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Summary

Many parasites have the ability to change theirt'tdsehavior and/ or appearance in a manner that
enhances their fithess. It can be difficult to deiee whether this is due to true host manipulatiwat has
evolved for this specific purpose or side-effects &om additional energy drain that shifts thest®trade-
off between feeding and predation avoidance towdndsformer. Experimentally, host manipulation has
mostly been studied using singly infected hostsriifiorm environments. This does not reflect natifrBosts
harbor multiple parasites these parasites mighpemni@ing on their aims, be at a conflict over host

manipulation or cooperate when it comes to hostipugation.

In this thesis | aim to better understand how pEssnanipulate their hosts under complex — andden
more natural conditions, such as infections by ipleltparasites. To do so, | use two complex-lifeley
parasites, the cestod&histocephalus solidus and both its intermediated hosts, copepods arektspined
sticklebacks and the nemato@amallanus lacustris and its first intermediate copepod host. Both gitea

alter the behavior of their hosts in a manner jikelenhance their own fitness.

Whether host manipulation & solidus in three-spined sticklebacks is due to true haamtipulation that
has evolved for this purpose or presents a sidestedif increased energy drain is the issue of g &tanding
debate. With true host manipulation an infectivd amot yet infectivé. solidus in the same host should be at
a conflict over the direction of host manipulatidime infective parasite should enhance the predaisi of its
host, but for the not yet infective one any premagoredation would be fatal; it should never enkaits
host’s risk taking. However, when | experimentafifected sticklebacks in a manner that they hadbore
infective and one not yet infective parasite, th@see even less risk averse than sticklebackstiedery only
an infective parasite. This is only compatible witshavioral changes caused by enhanced energyrdthar
than true host manipulation. To verify these figdin tested the effect of hunger status on riskntakn
infected sticklebacks. Energy drain should be gwife in satiated fish but true host manipulagbould not.
Again the results are more compatible with energgirdrather than true host manipulation. Seemingly

adaptive host manipulation need not be caused lohamisms that have evolved for this specific pugpos

| further investigated a conflict between an inffieetand a not yet infective parasite in copepodhoio

do so, | experimentally infected copepods with ondwo S. solidus and/ orC. lacustris at different time
points. Not yet infectiveS. solidus or C. lacustris reduce their host's activity, infective ones irase it. If a
conflict occurred between different developmenttdges of the same species, the infective parasite
completely sabotaged host manipulation by the mdtigfective one in either species. In an intergpmec
conflict too, the infective parasite performed bettCamallanus lacustris was however the stronger
manipulator. A conflict between an infecti@elacustris and a not yet infectivB. solidus resulted in complete
sabotage by the infective parasite while such dlicobetween an infectiv&. solidus and a not yet infective

C. lacustris resulted in a compromise with regards to host iehalf there is potential for cooperation, i.e. i

multiple S. solidus of the same developmental stage co-occur in thee daost, they enhance each other’'s



manipulation but only after they have reached itNég. | hence show that one parasite can affexsth

manipulation by both a conspecific and a hon-cocifipeo-infecting parasite.

In nature, parasites are not only faced with otteinfecting parasites but also with differencegshin
environment their host experiences. Such differgnice example in differences in resource avaiigbihight
affect host manipulation. Experimentally infectexpepods received different feeding treatments. dsueed
their parasites’ performance in both the first.(cepepod) and the second (i.e. stickleback) irgeiate host
and the behavior of their copepod host. Performamside the copepod affected performance in thersec
intermediate fish host. Differences between infé@ead uninfected copepods (i.e. host manipulatweene
larger in a high food environment. Additionallyrdar parasites seemed less manipulated. Thesésresuld
be mediated by changes in host condition, rathear #tctual differences in host manipulation. Neveess, if

they lead to differences in the efficiency of hestnipulation, they could have ecological consegegnc



Zusammenfassung

Viele Parasiten verfligen Uber die Fahigkeit, Vadmalind/oder Aussehen ihres Wirtes zu verdndern um
dadurch ihre eigene Fitness zu steigern. Es kammwisdg sein festzustellen, ob dies durch echte
Wirtsmanipulation geschieht, die zu diesem Zweabl\@ert ist, oder ob es eine Begleiterscheinungsigdit,
zum Beispiel aufgrund des zusatzlichen Energiegeizuder den Trade-off des Wirtes zwischen Fregsdn
Predationsvermeidung zum ersteren hin verschiefpefimentell ist Wirtsmanipulation bisher meistemder
Bedingung einer einheitlichen Umwelt und mit Hilfen Wirten, die nur mit einem Parasiten infiziedrden
sind, untersucht worden. Dies spiegelt jedoch nidlg Natur wider. Wenn Wirte mehrere Parasite
beherbergen, konnen diese sich, abhéngig von iljeweiligen Zielen, in einem Konflikt um

Wirtsmanipulation befinden oder in Bezug auf Wirésripulation kooperieren.

In dieser Dissertation mochte ich besser verstelan Parasiten ihre Wirte unter komplexen — undedah
naturlicheren — Bedingungen, wie zum Beispiel Mathinfektionen — manipulieren. Dazu verwende ich
zwei Parasiten mit komplexen Lebenszyklen, den ddiest Schistocephalus solidus und seine zwei
Zwischenwirte Copepoden und dreistachlige Sticlejnghd den Nematodefamallanus lacustris und seinen
ersten Zwischenwirt, Copepoden. Beide Parasitedndern das Verhalten ihrer Wirte in einer Art, die

wahrscheinlich ihre Fitness erhoéht.

Ob Wirtsmanipulation durchS solidus in dreistachligen Stichlingen aufgrund von echter
Wirtsmanipulation, die zu diesem Zwecke evolviest, izu Stande kommt oder eine Begleiterscheinund
aufgrund erhéhten Energieentzuges darstellt, ist@egenstand einer langanhaltenden Debatte. Ine Fall
echter Wirtsmanipulation sollten sich ein infekébsund ein noch nicht infektidse& solidus in einem
Konflikt um Wirtsmanipulation befinden; der infetite Parasit sollte das Predationsrisiko seinesegVirt
steigern, aber fur den noch nicht infektiosen wjagdiche vorzeitige Predation fatal; er sollte nasndie
Risikobereitschaft seines Wirtes erhdhen. Ich h8kiehlinge experimentell so infiziert, dass sieeain
infektidsen und einen noch nicht infektiosen Péeasbeherbergten. Diese waren sogar noch risikdigeu
als die nur mit einem infektiosen Parasiten infige Stichlinge. Das ist nur mit Verhaltensandeamglie
durch erhéhten Energieentzug verursacht worden simdl nicht mit echter Wirtsmanipulation erklarbdm
diese Ergebnisse zu bestdtigen, habe ich den Ednftles Hungerzustandes auf die Risikobereitschaft
infizierter Stichlinge getestet. Energieentzug teolin satten Fischen wirkungslos sein, aber echte
Wirtsmanipulation nicht. Wiederum sind meine Ergeba eher mit Energieentzug als mit echter
Wirtsmanipulation vereinbar. Scheinbar adaptive t$ianipulation wird nicht zwangslaufig durch

Mechanismen verursacht, die zu diesem speziellegcKwvolviert sind.

Daruber hinaus habe ich einen Konflikt zwischeremininfektiosen und einem noch nicht infektiosen
Parasiten im Copepoden Wirt untersucht. Dazu haite Gopepoden zu verschiedenen Zeitpunkten
experimentell mit ein oder zw&i solidus und/ odelC. lacustrisinfiziert. Noch nicht infektiosé&. solidus oder

C. lacustris reduzieren die Predationsanfalligkeit ihres Wirtiedektiose erhéhen sie. Wenn ein Konflikt
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zwischen verschiedenen Entwicklungsstadien densefa¢ stattfindet, sabotiert der infektiose Parati
Wirtsmanipulation des noch nicht infektiosen indagi Arten vollstandig. In einem interspezifischeonKikt
schlug sich der infektiose Parasite ebenfalls We&senallanus lacustris war dabei allerdings der staerkere
Manipulateur. Ein Konflikt zwischen einem infekt@sC. Lacustris und einem noch nicht infektioses
Solidus resultierte in der vollstédndigugn unterdrickungotiuden infektibsen Parasiten wéahrend ein solcher
Konflikt zwischen einem infektiose® Solidus und einem noch nicht infektioseéD. Lacustris zu einem
Kompromis beziiglich des Wirtverhaltens flihrte. W&woperationspotential besteht, d.h. meh&rsolidus
desselben Entwicklungsstadiums im selben Wirt atdir, verstarken sie ihre Manipulation gegenseatigr
erst nachdem sie infektiés geworden sind. Ich zaige, dass ein Parasit die Wirtsmanipulation eameteren

Parasitens derselben oder einer anderen Art bessafh kann.

In der Natur sind Parasiten nicht nur anderen Raraausgesetzt, die denselben Wirt infizierendsom
auch Unterschieden in der Umwelt, in der ihr Wiebtl Solche Unterschiede, z.B. im Bezug auf
Ressourcenverfugbarkeit konnten Wirtsmanipulatiesitiflussen. Experimentell infizierte Copepodendmab
verschiedene Nahrungstreatments erhalten. Ich devérfolg ihrer Parasiten sowohl im ersten (Copepd
als auch dem zweiten (Stichling) Zwischenwirt urets d/erhalten des Copepoden Wirtes gemessen. Der
Erfolg im Copepoden beeinflusste den Erfolg im Riddnterschiede zwischen infizierten und nichtzigiten
Copepoden (d.h. Wirtsmanipulation) waren groéf3ereiner Umwelt mit viel Nahrung. Dartber hinaus
schienen gréRere Parasiten weniger zu manipulidd@se Ergebnisse kdnnten durch Veranderungen im
Zustand des Wirtes anstatt durch tatséchliche Schéde in der Wirtsmanipulation herbeigefuhrt veord
sein. Nichtsdestotrotz kdnnten diese zu 6kologisdkensequenzen fiihren, falls daraus Unterschieakin

Effizienz der Wirtsmanipulation resultieren.
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Introduction

The introduction has partly been altered from: Hafe, and M. Milinski (submitted).
Cooperation or Conflict: Host manipulation in mplé infections in H. Mehlhorn, eds.
Parasites and Behavioural Changes. ParasitologyaRgsMonographs. Springer,
Heidelberg.

Host manipulation

Complex life cycle parasites are faced with haviogpass from one host to the next. Often this goes
against the host's interests. For example in treadlyi transmitted parasites this requires the gi@'ascurrent
host to be consumed by its next host. Naturally, lamst should avoid predation. To overcome thidleyr
parasites can change the behavior of their hofét tieeir own needs and make them for example npooae
to predation. The host may no longer be in fulltownof its own behavior (Lefévre et al. 2009a; ki
2014). More generally, such host manipulation ogdua parasite changes the behavior or other tspéthe
host’'s phenotype in a manner that enhances its fiwass beyond the benefits it gains from normal
exploitation. It usually serves to enhance parasd@asmission, dispersal or survival. It occursairwide
variety of host and parasite taxa including mosyandinages and has evolved several times indepglyde
(reviewed by e.g. Holmes and Bethel 1972; Poulif4s) 2010; Poulin and Thomas 1999; Moore 2002,
2013). The forms it can take are very divers anddyneans restricted to complex life cycle parashk&ctor
born animal parasites such as malaria (e.g. Ketli. 2002; Koella 2005; Lacroix et al. 2005; Catb al.
2012) and different vector born plant parasiteg.(Maitland 1994; Fereres and Moreno 2009; Maaici.
2012) enhance transmission between hosts; Thegaserencounter rates between their vectors anchthsts
and alter the attractiveness of their hosts. Pasaghat require a different habitat for reprodurctand
dispersal than normally used by their host indugrthost to seek out such a habitat (e.g. Thomad. e
2002b; Andersen et al. 2009; Hughes et al. 20MEn & this is fatal to the host (e.g. Thomas et28l02).
Parasitoids cause their hosts to guard them aftergence to avoid predation (e.g. Grosman et &8;20
Maure et al. 2011; Dheilly et al. 2015). Such athmay eventually recover, albeit it does suffeeduction in
fithess (Maure et al. 2014). Prior to reaching dtifety to a subsequent host, complex life cyclegsées can
increase host behaviors likely to reduces predatoavoid fatal premature predation (Hammerschreidil.
2009; Parker et al. 2009c; Thomas et al. 2010; m¥agt al. 2011). Thereafter, they often increaseviers
likely to enhance predation susceptibility of thedst to facilitate transmission (reviewed by ¢igimes and
Bethel 1972; Poulin 1994a, 2010; Poulin and Thot@29; Moore 2002, 2013).

Humans too, can be affected by host manipulafforoplasma gondii for example causes mice to lose all
fear of its definite host, cats. It can also infeetnans and lead to changes in their behavior arsbpality up
to severe psychological disorders such as schirophi(reviewed e.g. by Flegr et al. 1996; Laffe2606;
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Alvarado-Esquivel et al. 2011; Flegr 2013). Hostipalation might also have important consequenoes f
the ecosystem (Thomas et al. 1998b, 1999, 200%viefet al. 2009b; Lafferty and Kuris 2012). It figt
example, likely to affect the energy flow in fooebs. It will strengthen or even create certaindibktween
prey and predators if a parasite alters the predatiisceptibility of its hosts (Lefévre et al. 2Bp8@afferty
and Kuris 2012).

Distinguishing between actual host manipulationsthmbmpensatory responses, and side-effects can be
challenging (Milinski 1990; Poulin 1995; Poulin amtdomas 1999; Thomas et al. 2005; Lefévre et &9a0p
Cézilly et al. 2010; Moore 2013, Figure 1). For mpéde, animals are usually faced with a trade-offveen
consuming energy and avoiding predation. Parasiipsse an additional energy drain on their hodtisli
this trade-off further away from predation avoidandhis can resemble predation enhancement often
attributed to parasites increasing their chancesetdrophically transmitted to a subsequent hogtir{ski
1990). In order to be considered adaptive, hostipnéation needs to convey fitness benefits to tamgite,

e.g. via increased transmission (Poulin 1995, 20dfjortunately, even the existence of such fitrizessefits
cannot conclusively answer whether any host maafjmi has really evolved for this purpose sincet hos
compensatory responses or side-effects can prdeimiacidental” or “fortuitous benefits” to the paite
(Figure 1) on which selection will act just as wedl on host manipulation that has originally evdli@r this
purpose (Thomas et al. 2005; Poulin 2010; Dubo#.&013; Moore 2013)

Parasite’ infection

Host g Parasite

e v T
Compensatory response Side effect Host manipulation

.. Enhanced parasite
transmission

" or survival
\ Al
Host fitness Parasite fitness

Figure 1: Potential effects of parasite infection on host behavior. Distinctions between different effects can sometimes
be blurred since different effects can lead to similar outcomes. Selection will act on any behavioral alteration that
changes host and/or parasite fitness irrespectively of its origin. Blue lines indicate positive fitness effects; red lines
indicate negative fitness effects; dashed lines indicate optional consequences.

