32RB2.

5. Lahti DC, Johnson NA, Ajie BC, Otto SP, Hendry AP, Blumstein DT, et al. Relaxed
selection in the wild. Trends Ecol Evol. 2009;24(9) &/

6. Ellers J, Kiers ET, Currie CR, McDonald BR, Visser B. Ecological interactions drive
evolutionary loss of traits. Ecol Lett. 2012;15(10):1684

7. Jain SK, Bradshaw AD. Evolutionary divergence among adjacent plant populations. I.
Evidence and its theoretical analysis. Heredity. 1966;214407

8. Phillips BL, Shine R. Adapting to an inves species: Toxic cane toads induce
morphological change in Australian snakes. P Natl Acad Sci USA. 2004;101(49)3.7150

9. Phillips BL, Shine R. An invasive species induces rapid adaptive change in a native
predator: cane toads and black snakes in Alist Roy Soc 8iol Sci. 2006;273(1593):1545
50.

10. Diamond J, Pimm SL, Gilpin ME, LeCroy M. Rapid evolution of character displacement
in myzomelid honeyeaters. Am Nat. 1989;134(5):G0B.

11. Marshall ID, Fenner F. Studies in the epidemiology ofatiéeis myxomatosis of rabbits:
V. Changes in the innate resistance of Australian wild rabbits exposed to myxomatosis. J Hyg.

1958;56(02):28802.

22



12. Lohse K, Gutierrez A, Kaltz O. Experimental evolution of resistané&anamecium
caudatumagainst the bacterial parasii®lospora undulataEvolution. 2006;60(6):11786.

13. Duncan AB, Fellous S, Kaltz O. Reverse evolution: Selection against costly resistance in
diseasdree microcosm populations Baramecium caudatunivolution.2011;65(12):346Z4.

14.  Clayton GA, Robertson A. An experimental check on quantitative genetical theory I1.
The longterm effects of selection. J Genet. 1957;55(1):162

15. Turley NE, Odell WC, Schaefer H, Everwand G, Crawley MJ, Johnson MTJ.
Contempoary evolution of plant growth rate following experimental removal of herbivores. Am
Nat. 2013;181:S2534.

16. Levinton JS, Suatoni E, Wallace W, Junkins R, Kelaher B, Allen BJ. Rapid loss of
genetically based resistance to metals after the cleanup peaf$u site. P Natl Acad Sci

USA. 2003;100(17):98891.

17. Jeffery WR. Adaptive evolution of eye degeneration in the Mexican blind cavefish. J
Hered. 2005;96(3):1896.

18. Keane RM, Crawley MJ. Exotic plant invasions and the enemy release hypothesis.
Trends Ecol Evol. 2002;17(4):164.

19.  Torchin ME, Lafferty KD, Dobson AP, McKenzie VJ, Kuris AM. Introduced species and
their missing parasites. Nature. 2003;421(6923)828

20. Reznick D, Endler JA. The impact of predation on life history evolutiofrimdadian
guppies Poecilia reticulatg. Evolution. 1982;36(1):16@7.

21. Pulliam HR. Advantages of flocking. J Theor Biol. 1973;38(2):229

22.  Wrona FJ, Dixon RWJ. Group size and predation risk: a field analysis of encounter and

dilution effects. AmNat. 1991;137(2):18201.

23



23.  Gliwicz MZ. Predation and the evolution of vertical migration in zooplankton. Nature.
1986;320(6064):748.

24. Hessen DO, Van Donk E. Morpholigical changeSeenedesmusduced by substances
released from Daphnia. Archiurf Hydrobiologie. 1993;127:1280.

25. Via S, Lande R. Genotypenvironment interaction and the evolution of phenotypic
plasticity. Evolution. 1985;39(3):5632.

26.  Gilbert JJ, Waage JKAsplanchnaAsplanchnasubstance, and posterolateral spine length
variation of the rotifeBrachionus calyciflorugn a natural environment. Ecology.
1967;48(6):102:B1.

27. Yoshida T, Jones LE, Ellner SP, Fussmann GF, Hairston NG. Rapid evolution drives
ecological dynamics in a predaforey system. Nature. 2003;424(69486)3-6.

28.  Duffy MA, Hall SR. Selective Predation and rapid evolution can jointly dampen effects
of virulent parasites oBaphniapopulations. Am Nat. 2008;171(4):4%930.

29. Kraaijeveld AR, Godfray HCJ. Trad#f between parasitoid resistance and larval
competitive ability inDrosophila melanogasteNature. 1997;389(6648):2-80.

30. Bonneaud C, Balenger SL, Russell AF, Zhang JW, Hill GE, Edwards SV. Rapid
evolution of disease resistance is accompanied by functional changes in gene expression in a
wild bird. P Natl Acad Sci USA. 2011;108(19):7888.

31. Poulin R. Evolutionary ecology of parasites: (Second Edition): Princeton University
Press; 2007.

32.  Price PW. Evolutionary biology of parasites: Princeton University Press; 1980.

33. SchmidHempel P. Ewlutionary parasitology: the integrated study of infections,

immunology, ecology, and genetics. Oxford; New York: Oxford University Press; 2011.

24



34. Minchella DJ, Scott ME. Parasitism: A cryptic determinant of animal community
structure. Trends Ecol Evdl991;6(8):254.

35. Dobson A, Lafferty KD, Kuris AM, Hechinger RF, Jetz W. Homage to Linnaeus: How
many parasites? How many hosts? P Natl Acad Sci USA. 2008;105(Supplement 1911482
36.  Kuris AM, Hechinger RF, Shaw JC, Whitney KL, Aguiacedo L, BoclCA, et al.
Ecosystem energetic implications of parasite andlive®y biomass in three estuaries. Nature.
2008;454(7203):518.

37. Lafferty KD, Allesina S, Arim M, Briggs CJ, De Leo G, Dobson AP, et al. Parasites in
food webs: the ultimate missing liskEcol Lett. 2008;11(6):5336.

38. Haldane JBS. Disease and evolution. Malaria: Geneti@aidtionaryaspects.
emerginginfectiousdiseases of the 21st Century: Springer US; 1949. p8¥75

39. Hatcher MJ, Dick JTA, Dunn AM. How parasites affecenactions between competitors
and predators. Ecol Lett. 2006;9(11):1288

40. May RM. Conservation and disease. Conservation Biology. 1988;2(3(.28

41. McCallum H, Dobson A. Detecting disease and parasite threats to endangered species
and ecosystem3rends Ecol Evol. 1995;10(5):190

42.  Sykes AR. Parasitism and production in farm animals. Anim Sci. 1994;59(02)2155
43.  Kuris AM. The global burden of human parasites: Who and where are they? How are
they transmitted? J Parasitol. 2012;98(6):1686

44. Bonds MH, Keenan DC, Rohani P, Sachs JD. Poverty trap formed by the ecology of
infectious diseases. P Roy So@bl| Sci. 2010;277(1685):11892.

45.  Berenos C, Schmitiempel P, Wegner KM. Antagonistioevolutionaccelerates the

evolution ofreproductive isolation inTribolium castaneumAm Nat. 2012;180(4):528.

25



46. Reznick DN, Ghalambor CK. Selection in nature: Experimental manipulations of natural
populations. Integr Comp Biol. 2005;45(3):468.

47.  Hamilton WD, Zuk M. Heritable true fitness ahdght birds- a role for parasites.

Science. 1982;218(4570):394

48. Forbes MRL. Parasitism and host reproductive effort. Oikos. 1993;67(5044

49.  Sheldon BC, Verhulst S. Ecological immunology: costly parasite defences andffisade
in evolutionay ecology. Trends Ecol Evol. 1996;11(8):327.

50. Lochmiller RL, Deerenberg C. Tradabéfs in evolutionary immunology: just what is the
cost of immunity? Oikos. 2000;88(1)-8B.

51. Mooring MS, Blumstein DT, Stoner CJ. The evolution of paradgtiencegrooming in
ungulates. Biol J Linn Soc. 2004;81(1):37.

52. Poulin R, FitzGerald GJ. Risk of parasitism and microhabitat selection in juvenile
sticklebacks. Can J Zool. 1989;67(1):34

53.  Hutchings MR, Kyriazakis |, Gordon 1J. Herbivore physiologic¢ates affects foraging
tradeoff decisions between nutrient intake and parasite avoidance. Ecology. 2001;82(4):1138
50.

54.  Crofton HD. A quantitative approach to parasitism. Parasitology. 1971;62(0D3L79

55. Cusack R, Cone DK. A review of parasites/astors of viral and bacterial diseases of
fish. J Fish Dis. 1986;9(2):1681.

56. Zuk M, Stoehr AM. Immune defense and host life history. Am Nat. 2002; 168239

57. Raberg L, Sim D, Read AF. Disentangling genetic variation for resistance and tolerance

to infectious diseases in animals. Science. 2007;318(58514:812

26



58.  Fineblum WL, Rausher MD. Tradeoff between resistance and tolerance to herbivore
damage in a morning glory. Nature. 1995;377(6549)y31.7

59. Simms EL, Triplett J. Costs and benefits &t responses to disease: Resistance and
tolerance. Evolution. 1994;48(6):1985.

60. Boots M, Best A, Miller MR, White A. The role of ecological feedbacks in the evolution
of host defence: what does theory tell us? Philos Trans R Soc B. 2009;364(1363):2

61. Roy BA, Kirchner JW. Evolutionary dynamics of pathogen resistance and tolerance.
Evolution. 2000;54(1):583.

62. Koskella B, Lin DM, Buckling A, Thompson JN. The costs of evolving resistance in
heterogeneous parasite environments. P Roy SBioBSci. 2012;279(1735):189803.

63. Lenski RE, Levin BR. Constraints on tbeevolution ofbacteria andiirulent phage- a
model,someexperiments, an@redictions fomaturalcommunities. Am Nat. 1985;125(4):585
602.

64. Buckling A, Rainey PB. Antagonistcoevolution between a bacterium and a
bacteriophage. P Roy SoeHol Sci. 2002;269(1494):936.

65. Forde SE, Thompson JN, Holt RD, Bohannan BJM. Coevolution drives temporal changes
in fitness and diversity across environments in a badb@tseriophge interaction. Evolution.
2008;62(8):183®.

66. Schulte RD, Makus C, Hasert B, Michiels NK, Schulenburg H. Multiple reciprocal
adaptations and rapid genetic change upon experimental coevolution of an animal host and its
microbial parasite. P Natl Acad iSd¢SA. 2010;107(16):73584.

67. Koskella B, Lively CM. Advice of the rose: Experimental coevolution of a trematode

parasite and its snail host. Evolution. 2007;61(1):952

27



68. Berenos C, Schmithempel P, Wegner KM. Evolution of host resistance and todige
between virulence and transmission potential in an obligately killing parasite. J Evol Biol.
2009;22(10):204%6.

69. Hasu T, Benesh DP, Valtonen ET. Differences in parasite susceptibility and costs of
resistance between naturally exposedamekposed host populations. J Evol Biol.
2009;22(4):699707.

70.  Duncan AB, Little TJ. ParasHariven genetic change in a natural populatioDaphnia
Evolution. 2007;61(4):79803.

71. Boots M, Begon M. Tradeffs with resistance to granulosisvirusin the Indianmeal
moth, examined by daboratoryevolution experiment. Funct Ecol. 1993;7(5):524.

72. Luong LT, Polak M. Costs of resistance in isophilamacrocheles system: A
negative genetic correlation between ectoparasite resistancepaiaduction. Evolution.
2007;61(6):139402.

73.  Lenski RE. Experimentatudies ofpleiotropy andepistasis inEscherichiacoli .2.
Compensation fomaladaptivesffectsassociated withiesistance toirus-T4. Evolution.
1988;42(3):43340.

74.  Meyer JR, Ayrawal AA, Quick RT, Dobias DT, Schneider D, Lenski RE. Parallel
changes in host resistance to viral infections during 45,000 generations of relaxed selection.
Evolution. 2010;64(10):30234.

75. Fuxa JR, Mitchell FL, Richter AR. ResistanceSgfodopterdrugiperdalLep,
Noctuidae] to awuclearpolyhedrosisvirus in thefield andlaboratory. Entomophaga.

1988;33(1):553.

28



76. Fuxa JR, Richter AR. Repeated reversion of resistance to nucleopolyhedrovirus by
Anticarsia gemmatalis) Invertebr Pathol. 1998;73(259-64.

77. SchmidHempel P, Ebert D. On the evolutionary ecology of specific immune defence.
Trends Ecol Evol. 2003;18(1):232.

78. Graham AL, Hayward AD, Watt KA, Pilkington JG, Pemberton JM, Nussey DH. Fitness
correlates oheritablevariation inantibody responsiveness invald mammal. Science.
2010;330(6004):663.

79.  Webster JP, Woolhouse MEJ. Cost of resistance: relationship between reduced fertility
and increased resistance in a ssallistosome hogiarasite system. P Roy SoeBiol Sci.
1999266(1417):3936.

80. Rigby MC, Hechinger RF, Stevens L. Why should parasite resistance be costly? Trends
Parasitol. 2002;18(3):1180.

81. Labbe P, Vale P, Little T. Successfully resisting a pathogen is rarely coBtapimia
magna BMC Evol Biol. 201010(1):355.

82.  Nosil P. Ecological Speciation: OUP Oxford; 2012.

83. Langerhans RB, Gifford ME, Joseph EO. Ecological speciati@ambusidishes.
Evolution. 2007;61(9):20584.

84. McPeek MA, Wellborn GA. Genetic variation and reproductive isolationngmo
phenotypically divergent amphipod populations. Limnol Oceanog. 1998;43(6)91162

85.  Eizaguirre C, Lenz TL, Traulsen A, Milinski M. Speciation accelerated and stabilized by

pleiotropic major histocompatibility complex immunogenes. Ecol Lett. 2009;52(2)

29



86. Karvonen A, Seehausen O. The role of parasitism in adaptive radiatdmsn might
parasites promote and when might they constrain ecological speciation? Int J Ecol.
2012;2012:20.