Understanding the mechanisms underlying host métipn may help to distinguish between true host
manipulation, side-effects and host compensatospareses. Unfortunately, we are only starting tosdo
Besides host manipulation caused by parasites iErgl@ompensatory responses or side-effects (seee,
host manipulation can occur through encystment atedain site, hitchhiking the immune system or
neuromodulation (reviewed by Adamo 2002, 2012; éd§f and Shaw 2013; Perrot-Minnot and Cézilly 2013)
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A number of studies have for example shown enhaimegls of neuroactive substances in infected alsima
(e.g. Qverli et al. 2001; Tain et al. 2006; Shawalet2009; Helluy 2013). In gammarids, injectiorfstive
neurotransmitter serotonin can mimic the behaviogaanmarids infected with an acanthocephalan parasi
(Helluy and Holmes 1990; Tain et al. 2006; Hell@i2; Perrot-Minnot et al. 2014). More insightsoiiiow
parasites manipulate their hosts are starting tergenas transcriptomics and proteomics are becoming
increasingly available. They can serve to identifgnes and molecules potentially involved in host
manipulation (reviewed by Biron et al. 2005a; Thenea al. 2005; Lefévre et al. 2009a; Hughes 2048; v
Houte et al. 2013), whose role can then be confireperimentally for instance by knocking-out these

candidate genes (Hoover et al. 2011).

Host manipulation often comes at a cost. Such @strge from two different avenues; enhanced garasi
mortality for example via dead-end predation andrgetic costs. Predation enhancement by complex lif
cycle parasites does not always seem to specfitzatet the correct subsequent host. Rather sperifically
increases the host's predation susceptibility tp @edator, including dead-end predators (e.g.n€ii 1985;
Mouritsen and Poulin 2003; Seppala et al. 2008jligé# al. 2010; Thomas et al. 2010; Dianne et2dl14).
This should nevertheless be adaptive as long akatioe by the correct host is improved over prapasilly
compared to all other causes of mortality, i.e.libeefits of host manipulation outweigh its cogéZjlly and
Perrot-Minnot 2005; Poulin 2010). Direct evidenca fenergetic costs has remained elusive to date.
Nevertheless, such costs are usually assumedasdoeiated with the process of host manipulatggifi(e.g.
Poulin 1994b; Biron et al. 2005b; Thomas et al. 208011). For example, if a parasite manipulates by
excreting a neuroactive substance, this could imEagEh energetic costs on the parasite. In twereifit
systems, Franceschi et al. (2010) and Maure gp@l1) found that the strength of host manipulaticas
negatively associated with other fitness relatadsr This could indicate a trade-off due to patdrenergetic
costs of host manipulation. Such trade-offs comldaece variation in host manipulation (Thomas €2@11,
2012).

Host manipulation can vary within the same host pathsite species. Such differences can be due to
genetic differences within both hosts (e.g. Cox Hiatland 2001; Franceschi et al. 2010b) and pas$é.g.
Franceschi et al. 2010a; Leung et al. 2010; Khudf.€2013). Non-genetic factors such as the hustgeus of
the host (e.g. Giles, 1987; Barkatral., 1995; Jakobsen and Wedekind, 1998) and paragstéeag. Koella et
al. 2002; Benesh et al. 2009a; Hammerschmidt €2Gfl9; Dianne et al. 2011) and size (e.g. Seppéddh e
2005; Benesh et al. 2009b; Dianne et al. 2012) @l a role. In addition, parasites seem to attegit host
manipulation to the abiotic environment their hesperiences. Host manipulation can differ overdberse
of the day (McCurdy et al. 1999) and between différseasons (Brodeur and McNeil 1989; Benesh et al.
2009a). Abiotic factors that do influence host rpatation have received little attention to date batild
include resource availability (Thomas et al. 204012), pollution (Thomas et al. 2011), light corais and
temperature (Benesh et al. 2009a). The influendbeobiotic environment on host manipulation haened
somewhat more attention. Host manipulation canef@mple alter in response to the presence of difter
predators (e.g. Jakobsen and Wedekind 1998; Dueéat. 2012; Dianne et al. 2014) or other co-itifec
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parasites (reviewed by Rigaud and Haine 2005; Kaallal. 2006; Thomas et al. 2010, 2011, 2012; Matic
al. 2012; Syller 2012; Cézilly et al. 2014) andeputially also commensals and mutualists (Cézillgle014).

Multiple infections and host manipulation

Most studies of host manipulation (using experiraiyinfected hosts) to date have focused on ifdast
by single parasites. This does not reflect natureres nearly every host is infected by multiple pies (e.g.
Petney and Andrews 1998; Kalbe et al. 2002). Theréncreasing evidence that even symbionts or
commensals may influence their host's behaviordif@hr 2011; Ezenwa et al. 2012). Their interaction
with co-infecting macroparasites remains largelgxplored (reviewed by Cézilly et al. 2014). Givére t
ubiquity of parasites, symbionts and commensalstshaay no longer be in full control of their own
behavior but rather might display a compromise bfparties’ interests (Milinski 2014). So, how do
parasites deal with co-infecting parasites withdhme or different aims? From an ecological petsmean
already infected potentially manipulated host maylanger be the same environment as an uninfeated n
manipulated host. Parasites could hence act aysteas engineers, modifying the host environmentaior
co-infecting parasites (Thomas et al. 1998b; Paatitt Thomas 1999; Lefevre et al. 2009).

Depending on the aims of each of the parasiteslwed, co-infections might lead to cooperation or
conflict over host manipulation (Figure 2). Thisutw affect infection patterns if parasites seeklosgts co-
infected by suitable manipulators and avoid codtibms by unsuitable ones. Once two parasites ehéer
same host with at least one of them able to maatipuiiost behavior, cooperation or conflict mighsuen
Cooperation can occur between parasites with theedaterest. However, agreeing interests could hé&so
exploited by free-riders saving the cost of mangpioin. Conflict can exist between parasites with
different aims. This includes two parasites of eliéfint species with different definitive hosts, diffint
developmental stages of the same or different ftarapecies or two different parasite species with
different transmission strategies (e.g. verticatgnsmitted parasites and parasites that requaghic
transmission). Any such conflict might result in eorparasite sabotaging the other parasite’s
manipulation.
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Aims of diffent parasites

[3)
Avoiding conflict Conflict Cooperation or free riding
Figure 2: Overview of potential consequences of multiple infections with regards to host manipulation

Cooperation - when parasites agree

If host manipulation is beneficial but costly amaseline transmission rates are low, then pasasiteuld
seek out opportunities to co-infect hosts alreadgdted by other parasites with appropriate hostipudation
(Thomas et al. 1998b). This should result in namoan associations between parasites (Cézilly etCdl4).
Preferential infection of suitably manipulated Isp$ermed hitch-hiking, can be considered an atlaptd it
is genetically determined and has become prevhienbnferring a selective advantage (Thomas €i98I8b).

In order to show that hitch-hiking occurred, prefial infections of already infected hosts neetiéshown
to increase fithess through enhanced transmissit@ally under experimental conditions (Thomas et al
1998b). To my knowledge, this has never been dionieed, experimental studies testing whether pasasi
associate with each other according to their maafjmn are missing entirely. Studies on naturafifected
hosts suggest that associations between parasifedhe@ same consecutive hosts do occur (Thomad. et
1997; Dezfuli et al. 2000; Poulin et al. 2003; Lguand Poulin 2007; Wisenden et al. 2012), but he&ys
(Thomas et al. 1998a; Poulin et al. 2003; Lagrue Roulin 2008; Leung and Poulin 2010; Rauque et al.
2011). Hitch-hiking is not the only possible ex@#on for associations between parasites with [ehdifle
cycles. The concurring life cycles themselves caaldse associations between parasites. Parasitenalate

in their definite host. They (or their eggs) leayitvia defecation are likely to do so togethethwparasites
using the same definite host. Hence, such paramigesiore likely to develop in the same area makinmpre
likely that they will eventually infect the samedt@Poulin and Valtonen 2001). Since associati@we fonly
been studied using naturally infected hosts, wen@nonclude anything about how such associatioag m

come about.
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Once two manipulating parasites with the same with regards to host manipulation have co-infected
the same host, they have a high potential to cedpemhe simplest case of cooperation involves iplelt
parasites of the same species at the same deveitgirstage. A number of theoretical models havdipted
what should happen in this case. They all assuatehthst manipulation bears both costs and ben@slin
1994b; Brown 1999; Vickery and Poulin 2009). Bdsef.e. altered predation risk, have been shawa fiew
systems (Wedekind and Milinski 1996; Bakker et1®#97; Mouritsen and Poulin 2003; Dianne et al. 2011
Weinreich et al. 2013). Evidence for costs, esplgcenergetic costs, has remained largely elusisee (

above).

If costly, host manipulation should not be maxed but optimized (Poulin 1994b). Accordingly,
parasites should adjust the extent of manipulatmrthe (expected) presence of other parasites.,Thus
individual investment into host manipulation shodktrease as within host parasite population siz@ases
(Poulin 1994; Brown 1999; Vickery and Poulin 200)ough exceptions may occur if both benefits and
relatedness between parasites are very high. $nctisie the already very high benefits are recdiyeclose
kin likely to share the genes responsible for théipulation with the manipulator (Vickery and Row009).

In either case, total manipulation should stillrewse with increasing parasite number (Poulin 189dywn
1999; Vickery and Poulin 2009). Individual investménto host manipulation has never been measurdd a
doing so might proof challenging. By contrast, kdtast manipulation has often been recorded addotaé
extent of (behavioral) change induced by parasitesaturally infected hosts, total host manipwatbften
correlates with parasite number for at least soaiest(Giles 1987; LoBue and Bell 1993; Brown et2401;
Latham and Poulin 2002; Mouritsen 2002; AddinoleR@10; Seppéala et al. 2011; Fredensborg and Lriango
2012; Rode et al. 2013; Corréa et al. 2014b). $kmms to hold in both mass exposed (Urdal et &5;19
Seppala et al. 2005; Luong et al. 2011) and indizfig infected (Cox and Holland 1998, 2007; Fracbést

al. 2008; Benesh et al. 2009; Santos et al. 2014nri2 et al. 2012; Santos and Santos 2013) hoasise S
effect of parasite number on the strength of hamtipulation, though it does not always seem toireat,
seems particularly consistent in parasites thaaliysinfect their hosts in high numbers (Cox andlléiad
1998, 2007; Latham and Poulin 2002; Mouritsen 2@ghpala et al. 2005, 2011; Addino et al. 2010;nguo
et al. 2011; Santos et al. 2011; Fredensborg anddria 2012; Santos and Santos 2013; Corréa 2O adlb).
Parasite number should also correlate with maniipmlastrength, if host manipulation results frone th
impairment of a certain organ (Thomas et al. 20Bi9wn (1999) predicted that host manipulation ddou
only occur once a certain threshold in parasite upajon size within a host was reached. Such a
threshold might be automatic if host manipulati@pends on the impairment of a certain organ, which
cannot be accomplished by a single parasite. TdradtodeDiplostomum sp. encysts in the eyes of fish
obscuring their vision and thereby making them muownerable to predation especially at higher
parasite numbers within one host (Seppald et @5R0This, however, only takes effect when a

considerable number of parasites have encysteddribe eye (Seppala et al. 2011).
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In parasite species in which the number of indigldparasites per host is usually very low and singl
infections may be the rule, evidence for an eftéqiarasite number on host manipulation is lesarcl8ome
studies did find it (Brown et al., 2001; Dianneakt 2012; Franceschi et al., 2008; Giles, 198 Bu® & Bell,
1993; Rode et al., 2013; Urdal et al., 1995), kibers did not, including both studies using natyriafected
(Cézilly et al. 2000; Latham and Poulin 2002) ardezimentally exposed (Poulin et al. 1992; Beneshl.e
2005; Franceschi et al. 2010; Dianne et al. 201g5tsh In cestodes energy drain might be a frequent
mechanism resulting in host manipulation (Laffemtyd Shaw 2013). Interestingly, most of the studlies
found a correlation between parasite number andpukation in systems with usually low parasite narh
per host used cestodes (Brown et al., 2001; Gife87; LoBue & Bell, 1993; Rode et al., 2013; Urdahl.,
1995). Energy drain should increase as parasitee aw number increases. This might result in simila
patterns (correlation between parasite humber asd manipulation) as predicted by theoretical madel
(Poulin 1994b; Brown 1999; Vickery and Poulin 20068ithout fulfilling one of their assumptions, i.e.

energetic costs associated with host manipulaéinargy drain comes at no extra cost.

A correlation between parasite number and host podation might also be caused by more parasites
having a larger combined volume. Dianne et al. 20fbund that experimentally infected gammarids
harboring a single acanthocephalan parasite were stoongly manipulated if that parasite was lardger
parasites that can vary strongly in their masstemsed individual mass might have the same effect a
increased parasite number. Only a limited numbestudies has taken this possibility into consideraand
found that parasite size seemed to be responsiblrbnger manipulation (Seppala et al. 2005; Bere al.
2009).

Benefits of manipulation will change with sizedacomposition of the parasite community within atho
Increased parasite number also leads to increaseygbatition. This can decrease the potential gains o
successful manipulation and transmission to thesesyibent host (Poulin 1994b; Vickery and Poulin 2009
Hence, in some cases, individual decrease in hasiipulation might be so strong that even overalitho
manipulation decreases as parasite number incrédmd®ry and Poulin 2009). This represents a bydta
dilemma as studied in humans. If an emergency sceamrincreased number of bystanders do not inettbas
chances that at least one of them will aid themicinstead, the victim is less likely to receiveyaelp at all,
because from the perspective of any one bystarigge tare others that could provide the requireg hel
(reviewed by Fischer & Krueger, 2011; Latané & Nid881). In gammarids, experimental double infectio
with an acanthocephalan parasite leads to incrgaseibtaxis compared to single infections. Nevde$s in
infections with more than two parasites this hostnipulation does not seem to increase any further
(Franceschi et al. 2008). In mice infected with leenatodé&oxocara canis, exploratory behavior is increased
if parasite burdens are low but not if they arehhigmpared to control mice (Cox and Holland 1998ich an
effect could also be caused by reduced ability afapites to manipulate due to resource limitations
damages imposed on the host (Rigaud and Haine Eo@bc¢eschi et al. 2008).

Cooperation is not necessarily limited to indibals of the same species but could also occuwdmst

members of different species if they have the saime This hypothesis has received much less attenti
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Observational field evidence suggests that sucimfeations can also facilitate cooperation (Laffeand
Morris 1996; Poulin et al. 2003; Santiago Bass ®eis 2009; Rode et al. 2013). For exam@ietemia
naturally infected with two microsporidian parasitee found more likely to be swarming, which isught to

enhance transmission via spores to ofltéemia, than those infected only with one (Rode et al3)0

If multiple parasites with agreeing aims manipulatbost, host manipulation becomes a public goad: A
individual parasite that manipulates bears thescoSmanipulation but all co-infecting parasitedl wenefit
equally (Brown 1999; Vickery and Poulin 2009). Asalissed above, parasites could increase theicebari
encountering a suitably infected host by prefeadigtinfecting already infected hosts. To my knosgde, the
existence of free riding, i.e. benefits of increhs@nsmission through co-infecting without conitibhg to
manipulation, has not been investigated expliditlycomplex life cycle parasites. Salvaudon et 2013)
identified a potential case in vector transmittéghpviruses. Two viruses, the zucchini yellow mosarus
and the watermelon mosaic virus infect cucurbitd are transmitted by aphids. The former virus meslif
aphid-plant interaction in a way that enhancesréissmission; the latter does not but probably fiesnigom
these modifications. The existence of free-ridirgses the question of how host manipulation can be
maintained if it is potentially exploited by othgrarasites (Brown 1999). Two trematode parasites,
Acanthoparyphium sp. andCurtuteria australis infect cockles and require birds to prey upon tlem serve
as the parasites’ definite host. They can enhdmedikelihood of bird predation by encysting at theof the
cockle’s foot and thereby impairing its burrowingily. However, encysting there comes at a cdsaldo
enhances dead end predation by fish that chewhefftip of the foot (Mouritsen and Poulin 2003). Bot
trematodes can also encyst in other body parts eviteey do not pay the cost from potential dead end
predation, but cannot manipulatcanthoparyphium sp. only rarely encysts at the tip of the foot avauld
hence benefit from associating with australis which encysts at the tip of the foot much morewftLeung
and Poulin 2010). Leung and Poulin (2010), howefaund the opposite result when they exposed field
collected cockles to both parasites in the lab: $ttenger manipulatorC. australis is also the stronger

competitor. It sometimes exclud&santhoparyphium sp. from co-infections.

Conflict - when parasites disagree

Akin to seeking out suitably manipulated hosts,apies would benefit from avoiding unsuitably
manipulated ones. This not only applies to comfifexcycle parasites with different subsequent sidsit
also to parasites that benefit most from a non-maaied host, e.g. because they need to remairoinrely
on vertical transmission. There are two ways paagian avoid co-infections. Already present psrasiould
protect their host from subsequent infection byuitably manipulating parasites. There is some enddethat

vertically transmitted parasites or symbionts offestection against parthenogenetic parasitesgned by
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Haine 2008; Brownlie and Johnson 2009; Feldhaarl0%uch parasites would be fatal for the host's
reproduction and fitness. Vertically transmittedgsites directly depend on their host's reproductior
transmission. Hence, any reduction in host repribotuevould also result in reduced parasite fitngssiewed

by Haine 2008; Brownlie and Johnson 2009; FeldR84ad). Accordingly, Haine et al. (2005) tested weet

a vertically transmitted parasite would succeeprotecting its gammarid host from a manipulatiregrtatode
by recording the prevalence of single and co-indest in naturally infected hosts. They found nodewice

that the vertically transmitted parasite prevemmdnfections by the trematode.

If a host is already infected by an unsuitably rpatdting parasite, a second parasite could avéétiimg
this host. Distinguishing such avoidance from asoik that evolved to eliminate resource competitauid
however proof difficult (Fauchier and Thomas 200$judies looking at negative associations between
parasites with mutually exclusive life cycles hateemy knowledge, been limited to amphipod hostszfDli
et al. 2000; Fauchier and Thomas 2001; Outremah €002; Haine 2008; Lagrue and Poulin 2008; Rauqu
et al. 2011). With one exception (Fauchier and Ta®®001), they failed to find any negative assomiat
Instead of protection or avoidance, parasites mighpond to co-infections by a parasite with urdldt
manipulation by sabotaging that manipulation (D&ehal. 2010; Haine et al. 2005).

Two parasites with mutually exclusive definitivest® should be at a conflict over host manipulation.
Cézilly et al. (2000) used field infected gammarids investigate this conflict between two
acanthocephalan parasites, the fish infecRomphorhynchus laevis and the bird infecting?olymorphus
minutus. Pomphorhynchus laevis strongly changed the gammarids’ vertical distribntin the water
column whileP. minutus infected individuals became more photophilic. Dieumfections seemed to
result in some compromise: The host's vertical riisttion was intermediate compared to singly
infected hosts while their photophilia was strongean that of onlyP. minutus infected hosts but not
significantly different from that of hosts infectamhly by P. laevis. In another study using naturally
infected amphipods harboring a manipulating acacepbalan fish parasite co-infection with a non-
manipulating bird infecting trematode had no sigraht effect on host manipulation (Rauque et al.
2011). However, since these studies used natuirafiécted hosts their results should be interpretet
caution.Toxoplasma gondii and the trematodBoxocara canis both change the behavior of their current rodent
host to increase its susceptibility to their susseshosts, cats and dogs, respectively. Queirat. §2013)
and Corréa et al. (2014a) studied their interacifect on rats and mice using experimental infedti Since
both parasites have different definitive hosts, opright expect a conflict even though this was het focus
of either study. However, even the effects of fnglfections with either parasite did not signifidg
differ from each other (Queiroz et al. 2013; Coreéal. 2014a) and thus the question of how sucbrdlict

would be resolved becomes obsolete.
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A conflict over which of two different definitivehosts has to be reached will only occur if
manipulation is sufficiently specific (Cézilly et. 2014). Not all mutually exclusive life cycles ghit
also lead to mutually exclusive manipulation. Ptextaenhancement seems often very unspecific. For
example, three-spined sticklebacks infected by aéstodeSchistocephalus solidus not only show an
reduced fear response when presented with a sietulatd predator which presents a suitable defiaiti
hosts toS. solidus (e.g. Giles 1983; Barber et al. 2004), but alsemwlexposed to piscivorous predatory
fish which would be dead-end predators (e.g. Miir985). Other means, e.g. spines in sticklebacks
might help reduce dead-end predation (Hoogland.et366). Nevertheless, such a general increase in
predation susceptibility is not likely to result eny conflict over host manipulation even between
parasites with very different definitive hosts. Buparasites might even benefit from each other’s
manipulation. Hence, in order to investigate canflover host manipulation, significant differences
between manipulation effects by different parasisé®uld be shown in singly infected hosts as a
prerequisite. Only Cézilly et al. (2000) manageddt so, though, compared to uninfected hosts, both
parasites manipulated into the same direction atbevarying extends. To proof potential for a darif
it should ideally be shown that one behavioral ratien benefits one parasite but is costly (throagh

relative increase in dead-end predation) to themthhis has never been done.

A conflict will also occur between parasites if quegasite has to remain within the host and therdias
to pass to a subsequent host. Such a confliceistable when a vertically transmitted parasiteindieed any
vertically transmitted organism, and a manipulapiagasite co-infect the same host. There is prgtbaihost
without any vertically transmitted parasite, symmtior commensal. Accordingly, a conflict due tofeliént
transmission strategies should be universal whereweanipulating parasite infects a host. Neveetfglthis
conflict has rarely been studied. In naturally aiéel gammarids co-infection by a vertically transsoci
microsporidian parasite reduced manipulation byré ibfecting acanthocephalan parasite (Haine.€2G05).
In another study with naturally infected gammarilepmas et al. (2002) observed that hosts harbaing
manipulating bird trematode were less manipulatbéeémwthey also harbored a non-manipulating nematode
which has to remain inside the gammarid. Howevdrerwthey experimentally cured the host from and re-
infected it with nematodes, they were unable teers or reintroduce this effect. This illustrates urgent

need for studies that use experimentally infectestsh

A conflict between two different developmental ss@f the same parasite species will occur if pizRas
need to spend a certain time within their interratglhost before they become infective to their hest and
manipulate accordingly. In this case, parasitdsamiitch their manipulation upon reaching infedto the
subsequent host. This has been predicted thedhgfiBarker et al. 2009c) and shown experiment@dlgella
et al. 2002; Hammerschmidt et al. 2009; Diannel.e2@Ll1). Complex life cycle parasites should seppr

predation of their intermediate host prior to sackwitch and enhance it thereafter (Hammerschntidt. e
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2009; Parker et al. 2009c; Dianne et al. 2011)dydhg this conflict has been restricted to a canflietween
parasites of the same species. In isopods, anhaxmphalan parasite induces color changes thoaght t
enhance predation. However, only infective parasiél benefit from predation. Accordingly, this loo
change is stronger in hosts with infective parasiiet also occurs, albeit to a lesser extent, stdwith

not yet-infective ones. Unsurprisingly, hosts nallyrinfected by both stages seem to resemble tiitbe
infective parasites (Sparkes et al. 2004). Diartre.2010) investigated the same conflict by gswild
caught gammarids experimentally infected at twdedédnt time points and measuring their reaction to
light. Again, the infective parasite seemed to wia conflict, but there was some indication of dabe

by the not yet-infective one. More studies will iigeded to determine whether the parasite that cfirmes
and becomes infective first has an advantage. Armb,iis this something that is typical of intrasifie

conflict between different developmental stagesauld it also occur in a similar interspecific cheif?

Study system

Schistocephalus solidus and its effect on host behavior

The cestodé&chistocephalus solidus is a complex life cycle parasite that has to phssugh three different
hosts in order to reproduce (Figure 3 A). Initiaysolidus hatches from an egg into a coracidium which then
has to be taken up by a cyclopoid copepod (Clag8&i;1Dubinina 1980). In the laboratomyacrocyclops
albidus is often used as an experimental host (Figure,3iGge it can be cultured easily (Orr and Hopkins
1969; van der Veen et al. 2002). Infected copepbdge to be eaten by three-spined sticklebacks
(Gasterosteus aculeatus, Figure 3 E) forS. solidus to be passed on to the next host (Clarke 1954 jiingd
1980). The interaction betwe&nsolidus and both copepods (e.g. Wedekind 1997; Hammersittand Kurtz
2005a,b; Benesh 2010b, 2011) and sticklebacks éBad Wright 2008; Barber and Scharsack 2010;éarb
2013) is the focus of ongoing research. The thpaees stickleback itself has been used as a mpeéeles in
behavioral biology for some decades (reviewed bytigford & Ruiz-Gomez 2009) and hence its bioldgy
very well known. Final reproduction & solidus takes place in a bird by which the stickleback toase eaten
(Clarke 1954; Dubinina 1980). In the laboratory lfirel can easily be replaced by an in vitro cultaitewing
the whole cycle to be maintained in the labora{@mwyyth 1946, 1954).
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Figure 3: Life cycle of Schist:
solidus (C) and C. lacustris (D) and three-spined stickleback infected by S. solidus (E). Life cycle of S. solidus according
to Clarke (1954) and Dubinina (1980). Lifecycle of C. lacustris simplified after Moravec (1994). Dashed arrows indicate
alternative routes. In panel C-E, parasites are encircled in red.

Host manipulation bys. solidus has been the subject of ongoing study and ocoupsth its intermediate
hosts. In the copepo& solidus initially engages in predation suppression (seekd?aet al. 2009c). This
behavioral alteration sets in within 4 days po$tdtion and consists of decreased activity andnareased
recovery period after a simulated predator attd¢&nimerschmidt et al. 2009). It coincides with restlic
predation susceptibility (Weinreich et al. 2013)nd® S. solidus has reached infectivity, the decrease in
activity that occurs during predation suppress®neversed: Infected copepods are more active (l@ida.
1995; Wedekind and Milinski 1996; Hammerschmidtagt 2009) and recover faster from a simulated
predation attack (Hammerschmidt et al. 2009) thminfacted ones and do not seek a dilution effedhen
presence of stickleback odor but rather avoid ifawor of the absence of competition from conspexif
(Jakobsen and Wedekind 1998). They are also mkedylio be consumed by three-spined-sticklebacks
(Wedekind and Milinski 1996). The extent of thiggation enhancement (see Parker et al. 2009c),Jaowe

seems to differ between populations (Benesh 2010b).

Schistocephalus solidus also alters the behavior of its second intermediadst. Naturally infected
sticklebacks have been found to react less straonglysimulated predation attack by correct consezhosts
(Giles 1983, 1987b; Godin and Sproul 1988; Tieraeyl. 1993) and the presence of dead-end predators
(Milinski 1985), through this effect can disappedren fish are fed to satiation (Giles 1987bh). liddcfish
also show an impaired escape behavior (Blake e20816) and react sooner to oxygen deprivation &ile
1987a) and are found closer to the shore (Lestét)l8nd higher up in the water (LoBue and Bell 1993
They shoal less (Barber and Huntingford 1995; Baelbel. 1995) and choose less profitable preyrassly
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because their competiveness is reduced (MilinsBi419.986). These behavioral changes seem to carela
with parasite mass (Giles 1983, 1987a; Godin and$@988). A reduced reaction to a simulated bird
predator has also been demonstrated in experirhemmédcted fish and seems to occur only after pidea
have arguably reached infectivity (Barber et al080 Before, no significant behavioral changes hasen
found in experimentally infected fish (Aeschlimagiral. 2000; Barber et al. 2004).

Nothing definite is known about the mechanissnsolidus employs to manipulate either of its intermediate
hosts, but some effort has been made to investit@gequestion in sticklebacks. In laboratory inéet
sticklebacks, a burst in the immune system occuithea same time when the parasite reaches infgctivi
(Scharsack et al. 2007). Various reviews have stgdehat parasites could exploit preexisting lihksveen
the immune system and the neuronal system of Hwait to manipulate host behavior (Thomas et al5200
Poulin 2010; Adamo 2012; Lafferty and Shaw 2018)wlild caught fish, an infection wits. solidus is
associated with altered monoamine levels in thenkg@verli et al. 2001). Due to the correlationakure of
this study it can, however, not proof any causalfiftered monoamine levels could for example also b
caused by chronic stress likely to be experiengefish infected with a parasite liké solidus (Dverli et al.
2001). The lack of any conclusive and unambigusigesace has fueled an ongoing debate on whetheotor
altered host behavior i8 solidus infected sticklebacks is due to true host maniparaor increased energy
drain (Milinski 1990; Barber and Huntingford 19%%arber et al. 2000; Barber and Wright 2008; Bagdyet
Scharsack 2010). Side-effects could for exampleshsed by increased energetic needs and a chatige in
trade-off between feeding and predator avoidancenwhcomes to increased risk taking (Giles 198®7b;
Milinski 1984, 1990) or increased oxygen consumptt@ausing infected fish to stay closer to the s@rfa
(Lester 1971; Giles 1987a; LoBue and Bell 1993).

Camallanus lacustris

The nematodeCamallanus lacustris, like S. solidus, uses cyclopoid copepods such Macrocyclops
albidus as its first intermediate host (Figure 3 D). Peantneeded as definitive hosts in whose blinds#ek
parasite matures. Life larvae are released intetivédonment and consumed by copepods. Smalldisth as
three-spined sticklebacks can serve as paratesis den they eat infected copepods. The life cgcthen
continued when those fish are ingested by perchrdie 1969, 1994, Figure 3 B). Similarly$osolidus, C.
lacustris has to spend a certain amount of time insidenierimediate host before becoming infective. In the
case ofC. lacustris this takes place after it has undergone two mgklimside the copepod, the second of
which takes place 10 to 11 days post infectionoanhT temperature (Moravec 1969). Behavioral changes
themselves have never been investigate@. ikacustris directly, however, not yet infective larvae reddlce
predation susceptibility of copepods to similardisvas not yet infectiv8. solidus (Weinreich et al. 2013).
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Thesis outline

The main focus of my PhD is to understand host mdation under more complex — and hence more
natural — conditions using controlled laboratorpesments. In this context | mainly focus on thdierent

aspects:

1) Has what appears to be adaptive host manipulaydd solidus in three-spined sticklebacks
evolved for this specific purpose or can it alschased by side-effects (Chapter I1)?

2) What effect do multiple infections have on host ipatation (Chapter I, 1V)? Is there
cooperation (Chapter IlI)? How are intra- and ispercific conflicts over host manipulation
resolved (Chapter I, 1V)?

3) Does the abiotic environment, e.g. resource avéifiglaffect parasite performance (Chapter

V, VI) and more particularly host manipulation (@ker 11, VI)?

This thesis is divided into six different chapteech of which represents a different independertyst
These chapters are outlined below. Each of thegjegis was conducted in cooperation with otherrgigts.

Their and my contributions varied between chapedsare outlined at the end of this section.

Chapter I: Effects of VIE tagging and partial tissue sampling
on the immune response of three-spined stickleback

Gasterosteus aculeatus

To investigate the behavior of animals it is oftetessary to be able to recognize individuals. This
require marking them in a manner that does not teayelong term effects. Accordingly, the first ckap

investigates the effect of VIE tagging and spiripgihg on the three-spined sticklebaékacul eatus.