87. Maccoll ADC. Par asit es matpnictberadaptveb ut e t o 6
radiation of threespined stickleback$;asterosteus aculeat@&asterosteiformes:
Gasterosteidae). Biol J Linn Soc. 2009;96(2):335

88. Chevin LM, Decorzent G, Lenormand T. Niche dimensionality and the genetics of
ecological speeition. Evolution. 2014;68(5):12436.

89. Nosil P, Harmon LJ, Seehausen O. Ecological explanations for (incomplete) speciation.
Trends Ecol Evol. 2009;24(3):145.

90. Parker BJ, Barribeau SM, Laughton AM, de Roode JC, Gerardo NM. Non
immunological deferesin an evolutionary framework. Trends Ecol Evol. 2011;26(5}242

91. Barber |, Downey LC, Braithwaite VA. Parasitism, oddity and the mechanism of shoal
choice. J Fish Biol. 1998;53(6):13@5

92. Dugatkin LA, Fitzgerald GJ, Lavoie J. Juvenile thspered sticklebacks avoid
parasitized conspecifics. Environ Biol Fishes. 1994;39(2)&215

93. Freeland WJ. Blooducking flies and primate polyspecific associations. Nature.
1977;269(5631):802.

94.  Cotgreave P, Clayton DH. Comparative analysis of time ggeoming by birds in
relation to parasite load. Behaviour. 1994;131(3/4)871

95. Fowler A, Koutsioni Y, Sommer V. Leafwallowing in Nigerian chimpanzees: evidence

for assumed selinedication. Primates. 2007;48(1):83

30



96. Starks PT, Blackie CA, Sesl TD. Fever in honeybee colonies. Naturwissenschaften.
2000;87(5):22981.

97.  Murphy KP, Travers P, Walport M, Janeway C. Janeway's immunobiology: Garland
Science; 2008.

98. Owen JP, Nelson AC, Clayton DH. Ecological immunology ofeictbparasiteystems.
Trends Parasitol. 2010;26(11):590

99.  Yourth CP, Forbes MR, Baker RL. Sex differences in melanotic encapsulation responses
(immunocompetence) in the damselilgstes forcipatuRambur. Can J Zool. 2002;80(9):1578
83.

100. OwenAshley NT, Hassguist D, Raberg L, Wingfield JC. Latitudinal variation of
immune defense and sickness behavior in the vandened sparrowZonotrichia leucophry)s
Brain Behav Immun. 2008;22(4):626.

101. Scott ME. Reproductive potential Gyrodactylus bullatarudigMonogenea) on guppies
( Poecilia reticulatg. Parasitology. 1982;85(02):236.

102. LopezPascua LDC, Buckling A. Increasing productivity accelerates panstsite
coevolution. J Evol Biol. 2008;21(3):85®.

103. Viney ME, Riley EM, Buchanan KL. Optimahmune responses: immunocompetence
revisited. Trends Ecol Evol. 2005;20(12):685

104. Sorci G, Cornet S, Faivre B. Immugeasion immunopathology and thegulation of
theimmunesystem. Pathogens. 2013;2(1):91.

105. Boots M. Fight or learn to livevith the consequences? Trends Ecol Evol.
2008;23(5):24&0.

106. Krause J, Ruxton GQLiving in Groups Oxford University Press; 2002. 210 p.

31



107. Krebs JR, MacRoberts MH, Cullen JM. Flocking and feeding in the grértits

major an experimental studibis. 1972;114(4):50-80.

108. Pitcher TJ, Magurran AE, Winfield 1J. Fish in larger shoals find food faster. Behav Ecol
Sociobiol. 1982;10(2):1491.

109. Ancel A, Visser H, Handrich Y, Masman D, LeMaho Y. Energy saving in huddling
penguins. Nature. 1997%838(6614):3045.

110. Weimerskirch H, Martin J, Clerquin Y, Alexandre P, Jiraskova S. Energy saving in flight
formation. Nature. 2001;413(6857):687

111. Reynolds JD. Animal breeding systems. Trends Ecol Evol. 1996;11{(22:68

112. Hamilton WD. Geometryor the selfish herd. J Theorl Biol. 1971;31(2):2%EL.

113. Powell GVN. Experimental analysis of the social value of flocking by starlBiysr{us
vulgaris) in relation to predation and foraging. Anim Behav. 1974;22(2)%01

114. Kiltie RA, Terborgh JObservations on the behavior of rain forest peccaries in Pert: Why
do whitelipped peccaries form herds? Zeitschrift fir Tierpsychologie. 1983;62(3%241

115. Landeau L, Terborgh J. Oddity and the confusion effect in predation. Anim Behav.
1986,;34:137280.

116. Cote IM, Poulin R. Parasitism and gresige in social animalsa metaanalysis. Behav
Ecol. 1995:6(2):15%5.

117. Poulin R. Grougiving and infestation by ectoparasites in passerines. Condor.
1991;93(2):413.

118. Poulin R. Parasitism andahl size in juvenile sticklebacks: Conflicting selection

pressures from different ectoparasites? Ethology. 1999;105(11§859

32



119. Mgller AP, Dufva R, Allander K. Parasites and the evolution of host soelavior.

Adv Study Behav. 1993;22:6802.

120. Stensland E, Angerbjorn A, Berggren P. Mixed species groups in mammals. Mammal
Rev. 2003;33(31):20523.

121. Ward AJW, Axford S, Krause J. Mixegpecies shoaling in fish: the sensory mechanisms
and costs of shoal choice. Behav Ecol Sociobiol. 2002;533Y.1

122. Terborgh J. Mixed flocks and polyspecific associatioossts and benefits of mixed
groups to birds and monkeys. Am J Primat. 1990;21(2)G&¥.

123. Hino T. Intraspecific differences in benefits from feeding in migpdcies flocks. J

Avian Biol. 2000;31(4):44%.

124. Magurran AE. Evolutionary ecology: The Trinidadian guppy. New York: Oxford
University Press; 2005.

125. Bakke TA, Cable J, Harris PDhe biology of gyrodactylid monogeneans: The "Russian
doll killers". In: Baker JR, Mller RRollinson D, editors. Adv Parasit, Vol 64. Adv Parasit. 64.
San Diego: Elsevier Academic Press Inc; 2007. p-4161

126. Gotanda K, Delaire L, Raeymaekers JM, Pghaastov F, Dargent F, Bentzen P, et al.
Adding parasites to the gupjpyedation story: ingits from field surveys. Oecologia.
2013;172(1):1556.

127. PerezJvostov F, Hendry AP, Fussmann GF, Scott ME. Are-pasdsite interactions
influenced by adaptation to predators? A test with guppieSSgnatdactylusn experimental
stream channels. Odogia. 2012;170(1):7-B8.

128. Crispo E, Bentzen P, Reznick DN, Kinnison MT, Hendry AP. The relative influence of

natural selection and geography on gene flow in guppies. Mol Ecol. 2006;1562):49

33



129. Suk HY, Neff BD. Microsatellite genetic differentiad among populations of the
Trinidadian guppy. Heredity. 2009;102(5):428.

130. Endler JA. Multipletrait coevolution and environmental gradients in guppies. Trends
Ecol Evol. 1995;10(1):22.

131. Gilliam JF, Fraser DF, Alkinskoo M. Structure of a iagh stream fish communitya
role for biotic interactions. Ecology. 1993;74(6):18B&

132. Grether GF, Millie DF, Bryant MJ, Reznick DN, Mayea W. Rain forest canopy cover,
resource availability, and life history evolution in guppies. Ecology. 2001);85¢559.

133. Reznick D, Iv MJB, Rodd H. Lifistory evolution in guppies. VIl. The comparative
ecology of higZand lowfredation environments. Am Nat. 2001;157(2) =426

134. Reznick D. The impact of predation on life history evolution in Trinidadigwpies:
Genetic basis of observed life history patterns. Evolution. 1982;36(6}3236

135. Langerhans RB, DeWitt TJ. Shared and unique features of evolutionary diversification.
Am Nat. 2004;164(3):3389.

136. Alexander HJ, Taylor JS, Wu SBK Breden FParallel evolution and vicariance in the
guppy Poecilia reticulatg over multiple spatial and temporal scales. Evolution.
2006;60(11):23559.

137. Huizinga M, Ghalambor CK, Reznick DN. The genetic and environmental basis of
adaptive differences in sho®y behaviour among populations of Trinidadian gupdrescilia
reticulata J Evol Biol. 2009;22(9):1866.

138. Luyten PH, Liley NR. Geographic variation in the sexual behaviour of the guppy,

Poecilia reticulata(Peters). Behaviour. 1985;95(1/2):1%4.

34



139. Magurran AE, Seghers BH. Population differences in predator recognition and attack
cone avoidance in the gupppecilia reticulata Anim Beh. 1990;40(3):4482.

140. Magurran AE, Seghers BH. Variation in schooling and aggression amongst guppy
(Poecila reticulatg) populations in Trinidad. Behaviour. 1991;118(3/4)-3%4

141. Reznick DA, Bryga H, Endler JA. Experimentally induced-history evolution in a
natural population. Nature. 1990;346(6282)-857

142. Reznick DN, Bryant MJ, Roff D, Ghalamb@K, Ghalambor DE. Effect of extrinsic
mortality on the evolution of senescence in guppies. Nature. 2004;431(70129:1095

143. Reznick DN, Shaw FH, Rodd FH, Shaw RG. Evaluation of the rate of evolution in
natural populations of guppieBdecilia reticulat). Science. 1997;275(5308):1934

144. Endler JA. Natural selection on color pattern®@ecilia reticulata Evolution.
1980;34(1):7€91.

145. Magurran AE, Seghers BH, Carvalho GR, Shaw PW. Behavioural consequences of an
artificial introduction of gupms Poecilia reticulatg in N. Trinidad: Evidence for the evolution
of anttpredator behaviour in the wild. Proc Roy Se8BI Sci. 1992;248(1322):1122.

146. Weese DJ, Schwartz AK, Bentzen P, Hendry AP, Kinnison MT-é&odutionary effects
on populatio recovery following catastrophic disturbance. Evol App. 2011;4(2)6864

147. Mattingly HT, Butler MJIV. Laboratory predation on the Trinidadian guppy: implications
for the sizeselective predation hypothesis and guppy life history evolution. Oikos.
199469(1):5464.

148. Torres Dowdall J, Handelsman CA, Ruell EW, Auer SK, Reznick DN, Ghalambor CK.
Fine-scale local adaptation in life histories along a continuous environmental gradient in

Trinidadian guppies. Funct Ecol. 2012;26(3):616

35



149. Bassar RDMarshall MC, LopezSepulcre A, Zandona E, Auer SK, Travis J, et al. Local
adaptation in Trinidadian guppies alters ecosystem processes. P Natl Acad Sci USA.
2010;107(8):361&1.

150. Zandona E, Auer SK, Kilham SS, Howard JL, L&i&e pul cre A, et@b Connor
Diet quality and prey selectivity correlate with life histories and predation regime in Trinidadian
guppies. Funct Ecol. 2011;25(5):983.

151. Bassar RD, Lope&epulcre A, Reznick DN, Travis J. Experimental evidence for density
dependent regulativand selection on Trinidadian guppy life histories. Am Nat. 2013;181¢1):25
38.

152. Reznick DN, Bassar RD, Travis J, Rodd FH. Hifistory evolution in guppies VIII: The
demographics of density regulation in guppiesdcilia reticulatg. Evolution. 201266(9):2903

15.

153. Harris PD, Lyles AM. Infections dbyrodactylus bullatarudiandGyrodactylus

turnbulli on guppiesRoecilia reticulatgd in Trinidad. J Parasitol. 1992;78(5):942

154. Harris PD. Species of Gyrodactylus vonNordmann, 1832 (Monogenea Gyrodactylidae)
from poeciliid fishes, with a description @. turnbullisp-nov from the guppyPoecilia
reticulataPeters. J Nat Hist. 1986;20(1):183.

155. Richards GR, Chubb JC. Hossp®nse to initial and challenge infections, following
treatment, ofcyrodactylus bullatarudiandG. turnbulli (Monogenea) on the guppkdecilia
reticulata). Parasitol Res. 1996;82(3):242

156. King TA, Cable J. Experimental infections of the monoger@gamdactylus turnbulli

indicate that it is not a strict specialist. Int J Parasit. 2007;37(6).863

36



157. King TA, van Oosterhout C, Cable J. Experimental infections with the tropical
monogenearzyrodactylus bullatarudisPotential invader or experimental fluke? Parasit Int.
2009;58(3):24%54.

158. Scott ME, Robinson MA. Challenge infections@yrodactylus bullatarudis
(Monogenea) on guppieBpecilia reticulata(Peters), following treatment.Rish Biol.
1984;24(5):5836.

159. Lopez S. Acquired resistance affects male sexual display and female choice in guppies.
Proc Roy Soc BBiol Sci. 1998;265(1397):7123.

160. Cable J, Van Oosterhout C. The role of innate and acquired resistance in tvwab natur
populations of guppiespecilia reticulatg infected with the ectoparasi@&yrodactylus
turnbulli. Biol J Linn Soc. 2007;90(4):6455.

161. Cable J, van Oosterhout C. The impact of parasites on the life history evolution of
guppies Poecilia reticulatg: The effects of host size on parasite virulence. Int J Parasit.
2007;37(13):144%8.

162. Madhavi R, Anderson RM. Variability in the susceptibility of the fish hBegcilia
reticulata, to infection withGyrodactylus bullatarudigMonogenea). Parasitaly.
1985;91(Dec):5344.