Chapter II: An experimentally induced conflict of interest
between parasites reveals the mechanism of host

manipulation

Whether or not host manipulation has specificallpleed to enhance transmission or whether it result
from side-effects of an infection has been undd&atkfor a long time i%. solidus infected sticklebacks. In
the second chapter, | use sequential infectionghich the parasites should be at a conflict overdinection
of host manipulation to solve this puzzle. An irtfee parasite should enhance risk taking to fadgittrophic
transmission, but a not yet infective one should sinoce any premature predation would be fatalit®r
fithess. By contrast, if a side-effect due to issed energy drain shifting the trade-off betweeadation and
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feeding towards the latter is responsible for atiénost behavior, a not yet infective parasite khadd to the
risk taking of its host since it, too, drains enefigpm the host. In an additional experiment, keesthe risk
averseness of infected and uninfected sticklebaorwthey had either been fed to satiation or staVese

host manipulation should act independently of huteeels, but energy drain should not.

Chapter III: When parasites disagree: Evidence for parasite-

induced sabotage of host manipulation

In nature hosts are usually infected by multipleapdies whose aims with regards to host behavighmi
agree or disagree resulting in potential for cahftr cooperation over host manipulation. In chapie |
study both using laboratory bred and experimentatifected copepods and the cesto8le solidus.
Schistocephalus solidus has to spend a certain amount of time in its copejpost before it is ready for
transmission to the next host and manipulates dowgly; not yet infective parasites reduce hostvigt
infective ones increase it. Hence, infective and yei infective parasites should be at a conflietrohost
manipulation if they infect the same host. | inégttopepods at two different time points to obtaipepods
that harbored either one or two infective or ndtipéective parasite or one infective parasite plug or two
not yet infective parasites and measured theiviacafter a simulated predator attack.

Chapter IV: Inter- and intraspecific conflict over host

manipulation

Hosts are not only infected by multiple parasitesnf one species but also by parasites from difteren
species. To investigate the outcome of such amsimeific conflict and compare it to the outcomeaof
interspecific conflict, | used different developnenstages ofS. solidus and the nematod€amallanus
lacustris and their common host, copepodzamallanus lacustris, like S. solidus, has to spend a certain
amount of time in its copepod host before it caiedhthe next host and should manipulate accorgdingl
Hence, infectiveS. solidus and not yet infectiv€. lacustris should be at a conflict over host manipulation and
vice versa. | experimentally infected lab-bred copepods imanner that resulted in copepods harboring an
infective C. lacustris plus a not yet infectiv€. Lacustris or S. solidus or an infectiveS. solidus plus a not yet

infective C. lacustris and recorded their behavior.
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Chapter V: Growth and ontogeny of the tapeworm
Schistocephalus solidus in its copepod first host affects

performance in its stickleback second intermediate host

Chapter V focuses on how the performanc&.alidus in the first intermediate copepod host affects its
performance in its second intermediate stickledazt. To do so, experimentally infected copepodsived
different feeding treatments. Subsequently, difierife history traits (i.e. growth and ontogeny fthe
copepod and infection success at different agesytgrand energy storage in the stickleback) weraswmed

in both intermediate hosts.

Chapter VI: Does resource availability affect host
manipulation? - An experimental test with Schistocephalus

solidus

Not only differences in the biotic environment sashmultiple infections but also differences in #fgotic
environment could affect host manipulation. Chapteinvestigates the effect of resource availapitin host
manipulation and tries to identify potential traafés between host manipulation and other fitheksed traits
using copepods experimentally expose&.tsolidus. Additionally to traits measured in chapter V, éasured

the behavior of infected and uninfected copepodkeudifferent feeding regimes.

Author’s contributions

Chapter 1

Tina Henrich conceived the study, Nina Hafer, Thhenrich and Kenyon B. Mobley contributed to the
design of the study and performed the experimanta Henrich analyzed the data and drafted the ntaipis
All authors contributed to the revision of the msenipt.

Chapter 11

Nina Hafer conducted the experiment, performed statistical analysis and drafted the
manuscriptNina Hafer and Manfred Milinskconceived and designed the experiment, interpristed

data, wrote the manuscript and gave final apprforgbublication.
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Chapter II1

Nina Hafer and Manfred Milinski designed the expennts. Nina Hafer performed the experiments and
analyzed the data. Nina Hafer and Manfred Milingiaote the paper.
Chapter IV

Nina Hafer conducted the experiment, performedsthéstical analysis and drafted the manuscriptaNi
Hafer and Manfred Milinski designed the experimamd revised the manuscript.
Chapter V

Daniel P. Benesh conceived the study. Daniel P.eBlerand Nina Hafer performed the experiment,
collected the data, and outlined the manuscriphi®d. Benesh wrote the manuscript. Both autheas and

approved the final manuscript.

Chapter VI

Daniel P. Benesh conceived the study; Daniel P.eBlerand Nina Hafer designed and performed the
experiment. Nina Hafer analyzed the data with aeliom Daniel P. Benesh and drafted the manus@&gh

authors contributed to the writing of the manudcrip
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Chapter 1

Effects of VIE tagging and partial tissue sampling on
the immune response of three-spined stickleback
Gasterosteus aculeatus

Published as: Henrich, T., N. Hafer, & K. B. Mohl€2014). Effects of VIE tagging and

partial tissue sampling on the immune responshrettspined sticklebadBasterosteus
aculeatus. Journal of Fish Biology. 85:965-971

Data available from the Dryad Digital Repositoritph//dx.doi.org/10.5061/dryad.3s7r7/2

Abstract

A 14 day experiment on effects of visible implatdsécomer (VIE) tagging and spine-clipping of three-
spined sticklebacksasterosteus aculeatus showed significant increases in immune responasicplarly in
the granulocyte:lymphocyte ratio, in both treatrseamd the sham control. A minimum two-week recovery
after handling, anaesthesia, tagging and spingialipis recommended to minimize effect of manigatabn

the immune system.

Marking individuals for unique identification is amportant tool in eco-evolutionary studies of ishand
conservation and management of fisherieg, to track individuals for behavioural studies, temitor

population sizes and stock levels and to aid thatification of hatchery. wild fishes (Skalski et al. 2009).

A variety of methods are currently available that wot require the sacrifice of the animal. These
techniques can be generally classified as eitherimeasive or invasive (Nielsen 1992). Non-invasive
techniques, such as recognizing individuals ushgtgyraphic methods, are generally preferred aweasive
techniques that require physically manipulating removing tissue. Invasive marks can, however, be
indispensable when dealing with many individualait tappear similar or tracking the movements of
individuals in large open populations. In additianarking fishes with invasive individual tags alew
individuals to be monitored remotely or recaptuastd quickly returned to the environment unharmed.
Examples of such techniques include traditionalticnibured banding tags, electronic passive intiegra
transponder (PIT) tags and, increasingly populsible implant elastomer (VIE) tags. VIE tags cehsif a
coloured silicone-based material that is injectaticataneously and visible through transparent gitlly
pigmented skin. They have been used to mark atyasfevertebrate and invertebrate taxa, with noatieg

effects on growth, movement and behavior (Malored.€1999).
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The advent of DNA fingerprinting permits the idéicttion of individualsvia genetic tagging for a variety
of purposes, to study mating and migratory patteisls breeding and conservation programmes and aice
identification of hatchery-raised escapees in wpitghulations (Palsbgll 1999; Glover et al. 2010; veod et
al. 2012). A small amount of DNA must be harvedten individuals and a diversity of sources such as
epidermal mucus, spines, scales, blood, barbetsispr buccal tissue have been used (Woodall @04l).
By far, the most widely used is fin-clipping. Thitdes not appear to impair natural swimming or iithib
survival, growth, behaviour or sexual maturity (@hill 1963; Gjerde and Refstie 1988; Woodall et al
2011). The consequences of fin-clipping for thé firobably depend, however, on the amount of tissue
removed, size, age, and stress experienced duhiagptocedure and environmental conditions during

recovery.

In this study, the effect of VIE tagging and tisssempling on several measures associated with the
immune response of the three-spined sticklelaa#terosteus aculeatus L. 1758 was investigated. As both
methods may cause tissue damage, this may ledgttatimns of the immune system. An immune respamse
particularly relevant to studies involving experimed manipulation of the immune system or infectigith
parasites, as marking the fish may influence thgesmental outcome. For example, a study by (Wexkki
and Little 2004) showed that experimental removapines i.e. spine-clipping) ofG. aculeatus 7 days after
exposure to the parasifehistocephalus solidus resulted in a 50% reduction in the risk of pamgitfection
and concluded that acute stress may enhance thaigsarasite response. With this hypothesis indnihe
aim of this study was to investigate if and whea ithmune system returned to baseline levels aéedlng
and tagging.

Four measures were used to assess the overah lagaltimmune response of fish including (1) cooditi
factor K) which is a measure of overall nutritional statusl health, (2) spleno-somatic inddy) (which
correlates with overall immune system health, (@nglocyte:lymphocyte ratio (G:L) which is an esiie of
differences between the level of activation of itheate and adaptive immune system and (4) respyratarst

activity of head kidney leucocytes which is usedneasure the reaction of the innate immune system.

Laboratory-bred F1 generatidd. aculeatus from several families with parental stock origingtfrom
Groler Ploner See, Germany (54° B9’ N; 10° 25 50" E) were used. Fish from four families were pooled
into groups of eight fish and placed into individaél tanks (15 tanks, five tanks per treatment) inoav{
through freshwater system maintained at 18° C aiéla8D cycle. Fish in each tank were systematcall
assigned to one of the three treatments: VIE tggise-clipped or handling control. Tanks were ispersed
so that there was no spatial separation of treasn€ish were fed a diet of frozen and live chinmithlarvae

three times per week before and during the expetime

On the first day of the experiment (day 0), eash fivas anaesthetized with MS-222) ¢oP min, weighed
to the nearest mg, measured for standard lengtho{trostrum to tip of caudal peduncls;) to the nearest
0-5mm and immediately processed according to themeait For the VIE-tagged treatment, two fluorescent

yellow tagsc. 1cm long were injected subcutaneously (injectiondfediameter: 0-3Gm) according to the
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manufacturer's instructions (Northwest Marine Tedbgy; www.nmt.us) in the dorsal musculature onléfe
and right side behind the second dorsal spinéhérspine-clipped treatment, the first dorsal spiiae gently
lifted with forceps and the tip was cut off witheste scissors. After anaesthesia, control fishengently
handled for Inin out of water to simulate the handling time hie bther treatments. All fish were allowed to
recover for a minimum of 1@in in an aerated recovery tank before placing thewk into their original

tanks.

Dissections and immune assays were carried owdyat 8, 3, 7 and 14 after the initial treatment.eganh
day, two fish per treatment were selected from eaclk and euthanized with an overdose of MS-222
(200mgl™). This resulted in 10 individuals per treatment g&@mpling day. Measurements includeg mass
(M) and sex of fish as well as mass of individualamgy (head kidneys, spleen, liver and gonads). The
condition factor was calculated after (Frischknel®@3). Thds was calculated dg=100M Ms !, whereMg
is spleen mass. Head kidneys were immediately glace ice and processed to estimate the number of
lymphocytes and monocytes with flow cytometry (Sshak et al. 2004; Kalbe and Kurtz 2006). Respiyato
burst activity was measured with a lucigenin-enlednchemiluminescence assay in relative light UtaJs)
after adjusting the cell number for each sampl& to 1G cells per well (Kalbe and Kurtz 2006). Since this
measurement is highly variable between days, thanni®lLU of 32 control wells per plate (including all
components except head kidney cells) was meastihedRLU of each sample was then divided by the mean
RLU of the negative controls for that day and tb&ltnumber of vital granulocytes to give a staddaad

value of the RLU per single granulocyte on eachrdagsured.

R 2.12.2 (R Development Core Team; www.r-projegd.ovas used to select the best statistical model
explaining variation in the response variable. #lltistics were carried out using PASW Statist@qIBM;

www.spss.com.hk/statistics).

Two fish died during the experiment, one in the ¥élgged treatment and one in the spine-clipped
treatment between days 7 and 14; these were nhideat in analyses. In five samples, head kidney cel
numbers were too low to measure the respiratorgtlaund were therefore excluded. One extreme ouwtker

dismissed due to high leverage in Cook's distaRt&J(granulocyté', VIE-tagged treatment, day 14).

The overall estimate of fish healtk, did not differ significantly between treatmendgmélysis of variance
(ANOVA), F,108=0-26,P>0-05) or sex (ANOVAF; 10s=0-80,P>0-05). There was a significant increase,
however, inK over time (ANOVA,F3103=5-35,P<0-01; Figure I. 1 a). There was no significantelation
betweerK andls (Pearson's=0-154,n=116,P >0-05), G:L (Pearsonts=0-118,n=116,P>0-05) or RLU
granulocyté' (Pearson's=-0-029, n=110,P > 0-05).
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Figure I. 1: Changes in condition and immune relevant measurements over time after spine-clipping (d) and visible
implant elastomer (VIE) tagging (2) and control (®) in Gasterosteus aculeatus. Mean + s.e. are given for (a) condition
factor (K), (b) spleno-somatic index (/s), (c) granulocyte and lymphocyte ratio (G:L) and (d) controlled respiratory burst
activity (relative light unit, RLU granulocyte_l) for all treatment groups and sampling days (n =10 in all groups except:
n=9 for K, Is and G:L, day 14 VIE-tagged and spine-clipped fish, RLU granulocyte_l, day 1 VIE-tagged fish and day 14
spine-clipped fish; n = 8 for RLU granulocyte_l, day 14 VIE-tagged fish; n = 7 for RLU granulocyte_l, day 1 control fish).

The best model to explain variance in theised the factors treatment, time and sex. The ANGkowed
significant effects of timeHs110=6-98,P<0-001) and sexF{ 110=3-45,P<0-05) but not for treatment
(F2110=0-47,P>0-05). Thels was significantly higher in males than in femalaspost hoc Tukey honest
significant difference (HSD) test showed signifitdifferences between days 1 and 7 as well as lestwe
and 14 irrespective of the treatment. There wadarease in IS at day 14 for all treatments, whicks
highest for the spine-clipped fish (Figure I. 1 oking into each treatment group using ANOVAshititne
as a factor, there were only significant effectshef factor time in the spine-clipped and controlugp (Table
I. 1). In spine-clipped fish, the IS was highestday 14 of the experiment, while it was highestlag 3 in the
control group (Figure I. 1 b). The VIE-tagged fdld not show any significant differences in theok&r time
(Figure 1. 1 b).
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Table I. 1: Changes in condition factor (K), spleno-somatic index (/s), granulocyte to lymphocyte ratio (G:L) and
respiratory burst activity (relative light unit, RLU) granulocyte‘1 of Gasterosteus aculeatus in response to spine-
clipping and visible implant elastomer (VIE) tagging. A summary of F and P-values obtained from analyses of variance
(ANOVAs) using time as factor for different measurements and treatment groups is shown

Control Spine-clipped VIE-tagged
F p F P F p
K F3,36=2-188 >0-05 F3,352-402 >0-05 F3,332-360 >0-05
IS F3,3¢=2-93¢ <0-0¢ F3,35=4.02¢ <0-0¢ F3,35=2.65: >0-0¢
G:L F3,3¢=3-30¢ <0-0¢ F3,35=4-64¢ <0-01 F3,35=0-98¢ >0-0¢
RLU granulocyte1 F3,32=5-069 <0-01 F3,356-382 <0-001 F3,337-536 <0-001

The best model for G:L included the factors treattvend time. This ANOVA showed significant effects
for both factors, treatmenf4,,,=3-72,P <0-05) and timeHs31,,=7-61,P <0-001). Apost hoc Tukey HSD
showed that the G:L was significantly higher inngpclipped than in control fish when data from ddlys
were combined. It also revealed differences betvadegnl and all other dissection days (3, 7 andHak)were
further analysed using time as a factor (Table).l.This result indicated that the difference betwedays is
mainly due to the control group and the spine-dipgreatment, which showed significant effects.yoOnl
considering day 1, the treatment groups differeghificantly from each other (ANOVAF,,;=4-62,

P <0-05) and gost hoc Tukey HSD test showed that the VIE-tagged fish &ddgher G:L than the spine-
clipped and control fish. Both control and spinigéd treatments showed an elevation of G:L on @agsd
7 and returned to baseline levels on day 14 oé#periment (Figure 1. 1 c). In control fish onlygyd7 showed
a significant elevation of G:L (Tukey HSD,<®-05). In spine-clipped fish, G:L was significantiigher on
days 3 and 7 (Tukey HSIP,<0-05) than on days 1 and 14. On day 14, there wasgnificant difference to
day 1 in all treatments (Tukey HSP > 0-05).

The best model explaining the RLU granulocytncluded the factors treatment and time. The only
significant factor in this ANOVA was time (F3,166L7-18, < 0-001), while the treatment group was not
significant (F2,106=0-21, P>0-05). A post hoc Tukey HSD showed significantetéhces between day 1
and all other days. The RLU granulocylevalues were highest on day 1 for edlatments (Figure I. 1 d) and
significantly different from all other days (TukéySD, P<0-05), except for day 7 in control fish (Tukey
HSD, P>0-05). In all treatment groups, the RLU granulocytid not change significantly between days 3
and 14 (Tukey HSDR >0-05).

The results of the 14 day experiment demonstratsiyrificant influence of VIE tagging and spine-
clipping on the immune response Gf aculeatus and these responses were independent of the ondit
factor. Significantly higher levels in the G:L atyd1 for VIE-tagged fish and the elevation on daysd 7 for
spine-clipped fish indicated an initial immune r@spe to these techniques. After 14 days, howekheset
treatments were no longer distinguishable from rbriish. Further, slightly elevated values for theand
respiratory burst activity of the head kidney letydes at 14 days suggest that there may be lingefiects
on the immune system of tagging fish with both rodth Whether or not these elevated levels persist f

longer periods will require further investigation.

33



Spleen enlargement is assumed to be a valuableabodiof immune system status and active processes.
The differences in thi were mainly due to the different dissection déy#,did not show differences among
treatment groups. Increased size of the spleemalsanbe a reaction to parasitism in fishes (Lefelnir al.
2004; Seppénen et al. 2009) possibly as a consegu#rincreased leucocyte synthesis. It is notrdiesn
these data if thés would return to its former value and how long twisuld take. Looking at the G:L, in all
treatment groups, the proportion of granulocytesdased over time, although this was not signififanthe
VIE-tagged fish. This increase is consistent witle findings for thels which may be due to increased

leucocyte synthesis.

The respiratory burst is responsible for rapid terimmune reactions and results from the swiftasdeof
reactive oxygen species, mainly by granulocyteddiidige and Gerard 1932). Measurement of the ratpiy
burst activity, the RLU granulocyte showed an initial elevation for all treatments day 1 of the
experiment. The RLU granulocytethen levelled off in all treatments, but since tiedative number of
granulocytes increased (G:L), the overall respisatmirst in head kidney leucocytes increased as Wat
possible that the initial elevation of the RLU whge to an activation of the granulocytes in thedhiddneys
after which the cells migrate to the peripheradues where the interaction between immune systemaand

antigen takes place.

The results also demonstrate an elevated immupemss in the control treatment particularly in @Gé.
This indicates that anaesthesia and fish handlimguiates an immune response. Therefore, this stlsty
highlights the importance of proper handling colstrand sufficient time for recovery after handling,

anaesthesia and tagging.

The use of individual marking techniques is a ulsifol in fish biology. This study demonstratesttie
tagging, partial tissue sampling and handling amaeathesia all appear to influence the immune resspm
G. aculeatus. Based on the results of this experiment, it monemended that such marking and handling
techniques should be carried out at least 2 weekslvance of the actual study. VIE tagging, howedees
not evoke as strong a response as spine-clippimgyretore, VIE tagging should be preferred to sgiipgping
for individual identification marks particularly aspine-clipping is limited by the number of unique
individuals that can be distinguished and may meqaiore than one clip per fish as was measured Here
however, DNA and genetic fingerprinting is requiredre should be taken to limit the amount of &staken,
and adequate recovery time should be provided éegaperimentation. In the future, additional invasi
techniques such as partial fin clips and other sypketagging should be examined for their effeatsttoe

immune responses.

All animal experiments described were approvedigy Ministry of Energy, Agriculture, the Environnten

and Rural Areas’ of the state of Schleswig-Holst@armany (reference number: V 313—-72241.123-34).
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Chapter 11

An experimentally induced conflict of interest
between parasites reveals the mechanism of host
manipulation.

Submitted as: Hafer, N., and M. Milinski. An expeeintally induced conflict of interest
between parasites reveals the mechanism of hosputation.

Abstract

Parasites can increase their host's predation ptikiigy. It is a long-standing puzzle, whetheristhis
caused by host manipulation, an evolved strateghefparasite, or by side-effects due to, e.g. ptmasite
draining energy from its host thereby changinghbst’s trade-off between avoiding predation anédaorg
towards foraging. Here we use sequential infectwn three-spined sticklebacks with the cestode
Schistocephalus solidus so that parasites have a conflict of interest dkerdirection of host manipulation.
With true manipulation the not yet infective patasshould reduce rather than enhance risk takingesi
predation would be fatal for its fitness; if hosthlaviour is changed by a side-effect the two pessvould
add their increase of predation risk because biatim @&nergy. Our results support the latter hypgithdn an
additional experiment, we tested both infected anéhfected fish either starved or satiated. Trustho
manipulation should act independently of the fidiimger status and continue when energy drainlénbed
through satiation. Starvation and satiation affeetrisk averseness of infected sticklebacks sitypita that of
uninfected starved and satiated ones. Increasag\edeain rather than active host manipulation duwates

behavioural changes 6&f solidus infected sticklebacks.

Introduction

Parasites have the potential to change the behagiotheir hosts. They can actively manipulate host
behaviour thereby improving their own fitness. bmplex life cycle parasites such host manipulatéten
takes the shape of increased predation suscetiffliolmes and Bethel 1972; Poulin and Thomas 1999;
Moore 2002, 2013; Poulin 2010). However, a sinshift in host behaviour can result from side-effezt an
infection. Most animals are faced with a tradetétween predation avoidance and energy consumpghion.
parasite, by definition, drains energy from its thdtherefore an infected host needs more energy #ma
uninfected one, shifting the trade-off away fronegation avoidance in favour of feeding. Hence decied

host could become more prone to predation withowt host manipulation that would have evolved
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specifically to enhance transmission (Milinski 1290the side effect achieves an optimal behavabahange

from the parasite point of view, there would besetection for an additional manipulation mechanism.

Under natural conditions, studying potential hostnipulation in hosts infected by a certain parasite
complicated by the fact that hosts rarely harbay a single parasite. Rather, hosts are normaficied by
a multitude of different parasites from the sam@/andifferent species (e.g. Petney and Andrews;1B8lbe
et al. 2002). These parasites might have the sardéferent optima when it comes to how their hsisbuld
behave. If these optima differ, a conflict over thosnipulation can ensue and affect host beha¥Rigaud
and Haine 2005; Thomas et al. 2010, 2011). Sucbnélict can also occur between parasites of theesam
species if one has just entered the host and ke © ready for transmission to the next hostpedingly one
needs to suppress and the other one to enhangerdfation risk of their shared intermediate hos$tisT
conflict has been studied using hosts that weteeematurally (Sparkes et al. 2004; Dianne et @102 or
experimentally (Dianne et al. 2010; Hafer and Mikin 2015) infected by different stages of the same
manipulating parasite species. All these studiaadahat it was the already infective parasite thahinated

the resulting behaviour.

Schistocephalus solidus has a complex life cycle with two intermediate tspgyclopoid copepods and
three-spined stickleback&dterousteus aculeatus). It reproduces in the gut of birds to whi€hsolidus is
transmitted when its stickleback host is eaten biré S solidus is well known to be associated with changes
in various aspects of host behaviour in its stishtk host (Milinski 1990; Barber and Huntingford9%9
Barber et al. 1995, 2000; Barber and Wright 200&0Br and Scharsack 2010) including increasedalshg
in the face of both, the correct subsequent bist (@iles 1983, 1987b; Barber et al. 2004) and dertifish
predators (Milinski 1984). Any altered behaviourtgndially leading to increased predation suscdjitibdf
the host due to true host manipulation rather thide-effects should not be visible before parasigesh
infectivity at a weight of 50 mg (Tierney and Cramp 1992). In naturally infected fish the level of
behavioural changes often correlates positively wigrasite load and no sudden switch seems to @ascur
would be expected for host manipulation that atlyugets in when the parasite reaches 50 mg (GB&8,1
1987a; Godin and Sproul 1988). In experimentalliedted sticklebacks no change in reaction to a fish
predator occurs when their parasite is still venalt and not yet-infective (Aeschlimann et al. 2D@arber
et al. (Barber et al. 2004) repeatedly measuredrésponse of experimentally infected sticklebaaksat
simulated bird predator. They found no changesrpgdownhen the parasites assumedly reached 50 nig, bu
significant changes thereafter. In laboratory itddcsticklebacks, an activation of the innate imesgpstem
coincides with when the parasite reaches infegti@@charsack et al. 2007). Parasites could explat
existing links between the immune system and theamal system of their host to manipulate theirdwébur
(Thomas et al. 2005; Poulin 2010; Adamo 2012; affand Shaw 2013), e.g. infection is associatetth wi
altered levels of monoamine in the brain of natyriafected sticklebacks (dverli et al. 2001). Hoxer, the
correlative nature these findings cannot proof eaysal link. Accordingly, whether or not alteredhéeour
in S. solidus infected sticklebacks is caused by a side-effecenergy drain or active host manipulation that

has evolved specifically for this purpose has liBersubject of an ongoing debate (Milinski 1990rt#2a and
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Huntingford 1995; Barber et al. 1995, 2000; Bardued Wright 2008; Barber and Scharsack 2010), thalgh
recent literature tends to favour true host maitoh (Barber et al. 2004; Barber and Wright 20B8tber
and Scharsack 2010).

In this study, we take advantage of a potentiaflmdrover host manipulation between infective amut
yet infective parasites to solve the puzzle of Wwhethost manipulation b@ solidus is true manipulation or
the consequence of a side-effect. Such a conftiould be abundant in nature where sticklebacksnofte
become infected by multiple parasites which wilexist until their host dies. Several, if not alltbém, can
become large enough within a single fish to repcedonce they reach their final bird host (e.g. Arane
Owen 1967; Pennycuick 1971; Heins et al. 2002, ROAlconflict between infective and not yet infei
parasites should be mirrored in altered host belawnly if there is true manipulation: If a nott yefective
parasite shares a host with an already infectivesecific, it is expected to sabotage the oldengita’s
manipulation since any predation at this point widug fatal for it. Hence we should see a comproinigbe
fish’'s behaviour reflecting the conflicting parasinterests. Even if such sabotage was to fail ¢etely,
combined active host manipulation of two disagrgeiarasites should never increase risk taking eif thost
beyond what an infective parasite would achieverwddene. Any such increase in risk taking is thkisly to
be a side-effect of enhanced energy drain causevbycompared to one parasite rather than actiwt ho
manipulation. In a second experiment, using onhglgi infected hosts, we investigated the effecboth
infective and not yet infective parasites on priestatavoidance when fish were either hungry or fed t
satiation. If only energy drain is responsible tioe alteration in host behaviour, satiated fistespective of
being parasitized, should behave in a more risleedy manner than hungry ones. By contrast, trué hos
manipulation should act independently of the fidiimger status and continue when energy drainlénbed
through satiation. It is in the interest of theeictive parasite that its host exposes itself talgtien also when

it is not hungry.

Material and Methods

Hosts

Sticklebacks were bred from fish caught in the @rBiner See, northern Germany. For experimeighl, f
were about 3 months old at the beginning of theeerpent. We used 113 fish from 4 different familiésvo
weeks prior to the first parasite exposure, theyewdstributed to 8 different tanks, with 15 fishch, two
tanks per family. For experiment Il, we used 1&®h firom 6 families, which were about 7 months &
used older (and hence larger) fish in experimerih lbrder to ensure that parasites could reach nibatu
without potentially compressing the fish’s gut tacs an extent that infected fish would be unablbdcome
satiated (Milinski 1985). For both experiments ffaimilies were randomized with regards to treatmemt
the day before the (first) infection, we placedhefish in a separate 16-L tank visually isolatezhirany other

fish. Throughout the experiment fish remained is ttome tank and were fed with red fly larv&hi¢onomus
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sp.). In experiment I, fish were fed daily excepttbe day before and during the experiment. Foeexgent
II, fish were randomly assigned to two differenédéng treatments. Prior to the experiment they vedteer

fed to satiation (“satiated”) or starved for thosgys (“starved”).

Parasites

Schistocephalus solidus were bred in arn vitro system in the laboratory (Smyth 1946; Wedekind7)99
from parents dissected from naturally infected fishught at the “Neustddter Binnenwasser”, northern
Germany. We used two different families for eacpegiment and stored the eggs in the fridge at 43t u
use. Prior to infection they were incubated forethweeks at 20°C in the dark and then exposedjto li
overnight to induce the coracidia to hatch (Dubanl!®®80). One coracidium each was administeredotiad
copepods Nlacrocyclops albidus). In the copepods they were allowed to grow fordays. After one to two
weeks copepods were checked for infection by ptattiem on a microscope slice. Copepods are tragrsiuc

allowing identification of an infection visually #hiout having to kill the copepod.

Treatments

For experiment | we conducted two rounds of infetdi 31 days apart. Infections took place insige th
fish’'s home tank. When fish were placed in indidblbhome tanks on the day prior to the first infectithe
home tank was only half filled and water was onisned on 2 days after infections had taken plaoe the
second infection, water was turned off and wateelke were lowered on the day before the infectifims

prevented copepods form escaping through the eutilefore the sticklebacks could have consumed them.

For experimental infections a stickleback was @flepne copepod that was either infected (to obtain
infected sticklebacks) or not (to obtain sham-itddcsticklebacks). Since this was repeated twicessulted
in four different treatments: Fish receiving onlpinfected copepods (0_0), fish receiving one irddct
copepod either on day 0 (1_0) or on day 31 (0_#)anuninfected one on the other day and fish vetgpi
one infected copepod on day 0 plus on day 31 (If &)fish received two parasites, they always iogted
from two different families. This allowed us to unliguously determine the infection time for eachapae

after dissection in multiply exposed fish by idéyitig which family they came from using microsaitel.