163. Fraser BA, Neff BD. MHC class 1B additive and radditive effects on fitness
measures in the gupoecilia reticulata J Fish Biol. 2009;75(9):229312.

164. Scott ME, Nokes DJ. Temperatedependent reproduction and suatief Gyrodactylus
bullatarudis(Monogenea) on guppieBdecilia reticulatg. Parasitology. 1984;89(0OCT):221
165. Schelkle B, Doetjes R, Cable J. The salt myth revealed: Treatment of gyrodactylid

infections on ornamental guppié¥ecilia reticulata Aquaculture. 2011;311(%):749.

37



166. Dargent F, TorrePowdall J, Scott ME, Ramnarine I, Fussmann GF. Can repedies
groups reduce individual parasite load? A field test with two closely related poeciliid fishes
Poecilia reticulataandPoecilia picta PLOS ONE. 2013;8(2):e56789.

167. Gheorghiu C, Cable J, Marcogliese DJ, Scott ME. Effects of waterborne zinc on
reproduction, survival and morphometricg®frodactylus turnbull(Monogenea) on guppies
(Poecilia reticulatd. Int J Parasitol. 2007;37{8):37581.

168. Gheorgiu C, Marcogliese DJ, Scott M. Concentratiependent effects of waterborne
zinc on population dynamics @&yrodactylus turnbull{(Monogenea) on isolated guppies
(Poecilia reticulaty. Parasitology. 2006;132:222.

169. Gheorghiu C, Marcdgese DJ, Scott ME. Waterborne zinc alters temporal dynamics of
guppyPoecilia reticulataepidermal response ®yrodactylus turnbull(Monogenea). Dis Aquat
Organ. 2012;98(2):1483.

170. Kolluru GR, Grether GF, South SH, Dunlop E, Cardinali A, Liu LaleThe effects of
carotenoid and food availability on resistance to a naturally occurring patgitelactylus
turnbulli) in guppies Poecilia reticulatg. Biol J Linn Soc. 2006;89(2):3604

171. Tadiri CP, Dargent F, Scott ME. Relative host body camaiand food availability
influence epidemic dynamics:Roecilia reticulataGyrodactylus turnbullhostparasite model.
Parasitology. 2013;140(3):343..

172. Richards EL, van Oosterhout C, Cable J.-Specific differences in shoaling affect
parasite trasmission in guppies. PLOS ONE. 2010;5(10).

173. Richards EL, van Oosterhout C, Cable J. Interactions between males guppies facilitates
the transmission of the monogenean ectopar@sitedactylus turnbulliExp Parasitol.

2012;132(4):48%.

38



174. Harris PQQ Soleng A, Bakke TA. Increased susceptibility of salmonids to the
monogeneasyrodactylus salari$ollowing administration of hydrocortisone acetate.
Parasitology. 2000;120:564.

175. Appleby C. Seasonal occurrence, topographical distribution and tissiemof

Gyrodactylus callariatifMonogenea) infecting juvenile Atlantic cod in the Oslo Fjord, Norway.
J Fish Biol. 1996;48(6):12684.

176. Blazek R, Jarkovsky J, Koubkova B, Gelnar M. Seasonal variation in parasite occurrence
and microhabitat distribittn of monogenean parasites of gudg&aio gobio(L.).

Helminthologia. 2008;45(4):1891.

177. Winger AC, Kanck M, Kristoffersen R, Knudsen R. Seasonal dynamics and persistence
of Gyrodactylus salarign two riverine anadromous Arctic charr populatidésyiron Biol Fish.
2008;83(1):11723.

178. Buchmann K. Population increase@yrodactylus derjavinon rainbow trout induced by
testosterone treatment of the host. Dis Aquat Organ. 1997;30(50145

179. Scott ME. Dynamics of challenge infections@jrodactylus bullatarudigurnbull
(Monogenea) on guppieBpecilia reticulata(Peters). J Fish Dis. 1985;8(6):4983.

180. van Oosterhout C, Joyce DA, Cummings SM. Evolution of MHC class 1IB in the genome
of wild and ornamental guppieBpecilia reticulata Heredity. 2006;97(2):118.

181. Fraser BA, Neff BD. Parasite mediated homogenizing selection at the MHC in guppies.
Genetica. 2010;138(2):27&

182. Fraser BA, Ramnarine IW, Neff BD. Temporal variation at the MHC class 1I1B in wild

populations of thguppy Poecilia reticulatg. Evolution. 2010;64(7):20886.

39



183. vanOosterhout C, Mohammed RS, Hansen H, Archard GA, McMullan M, Weese DJ, et
al. Selection by parasites in spate conditions in wild Trinidadian gugpoesifia reticulatg.

Int J Parasit. @07;37(7):80512.

184. Houde AE, Torio AJ. Effect of parasitic infection on male color pattern and female
choice in guppies. Behav Ecol. 1992;3(4):316

185. Lopez S. Parasitized female guppies do not prefer showy males. Anim Behav.
1999;57:112984.

186. Kennedy CEJ, Endler JA, Poynton SL, McMinn H. Parasite load predicts mate choice in
guppies. Behav Ecol Sociobiol. 1987;21(5):Z221

187. Kolluru GR, Grether GF, Dunlop E, South SH. Food availability and parasite infection
influence mating tactics in gugs (Poecilia reticulatd. Behavioral Ecology. 2009;20(1):131

188. Lyles AM. Patterns oparasitenfection in theguppy. Am Zool. 1988;28(4):A5A.

189. Thoney DA, Hargis Jr WJ. Monogenea (platyhelminthes) as hazards for fish in
confinement. Annu Rekish Dis. 1991;1(0):1333.

190. Easty LK, Schwartz AK, Gordon SP, Hendry AP. Does sexual selection evolve following
introduction to new environments? Anim Behav. 2011;82(5):49385

191. Karino K, Matsunaga J. Female mate preference is for male tot#h |emg tail length in
feral guppies. Behaviour. 2002;139:14508.

192. Kodric-Brown A. Dietary carotenoids and male mating success in the guppy: an
environmental component to female choice. Behav Ecol Sociobiol. 1989;25(8393

193. Croft D, EdenbrowM, Darden S, Ramnarine |, van Oosterhout C, Cable J. Effect of
gyrodactylid ectoparasites on host behaviour and social network structure in drgod=

reticulata Behav Ecol Sociobiol. 2011;65(12):2229.

40



194. Reznick DN, Miles DB, Winslow S. Litdistory of Poecilia picta(Poeciliidae) from the
island of Trinidad. Copeia. 1992(3):7-8D.

195. TorresDowdall J, Dargent F, Handelsman CA, Ramnarine IW, Ghalambor CK.
Ecological correlates of the distribution limits of two poeciliid species alongratgajradient.
Biol J Linn Soc. 2013;108(4):79805.

196. Magurran AE, Ramnarine IW. Learned mate recognition and reproductive isolation in
guppies. Anim Behav. 2004;67:1082.

197. Russell ST, Ramnarine IW, Mahabir R, Magurran AE. Genetic detectioreishdpom
forced copulations between sympatric populationBa#cilia reticulataandPoecilia picta Biol

J Linn Soc. 2006;88(3):39402.

198. Cable J, van Oosterhout C, Barson N, Harris Birodactylus picta@. sp (Monogenea :
Gyrodactylidae) from therihidadian swamp guppioecilia pictaRegan, with a discussion on
species ofsyrodactylusvon Nordmann, 1832 and their poeciliid hosts. Syst Parasitol.

2005:60(3):15%4.

41



CHAPTRER

Experimental elimination of parasites in nature leads to the evolutiocrefised

resistance in hosts

Felipe Dargent Marilyn E. Scott, Andrew P. Hendry and Gregor F. Fussni20i3.
Experimental elimination of parasites in nature leads to the evolution of increased
resistance in hostBroceedings of the Royal Society B8() 1773.DOI:

10.1098/rspb.2013.2371

42



2.1 Abstract

A reduction in the strength of selection is expected to cause the evolution of reduced trait
expression. Elimination of a parasite should thus cause the evolution of reduced resistance to that
parasiteTo test this prediction in nature, we studied thetfeland eightt-generation

descendants of guppieRdecilia reticulatg introduced into four natural streams following
experimental elimination of a common and deleterious par&yedactylusspp.). After two
generations of laboratory rearing to confanl plasticity and maternal effects, we infected

individual fish to assess their resistance to the par&ziterary to theoretical expectations, the
introduced guppy populatiotsd rapidly and repeatably evolviedreased resistance to the
now-absent prasite. This evolution was not due to a resistdolegance tradeff, nor to

differences in productivity among the sites. Instead, a leading candidate hypothesis is that the
rapid life-history evolution typical in such introductiopkeiotropically inceases parasite

resistance. Our study adds a new dimension to the growing evidence for contemporary evolution
in the wild, and also points to the need for-@oasideration of simple expectations from host
parasite theory. In particular, our results hightithe need for increased consideration of

multiple sources of selection and pleiotropy when studying evolution in natural contexts.

Keywords: Relaxed selection, experimental evolution, rapid evolution, resistance, tolerance,
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2.2Introduction:

Naturalselection is the driving force behind adaptation in the ¢ti)dAs such,
environmental changes that alter the direction or strength of selection should immediately initiate
adaptive evolutoiand a number of studies hawe confir me
evolutiono can indeed @rloanmbenrofinstances, short ti m
environmental change can be so dramatic as to cause the emergence of a new selective factor or
the removal of an existing selective factor. The first situation (emergence) would be expected to
cause an evolutionary increasehe &bility of affected populations to cope with the new
challenge. For instance, several studies have documented evolutionary increases in the ability of
formerly-naive populations to cope with new contamingBjsnew prey4), new competitors
(5), or nav parasiteg6). The second situation (removal) would be expected to cause an
evolutionary decrease in the ability of populations to cope with theat®ent challengie at
least when that ability trades off with another fitness component or is sensitiugdation
accumulatior(7). Although the loss of a selective factor is less often studied than the gain of a
selective factor, cases have been documented of evolutionary decreases in the ability of
populations to cope with recenttgmoved contaminan{8) or predatorg9). In the present
study, we provide a countexample from a hogtarasite system, where removal of a selective
pressure caused a rapid evolutionagreasen the ability to cope with a nowbsent pressure.
This finding invites a reexamnation of the above tenets and points to the need for new theory
and experiments.

Evolutionary models of resistance (the hos
that increases in parasiteduced mortality should drive the evolution of incesdsesistance in

the host population because individual hosts that are better able to avoid, control, or clear
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parasites gain higher lifetime reproductive suc¢&8s11) This expectation has been supported
in laboratory studies on bacte(mg. 12)and nonvertebrate organisn{ge.g. 13) as well as in
comparativdield studiege.g. 14) On the flipside, theoretical studies suggest that decreases in
parasiteinduced mortalityand morbidityshould drive the evolution of decreased resisténce
becausenvesting resources in resistance comes at the expense of investment in other fithess
related trait10, 11) Supportinghese ideas, resistanfecundity tradeoffs have been
documented in many organisifesg. 15) The handfubf studieghat have direty tested for the
evolution of resistance under relaxed selec¢tadnaboratorybased, have found that removal of
parasites led to no evolutionary change or the evolution of decreased regis6arige and
references within)However, planned experimiahevolution studies that reduoeremove
parasite loads have not been performed in nétarel yet this is the context where inference is
most critical because other environmental factors could modify evolutionary responses to
changes in parasitism.

We used Trinidadian guppies to investigate the evolution of resistance to an ectoparasite
(Gyrodactylusspp.) after that parasitead beereliminated in natureGyrodactylusspp. are
directly transmitted parasites that reproducel@avseon the skin of guppied 8).
Furthermore, gyrodactylids have important fithess consequences for their gupgdythests
cause high levels of mortality in both taiatory(19) and field(20), are the most prevalent
macroparasiten the wild (21), affect mae choice(22), andcause lesions that can serve as entry
points forsecondary fungal and bacterial infectig@8).Although the mechanisms of resistance
to Gyrodactylusare still not fully characterisg@4), involvement of the immune system is
inferredf om experi ments on sal monids where macropl

stimulates mucus production and Complement factor 3 which binds to and kills the gadgsite
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Guppies show heritabl@5) as well as a neheritable(26) components of resistancand those
individuals that survive infection express acquired resistance upon challenge i(®59ti8mce
Gyrodactylusare easily visible using a dissecting scope, repeated parasite counts can provide
appropriate quantitative data throughout the aofsan infectior(24) and this is the most direct
method to assess the host ability to control parasite nun@gnedactyludoad on individual
guppies is known to vary both within and among populations, and this variation is attributed to
variation in lost resistanc€l9) particularly when infections occur in isolated hosts raised in
common garden. In this sense, fish with fewer parasites or fish on which the parasites have a
slower growth rate are taken to be more resistant.

Guppies from a naturally facted populationinthGu anapo Ri ver (fAsour cce
collected, treated to remove thgyrodactylidsand introduced into four previously gupfree
tributary streams in the same rivafter one and two years, fish were collected from the source
and irtroduction populations, bred to a second generation under common garden in the
laboratory, infected witlsyrodactylusturnbulli, andthe exponential increase (and decline) of
the parasite population on the skin of each isolated fish was monitoredday&é assestheir
resistance to the parasite. We predicted that removay@idactylusspp in the field would lead
to the evolution of decreased resistance to that par@sitdrary to expectatiorfsom theory
(10, 11)and laboratorypased experimentavolutionstudies(16, 17) the introduced guppy
populationsvere found to haveapidly and repeatablgvolved increased resistance to the now

absent parasite.
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2.3 Materials and nmethods:

Field introductions

The guppy introductions were carried out as part of a US National Science Foundation Frontiers

in Integrative Biological Resear¢RIBR) project led by D. Reznick. Guppies were captured as
juveniles from the Guanapo fAdNGBdmae @anporddlAa 3i9d
61A15N] 18nW) and held in a |aboratory in Trin
with Fungus Eliminator (Jungle LapSibolo, USA, Clout Sentry AQMardel, Omaha, USA

and commercial forms of erythromycin and moraege (Maracyn and Maracyn Tw&entry

AQ Mardel Omaha, USA These treatments remove parasites, inclu@Gygdactylusand all

fish were monitored to ensure that they wiargood healthApproximately40 males and 40

females were then released intofeacfii nt r oduct i o n &ishwdreinteoduet N Mar c h
into two Guanapo tributaries (Lower Lalaja and Upper Laldja).2.1). In April 2009 fish were

introdued nto two additional Guanapo tributaries (Taylor and Caiguad.2.1). Owing to

physicalbarriers such as waterfalls, all introduction sites lacked dangerous predatory fishes (they
were considered low predation) and did not have resident guppy populations. Thedscsites
lackedGyrodactylugparasites at the time of the introduction (owiagie absence of their

guppy hosts) and throughout the course of this stuyparasites have been observed on the

fish captured from these sitdsD. Pers. Obs. and D. Reznick Pers. Comim.addition, the

introduction sites also differed from the soeiby having more closed canopies. All introduction

sites are reasonably similar in the above mentioned properties, except that two introductions sites
(Upper Lalaja and Caigual) have more open canopies, therefore higher productivity, due to

experimentatanopy thinning (approximately 4% thinnin@g).
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Laboratory breeding

To assess the evolution of resistanc&yoodactylugparasitegollowing removal from
parasitismguppies were collected by the FIBR team from the Guasapucce population and
from the introduction sites April 2009 (the first two introduction sitésLower and Upper
Lalaja) and April 2010 (all four introduction site§)d.2.1). The2009collection was thus of fish
that had been evolving at the introtlan sites without parasites for one year, which corresponds
to approximately four guppy generatidi2®). The2010collection was of fish that had been
evolving at the introduction sites without parasites for one year (Taylor and Caigualguppy
geneations)andtwo years (Lower Lalaja and Upper Lal@j@ight guppy generations).

All collected fish were treated with Fungus Eliminator, Clout, Maracyn, and Maracyn
Two, transferred to Colorado State University (C. Ghalambor laboratory) and raised tibymatu
following standard protocok30) (high food treatment only).o eliminate differences driven by
phenotypic plasticity and maternal effects, the collected guppies were bred without parasites
under commosgarden conditions in the laboratory to geneF&eguppieg31). For the 2009
collections, offspring from fielgtollected mothers were used to create 15 Guanapo (source)
families, 15 Lower Lalaja (introduction) families, and 14 Upper Lalaja (introduction) families

(See Appendix 2.Al in Electronic Suppientary Materia)s For the 2010 collections, offspring

from field-collected mothers were used to create 14 Guanapo (source) families, 10 Lower Lalaja

(introduction) families, 5 Upper Lalaja (introduction) families, 10 Caigual (introduction)
families, andl1 Taylor (introduction) familiesAppendix2.Al). F1 females were mated with
multiple F1 males from different families descended from the same collection to generate F2

offspring. Fish from the 2009 collections were transferred to McGill Universityeif-#h
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generation, whereas fish from the 2010 collections were transferred to McGill University in the

F1 generation and were there bred to form the F2 generation.

Laboratory infections

All infection trials were performed at McGill University in flethrough systems
(Aquaneering In¢.San Diego, USRAthat standardized water quality and temperature (26°C).
Filters prevented movement of parasites between tanks. Females rather than males were used for
the present studyecause [1] femaldsave a broader range of pegairodactyludoads(19) that
allows better detection of statistical differend@$ inferences abouhe impact of parasites on
female fitness are more straightforward (male guppies can continue to sire offspring after their
deathi owing to sperm storag82)), and [3] theconsequences of females for population
dynamics are dire¢population growth is limited by femalenot malei reproductive output)
For the 2009 collamns, F2 fish were infected at 12 weeks of age or older and all females
derived from each populatiamere from different family lines. For the 2010 collectioR2fish
were infected at 12 weeks of age and up to three females were used per famNgpedix
2.Al). These small differences in protocol between the 2009 and 2010 collections were the result
of the different transfers (F2 fish versus F1 fish) from Colorado State Universitgfaieur
inferences are based on comparisons between popslébioa given collectiogearrather than
betweernyeas.

Each fish was isolated in a 1.8L tank one week prior to being infected and was fed 10
pl/day of fish food paste (Tetramin Tropical Flakes) until the end of the experiment. On the day
of infection, eah fish(n = 173)was anaesthetized in M&2 (buffered to a neutral pH with

NaHCGQ;), weighedwice to the nearest 0.0001ig a container with 20 ml of water
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photographed (for size measurements), and manually inféladditiate an infection, we
removeda scale withG. turnbulli from a donor fish and allowed the parasite to transfer to the
reci pi ent h(d83untibteo parasited \aere attachad. We uSedurnbullifrom an
isogenic strain initially isolated from guppiebtained froma Montrel pet store in 2008 he

use of this strainand the fact that we maintained it on feeder guppies (descendants of pet store
guppies held in our labgnsured that all fistvere infected with the sans¢rain of parasiteand
that none of the guppy populations feadevolvedistory with the strain. Although testing with
additional parasite strains would be interesting and potentially informative, we did not do so
because i@vious work suggests that population differerinagsistance are maintainadross
diverse parasite strait($9). Every two days for 24 days, or until death, each fish was
anaesthetizesh MS222and its parasites were countesinga dissecting scope at 18x
magnification, a standard procedure in gugpyrodactylusstudies. We also performed control
trials with sharmnfected fish (n = 66) that provided baseline values for parasite induced

mortality (Appendix2.A1) and for initial sizeweight regressions.

Resistance and tolerance

As a measure of gupjze we used standard length (Slithe distance from the mouth
of the fish to the end of the caudal peduncle. SL was measured to the neargstffoin
photographs taken with a Nikon D90 camera at the start of infection. QrDdéynfection we
twice weighed all fish to the nearest 0.0a9inside a container with water to avoiesitcation
of the parasites, but we did not photograph the fish for size measurements, as this would have
involved taking the fish outside of waténdividual SL and averageasswere used to calculate

relative condition indexK;,) at the start and on day 10 of infection, followlrgyCren(33). K,
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estimates condition based on a-logssto log-SL leastsquares regression of all fish (infected
and shamnfected), where residuals indicate the amount by which an individual is above (>1) or
below (<1) average condition. Therefd€¢gcalculations for day 10 are based on the $&igof
the fish at day 0, undehne assumption that changeSh would be minor during thigeriod.In
addition, o differencesn guppyrelative condition index33) were evident among the
populationgammediately before infection: ANOVA 200%44:=0.137, p=0.872) and ANOVA
2010 F412+41.92, p=0.111)
We derived three metrics of resistance for each infected individual from the parasite data
collected on alternating days: peak load, load on dagridGyrodactylusntrinsic rate of
increaser(). These measures are commonly used in Sud®lvingGyrodactylug27, 34) and
provide a summary of the infection dynamics and the host ability to fight infection. Peak load
was calculated as the highest number of parasites an individual carried at a given day throughout
infection or before theglied, but since the day at which peak load is reached varied from one
individual to the other we included a measure of parasite load at the same point in time for all
individuals. Load on day 10 is the number of parasites each individual carried teaftdays
being infected with twds. turnbulliflukes. Day 10 was chosen as the reference day because fish
mortality started to increase after this poyppendix2.Al). We estimated as theslope of the
regression oln-transformeds. turnbulliload versus time, measured every otherfday the
start of infection to day 1As a measure,integrateover timethedemographiecesponse athe
parasitgpopulationto its hostenvironment, Were higher represents lower host resistance.
Tomeasur¢ ol erance (the hostdés ability to redu
parasites) we used two metrics that represent how populations differ in the relationship between

Gyrodactylusmumbers and the effect they have on guppy fitness. We compéitgthe effect
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of peak parasite load on guppy survival throughout the experiment, and [2] the effect of the
cumulativeGyrodactyludoad for the first ten days of infection on the change in relative

condition index of guppies on those ten days, was différetmteen populations (statistical

interaction between [1] population and peak load, and [2] population and cumldatiyeSince

guppy deaths often happened at times when there was no personnel at the laboratory, deaths that

occurred between alternatiogunt days were recorded as the day of last parasite count.

Analysis

Although gippy sizedifferedbetween the source and introddpopulations at the start
of experiment in the 2009 sampBNOVA: F, 4;=3.873, p=0.0288 these differences were
minor andno differences were evident in tB810 sampleANOVA: F412471.996, p=0.0992%ee
Appendix 2.A3. For these reasons, and to maximize degrees of freedom, body size is not
included in the statistical models we report here, although redoing the analyssi vaishe
covariate (not shown) did not alter our interpretation.

To test whethethe populationfrom which the fish had been collectiead an effect on
day ofpeakparasitdoad andparasitdoadonday 10 of infectionwe usedyeneralized linear
models (&Ms) with negative binomial distributions and a Log link function as data were over
dispersed and did not fit assumptions of normality (Shapiile normality test).Similar results
(not shown) to those of load on day 10 where obtained when we analydexhlday 8 and on
day 12.Givenour interest in whether or netich introduction population differed from the
source population, planned contrasts were performed separately for eachraoodcetion pair
in each collection. Alpha levels for multiple cparisons for each response variable were

evaluated using false discovery rate corrections. We used ANOVASs to test whether parasite
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intrinsic rate of increase)(differed among populations; Tukey HSDs were usegdsthoc
tests. Finally, we used a Coxpgportional hazard model to determine whethereffect of peak
load onfish survival was affected by populaticand an ANCOVA to test whether the effect of
cumulative load on change i, was affected by populatioill analyses were performed using

R Language and Environment for Statistical Computimitpf//www.r-project.org). Level of

significance was set at p < 0.05.

2.4Results:

Gyrodactylugurnbulli successfully established and increased in abundance on all
laboratory fish exposed to the parasite, with the exception of two Guanapo source fish from the
2009 collection and one Lower Lalaja fish from the 2010 collection (not included in analyses).
SubsegentGyrodactylusinduced mortality was high: 70% of all infected fish died before the
end of the experiment whereas shiafected control fish experienced only 3% mortality. For the
2009 field collections, gppy survival was not different between the seysopulation and the
introduced population@rable 2.1). For the 2010 field collections, guppy survival was
significantly higher for two of the four introduced populatighable2.1i Lower Lalajaand
Caigual) than for the source population. Across indigld, guppy survival was negatively
associated with parasite load in 2009 but not 2010 (Table 2.1).

Forall of the guppypopulationsGyrodactylugurnbulli infection showed a typical phase
of rapid increase that decelerated until reaching a peak anlg tradhed fig.2.2A, 2.2C,
2.2E) Starting at day 8 of infection, average parasite load began to differ noticeably among the
populations. We used three common and robust metrics to quantify this variagigypy

resistance t&. turnbulli: peak loadload on day 10 and the parasite intrinsic rate of increase (
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Relative to the source population, both peak load and load on degréGignificantly lower

(and resistance therefore hightm) [1] two of the four introduced populations (Upper Lalaja and
Taylor) studied after one year of evolution in nature, and [2] both introduced populations (Upper
Lalaja and Lower Lalaja) studied after two years of evolution in nature (Table 2.2; Fig.2.2). In
the first case, another of the introduced populations (@higiso showed evidence of increased
resistance based on load on day 10. Relative to the source populatansignificantly lower
(and resistance therefore higher) for [1] on¢heffour introduced populatiori$aylor) after one
year of evolution imature(Fig.2.2F, Table2.3), and[2] both of theintroduced populations after
two years of evolution in natur€if.2.2D, Table2.3). In summary, none of the guppy
populations released from parasiBy(odactylu pressure evolved decreased resistanteato
parasite: instead, most evidence pointed towaeg@ evolution ofincreasedesistance.

The evolution of increased resistance in the absence of a parasite might reflect a
correlated response to the evolution of decreased tolefahck e h dydotretisce theb i | i
damage caused by a given number of parasifés)measured toleranceas popul ati onods
of survival in relation to peak parasite load (higher survival for a given parasite load would mean
increased tolerance) and as change in relatwelition index in relation to cumulative parasite
load in the first 10 days of infection (higher condition for a given parasite load would mean
increased tolerance). Using these metmesevidence was found tife evolution of decreased
tolerancerelaive to guppiesfrom the source population, guppies from the introduced
populationgdid not have lower survival ratésr a given parasite load (Table 2dr)lower
condition(see Appendi®2.A3). If anything the trend was toward increased tolerance in the
introduced populations (Fig.3A). Furthermorgwe found no evidence of a negatagsociation

betweermeasures afesistance ancheasures ablerance (Fi2.3A and2.3B) 1 as would have
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been expected if thevolution of decreased tolerance caused a correlated response toward

increased resistance

2.5Discussion:

We foundthat guppiesapidly and repeatablgvolved increased resistance to a common
(21) and deleterious parasite9, 20)(Gyrodactyluspp)aftert hat par asi teds expe
removalin nature This robustresult runs counter to theoretical expectatids 11)and to a
number of laboratorpased experimental evolution stud{@s, 17) It mightat firstbe tempting
to think that our resultsould be explained quite simply if resistance was not costly. If this was
the case, however, we would expect no evolution of resistance when the parasite wasiremoved
rather than an increase in resistatde therefore here ask whatechanisms could exprawhy
theremoval of a parasittom populations in nature leéd the evolution ofncreasedather than
decreased resistaric€onsideration of these mechanisms leads to new insights into hew host
parasite relationships evolve and how these interactembest be uncovered.