In experiment |, 3 fish died during the experiméhtuninfected, two infected only on day 0) and were
hence excluded from the analysis. We pooled figloraing to the treatment they resembled accordine
types of parasite they contained even if they haxkived more parasites than had managed to ektablis
themselves. This resulted in a total of 110 fisht the could include in the final analysis (0_0: 260: 29,
0.1:19,1 _1: 26).
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In experiment 1l infections took place in the samanner described above for the first round of itbes
in experiment I. Fish were either infected or ua@iéd. In order to test fish with parasites thatenather not
yet infective or infective we conducted the behavad tests at two different time points, about wigeks
(early) and about ten weeks (late) post infectiespectively. For each test we used a differenbfésh to
enable us to measure parasite weight just aftebdimravioural tests, which requires dissection.oml we
exposed or sham exposed 188 fish (64 sham expb8ddexposed, half of each early and late), 4 ofctvhi
died (1 early, exposed but uninfected, 3 late, @eg&d but uninfected, 1 sham exposed). One additfis
(late, exposed but uninfected) developed mouldveasl hence excluded. Again we pooled sham exposkd an
exposed but uninfected fish. Infection treatmend a&arly and late fish were combined with the fegdin
treatment (satiated or starved) described abowefirly factorial manner (early: 36 uninfected,igztgd, 36
uninfected, starved, 10 infected, satiated, 11ciefd starved, late: 37 uninfected, satiated, 3bfected,

starved, 8 infected, satiated, 11 infected, sthtve

Behavioural experiments

Experiments took place in a separate experimeardd, 44 by 44 cm and filled with water to a height
about 20 cm. The ground was covered with sand.rfayaf 4 times 16 small pots which contained oz r
fly larvae Chironomus sp.) each was placed in the middle of the tankegidéd in sand (Milinski 1985). On
one side of the tank a model heron head was iadtalhd clamed with a rubber band in a manner thahw
the rubber band was released, the heron quickfyedipnto the water before returning to an uprigigifion to
simulate a predation attack (Giles 1983, 1987bhBaet al. 2004). Opposite to the model heron foastic
water plants were placed in the tank to provideegifFigure 1.1 A). On one side of the tank a mirror was
placed roughly in a 45 degree angle that allowsrding a side view of the tank while recording fratrove.

A black curtain to minimise disturbance surroundeel entire set up. Above the experimental tank &8 H
camera (MHD-13MG6SH-D, Mintron, Taiwan) was locatgtich allowed us to videotape all behavioural
trials and to monitor them on a screen withoutwlisihg the fish. During a few trials problems ogedr with
the recording. Before we conducted any experimemsaccustomed the fish to the experimental setng
procedure. Prior to the first infection were tramsfd twice to the experimental tank in groups of B fish
and allowed to feed for at least one hour. That fistyknew where to find the food in the experinanank
prior to the actual experiments. Following thetfirsfection and isolation in individual tanks eafi$h was

accustomed once more alone for 45 minutes to therewental tank.

41



B . e

-

Figure Il. 1: Set up of the experimental tank. A: experiment |, B: experiment Il. On one side of the tank a model heron
head was installed in a manner that it could be dropped into the water in a standardized manner to simulate an attack
by a heron. In experiment 1 (A) plants for hiding were placed on the opposite end of the tank, for experiment Il (B)
plants were placed in all four corners of the tank. A fish was considered hiding if it was within the dashed lines encircling
the plants on the video screen. Small feeding pots were placed in the tank in experiment I. In experiment Il food was
provided in half buried petri dishes in the centre of the tank. This food was accessible during training but covered with
translucent lids during the experiment.

The actual behavioural trials consisted of gemiypsferring a single fish to the experimental taitkin a
glass pipe filled with water to minimise disturbané\ timer was started as soon as a fish left tassgpipe.
Each fish was then allowed to consume 2 food itelsssoon as it had done so, a mechanism was rdlease
dipping the model heron head into the water. Ifsh failed to consume 2 food items, the simulatetbh
attack took place after 15 minutes. Trials in whiigh were hidden underneath the plants at thig tmere
discarded from analysis since this might have pred them from perceiving the simulated heron kttac
(Time point1:10 0,21 1, Timepoint2: 20 @ 2,10 _1, Timepoint3:30_0,11 0,10 _1,dpoint
4: 5 0_0). After the simulated heron attack, easih femained in the experimental tank until it lradsumed
10 food items, but for at least 5 minutes and astnfiar 15 minutes. In nature a predator that failsatch a
fish it attacked might remain close by for someetimeady to strike again. Hence, following the dated
predator attack, fish should perceive an enhanoeghgion risk. We recorded when fish resumed fegditer
the simulated heron attack, how much food they wores! within the subsequent five minutes and whesg t
consumed the first two food items before and dfter simulated heron attack. Thereafter fish wergtlge
returned to their home tank. From the recordingsesténated the position of each fish every 2 sesanr
the course of five minutes starting 10 seconds dfie simulated heron attack using the manual ingck
plugin within image J (Rasband 2008). We condudtedals, stretching over 5 days each, startingyel@
days. The first trial took place 7.5 weeks after tinst infection (parasite age during trials: e from day
0/ parasite from day 31: time point 1: 52-56/21d#ys, time point 1: 62-66/31-35 days, time poin¥2:
76/41-45 days, time point 1: 82-86/51-55 days).
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We used the same experimental tank with the sanseinh@ron as in experiment I, but the exact laydut
the tank differed and the mirror was absent. Simeehad observed no preference for fish to stay dwag
the heron side of the tank in experiment |, we pp@d the tank more symmetrically in experimenRid fly
larvae were provided in petri-dishes placed in ¢batre of the tank. During the actual experimetitese
petri-dishes were covered with translucent lidshRvere able to perceive but not to access foqurdwent
them from becoming satiated. Unlike in experimewhere food had been accessible that allowed adsto
observe fish behaviour before the simulated hetatlawithout any food sources becoming depletefisbr
satiated, but it did not allow us to count the nembf food items fish consumed. Plants were praViceall
four corners (Figure 1l1 B). Four times over the course of about 10 deysviere transferred to the test tank
to become accustomed to this set up. Each fishelased to feed for 15 to 30 minutes. Food insluke petri

dishes was accessible during this training andddiitianal food was provided in the home tank.

As in experiment I, fish were transferred to thpeximental tank in a glass pipe and a timer staagesbon
as they left it. We then measured the time fismspé@ling for 5 minutes starting 30 seconds aftésla had
left the glass pipe or as soon as a fish emerged friding if it had been hiding at that time. Ahfisvas
considered hiding as soon as it was partially withhmediate proximity to the plants defined by reelhad
been drawn on the screen prior to the experimemtgating the entire plant but smoothed out its were
structure (Figure 111 B). Once fish had been recorded for 5 minutes simulated heron attack occurred. If
fish were hiding at that time, we waited until tHejt the hide. If fish were still hiding 30 mingtafter the
initial recording started, we discarded them (Byefish: 2 infected and satiated, 1 infected arahsid, 3
uninfected and satiated and 6 late fish: 2 infeeted satiated, 4 uninfected and satiated). Stpatiihseconds
after the simulated heron attack, we again recohi®d much time fish spent hiding and when theyt fies

emerged from hiding. If fish did not re-emerge frhiding within 15 minutes we stopped the trial.

Dissection

After the experiment (i.e. after the fourth timeinggexperiment I) or directly after the behavidutigal
(experiment 11)), fish were killed by placing theman overdose of an anaesthetic MS222. Their lnagjty

was opened and any parasite found was removedtfremody cavity and weighted.

Statistical analysis

All statistical analysis took place and all ploterer created in R (R Development Core Team 2010). We
only present relevant p-values in the result sactio better readability. For exact statisticalpus please
refer to the supplementary information (TableSIB.— Table 11S7)
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To investigate the latency with which fish resunfieelding after the simulated heron attack, we peréal
a survival analysis by fitting a parametric surVikggression model for each time point. We usedstirgreg
function in the survival package (Therneau 2015hw\eibull distribution and the time to emerge from
hiding as response. For fish that did not emerdbinviL5 minutes we set this time to 15 minutes (8p0NVe
additionally included whether an event occurredh(femerged from hiding) or not (data censored dffer
minutes) into the response. To investigate thecefié each treatment more closely, we conductedmise
comparisons, using the same models but includite fdam only two treatments at each time with borofiei

corrections.

We used generalized linear mixed models in the Ipaekage (Bates et al. 2014) with poison error fami
to analyse how much food fish consumed and whesg tbd on average. To analyse fish activity (ibe t
average distance fish moved within 2 seconds) vegl lisear mixed models (Ime4 package) (Bates et al.
2014) after log transforming the data. We incluéietl identity including time point as a random facand
time point as fixed factor. For the position whésh fed we included the time interval in the reding (i.e.
before vs. after the simulated heron attack) botthé random factor and as a fixed effect. We gtepwise
included treatment and its interaction with timenpand, if appropriate, the time interval andiitgeraction.
Subsequently, we performed likelihood ratio testscompare models. A model was accepted if it was
significantly better than a less complex model gil@ning the data. For each time point we perfainae
separate Tukey test using general linear hypothegegh the multcomp package (Hothorn et al. 20G8)
determine when treatments differed.

We analysed fish from the early and late group rsgply. To investigate the fish’s latency to re-egee
from hiding after the simulated heron attack weiradéted a parametric survival regression modelhie
survival package using the survreg function (Tham2015). Similarly to described above, we usedithe
to emerge from hiding (set to 15 minutes if fisliefé to remerge) and whether or not they did emerge

response.

To analyse how much time fish spent hiding, we tlegsformed the data and then applied linear mixed
models from the Ime4 package (Bates et al. 201igussh identity as random factor and the timeeiaal
(i.e. before vs. after the simulated heron attackjixed effect. For both models, we stepwise addeding
treatment, infection and time interval (only fomé hiding) and all two way interactions. Subseqyente

performed likelihood ratio tests (see above).
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Results

Experiment I

Prior to all further analysis we confirmed thathfiseacted to the simulated heron attack, which thidy
(Supplementary information IL, Figure 11.S1) and checked for differences between treatnetiiei reaction
to the simulated heron attack (Supplementary in&tion 1. 2, Figure Il. S2). We expect adaptive host
manipulation enhancing the host’'s predation suduéft e.g. by decreasing the host’s risk averssjdo
occur only once the parasites are infective ta thadsequent host and would hence benefit fronsitnéssion.

In our experiment this was the case from time paiot 3 onwards in fish infected only on day O auoding
time point 4 in fish infected on day 31 (Supplenagpntinformation 11.3, Figure 11.S3). The behaviour of fish
infected on both days should depend on the outaahaepotential conflict between their parasitesadfive
host manipulation was involved. If the parasiterirday 0 wins, they should reduce predation avoiedrmn
time point 2 or 3 onwards, just like fish only infed on day 0. If the parasite from day 31 wingusatially
infected fish should never show any enhanced pedatusceptibility since this parasite never became
infective (Supplementary information IB, Figure II. S3). Any intermediate behaviour indicative of a

compromise would also be possible.

Treatment significantly influenced how long it tofikh to resume feeding after the simulated hettacl
during all four time points (Time point 1: Chigg+=14.96, p=0.0019, Time point 2: Chigg~42.82,
p<0.0001, Time point 3: Chigg =46.79, p<0.0001, Time point 4: Chigg=55.09, p<0.0001). Likewise,
treatment (p=0.0005) and its interaction with tipgént (p=0.0002) influenced how much food fish aamed
in the five minutes following the simulated herditaek (Table 11.S3). Neither treatment nor its interaction
with time point had any effect on how far fish mdwa where they fed (p>0.2, Table 83). Accordingly, we
focus on the latency to resume feeding and the atmafufood fish consumed, and conduct post hoc test

disentangle when and between which treatmentsfigigni differences occurred.

Prior to reaching infectivity, any predation would fatal. Hence, parasites should reduce the poedat
risk of their host (Parker et al. 2009c). This dtaaccur prior to time point 2 or 3 in fish infedten day 0
and prior to time point 4 in those infected onlyaay 31 and should be marked by increased risksaness
in those fish. Fish with not yet infective parasiteever took significantly longer to resume feedorg
consumed less food than uninfected fish. If theezewany differences, fish with not yet infectivergsites
were even more risk prone (Table3$#, 1. S5). Hence, we found no evidence of increasedaigkseness in

infected fish indicating predation suppression.
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OnceS solidus is infective (on average from time point 2 or 3vands for those in fish infected only on
day 0 and during time point 4 for those in fisherted only on day 31) it should increase the predat
susceptibility of its host and thereby enhancestmgiasion. From time point 2 onwards fish infectedday 0
resumed feeding sooner than uninfected fish (psOr@dle Il. S4, Figure 1.2 A), through this was only a
trend during the fourth time point (p=0.0612, Talle54), and consumed more food (p<0.0003, Tablg3].
Figure 1.2 B). Surprisingly, fish infected on day 31 alsarstd to increase their risk taking during the seco
time point. They resumed feeding significantly seothan uninfected fish during the second time fpoin
(p=0.0392, Table 1IS4, Figure I1.2 A) and consumed more food from time point 3 omsgp<0.004, Table
Il. S5, Figure 1.2 B). Hence we did see increased risk taking likelyesult in predation enhancement. It
seems to occur about the same time in fish infeateday 31 and day O even so parasites in fistctiedeon
day 31 are younger and become infective later. &hame two different but not mutually exclusive

explanations for these findings which we discusthér in the supplementary information II.

A potential conflict between infective and not y&fective parasites would exist if fish with infee and
not yet infective parasites differed in their bebav. In our experiment, we expected such a cantticoccur
from time point 2 or 3 onwards when parasites fiday O are already infective but parasites from 8thyn
sequentially infected fish should not yet be infext As a proxy for each of these parasites’ eftactthost
behaviour we used parasites of the same age tthatadihave to share their host. There we expediicbn
only during time point 2 and 3 since in singly ictied fish parasites from day 31 were already infeauring
time point 4. We did not find any significant diféaces for any of the traits we measured betwesbnsingly
infected either on day O or on day 31 (p>0.4, Tdbl&4, 11. S5, Figure 11.2). As discussed above, when
either is compared to controls, both cause altaratdof host behaviour into the same direction. Thothere

should be a conflict, it did not show up in thénfisbehaviour

Sequentially infected fish resumed feeding sigaifity sooner than uninfected fish (p<0.03, Tabl&4,
Figure 1.2 A) and ate more food (p<0.0007, TableSb, Figure Il.2 B) at each time point. They also
resumed feeding significantly sooner than fishdigd only on day 31 (p=0.0002, TableSH, Figure 112 A)
during the fourth time point and consumed signifttamore food throughout the experiment (p<0.0&8bI€
II. S5, Figure 11.2 B). They even resumed feeding sooner during poiet 4 (p=0.0013, Table 154, Figure
II. 2 A) and consumed significantly more food duriimget point 1 and 2 (p<0.004, Table 85, Figure 11.2
B) than fish infected only on day 0. During thimé the parasite from day 31 in sequentially infédish
could not yet have been infective. It should nohate predation susceptibility beyond the levefigf
harbouring only the day O parasite if active hosinrpulation is responsible for increased risk prass in

sequentially infected fish. However, it does dradditional energy from its host. The additional redpes in
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the behaviour of sequentially infected hosts caulgdthe parasite from day 31 do not present true

manipulation by the parasite from day 31.