We start by considering possible methodologicafacts. Firstperhaps decreased
resistance did evolve in the introduced populations, which led to increased mortality of the least
resistant fish when exposed to parasites in ther#bry, and as a consequence high parasite
loads could not build up, which made it appear as if resistance wadrhibgbalaboratory
experimentshowever, survival was not lower for the introduced populations relative to the
source population (Table 2ahdAppendix2.Al), and so lower parasite loads in the former
cannot be explained bycreased mortalitySecondperhaps fish from the introduced
populations were smaller or in worse condit{88) than those from the source population,

which could consatin the spread of parasites on the forméthe start of our laboratory
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experimentshoweverguppies from the introduced populations were not smaller or in lower
condition than those from the source population (see Methexislusion of thesgotentid
methodological agfacts led us to consider biological mechanisansvhy parasite removal in
nature leads to the evolution of increased resistance to that parasite

One possible biological mechanism is that parasite removal selects more strongly for
dedcd eased tolerance (the hostodos ability to redu
parasite$35)) thanit doesfor decreased resistanaath the resulting evolution of reduced
tolerance then drivinthe evolution of increased resistance as a pleimti@pfunctional by
product. This idea seems reasonaid¢he surfacgiven that evolutionary mode{40, 11)and
empirical evidencé€35) point to a tradeff between resistance and tolerartdewever, our
analyses yielded nevidence othe evolution of decreased tolerangdative to the source
population, guppies from the introduced populations did not have higher mortality or lower
condition for a given parasite loaéurthermorewe did not detect a negative relationship
between rastance and tolerance, suggesting the absence of adfifadé least at the phenotypic
level, that would lead to pleiotropic effectSur finding of the evolution of increased resistance
in the introduced parasHeee populationss therefore not due the evolution of decreased
tolerance

A second possible biological mechanism is thdifferencein food resources influenced
selection on resistance. In particular, the introduction sites had less open forest Gaaogies
therefore lower resource ldgé than did the sourcsite,and previous research on guppies has
suggested that resource levels contribute to the evolution of several guppB&aNtoreover,
a number of studies have shown that resource levels can influence the evolution @& parasi

resistancg€37), and can directly influence guppy resista(@®). In our study, bwever, two lines

56



of evidence suggest thdifferent resource levelsannot explain thevolution of increased
resistancen the introduced populationBirst, one would xpect lower resource levels to select

for decreased resistan(), not the increased resistance that we observed, since selection on
more efficient use of resources should be strorggrondihe introduction sites differed from

each other in canopy opeess owing to experimental canopy thinning at two of the (&ijgser
Lalaja and Caigual28, 38) but we did not find consistent differences in resistance between the
sites with and without thinningée Appendix 2.A%

A third possible biological expteation relates to potential interactions between predation
and parasitism. This hypothesis deserves special considdratianse [1] interactions between
selection by predators and selection by parasites have been reported in other(8¢stéd)42]
the introduced populations were not only removed from parasites but also underwent a dramatic
shift in predation intensity (from high to low), [3] guppies show many adaptive responses to
different predation regimgg1), that can evolve rapidly in experinmtahintroductiong31), and
[4] guppies from the introduced populatisisw rapid evolution of certain life history traits
(38). In particular, when guppies from higinedation environments are introduced into-low
predation environments, the resultingrese in life expectancy causes the rapid evolution of
life-hi story traits that convert a @hmenemsed y fAf ast
life expectancy should also provide benefitsifmreased investment infarasite defense, as
hasbeen reported in a number of studi®, 43) Although this logic is normally applied to
situations whera source of extrinsic mortality changes thé parasiteemainspresent, we
suggest that it came modified to consider the situatiaen parasiteareremoved This
expanded argument starts from the common observation that reproductive effort and parasite

defense are negatively correlaidd), such that the evolution of one should cause a correlated
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response in the othé5). In this situationthe evolution of decreased allocation to reproduction
that occurs when guppies are introduced framga-predationto a low-predation environment
(31) could causéncreased investment into parasite de&rbtated another way, relaxed
selection for defere against parasites (owing to parasite remaan)be overpowerdaly the
evolution of a slower life history (owing to predator removal) that, through pleiotropic or
functional associations, leads to increased resistéie@dvance this hypothesis as thest
plausible explanation for our observations as it is the only one standing after a critical
confrontation with our own data. To positively establish a causal relationship between life
history and resistance evolution in our study system, further exgetation will be required.

As surprising as our results might initially seem, we canduhditionalsupport for them
in several observations from previous studies. First, mamplegation guppy populations are
not parasitized bgyrodactylusor, if they are parasitized, have low parasite logt®. Second,
guppies fromGyrodactylusfree siteften have high frequencies of alle(d3) thatare
associated witkelevatedGyrodactylugesistance in laboratory trialas measured by load over
the first tendays of infection)25). Third, highpredation populations, which tend to show higher
parasite loads, do not show greater resistanGgtodactylusvhen tested in mesocosif#). In
aggregate, these observations suggest thaptedationpopulations, ath populations with few
or no parasites, can still mount effective parasite defence and can perhaps even resist
colonization by parasites. In summary, our study provides clear experimental evidence for a
pattern of evolution unpredicted by theoretical meagld laboratory studies that is nevertheless
consistent with observations from natural populations and for which a plausible biological

mechanism can be advanced.
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2.6 Implications:

Current empirical understanding of the evolution of defence againsttpariashased
mainly on two approaches. First, experimental evolution studies in the laboratory manipulate
parasite presence while intentionally controlling or removing variation in other environmental
factors. Evolution in nature, however, occurs in thetext of these other factors, which might
strongly modify evolutionary responses to parasit{48). Second, field surveyatentionally
incorporatethis naturalcomplexity butare rarely able to unambiguously disentangle cause and
effect(31). The bridge between these two approaches is to experimentally manipulate infection
levels in nature, which thus informs how changes in parasitism influence defence within the
context of natural variation in other environmental factors. Using this brdgdpcumented
evolutionary patterns inconsistent with theoretical models and laboratory experiments: that is, the
removal of an important parasite led to the rapid evolution of increased resistance to that same
parasite. This result suggests that existivepry and laboratory experiments might need to be
modifiedi and we propose that a good starting point is to include a consideration of selection
acting on life history traits that are correlated with resistance.

Our results could have broad implicatioAs.one exampldjumans have created many
situations in which selection by parasites has been reduced through use of antibiotics, antivirals,
pesticides, and herbicides, as well as through improved hygiene. As another example, many
cultured organisms anchdangered species are intentionally raised in the absence of a number of
their natural pathogenBinally, invasive species are often released from a number of their
natural enemie&0). In the rare instances when consideration has been given to haanesis
to pathogens might evolve following such changes, expectations have followed the classical

interpretation that resistance should decrease. Our results challenge this simple and standard
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interpretation and could therefore have fundamental implicatardisease control,
conservation, and invasion biology. More replicated experimental manipulations of parasite

pressure in nature are urgently needed.
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Table 2.1: Guppy survival as a measure of tolerance.

Collection Coefficient Estimate SEM  Z-value P (>|z|)
2009, One Lower Lalaja  -1.31 1.38 -0.95 0.34
Year After Upper Lalaja  -1.19 1.63 -0.73 0.47
Introduction Load at Peak  0.01 0.003 2.56 0.01
Peak xLower  0.002 0.003 0.5 0.62
Peak xUpper 0.01 0.01 1.08 0.28
2010, Two Lower Lalaja  -1.32 0.59 -2.24 0.03
Years After Upper Lalaja -0.4 0.65 -0.61 0.54

Introduction Load at Peak  -0.001 0.001 -0.92 0.36
Peak xLower  0.003 0.003 1.23 0.22
Peak xUpper  <0.001 0.004 0.12 0.91

2010, One Caigual -1.02 051 -1.99 0.046

Year After Taylor -0.57 0.57 -1.01 0.31

Introduction Load at Peak  <-0.001 0.001 -0.79 0.43
Peak xCaigual 0.002 0.002 1.11 0.27
Peak xTaylor  0.001 0.003 0.42 0.68

Cox proportional hazards results for survival
response variable, and fApopul ation of originbo
Values are for individuals of a given introduction sékative to the source population. Higher

tolerance is indicated by higher survival for a given parasite load at peak (i.e. significant

interaction coefficient).
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Table 2.2: GLMs for Gyrodactylusurnbulli load onPoeciliareticulata.

Collection Respong variable Coefficients Estimate SEM Zvalue P (>|z|)
2009, One  Load Day 10 Intercept (source) 4.94 0.15 32.3 <0.001
Year After Lower Lalaja -0.33 0.22 -15 0.13
Introduction Upper Lalaja -0.62 0.22 -2.8 0.005
Peak Load Intercept(source) 5.52 0.16 34.7 <0.001
Lower Lalaja -0.36 0.23 -1.6 0.106
Upper Lalaja -0.81 0.23 -35 <0.001
2010, Two  Load Day 10 Intercept (source) 4.91 0.09 534 <0.001
Years After Lower Lalaja -0.55 0.14 -3.9 <0.001
Introduction UpperLalaja -0.46 0.15 -3 0.003
Peak Load Intercept (source) 5.51 0.11 495 <0.001
Lower Lalaja -0.66 0.17 -3.8 <0.001
Upper Lalaja -0.75 0.19 -3.9 <0.001
2010, 0One  Load Day 10 Intercept (source) 4.91 0.09 55.8 <0.001
Year After Caigual -0.26 0.13 -2 0.047
Introduction Taylor -0.36 0.14 -2.6 0.009
Peak Load Intercept (source) 5.51 0.12 46.6 <0.001
Caigual -0.18 0.17 -1.04 0.3
Taylor -0.48 0.18 -2.58 0.01

Generalized linear model results for parasite load at the tenth day of experimental infection and
for peak load (integer variables with a negative binomial distributio@®yobdactylugurnbulli

on Poeciliareticulatafor each year of collection. Coeffant estimateare for individuals

derived from each introduction site relative to the individuals derived from the source

population.
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Table 2.3: ANOVAs on Gyrodactylusturnbulli intrinsic rate of increase ¢).

Collection df SS Mean Sq F P-value Differences
20091 One year 2 0.01451 0.007256 1.798 0.179 -

20107 Two years 2 0.04885 0.024427 8.984 <0.001 LL&UL<S
201071 One year 2 0.02656 0.013281 5.171 0.008 T<S

ANOVA results for parasite intrinsic rate of increagebetween experimental day 0 and10 with
population (source and introductions) as facitnbreviations for population names: Guanapo
source (S) population, and Lower Lalaja (LL), Upper Lalaja (UL), Caigual (C) and Taylor (T)
introduction populationsS, LL and UL populations derived from field in 2009.

AS, LL and UL populations derived from field in 2010.

y S, T and C populations derived from field in 2010.

s Differences between populations in significant models were detected through a Tukey HSD

posthoctest.
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Figure 2.1: Experimental design overviewGuppy introductions were made from a source
population in the Guanapo River in 2008 to the guippg Lower Lalaja and Upper Lalaja sites
and in 2009 to the gupgyee Taylor and Caigual sites. In 2009 and 2010 guppies collected from

each site (red dotshere bred for two generations in the laboratory and the F2 fish were used in

experiments. See methods for details.
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Figure 2.2 Resistance of female guppie$eciliareticulata) to parasites Gyrodactylus
turnbulli). Resistance measures based ongi@#oad on each experimental day (A, C, E) and
regressiorbased estimates of parasite intrinsic rate of incrgasevering experimental days 0
through 1Q0(B, D, F) High parasite load is indicative of low resistantiee data (meansSEM1

A, C, E; malian and 10, 25, 75, 90 percentiieB, D, F) are for (A, B) Guanapsource Lower
Lalaja, and Upper Lalaja fish collected in 2009, one year after introduction ; (C, D) Guanapo
source Lower Lalaja, and Upper Lalaja fish collected in 2010, two yearsiafteduction ; and

(E, F) Guanapo, Caigual, and Taylor fish collected in 2010, one year after introduction.
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(A) Difference in averag&. turnbulli peakload (a measure of resistance) vs. average difference
in survival (day of death a measure of tolerance) and (B) averagenulative parasite load

from day 0 to 10 (resistance) whange in relative condition indelK{) between day 0 to 10 of
infection (toleance). All differencesl¥parasite loadDsurvival,DK,) are relative differences
between the Lower Lalaja (LL), Upper Lalaja (UL), Taylor (T) and Caigual (C) introductions,

and the Guanapo source population (S), from the 2010 collectiorzédorvalues sggest
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evolution in a given direction. Quadrants | and Il indicate a negative correlation-¢fifade

between resistance and tolerarteeor bars are +1 SEM.
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Appendix 2.A

Experimental elimination of parasites in nature leads to the evolution ofsecrea

resistance in hosts

Felipe Dargent Marilyn E. Scott, Andrew P. Hendry and Gregor F. Fussni20i3).
Experimental elimination of parasites in nature leads to the evolution of increased
resistance in hosts. Proceedings of the Royal Socie8B){773. DOI

10.1098/rsph.2013.2371
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Appendix 2.A1: Summary table of results and environmental characteristics (see TexX,3 Materials and methods).