A
Time after the simulated heron attack [s]

0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750

0.75-
0.50 /_/_'_/7

-
o
o

o
N
[6)]

Proportion of fish that has resumed feeding

Time point 1 Time point 2 Time point 3 Time point 4
0 : . . .
52-56 62-66 72-76 82-86
Age of the day-0 prasite [days]
21725 31735 4145 5155

Age of the day-31 prasite [days]

g B
>
£
1S
Te]
£91
£
2
8 W Treatment
IS \ =00
é " -1.0
56+ / \ —0_1
o q 1.1
(2]
g )
e}
31
o
: \ ‘
Ko}
€
2 Time port
. ] , Timepoint . 4
52-56 62-66 7276 82-86
Age of the day-0 prasite [days]
21-25 41-4 51-55

31-35 5

Age of the day-31 prasite [days]
Figure Il. 2: Behavioural observations after a simulated heron attack. A: Latency to resume feeding, B: Number of food
items consumed within 5 minutes. Bold numbers on the x-axis indicate that a parasite of that age was infective. 0_0:
Fish not infected by any parasite. 1_0: Fish infected by one parasite on day 0, 0_1: Fish infected by one parasite on day
31, 1_1: Fish infected by one parasite on day 0 plus one on day 31. N: Time point 1: 0_0: 35,1 _0:29,0_1: 19, 1_1: 24,
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Experiment 11

In the early group (i.e. prior to reaching infetty infection did not significantly affect the fiss latency
to re-emerge from hiding (Chigg=1.459, p=0.2271). In the late group (i.e. afteacténg infectivity)
infection did have a significant effect on wherhfiee-emerged from hiding (Chigg=10.511, p=0.0012).
Contrary to the manipulation hypothesis, infectisth fvere less likely to re-emerge than uninfectisk. fThe
time fish spend hiding both before and after teusated heron attack was never significantly affddby
infection (p>0.9, Table IIS6, Figure 11.3).
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Figure Il. 3: Time spent hiding before (A, C) and after (B, D) a simulated heron attack for early (A, B) and late fish (C,
D). We recorded the time fish spent hiding for 5 minutes starting 30 seconds after the fish had entered the tank or, if it
was hiding at that time, once it had left hiding (before the simulated heron attack) and for 5 minutes starting 10
seconds after the simulated heron attack irrespective of fish were hiding at that time or not (after the simulated heron
attack). Error bars indicate 95% Cl. N: Early: Satiated: Uninfected:33, infected:8, Starved: Uninfected: 36, infected:10,
Late: Satiated: Uninfected:33, infected:6, Starved: Uninfected: 35, infected:11.
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How long after the simulated heron attack, fiskemeerged from hiding was not affected by the feeding
treatment in early fish (Chigg=1.238, p=0.2659), but in late fish starved fish eeged sooner
(ChiSg;,=13.815, p=0.0002). The time fish spent hiding vedfected by the feeding treatment and its
interaction with the time interval (before vs. aftae simulated heron attack) both in early ané Fh
(p<0.0001, Tables Il. S6). Post hoc tests revethiatistarved fish spent more time hiding but ordjobe the
simulated heron attack (p<0.0001, TableS¥., Figure I1.3 A, C) and not thereafter (p>0.6, Tables3V,
Figure 1.3 B, D).

If energy drain is responsible for behavioural raltiens byS. solidus, hungry fish should be less risk
averse than satiated fish irrespective of infecti®y contrast, hunger levels should not mattenfiedted fish
if active manipulation mechanisms were responsiblere was no significant interaction between itiec
and feeding treatment, neither for when fish resg®a from hiding (early: Chigg=1.113, p=0.2915, late:
ChiSgy 1=3.422, p=0.064), nor for the amount of time thegrsl hiding (p>0.7, Table IIS6). The risk
averseness of sticklebacks seems similarly affelsyedtarvation in both infected and uninfected .fishus,

also the infective parasite did not truly manipeldés host.

Discussion

If two parasites with different interests share #agne host, there is potential for conflict. Oneapiie
might win this conflict (Sparkes et al. 2004; Dianat al. 2010; Hafer and Milinski 2015), but théeot
parasite should never enhance the winning parasit@nipulation. However, in the present study tlusihg
parasite enhances the winner's manipulation whegethpined sticklebacks were experimentally infddig
two Schistocephalus solidus at different times. Fish infected by both an alseaufective and a not yet
infective S. solidus show a stronger reduction in risk averseness tishninfected by either parasite alone.
Bird predation upon their shared host will allove fhfective parasite to complete its life cycle aegroduce,
but for the not yet infective parasite it will batdl. It cannot reproduce, yet. Why should theymbtinfective
parasite enhance manipulation that is potentialfglfto it? No active host manipulation should gedb such
an effect. However, active host manipulation is ti@ only way by which parasites affect their h®st’
behaviour; they also drain energy from it, forcingp consume more food even if this comes at te& of
exposing themselves to increased predation. Suehgerdrain will also be exerted by a not yet infet
parasite. It can, unlike true host manipulationlaxpwhy fish infected with both an infective andat yet
infective parasite behave in a more risk prone raatiman those infected by the infective parasitg.orhus,

this experiment shows that the not yet infectiveapiée does not manipulate the stickleback’s behawvi

In order to test this hypothesis further we comgdish with not yet infective or infective parasitéo
uninfected fish when they had either been stareedhree days or fed to satiation. In our first exment

only fish that had been starved for two days haenhlused to test the effect®fsolidus on host behaviour.
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The most decisive experiment to test for true meahipulation versus increased energy drain, howése¢o
test satiated fish. Increased energy drain shoatdntrease the risk taking of fish that do notuieg any
additional energy because they are satiated. Byrasin host manipulation that has evolved for #gscific
purpose should be independent of hunger levelsatsalalter the risk taking of satiated fish. In #ezond
experiment we do not observe any altered behawdoarto a parasite infection in fish that have bieghto
satiation. Thus, also infectiv& solidus do not manipulate their stickleback host's behawidPrevious studies
that have tested for an effect of satiation on meahipulation byS. solidus have reported that also naturally
infected fish seem to act just as risk averse a¥ested ones when satiated (Giles 1987b; Barbal. 41995).
This is in perfect agreement with our hypothes# thost manipulation i solidus infected sticklebacks is

due to increased energy drain but inconsistent adgttve host manipulation.

Surprisingly, unlike in experiment | and other goais studies (Giles 1983, 1987b; Barber and Hufaitlg
1995; Barber et al. 1995, 2004) we do not obsenyeeffect ofS. solidus infection even in fish that have been
starved for three days. In heavily infected f8solidus probably compresses the gut to such an extent that
there is not enough space left for food prevensinch fish from ever becoming satiated (Milinski £9&his
is again a side effect caused by the parasite arattive manipulation. To avoid this side effecekperiment
Il that depended on having infected fish that cdaddome fully satiated we used older (and hengeigafish.

In juvenile fish parasites affect host performameere easily because even uninfected juveniles night
closer to their physiological and morphologicalitenthan adults (McElroy and de Buron 2014). Thighh
make them particularly prone to energy drain. Thigether with their size difference to juvenilehfigrger
parasites could have made fish in our first expentrmore prone to behavioural changes caused ey sid
effects than those in our second experiment (supgiary information 11.3). Active host manipulation,

however, should not stop in larger and older hosts.

Even if apparent host manipulation is caused bg-sifects, selection might still act on it. Seleotiwill
favour behavioural changes that enhance transmiggidhe right time and select against traits ttanot,
irrespective of their underlying mechanisms (Thoreaal. 2005; Poulin 2010; Moore 2013). In the pres
study several aspects of host manipulationSbyolidus in its stickleback host appear suboptimal. Host
manipulation should set in once an optimal time faansmission is reached (Parker et al. 2009c).
Schistocephalus solidus is only rarely able to become reproductive befeaching roughly 50 mg in its fish
host (Tierney and Crompton 1992). Accordingly, angrease in predation susceptibility before thateti
would not be adaptive in terms of transmissionugifoit might be adaptive to some extend because the
parasite needs the fish to provide extra energ$. $blidus increases hunger levels by restricting the space i
the body cavity (Milinski 1985), this might cause addition to energy drain satiation independertaex
apparent host manipulation onSesolidus has reached a certain relative size compared tooist. In nature
hosts are usually much smaller than those that sexl uo avoid the compression effect in our second
experiment. Copepods have the optimal prey sizguf@nile sticklebacks; large sticklebacks are lisdy to
attack copepods, the first intermediate hosBo$olidus (Christen and Milinski 2005). From the infective

parasite’s point of view it would also be ideahifst manipulation is independent of hunger leviglsesthis
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would increase predation even more. In the laboyatonditions can often be very benign and foodlitga
available. By contrast in nature complete satiatiight be much rarer especially in infected fishosda
competitive ability is impaired (Milinski 1986; Baer and Ruxton 1998). In addition, as long as host® the
usual small size, their hunger is maintained aiga level because of the parasite’s compressing the.

There might not be much potential for improving aggmt manipulation by additional true host manipafa

Our results strongly suggest that apparent hosipukation byS. solidus in its stickleback host occurs as
inevitable side-effect of infection. Through draigienergy from the host and restricting space éngiht the
parasite moves the fish’'s trade-off between feedimdjavoiding predation (Milinski and Heller 1978)vards
feeding thus exposing it to predators. Selectioghinnot be able to improve the resulting “manipolat
effect by adding an extra mechanism. The not y#dctive parasite appears to be the looser. Multiple
infections ofS. solidus in three-spined sticklebacks are frequent in ma¢drme and Owen 1967; Heins et al.
2002). Selection should favour parasites that camteract enhanced predation susceptibility befbey
reach infectivity. This would require a true margiion mechanism, which obviously does not exist.te
contrary through its additional energy drain a wyet infective parasite aggravates its problem.hia first
intermediate host, the copepod, the not yet infecd solidus actively suppresses predation risk, but only
when alone. A co-infecting infectiv@ solidus sabotages the not yet infective parasite’s maatmul (Hafer
and Milinski 2015), which is the looser again. e present study we found that the not yet infegbiarasite
does not reduce predation risk of its sticklebaa&thnot even when it is alone, depicting a newzjguzJpon
infection the stickleback is normally too smallaibow S. solidus to grow large enough to become infective.
Therefore is has to restrict its growth to allowe fish to grow until big enough (Christen and Mslm 2005).
Letting the fish follow its optimal growth strategynd risk taking might thus prevent the parasitenfr
manipulative interference. No true manipulationsb€kleback behaviour seems to be adaptive for bath

infective and infectivés. solidus, side-effects of infection fulfil the latter’'s nés
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Chapter III

When parasites disagree: Evidence for parasite-
induced sabotage of host manipulation

Published as: Hafer, N., and M. Milinski (2015). Bvihparasites disagree: Evidence for
parasite-induced sabotage of host manipulationluien 69: 611-620.
Data available from the Dryad Digital Repositoritph//dx.doi.org/10.5061/dryad.3s7r7/2

Abstract

Host manipulation is a common parasite strateggltier host behavior in a manner to enhance parasite
fitness usually by increasing the parasite’s trassion to the next host. In nature, hosts ofterbdar
multiple parasites with agreeing or conflictingergsts over host manipulation. Natural selectioghtdrive
such parasites to cooperation, compromise or sgbofabotage would occur, if one parasite supsdbse
manipulation of another. Experimental studies andfiect of multi-parasite interactions on host ipalation
are scarce, clear experimental evidence for sabataglusive. We tested the effect of multiple atifiens on
host manipulation using lab bred copepods expettatigrinfected with the trophically transmitted &porm
Schistocephalus solidus. This parasite is known to manipulate its hosteteling on its own developmental
stage. Co-infecting parasites with the same ainaecdgd each other’'s manipulation but only after e
infectivity. If the co-infecting parasites disagreger host manipulation, the infective parasite swthis
conflict: the non-infective one has no effect. Wianing (i.e. infective) parasite suppresses theimaation
of its non-infective competitor. This presents dasive experimental evidence for both cooperatiomand
sabotage of host manipulation and hence a progfiotipal that one parasite can alter and evenralkze

manipulation by another.

Introduction

Parasites can modify their host’s phenotype ta thein benefit. Such host manipulation is known fram
wide range of both host and parasite taxa (HolnmelsBethel 1972; Poulin and Thomas 1999; Moore 2002,
2013; Poulin 2010), including humans (Flegr 2013)parasites with complex life cycles, it usualljhances
a parasite’s chances to pass on to the next hdst appropriate time point (Parker et al. 200Before being
able to infect the next host, some parasites lotlveir present host's predation susceptibility: paéme
predation even by the correct consecutive host dvcag fatal to the parasite (Koella et al. 2002;
Hammerschmidt et al. 2009; Thomas et al. 2010; imgaat al. 2011). Once the parasite is infectivihéonext

host, manipulation increases transmission to thwdt, he.g. by increasing the current host's predatio
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susceptibility (Holmes and Bethel 1972; Poulin ditbmas 1999; Moore 2002, 2013; Poulin 2010). Such
predation enhancement can also be a mere sidd-effde parasite’s draining energy from the hsting it

to shift its trade-off between avoiding predatiow @ecreasing hunger towards the latter (Milingaa).

Most experimental studies on host manipulation stigated the effect of a single infection on host
behaviour. In nature, hosts are usually infected nimyitiple parasites, typically from different spegi
encountered sequentiallg.g. Kalbe et al. 2002). Manipulation by one pigéeawill affect every co-infecting
parasite, even non-manipulating ones (Milinski 20130 parasites react to manipulation of a co-itifec
parasite? If interests coincide, the presencesacand manipulator might be beneficial. Potentisit€ could
be shared or manipulation be enhanced increasamgrrission probability. Correlational evidence ®sjg
that multiple parasites may indeed strengthen e#tuér's manipulation if they have the same aimiéwed
by Cézilly et al. 2014).

By contrast, two co-infecting parasites with incatiple aims have a conflict over host manipulation,
either because they manipulate in different dioextior one parasite manipulates whereas the otleedoes
not manipulate if its interest is best served by host's normal behaviour. In both cases one pgarasuld
benefit from “sabotaging”, i.e. partly or complgtetuppressing the manipulation by the other parasit
(Thomas et al. 2002a). Several studies provideetaiional evidence for parasites being able tor alte
manipulation by another parasite. Most of thesdiefy however, used exclusively naturally infedtedts,
making it impossible to decide whether the parastly caused the observed alteration of host Vieha
(reviewed by Cézilly et al. 2014). To our knowledgaly two studies used experimental infectionshtain
hosts with parasites that had different aims. Thomaa al. (2002) experimentally cured and re-infécte
trematode-infected gammarids, i.e. small crustageavith nematodes that had appeared to sabotage
manipulation by the trematodes in natural infediomhe authors did, however, not find the previpusl
observed sabotage. Dianne et al. (2010) experithertdected gammarids with different stages of an
acanthocephalan parasite and found suggestivereédbat the not yet infective stage might havetaed
manipulation by the infective one. Both studiesdusd caught hosts, which might have encountelsibus
other parasites before. One preliminary study iei@dab bred rats with two parasites known to aftae
host’'s nervous system — includifi@xoplasma — a common parasite also capable of manipulatingam
behavior. One parasite partly influenced the efféfctmanipulation by another through since no sigaift
differences were found between the different ptgssit remains elusive to which extend there wasah
conflict between the parasites or whether this lag®n was a mere side-effect (de Queiroz et @132

Thus, sabotage may exist but was not stringentyshunder experimentally controlled conditions.

Here we use the cesto8ehistocephalus solidus and its copepod host to compare the effect oflesingth
multiple infections on host behaviour. We studyessally the outcome of a conflict between co-inifegt
parasites over host manipulation using lab bredcéearasite free, hostS. solidus has a three-host life
cycle. From the first intermediate host, a copeftbd,parasite is trophically transmitted to thetriest, the
three-spined stickleback, a fish, which has toulssequently consumed by a bird for the parasitotoplete
its life-cycle (Clarke 1954; Dubinina 1980). In thepepodS. solidus initially reduces the activity of its host
(Hammerschmidt et al. 2009) and thus the hostls aisbeing preyed upon (Weinreich et al. 2013). ©nc
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ready for transmissior§. solidus switches the direction of host manipulation tor@asing its host’s activity
(Wedekind and Milinski 1996; Hammerschmidt et &109), risk taking (Jakobsen and Wedekind 1998), and
predation susceptibility (Wedekind and Milinski BY9We show that two co-infecting parasites (i)hathe

same aim cooperate, but (ii) with a conflict okirgst sabotage each other’'s manipulation.