2009 Collection 2010 Collection
Population Guanapo Lower Lalaja Upper Lalaja Guanapo Lower Lalaja Upper Lalaja Taylor Caigual
(Source) (Introduction) (Introduction) (Source) (Introduction) (Introduction) (Introduction) (Introduction)
Generation at time of - 4 4 - 8 8 4 4
collection
n 15 15 14 34 24 18 24 29
n family 15 15 14 14 10 6 11 10
SL (SEM) in mm 20.2 (0.4) 21.5(0.2) 21.7 (0.6) 18.1 (0.3) 18.9 (0.5) 17.3 (0.6) 17.4 (0.6) 17.7 (0.4)
Initial K, (SEM) 0.984(0.03) 1.002(0.02) 0.999(0.02) 1.034(0.02) 0.991(0.02) 0.995(0.02) 1.022(0.01) 0.988(0.02)
Mean peak load (SEM) 248.6 (34) 172.7 (41.7) 110.5(15.3) 247.6(33) 128.3(15.4) 117.2(16.4) 154(19.8)  206.4 (26.5)
Survival n (%) 6 (40) 12 (80) 10 (71.4) 2 (5.9) 7 (29.2) 4 (22.2) 6 (25) 5(17.2)

Sham n (% Survival) 5 (100) 7 (100) 7 (100) 14 (92.9) 8 (100) 6 (100) 9 (100) 10 (90)
Change irK, to day 10 - - - 0.037 (0.02) 0.027 (0.02) 0.018 (0.03) 0.09 (0.03)  0.068 (0.02)

Environmental Characteristics

Predation High Low Low High Low Low Low Low

Productivity High Low Low-Med High Low Low-Med Low Low-Med
Individuals alive

Day 8 (%) 15 (100) 15 (100) 14 (100) 34 (100) 24 (100) 18 (100) 24 (100) 29 (100)

Day 10 (%) 15 (100) 15 (100) 14 (100) 30 (88.2) 22 (91.7) 17 (94.4) 22 (91.7) 26(89.7)

Day 12 (%) 15 (100) 15 (100) 14 (100) 21 (61.8) 21 (87.5) 13 (72.2) 18 (75) 23 (79.3)

Day 14 (%) 15 (100) 14 (93.3) 13 (92.9) 13 (38.2) 15 (62.5) 9 (50) 13(54.2) 18 (62.1)

SL = Fish size measured as standard lerigth. Relative condition indeg_e Cren 195} Survival = individuals alive at end of
experiment. For Sham n = number of shiafected fish, each individual was derived from an independent family. Chaigean

day 10 = change iK, from the start of infection until day 10.
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Appendix 2.A2 F2 fish size (mm) at the start of experimental infectiondNe measured the
standard length SL (in mm) of experimentally infected individuals. At the time of experimental
infection, F2 fish derived from the 2009 collection were of various agegienerally older than

F2 fish derived from the 2010 collection, which explains the difference in SL between years.
Fish derived from the 2010 collection were all measured and infected at 12 weeks of age. This
explains why there is less variation in $lifferences in size are expected to be genStie.
abbreviationsLower Lalaja (LL), Upper Lalaja (UL), Taylor (T) and Caigual (C) introductions,

and the Guanapo source population (S)
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Appendix 2.A3: Tolerance measured as change in relative conditiomdex.

Collection Independent variable df SS Mean Sq F Pr (>F)
2010, Two  Population 2 0.0008 0.0004 0.046 0.96
Years After Cum Load at Day 10 1 0.0072 0.0072 0.862 0.36
Introduction Population x Cum Load at Dayl' 2 0.0187 0.0094 1.123 0.33
Residuals 63 0.5250 0.0083
2010, One  Population 2 0.0234 0.0116 1.374 0.25
Year After Cum Load at Day 10 1 0.0361 0.0361 4.249 0.04
Introduction Population x Cum Load at Dayl' 2 0.0462 0.0231 2.714 0.07
Residuals 71 0.6038 0.0085

ANCOVA results for change in relative condition ind&x)(between day 0 and 10 as the
response variable, fApopulation of origino as
(Cum Loadat Day 10 as a covariate. Base data for the change, analysis were @t measured

for the 2009 collection. Higher tolerance is indicated by a lower decrease in relative condition
index after ten days of infection for a given cumulative parasite load during the same time frame

(i.e. significant interaction coefficient
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Appendix 2.A4: The relation of resistance to environmental characteristics (productivity,
predation). Average peak parasite load (+SEM), population productivity and predation
characteristics for the Lower Lalaja (LL), Upper Lalaja (UL), Taylor (T) @agyual (C)

introductions, and the Guanapo source population (S), from the 2010 collection.
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CONNECTI NG STATEMENT

Thus far | have shown that females have rapidly and repeatably evolved increased
resistance t&yrodactylusafter experimental removal of the parasite in natbwelutionary
biologists and ecologists often tend to think thaits shared bioth sexes shouldiverge in a
similar manner from the ancestral population traits when faced with a new environment. Th
line of thought perhaps has its basis in the common observation that it is difficult to imagine two
organisms more genetically similar than males and females within a popukdterbeing
released fronGyrodactylusthe simples expectation, all elseeing equalis that male and
female guppy resistance will diverge in parallel from the ancestral Guanapo source population.
Yet, all else is not equal. Male and female guppies are dimorphic in a series of secondary sexual
traits that could influence restance tdsyrodactylusin chapter 3 use the guppy¥syrodactylus
system to quantify the difference in evolutionary response of males and females from the same

species to a common selective environment.
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CHAPTBR

Parting ways: Parasite release in nataesl to nowparallel evolution of the sexes

Felipe Dargent Gregor Rolshausen, Andrew Hendry, Marilyn Scott @nelgor Fussmanrgin
review). Parting ways: Parasite release in nature leads tgparilel evolution of the

sexesJournal of EvolutionanBiology.
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3.1 Abstract

Parallel evolutions considered to represestrong evidencéor the deterministic action of

natural selectiorRecently,increased attentiomas been brougho the reality that populations in
similar environments often differ batantially in adaptive traits.€., non-parallel evolution)We
consideed a related problem, the extent to which the sexes evolve similarly in response to the
sameshift in environmental conditionslsing replicate introductions in nature, we evaluated
whether release from a key paras@gi(odactylu$ produceda parallelevolutionary response

male and female guppieafter 4-8 generation®f relaxed selectiorguppies were collected from
the ancestraandderivedpopulations and bred in the aatory to remove nofgenetic effects
Guppeswereinfected withGyrodactyls and infection dynamics were monitor&tle found

that in the ancestral populatiomaleguppies had higher resistartoeGyrodactylusthan

females, and that parasite release in the derived populations ledpanadiel evolution of the
sexes: Miles did not show much evolution of resistgndeereagemalesshowedncreasd
resistanceThe end result was an evolutionary reduction of sediuarphism in resistance. We
argue that previous selection for high resistance in males constrained further evolution of the trait

(relative to females).
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3.2Introduction:

Spatially segregatedpulations ofterexperience gtinct selective environmentsvhich
causes the adaptive divergence of traits that influence survival and reproducgpiwWhen this
divergence occurs in a similar fashmithin independengvolutionary lineageghe outcome is
oftencal | ed fAparall el 06 or A conv eassgyongevidencehato! ut i on
natural selectiohas deterministically causelivergencg3-5). Recently, however, increasing
emphasis has been placed onrdadity that populations and speci@ssimilar environments
often differ substantially in adaptive traits, suggestistrenghh n @rar al | ed 6 or finon
c 0 n Vv e elgmem bf @volutioin response to similar selection pressyBes$, 7) Potential
reasons for these deviations fraleterminismnclude unrecognizedifferences in natural
selectionbetween seemingly similar environmentgriation in sexual selection, addferences
in genetic variation among populatiof®.

Although parallel and convergent evolution are typically considerdteicontext of
populations or specieselatedquestions surround adaptatiofithe twosexeg8, 9) On the one
hand, males and females in a given populatoruldexperience similarenvironment and
share most of thegenetic backgrountl suggestingttey might adapt in a similar fashio@n the
other handmales and females canperienca givenenvironment in different ways and do not
share their entire genoniiesuggesting they might adapt in different wavlereover males and
femalesexpress diffegncegn a broad array of behavioral, morphological, and physiological
traitsi some of whictcan be extremgL0-13). It thus seems reasonable thales and females
will experience different selective pressures avieenthey share the same spatial looati
Fitting this expectation, studies that have estimated selection separately for males and females

often find large differences between the s€eeg., 14, 15)Given the wide range of possible
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outcomes, we here sought to determine the extent to wtatdsrand females evolve similarly
(parallel) or differently (nofparallel) in response to a similar shift in environmental conditions.
The environmental shift we here consider is parasitism. Parasites are an important
selective agent known to cause adaptiivergence between populations and spéti&s For
instance, populations that are more heavily parasitized often evolve towards increased resistance
to parasite¢17-19)1 presumably because parasites influence fitness by reducing s2adyal
fecundty (21), or mating succeg22). By contrast, populations that are less heavily parasitized
often evolve towards reduced resista(@®) 1 presumablypecause resistance mechanisms in the
absence of parasites can reduce fitness through immunopatk@48%), physiological costs of
maintenance of immune respon§26), or antagonistic pleiotropy such as traufts with
fecundity(27). Of course, these examples of the evolution of resistance under different parasite
pressures are generalizations, androshalies also report unexpected evolutionary trajectories
in response to a shift in parasite pres¢@8). Given all this variation, parasites are an
appropriate selective force for considering the differential responses of males and females to an
environmental shift.
Our main goal is to consider whethmales andemalesfrom a common ancestral
population evolve similarly adifferentlyin responséo a similar shift in parasite pressufée
answer is not obvious given thaas introduced aboviea nunber of reasons exist why males
and females might respond differentn the one hand, males and femalas be similarly
influenced byparasites and the genes that influence resistance are often found on autosomes
(29). These shared properties suggeat @hshift in parasite pressure might lead to parallel
evolution of the sexes. On the other hand, males and females often experience different parasite

levels have different costs of infectipandcan havdlifferent costs of defae. For instance,
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malesand females often differ in their resistanc@énasiteg16, 30, 31)perhaps owing to [1]
differences in body size (larger individuals have more pard8fe83), [2] different exposure

to parasite$34), [3] functional tradeoffs between testosteremproduction and immune system
function(35), or[4] differences in time and energy allocation budgets between sexual activities
(i.e., courting, fighting) and resource acquisiti@®). Any of these differenceould mean that a

similar shift in parasite pressuréll lead tonon-parallel evolution of the sexes

The guppyGyrodactylus hosparasite system

An excellentcontext to studgexual differencem evolutionary responses to parasites is
represented bthe Trinidadian guppyRoecilia reticulata) 1 Gyrodactylushostparasite system.
The guppy is a sexually dimorphic poeciliid fish that is an important model for evolutionary
studies. In particular, experimental introductions to novel environments in nature have frequently
revealedherapidparallelevolution of behavioral, morphological, and {lestorytraits (37, 38)
The (mostly) hosspecificmonog@ean wormsGyrodactylus turnbullandGyrodactylus
bullatarudisare the st prevalent macroparasites of wild gup{&%). They atach to the scales
of their host, where thegive birth to flukes withfuly dev el o p eudt eeamdifieyy os A i n
are transmitted durinigost to host conta¢#0). These characteristics lead to exponempizabsite
populationincreases omdividual guppiesandepidemics in gupppopulatiors (41)..

The necessary elements for adaptation by guppi@grtodactylushave been
demonstrated in previous work. Fir6lyrodactylusare an important selective pressure: [1] they
cause higmortality inthefield (42) andthelaboratory(43), [2] theycause lesions that can serve
as entry points for bacterial and fungal secondary infec{@hs45) [3] theyaffect guppy mate

choice(46-48), and [4] they influence the ability of guppies to maintain theirtjpmsduring
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floods(42). Second, idividual guppies differ in their ability to reduce or elimingyeodactylid
infections (resistance) and this variatimasgenetic(49, 50)andnon-genetic(51-53)
componentsAs would be expected in the presence of these elengemmigy populationsliffer

in theirresisance toGyrodactylusnfection (54, 55)and in the MHC genes that influence this
resistancé€49, 56) However, although evidence exists thale and female gyies differ in
their resistance tGyrodactylug55), it is not known how these differences might influence

adaptivedivergence between populations and the sexes

Our study

Inferences regardingdaptive divergence in parasite resistaareeusuallypasecdon field
surveys(57, 58)or laboratoryexperimentg23, 59, 60)Although very informative,Hese
approaches are limited severarespectsField surveys are limited because [1] it is difficult to
infer causation when theelective factor of interess not experimentally manipulated, and [2] it
is difficult to infer rates and directions of evolution when the ancestral state is undeg@hts
from laboratory studieare limited because organisms are removed from the natural context,
which might mea that the observed evolution will not reflect evolution in nature. The solution is
to combine thes®vo approaches through experimental manipulatiomatare, which areare
in general61) andapparently absent for evolutionary responsgat@site pressure. Our study
fills this gap bycomparing guppies from@yrodactyluspresent source population to their
descendants from four independ@ytrodactylusabsent experimental field introduction sites.

After being subjected to the selective ggeres of the new parasitee environment for
one and two years.€., approximately four and eiglguppygeneration$62)), juvenile guppies

were collectedrom the four derivedsyrodactylusabsent populations aridom the source
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Gyrodactyluspresent ppulation.These guppies were then bred for two generations under
parasiteabsent common garden conditions in the laboratory, thus controlling for plastic and
maternal effects. We then performed individbaked laboratory infections to assess resistance
to Gyrodactylugurnbulli. We previously analyzed data for the females in this experiment, and
showed that they rapidly and repeatably evolved increased resist@Bypmtactylusafter this
parasite is removed, a result that did not match theoretical atipes(28). In the present paper,
we ask to what extent males show similar evolutionary responses in resistance, by specifically

addressing five key questions related to parallel evolution of the sexes (Table 3.1).

3.3 Methods:
Experimentalntroductions

In 2008, juvenile guppies were collected with butterfly rfiets1 a site in the Guanapo
River (AGuah&GMo3 &Nju2z3mgNd, 61A14N54nWinand 10A
Trinidad, as part of a United States National Science Foundationi€®imt Integrative
Biological Research project led by D. Rezn{6B). All guppieswvere quarantined and treated for
a wide spectrum of pathogens by means of Fuifjomsnator (Jungle LabsCibolo, USA, Clout
(Sentry AQMardel Omaha, USA)and commercialersions of erythromycin and monocyclene
(Maracyn and Maracyn Twib Sentry AQMardel, Omaha, USA The guppies were reared
separated by sex so that they remained virgin and, 3 weeks prior to the introductions when they
were already mature, they were maitethnks of 5 males and 5 females. In March (dry season),
these guppies were introdudetb two previously guppyree upstreantributaries (Lower Lalaja
and Upper Lalajapf the Guanapo Riveand the sexes of a given mating group were introduced

into separate streams to maximize effective population. €#e¢hese individuals, 37 and 38 of
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each sex were introduced into the Lower Lalaja and Upper Lalaja sites, respectively. In 2009,
this process was repeated with newtflected Guanapo source guppied thare introduced

into two additional guppyree upstream tributaries (Taylor and Caigual) of the Guanapo River.
On this occasion, 51 and 64 guppies of each sex where introduced into the Taylor and Caigual
sites, respectively.

The four tributaries used f¢he introductions differed from the Guanapo source
environment in several ways. First, the Guanapo source site had a diversity of parasites
(including Gyrodactylusspp), whereas the introduction sites were free of guppies and therefore
of their hostspeific parasites (includingyrodactylusspp.).Second, the Guanapo source site
had several importapredatory fishes (including the pike cichl@renicichla frenaty whereas
the introduction sites had only the weak gépeted fish Rivulus hartii(64). Third, the Guanapo
source site had a more open foratopy angbossiblyhigher resource availabilityor guppies
than did the introduction sit€65, 66) The different introduction siteserereasonably similar
in these properties, except thab (Upper Lalaja andaylor) had more open canopieand
therefore higher productivity, as a resuleaperimental canopy thinnin@6). More details on

the experimental introductions and sites can be fou28n62, 65, 66, 67, 63)

Field Collections

Field collections were performed in 2010, two years (approximately eight guppy
generations) after the introductions into the Upper and Lower Lalaja and one year
(approximately four guppy generations) after the introductions into the Taylor and Caigual.
Guppies were also collected at these times from the Guanapo source population, which continued

to be infected witlGyrodactylusspp(55; Dargent pers. obs.)All collections were made with
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butterfly nets, and the fish were immediately treated with Funguosrigtor, Clout, Maracyn,

and Maracyn Two. The guppies were held for about three months in Trinidad in popuaton

sexspecific tanks, before being transported in plastic bottles by airplane®@o @Gigalambor

laboratoryat Colorado State Universitin the laboratory, the guppies were housed in

population and sexspecific tanks followindgreznick (69)with two modifications, [1] flow

through systems were used to standardize water quality, and [2] the tanks were smaller (1.8 I).
When the fieldcollectedguppies reached sexual maturity, each female was randomly

mated to a fielecollected male from the same site (males were not reused) to produce a first

laboratory generation (F1). This F1 generation was then raised as described above before being

transfered at 84140 days of age to our laboratory at McGill University. At McGill, the guppies

were mated as described aboveroduce a second (FBboratorygenerationAll rearing

procedures at McGill were the same as those at Colorado State excepiror ehange of diet.

At Colorado State, the guppies were fed behempandpaste made from Tetramin Tropical

Flakes(Tetra, Melle, Germanyffollowing Reznick (69). At McGill, we replaced the brine

shrimp component with the same volume of paste.

Experimental Infections

Infection trials for the F2 guppies took place after they were at least 12 weeks old. For
each trial, experimental guppies were individually isolated for 7 days prior to infection and for
24 days after initial infection. This isolationoloplace in 1.8 | containers in an Aquaneering Inc.
flow-through system, with filters to prevent any movement of parasites, food, or waste products
between tanks. During isolation each guppy was fed a daily diet of 10 pl paste of Tetramin

Tropical FlakesFor infection, each individual was first anaesthetized in 0.02% MS222 (Tricaine
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Methanesulfonaté Argent Chemical Laboratories, Redmond, USA) buffered to a neutral pH
with NaCGQ;. Each guppy was then weighed to the nearest 0.0001 g, photographed for size
(standard length) measurements in Imaged infected with tw&yrodactylus turnbull{details
below). We infected a total of 63 male and 129 female guppies (App&idix To avoid the
possibility that hosparasite ceevolutionary dynamics influenced our results, we uséd a
turnbulli strain that was novel to all the populations. These test parasites were an isogenic strain
isolated fromi and propagated dnlocal (Montreal,Canada) pet store guppies.

All guppies were mature and-umated at the time of the experiments. The infections
were startedy removing scales carrying the parasite from a dgappy held in a separate
container(70), and then placing this scale nexthod anaest heti zed recipien
procedure routinely succeeded in transferring two parasites within 5 minutes. Afterward, each
guppy was allowed to recover and was then returned to its isolation tank. We then monitored
parasite population grdav on each isolated guppy for 24 days or until the guppy died. This
monitoring was achieved liyevery two day$ anaesthetizing each guppy and counting its

parasites using a dissecting scope at 18x magnification.

Analysis

We first analyzed whether thejpulations or sexes differed in bosigeor mortality. For
body size, we used ANOVA with population and sex as factors and standard length (SL
distance from the tip of the snout to the end of the caudal peduncle) as the measuréaf size.
mortality, we fit ageneralized linear model (GLM) with a binomial response variable (died vs.

survived) and a logit link function, withopulation and sex gsedictors We also tested whether
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guppies that died differed in their day of delytfitting a GLM with Intransformed day of
death as a response variable and population and gegdistors

We next analyzed twmeasursof parasite resistance that are used commonly in studies
of hostGyrodactylusdlynamics(28,43,71) fAPeak | oado i s parfastesma x i mun
counted on an individual guppy on any day during the experiment. Analyses based on this
measure included individuals that died before the end of the experiment because mortality
generally occurred when parasite load had already stabilizedorestdr t o decr ease. 0
of i n o)oktle paasite population is the slope of the regressiontadrisformed
Gyrodactyluscounts between day 0 and day 10 on an individual guppy. Analyses based on this
measure included only individuals tlsafrvived to at least day 10. Within this framework, lower
peak load and lowervalues represent higher resistance as they indicate a higher capability of
the guppies to limit infection.

To test whether population and sex influenced parasite peak loagdwedised GLMs.
Models included population and sex as factors, size as a covariate and interactions between
population and both sex and size. Peak load was modeled with GLMs using a negative binomial
error distribution and the log link function. All othéata were modeled with GLMs using the
identity link function. Analysis of each model was followed by a series of planned contrasts that
specifically informed our questions (Table 3.1).

The degree of parallelism in resistance evolution between the sekpspulations was
assessed by [1] graphical interpretation of divergence in sesp@ie and [2] phenotypic
change vector analysis (PCVA)2, 73)of evolutionary trajectories in multivariate resistance
trait-spacei( . aientation of divergence). For the graphical interpretation, relative change in

resistance by sex was represented as trait divergence between the source and the introduced
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populations with change for each sex on a different axis. The source populaties wale

centered to a mean of 0 and the values of the introduced populations were recalculated relative to
the new source mean. A 1:1 line was used to depict the trajectory of equal amount of change in
trait value for both sexes (i.e., parallel evolutidmr the PCVA, the segpecific population

centroids used in this analysis were multivariate least squares means derived from MANCOVA
models with the predictor variable being population contrasts (source vs. each introduced
population) and the responseiables being and In peak load. The respective change vectors
(connecting each introduced population to the source) were then compared to each other with
respect to their orientation (angle between vectors). Statistical significance for these comparisons
was based on permutation of model residuals to obtain n=1000 randomized dagasE&asAll

statistical procedures were conducted in R 3.0.2 (R Development Core Team 2013).

3.4Results:
General effects

Body size (SL) of the experimengippies dichot differ among populations, except that
Lower Lalajaguppies were larger thaspper Lalajaguppies (Appendices 3.Al, 3.A2 and 3)A3
Femaleguppieswere larger thamale guppie$ and this sexual dimorphism was similar among
populationgnon-significantinteraction between population and $ekable 3.A3. Infection
with Gyrodactylusnduced higher mortality in female than male gupgsoendix3.A4).
Although the maximal model also included population (results not shown), its effects were not
significart and sgopulation wasemoved from the final model. Among the guppies that died,
day of death was not explained by either population, sex, or the interagpipendix 3.A5. A

survival analysis using Cox proportional hazards lead to the same con¢huspandix 3.A6).
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Note that similarity among populations in overall parasitkiced mortality aided our
subsequent ability to uncover differences in parasite load because differences in parasite peak
load were not then due to a greater accumulation opesaon individuals that survived for

longer periods of time.

Resistance (Questions4)

Population, sex, and their interaction all had strong effec@yoadactylugpeak load
and intrinsic rate of increase) (Table 3.2). We therefore performed planned comparisons that
specifically answered our initial questions about parallel evolution of the Eexigle3.1).
These comparisons were based on simplified models that excluded body size because [1] body
size efects were inconsistent (Table 3.2, Appendices 3.A1, 3.A7 and 3.A3), and [2] model
simplification through stepwise deletion tended to drop size from all models (except for female
peak load). Nonetheless, including body size as a covariate generally dishhiztively change
the resultsAppendix3.A8).

Answer 1i On gxual dimorphism in the source populati@uppiesfrom theGuanapo
sourcepopulationwere sexually dimorphic in resistaricenales had higher resistandewer
peak load antbwerr) thanfemales Table 3.3. Answer 2i On female evolutionFemalesrom
three ofthefour introdu@dpopulations hatligher resistancddwer peak loads aridwerr)
thanfemales from th&uanapaourcepopulation(Table3.3), indicating theevolution of
increa®d resistanca the absence of parasite pressure (as earlier reporf).Answer 3i
On male evolutionin contrasto the higher resistance that had evolved in females from three of
the four introduced populatiori8), maleresistance to parasitesldot differ between the

introduced populatiaand the Guanapo source populationrfand only differed in one case
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for peak load (Table 3.3). The exception was that Taylor males had a higher peak load (i.e.
decreased resistance) than Guarsapoce malesTogether these results indic#éek of

evolution ofresistancén male guppies in the absence of parashaeswer 4i On sexual

dimorphism in the introduced populatio3f the three populations in which females evolved
increased resistaaconly one (Lower Lalaja) showed a difference in peak load between males
and females (Table 3.3), and none of the three populations showed a difference between males
and females im (Table 3.3). In the fourth introduced population (Caigual) neither fesnadr

males evolved and sexual dimorphism was maintained inrkaott peak loadOverall, sexual
dimorphism in resistance decreased in the introduced populations as females evolved to become
more similar to the ancestrally meresistant males (Figu®1A), which did not themselves

show any (except Taylor for peak load) pwgtoduction evolution of resistance

Parallelism (Question 5 On the sesspecific trajectorie}

To more formally assess the degree of parallelism in the evolution of resistameerbe
the sexes and populations, we performed two analyses. The first analysis considered trait
divergence between the source and introduction populations in reaesjwersus female {x
axis) traitspace. This analysis most directly evaluates the velatnount of change in males
versus females within populations (Figure 3.2), which thus informs the extent to which the sexes
evolved in parallelin this analysisall of the four introduced populations showed resistance trait
changes that did not overlapth the 1:1 linefor peak load and two out of four populations
overlapped (for male traits only) with the 1:1 for intrinsic rate of incraase confirming non

parallel evolution.
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The second analysis considers evolutionary trajectories in resistamtispace (Figure
3.1), which assesses both parallelism between the sexes (as above) and between the populations
within sexes. In this analysigisual inspection showed that females from the four introduced
populations shared the same orientation ohphgic change vectors, indicating a clear pattern
of parallel evolution among female populations, towards higher resistance than the Guanapo
source population and towards the ancestral male position (Figure 3.1A). Consistent with the
visual inspection, thangles of female trajectories in trait space did not differ among the
introduced populations in the PCVA (TalddA). Furthermore, variation around the mean
female phenotypic trait spaces only overlapped between the Caigual introduced population and
the Guanapo source population, coherent with the lack of resistance evolution in these females
(Figure 3.1B). Males showed a very different pattern, with visual inspection implying non
parallel evolution among populations (i.e., different orientations ofgileic change vectors).
However, only 2 of 6 paired comparisons of male phenotypic vector orientations among
populations were significant (TalBx4A), presumably owing to high variation in resistance traits
among males (Figure 3.1C). Visual inspectiord(#dre first analysis above) indicated differences
between males and females in the orientation of phenotypic trait vectors, although this was
statistically significantnly for guppies from the Taylor introduced population (Te&8XB)i for
the same reasdhigh variation in males)hus, the vector analysis had sufficient power to
detect norparallel evolution when substantial evolution had occurred but not when little

evolution had occurred).
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3.5Discussion:

In the ancestral population (Guanapo selreesistance to infection l6yyrodactylus
parasites was greater for male than for female guppies (Question 1 in Table 3.1). After release
from parasite pressure through replicate experimental introductions, the evolution of resistance
did not proceed iparallel (Question 5). In particular, maldisl notshow much (if any)
evolution of resistance (Question 3), whereas females generally evolved increased resistance
(Question 2). The end result was an evolutionary reduction of sexual dimorphism in redistanc
parasite infection (Question 4). Our main focus now will be on potential causal explanations for
the observed neparallel evolution, but we must first deal with the possibility that observed
sexual dimorphism in resistance could be simply a corekftect of other differences between
the sexes.

Male and female guppies differ in a number of ways that might influence parasite loads,
which could thereby confound inferences about sexual differences in resis¢ased-irst,
female guppies might owe their high®yrodactylusnumbers in naturés5)to being more
gregarious than mal€g4), because this might promote higher rates of parasite transmission.
Second, lowetyrodactyludoads on males in nature might result froraaier (relative to
females) infectioAnduced susceptibility to predation or floodi@g), which would truncate the
accumulation of parasites. Third, studies in other systems have suggested that ecological
differences between the sexes, such as diffelietg or microhabitats, could lead to sexual
dimorphism in parasite loaqg5). While these effects could potentially have altered the
selective environment of our field guppy popu
of them are relevant tihe laboratory trial part of our study because (1) the fish were isolated and

SO parasite transmission was not possible, (2) predators and flooding were absent, and (3) the
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sexes had similar diets and habitats. Finally, differences in body size canaafpsmasite loads
(43), but the larger size of females did not explain their lower resistance in oul( Fadg3.2,
Appendices3.A7 and 3.A8)All of these observations suggest that the sexual dimorphism in
resistance observed in guppies from the Guarsapirce, and the Lower Lalaja and Caigual

introductions is not simply a correlated effect of other differences between the sexes.

Selective explanations

The key question that our results bring to the forefront is: why should resistance evolve
differently for males than for females when both sexes are similarly removed from parasite
pressure? We can see three basic possibilities. First, selection impdSgabtsictylusnight
have shifted differently for males versus females when the parasite was elintimategh the
experimental introductions. Second, selection imposed by other environmental factors might
have shifted differently for males versus females, and the resultingarafiel evolution of
other traits might then have driven correlated-paralel changes in resistance. Third, even if
selection shifted similarly for males versus females, they might have responded differently
owing to different genetic or functional constraints. We now consider each of these possibilities
in turn.

Males and femals in the ancestral population were sexually dimorphic for resistance
(Figure 3.1), which might imply that they wdren that environmerit under different intensities
of selection for resistance. In particular, the higher resistance of males than fgglests a
history of stronger selection on the former than the latparhaps because the negative effects
of Gyrodactylugnfection are stronger for males than for fem&{). Stated another way, males

might be under stronger selection for resistatacinfection becauseonce infected they are

96



less tolerant than femalésensu 76)or more susceptible to predators or floodimgleed, this
expectation makes sense given that (1) males invest much more of their time and energy into
sexual activitie$ as opposed to feedirighan do female&/7, 78) (2) males are more likely to
be preyed upon than femal@®), (3) infected mads are more likely than females to be
displaced downstream during flooding eve@®), and (4) infected males (but presumably not
females) have reduced mating opportunif@®. Startirg from these ancestral conditions
(stronger selection for resistanocemales than females), parasite removal would cause a greater
shift in selection for resistance in males (from very strong to absent) than females (from modest
to absent). However, it is not clear how these differences could explain our @stotstingo
theory(17), males would be expected to evolve decreased resistance (assuming resistance is
costly) and females would be expected to evolve in the same direction but less rapidly. This
result clearly was not obtained in our study: males did not evesistance (except Taylor males
for peak load) and females evolved increased resistance (Figure 3.1).

Alternatively, empirical evidencg0) and theory(18) suggest that hosts could invest in
reducing the damage caused by a given parasite load (i.eant#é¢ rather than in mechanisms
to reduce parasite numbers (i.e., resistance). It is therefore conceivable that the lack of male
resistance evolution (except for Taylor peak load) could be explained if males were instead
evolving along the tolerance axasdefense. Yet we did not find evidence to support the
evolution of tolerance in males (Appendices 3.A9 and 3.A10) or in fertedeeported in 28)
for any of the populations. Finallfgmales in the introduced populations have lower mortality
rates andonger life expectancy than mal@s), and might thus benefit more from increased
resistancg26, see below 81). Nonetheless, this possibility seems unlikely to explain the

differential responses of the two sexes in the introduction given that highethaafemale
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mortality is a general feature of all guppy populatitfs 82) These results suggest that we
must look beyond parasites themselves if we are to explain theamalhel responses of males
and females.

The introduced populations experiedca dramatic shift not only in parasitism but also in
several other potential selective forces. Principal among these forces is predation, which is
known from many studies to exert a very large effect on guppy evol&Qr38) Specifically,
the ancestl population is subject to high predation whereas the introduced populations are
subject to low predatio(65). Perhaps the shift in predation differentially influenced selection on
males versus females, which then differentially influericdttfough a coelated evolutionary
responsé the evolution of resistance. Inde&ek previously argued that the evolution of
increasedesistance in females following parasite removal might be a pleiotrogcdaoluct of
evolution in response to release from predaf®8). Underthis scenario, strongredatorbased
selection onand evolution ofa trait that correlates with resistardréves the evolution of
increased resistanckespiterelease from parasitisthor example, the selective shift from a
shorter to a longer life expectancy has been shown to cause the evolution of a slower life history
in guppies (e.g., maturation at a laage and lower reproductive effo(83, 84) and this in turn
is expected to lead to increased investment in resis{afc81) We previously invoked this
explanation for the evolution aicreased esi st ance in females but
expain why resistance did not evolve in males. The main reason is that males experience
stronger predation pressure than females in the ancestral envirdi@®)eand so release from
predation should have an stronger effect on males than on fefiales ve will now assume
that males werée like females under selection for increased resistance following parasite

removal.
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In the absence of a clesglectivereason for notparallel resistance evolution by the
sexes, we are drawn to consider explanatioh®ased on the immediate shift in selection. One
explanation that emerged naturally from the data and from the above considerations was the
presence of a stronger evolutionary constraint on males than on females. First, if historical
selection for resistare was stronger on males than on females (see above), males might retain
lower available genetic variance for resistance, leading to a weaker response even under an equal
shift in selection(85). (Note that, despite sharing their autosomes, males andeteofedn show
different genetic variation for the same trg86)). Supporting this idea, studies of other systems
have shown that evolutionary responses to shifts in predation pressure can be limited owing to a
lack of variation in defense traif87). Second, the costs of increasing resistance might not be
linear, making progress towards ever higher resistance progressively more costly and likely to
occur at a decelerating rate. In our study, this constraint would be greater for males than for
femalesgren t he formerd6s initially higher resista
of having no parasites). In either case, it is conceivable that males could be experiencing
selection for increased resistance (perhaps for the same reason as)fbatdteey might not
increase further in resistance, or they might do so more slowly. Thus, we suggest that sexual
dimorphism in the source populations (males more resistant than females) might be constraining
further increases in resistance more strofglynales than for females. That is, sexual
dimorphism in resistance can constrain parallel evolution of the sexes in response to a similar

shift in selection.
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Conclusions

Our study was conducted in the growing traditferg., 6, 7pf notjust assessing whether
evolution is parallel (or convergent) but alsaqaantifyingthe degree to which evolution is
(non)parallel. We here merged this quantitative perspective with the idea of considering
parallelism between the sex@ 9, 88)rather han only among populations or species. Our most
striking result was that males and females showed considerable differences in their evolution of
resistance in response to parasite remdvak outcome could arise because the same
environmental shift hasfferent consequences for selection on males versus females, as might
often be the case. However, we here suggest that the same result can emerge owing to constraints
even when the shift in selection is the same. As one type of constraint, the sex that has
ancestrally experienced stronger selection might harbor less genetic variation in the trait. As
another, the sex with higher trait values might have more difficulty evolving ever higher trait
values if the costs of increased trait expression ardinea. Specifically, males werin our
studyi ancestrally more resistant to parasites than were females, and so the dramatic increase in
resistance for females was probably unattainable for males. Studies of parallel evolution would
benefit from increasingtention to sexual differences and their potential causes and

consequences.
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Table 3.1 Planned comparisons representing specific hypotheses to test for parallel

evolution of the sexes

Question Description

Comparison

01

Q2

Q3

Q4

Q5

Is resistance sexually dimorphic i
the source population?

Did femalesevolve resistance in
the introduced populations?

Did males evolve resistance in th
introduced populations?

Is resistancsexually dimorphic in
the introduced populations?

Did the sexes evolve resistance i
a similar way?

Males vs. females of the Guanapc
source

Introduced females by population
vs. Guanapo source females

Introduced males by population v
Guanapo source males

Males vs. females within
introduced populations

Change in males vs. change in
females from the introduced
populations

The set of questioaddresses the parallel evolution of the sexes under our experimental scenario

where we removed parasites and introduced guppies from an ancestral population [Guanapo

source (S)] into four tributary streams [Lower Lalaja (L), Upper Lalaja (U), Taylor @) an

Caigual (C)]. The right column lists tigannedcomparisons of resistance levels between the

sexes or populations that need to be conducted to answer the question.
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Table 3.2 GLM for Gyrodactyluspeak load and intrinsic rate of increaser) on Poecilia

reticulata

Response Independent Variables df Mean Sq F P-value

Peak load Population 4 87392 5.38 <0.001
Sex 1 107815 6.64 0.011
Size 1 294972 18.15 <0.001
Population:Sex 4 59945 3.69 0.007
Population:Size 4 31981 1.97 0.101
Residuals 177 16249

r Population 4 0.015 4.36 0.002
Sex 1 0.13 37.22 <0.001
Size 1 0.002 0.66 0.418
Population:Sex 4 0.009 269 0.033
Population:Size 4 <0.001 0.17 0.954
Residuals 159 0.003

Generalized linear model results for peak load (integer variable with a negative binomial
distribution) and intrinsic rate of increase (continuous variable with a normal distribution) of
Gyrodactylus turnbullon Poeciliareticulatawith population and seas factors and guppy

standard length as a covariate.
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Table 3.3 Planned contrasts ofGyrodactyluspeak loadand intrinsic rate of increase () by
population and sex

Question Comparison Peakioad®  r°

Q1 S1 vs -3.84% 4 42
Q2 SI vs -1.11 -1.43
SI vs -3.8% -3.83*
SI vs -2.75* -3.19+*
SI vs -3.95% -3.36+*
Q3 SIL vs 022 -1.32
S vs -191 -0.86
SI vs 2098* 0.65
SI vs -0.25 -0.22
Q4 Cl vs -242 4,93
LI vs -3.78%* 2.27
Tl vs 181 -0.83
Ul vs -1.08 -1.88

Planned comparisons with generalized linear models for peak load (integer variable with a
negative binomial distribution) and intrinsic rate of increasedqntinuous variable with a
normal distribution) ofsyrodactylugurnbulli on Poeciliareticulata Comparisons test wether
peak load or: [Q1] was sexually dimorphic in the ancestral population; [Q2] evolved in the
introduced females; [Q3] evolved in theroduced males; and [Q4] was sexually dimorphic in
the introduced population¥&-values reported for peak load aPevalues forr. Abbreviations for
population names: Guanapo source (S) population, and Lower Lalaja (L), Upper Lalaja (U),
Caigual (C) ad Taylor (T) introduced populations. *p<0.05, *p<0.01, ***p<0.06Non-

significant after FDR correction.
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Table 3.4 Vector angles of resistance evolutionary trajectories

(A)

Between populations
Comparison Angle (°)

Males Caigualvs. Taylor 164.5
Lower Lalajavs. Gaigual 13.6
Lower Lalajavs. Taylor 178.7*
Lower Lalajavs. Upper Lalaja 1.3
Upper Lalajavs. Gaigual 14.9
Upper Lalajavs. Taylor 179.4*

Females Caigualvs. Taylor 3.1
Lower Lalajavs. CGaigual 1.6
Lower Lalajavs. Taylor 4.7
Lower Lalajavs. Upper Lalaja 4.1
Upper Lalajavs. Gaigual 5.7
Upper Lalajavs. Taylor 8.8

(B)

Within populations (females vs. males)
Population Angle (°)
Caigual 1.8
Taylor 165.2
Upper Lalaja 14.9
Lower Lalaja 17

Quantification of evolutionary trajectories in resistance trait space based on measures of
orientation (vector anglas degreegderived from PCVA. (A) Comparisons of female and male
trajectories within each dhe introductions relative to the source populations. (B) Comparisons
between populations within the sexes. Observed significance levels are based on empirically

generated (n=1000) residual permutatiof’s {3. *p<0.05, **p<0.01.
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Figure 3.1 Evolutionary divergence for males and females in resistance trafipace

(A) For each of the four introduced populatiohs, T, and G, the evolutionary trajectory
within the sexes (maleempty symbolsfemalesfilled symbolg is depicted as the line
connectilg thesource population centroid (S) to the introdupegulation centroidanels B
(females) and C (maleshow the same data for each sex separatétly letters depicting
population centroids and ellipsespresenting thé5% data spreaurved tragctories in each of
the three paneldepict the negative binomial GLKt to the raw data to further illustrate the

evolutionary trajectories overall (A), for females (B), and for males (C).
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Figure 3.2 Symmetry plots ofthe evolution ofresistance by sex

Evolutionof parasite resistance for femalesafs) and males ¢gxis)in the four introduced
populations (L, U, T and Gased (A) on theneannumber ofGyrodactylusat peak loagand

(B) on themean intrinsic rate dbyrodactylusncrease from the staof infectionto day 10 of
infection In each case, population means are sh@bative to the Guanapo source population
mean (the origin in each graphg;g., intrinsic rates of increase of parasites on female Taylor
guppies were on avage 0.046 daylower than those on Guanapo Source females but 0.019 day
! higher when the respective male populations were compared with one aRoihes depict
population means with 95% Cd&d crosses depict 95% Cls for the source mearb@3ksd on
n=1000 bootstrapamples)The 1:1 line represents parallel evolution, idere both males and
femaleswvould haveexperiencd identicalchangs. Nonoverlap oftheintroduced population
Cls with the 1:1 linesuggestshat the sexes in a givg@opulation did not evolve resistance in a

parallel manner.
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