Materials and Methods

Hosts

Copepods Nacrocyclops albidus) came from a laboratory culture originated fronpyplations from the
“Neustaedter Binnenwasser”, northern Germany, whc&lebacks are naturally infected Bysolidus. One
day prior to the first exposure to the parasitemepods were filtered from their home tanks ancheac
individual copepod was transferred to a well idav&ll plate with about 1 mL of water. To reduceiation
with regards to the host, only adult male copepedse used. We used a total of 1992 copepods in two
separate experiments (1248 in experiment 1, 74kjperiment 2). During both experiments, copepodewe
fed with five Artemia sp.nautili and the wells cleaned if necessary evengiotay (always a day on which no
infections or behavioural recordings took place, day 1, 3, 5, 8, 10, 12, 14, 16, 18, 20 and &2 #ie first
infection). The copepods were kept at 18°C in a/@6Hight/dark cycle. Since our behavioural essays
included the reaction to disturbance, we took taravoid other disturbances to prevent previoustiation

to our test.

Parasites

Schistocephalus solidus were bred in an in vitro system in the laborat(8ynyth 1946; Wedekind 1997).
We used offspring from parasites dissected fronurally infected fish caught at the “Neustaedter
Binnenwasser”, northern Germany. Currently, infactrates in sticklebacks are low (below 1%) in this
population but had been above 30% some years aguulflished data). Because of a considerable time
interval between our two experiments, we used wdiffe parasite families in each experiment. Eggsewer
stored in the fridge (4°C) until use. Prior to ictien they were incubated for three weeks at 20°@é dark
and then exposed to light overnight to induce thraddia to hatch (Dubinina 1980).

Infections

Infections took place at two different time pointtse day after the copepods had been distributésl the
plates (day 0) and one week later (day 7). For exat 1, each copepod was exposed to zero, ohgoor
parasites on each of these days in a manner thatee in six different treatments (Figure 1ll. Unexposed
controls (C), singly exposed to one parasite on @#8ing_t0), simultaneously exposed to two pasasin
day 0 (Sim_t0), singly exposed to one parasiteayn(Sing_t7), simultaneously exposed to two peEsen
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day 7 (Sim_t7) and sequentially exposed to two @, i.e. exposed to a single parasite each p1® éad

day 7 (Seq) (Figure lll. 1). In order to accounttiwe size differences between the parasites franfitst and

the second infection in sequential infections antkptially resulting differences in how stronglethwere
able to manipulate, we conducted an additional exm@at (experiment 2) in which we infected copepods
with one parasite on day 0 and with either zeradSi0), one (Seq) or two (Seq2) additional parasitel day

7. We were unable to measure parasite size withineaperiment because that would have exposed the
copepods to substantial stress. However, we didwig a preliminary study to confirm that two non-
infective parasites could make up about the sarhenmas one infective one (supporting result2ljIFigure

lll. S3). Several copepods were not exposed dbalbtain uninfected controls (C) or only on dato#erify

the timing of manipulation by a non-infective par@asvhen alone (Sing_t7) (Figure 1l1. 1).

Control  Single infection Simultaneous Single infection Simultaneous Sequential Sequential

Time (©) on day 0 infection infection infection, infection,
(Sing_t0) on day 0 onday 7 1 parasite on | 2 parasites on
(days) (Sim_t0) (Sim_t7) day 7 (Seq) | day 7 (Seq2)
T O S o9 e | @
T+ 7 Q0 O GO
Lal) o'.'a' ' ::' .'3: -

v : : P

Figure lll. 1: Timing of infections with different numbers of parasites to achieve the required treatments. Copepods
were exposed to 0, 1 or 2 Schistocephalus solidus on day 0 (t0) and on day 7 (t7) in a manner that resulted in seven
different treatments.

We used three (experiment 1) or four (experimerdi2@rent parasite families to infect copepods,ahd
copepod received more than one parasite, they alwaginated from different families. Treatmentsreve

evenly distributed over all plates and randomiaaged on each plate.

To verify that an infection had occurred we plaeagh copepod under a microscope. Male copepods are
transparent making it possible to see any paragitén the living copepod. This took place onlyefall
behavioural recordings had been completed in andéeto interfere with copepod behaviour (experimént
day 23 and 24, experiment 2: day 21). By this tweeexpected any parasite to have become infeaiivieet
subsequent host. Unfortunately that did not allevta document the development of individual paeasit
However, previous studies found that the rate afettgpment shows little flexibility. Within 11 daysost
infection, more than 80% of parasites developedracener, which is a good indication that the p&easill
soon become infective to the next host (Benesh 28)0Copepods that died before day 24 but afteri@a
(experiment 1) or day 19 (experiment 2) were chédkethe same manner, though a determination of the
infection status was only possible in those copepbdt had not yet started to decay. Their behavias
only used until 3 days prior to their death to aede the behaviour of dying copepods from the deta\¥e

only included copepods in the subsequent analljaiswere correctly infected according to their timeznt by

56



all parasites they had been exposed to. That wagoukl exclude that differences between treatmeete
caused by initial differences between copepodschvhiere also responsible for whether or not a copep
exposed to a coracidium, was indeed infected sydbiacidium (or altered by the effect of a faileféction,
which cannot be excluded in mass infections). Teslted in a total of 147 copepods for experimelt:
41, Sing_t0: 25, Sing_t7: 27, Sim_t0: 11, Sim_#&,: 8eq: 18) that could be analysed. Of those cajsepsed
for the analysis, 25 died during the experiment. &periment 2, we could obtain data from a tofal bl
copepods, one of which died during the experim€n®0, Sing_t0: 25, Sing_t7: 22, Seq: 28, Seq2: 26)

Behavioural recordings and analysis

Copepod behaviour was recorded by carefully plaeirig-well plate with copepods on an apparatus that
dropped it by 3 mm in a standardized manner to lsitewa failed predator attack (Hammerschmidt et al.
2009). After such a predator attack, the predatdikely to be still present for some time and ke try
attacking the copepod again. Hence the period Hfeesimulated predator attack should be perceagedne
of increased predation risk by the copepod. Undisrdircumstances predation avoidance should becesdly
crucial and predation enhancement most efficiedtvae would hence expect them to be strongest. The d
took place after the plate had been on the apafatuone minute. Starting just before the drop,wa®o
recorded the copepods on the plate for 15 minuids avcamera (Panasonic Super DynamicWV-BP550).
Behavioural recordings took place every other dayting on day 9 until day 23 (experiment 1) or @dy

(experiment 2), always on the day when copepods wet fed.

We analysed copepod behaviour (i.e. activity) dyone minute right after the simulated predatcackit
when, following a movement to escape predationepogs should reduce activity to avoid detectioraby
potential predator (starting 10 seconds after iimeilsted predator attack to avoid the initial egcagaction,
see Hammerschmidt et al. 2009) and at the endeofdtorded period (i.e. between 14 and 15 minutes a
the simulated predator attack), when the copepod&lde assumed to have recovered from the sinaulate
predator attack. Using the manual tracking plugithivww image J (Rasband 2008), we recorded whethaob
each copepod moved within each two second inteAalanalyses were done blindly with regards to the

copepod’s treatment.

Statistical analysis

Data were analysed in R (R Development Core Teab®)20sing generalized linear mixed models in the
Ime4 package (Bates et al. 2014). We used copefsodity as random effects including the day atterfirst
infection to account for the presence of intraidlial variation between days and the period inrdwerding
to account for intra-individual variation over timé&'e fitted a model for the time moved as respaas&ble
using binomial distribution to account for the disfition of the data. We further included both ttey after
the first infection and period in the recording (iafter a simulated predator attack vs. aftecavery period).
We stepwise added the treatment and all its interecwith day and the period in the recordinghte model.

Separate models were fitted for experiment 1 angirze not all treatments were present in both.
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Subsequently, we performed likelihood ratio testedmpare models and find those that gave thefibest
model was accepted if it was significantly betteart a less complex model at explaining the dat& Th

complete outputs of the models are presented ite THbS1.

For each treatment and period in the recording &éfter a simulated predator attack/ after a regove
period) we performed a separate Tukey test usingrgélinear hypotheses within the multcomp packade
(Hothorn et al. 2008) to determine between whiahsegutive days significant chances in host behavamk
place. The same was done for each day and peridideimecording to find out when and between which
treatments differences occurred. Only those stistirectly relevant for our question are reporiedhe

results. For a complete overview of the statistiealllts, refer to Tables Ill. S2 — IIl. S5.

Results

The behavior of the copepod hosts was significainflyenced by the three way interaction between th
parasite treatment they received, the gest infection on which the recording took place, and the peniod
the recording (i.e. after a simulated predatorcitta after a recovery period) (p<0.001, See T#hl&1 for
further information). Hence, we conducted TukeyS[Htests for multiple comparisons for each treatnoen
day and period in the recording to determine whagrepod activity changed significantly between daigkin
each treatment and when and between which treagrsggmtificant differences occurred. Only p valuasthe
multiple comparisons are reported here. Please t@fEable 1ll. S2 - lll. S5 for exact statisticalitputs. Here
we present only the results we observed directigr s simulated predator attack, because resutts tire
copepods had had time to recover were similar gitdass pronounced. They are presented in the sinpo
results I1l. 1 and Figure lll. S1 and lll. S2.

Change of copepod host activity over time

We measured the activity of the copepods rightr @tseimulated predator attack. We expected thatlgho
after infection the parasite would start manipulgtits copepod host by decreasing its activity #n its
predation risk (predation suppression) becauseiildvbe too early for the parasite to be transihitte the
next host. Once the parasite has reached infecfioit the next host, copepod activity should beréased
(predation enhancement) as shown previously (Hastheridt et al. 2009). The initial decrease in host
activity has been studied before (Hammerschmidtl.e2009), so that we started recording of hosien
only from day 9 in the experiment, i.e. 9 daysrafite first infection that took place on day O,tjosfore the
switch in host manipulation is expected to occucapepods singly infected on day O (dashed blu ilin
Figure lll. 2). After the parasites had becomedtife2, copepod activity increased as expected letvday 9
and 11, and 11 and 13 (p<0.001). Those copepotisvéra singly infected by one parasite on day &lidd
green line in Figure lll. 2) displayed the expectilay and showed initial decrease in activity datén
suppression) between day 9 and 11 (i.e. when tfasipawas between 2 and 4 days old, p=0.003). atsey

displayed the expected increase in activity after parasite reached infectivity (predation enhamtgm
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p<0.001) at the same tinpwst infection when copepods singly infected on day 0 showeckased activity
(between day 9 and lost infection, i.e. between day 15 and 19 in the experiment}eNioat parasites
administered to copepods on day 0 have always foeéhdays longer in the copepod than parasitectinfg
copepods on day 7 when their behaviour is reco(Beglre 11l. 1). The control group (unexposed capsg)
did not show any significant changes in host agtithroughout the course of the experiment (grag lin
Figure lll. 2, p>0.5).
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Figure lll. 2: Activity of copepods according to treatment, right after a simulated predator attack. Error bars indicate
95% Cl. Bold numbers on the X-axis indicated that a parasite of that age was infective. A: Copepods infected on day 0, B:
Copepods infected on day 7, C: All treatments. Error bars from the treatments already presented in A and B have been
omitted for better readability. C: unexposed control copepods, Sing_t0: copepods singly infected with one parasite on
day 0, Sim_t0: copepods simultaneously infected with two parasites on day 0, Sing_t7: copepods singly infected with
one parasite on day 7, Sim_t7: copepods simultaneously infected with two parasites on day 7, Seq: copepods
sequentially infected with two parasites, one each on day 0 plus day 7.

We found significant differences between the behaviof control copepods (grey line) and copepods
singly infected at either infection time point (dayr day 7, dashed blue and green line, respégctipe0.03)
during expected predation suppression (on day @dpepods infected on day 0 and between day 1Haynd
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13 in the experiment for copepods infected on dayer between day 4 and @st infection). After host
activity had increased again (i.e. once the paragés at least 10 days old), no differences betweatrol
copepods and singly infected copepods were sigmifi¢p>0.2). Hammerschmidt et al. (2009) obsenwtti b
predation suppression before the parasite reactiectivity and predation enhancement after it heached
infectivity. While we can confirm the existencepredation suppression and a switch in host martipal&o
enhance predation, we did not observe actual peedahhancement beyond the level of control copgpod
However, Hammerschmidt et al. (2009) found predatahancement especially when measuring the time
copepods needed to recover from a simulated pred#ttick, and much less with regards to the copgpod
activity, which is what we focused on in this studius, after generally having confirmed previoslihgs

we can test for synergy and conflict over host ipalaition in experimental double infections.

Potential synergy of parasites in simultaneous double infections

We expected that in copepods that harboured twasjias of the same age and hence the same intaeest,
parasites should strengthen each other's manipalaBuch copepods behaved similarly compared tsetho
infected with just one parasite at the same timmtp&opepods infected with two parasites on day O
(continuous blue line in Figure Ill. 2) significéntincreased their activity between day 9 and 18, when
their parasites became infective (p<0.001). In pogs infected with two parasites on day 7 (contirsugreen
line), the onset of manipulation was marked bygaificant decrease in host activity between dayn® &l
(p<0.001), which was followed by a significant iease between day 15 and 19 (p<0.004), i.e. when als
these parasites had reached infectivity. Behawbgppepods singly or simultaneously infected oy tlavas
significantly different from unexposed control cppes during expected predation suppression, ifeveas
day 11 and 15 (p<0.02), but not on any other da@.(@7). Copepods simultaneously infected on dagnded
to be more active than controls on day 15 (p=0.08%)not on any other day (p>0.09).

We found indeed evidence for synergy effects dupmngdation enhancement: simultaneously-infected
copepods had a significantly higher activity thamgly infected copepods from the same infectioretipoint
(copepods infected on day 0, day 15: p=0.049, s, copepods infected on day 7, day 19: p=0.0&&n
lines). These differences were significant onlgrthe parasites had reached infectivity, i.e.riypredation

enhancement, but not before (p>0.6), i.e. durirglation suppression.

The outcome of a conflict between parasites over host manipulation

If one parasite is infective (and hence should eobats host's predation risk) and the other oneois-
infective (and we therefore expect predation suggiom), there is potential for a conflict over thieection of
host manipulation between the two parasites. Wérooed that such a conflict exists by comparing ejopds
singly- or simultaneously infected on day 0 to thasfected with the same number of parasites on7day
Copepods singly infected on day 0 (dashed blug livere significantly more active than copepods Iging
infected on day 7 (dashed green line) from dayol@ay 17 (p<0.03). The same was true for simultagige

infected copepods (continuous blue and green (p).001). We did not observe any significant défeces
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between parasites infected on day O or day 7 viéhseme number of parasites on any other day (p>0.1
These results defined the time interval during Wiparasites that infected the copepod on day 0 alezady
infective and inducing predation enhancement amdsitas that infected the copepod on day 7 and nefre
infective, yet and induced predation suppressindicating the time window of conflict. If parasité®m
either infection time point (day O or day 7) hawmuat equal strength of manipulation, we would exleat
the behaviour of copepods with one infective (@mee parasite that infected the copepod on day® phe
non-infective parasite (i.e. one parasite thatatgfe the copepod on day 7), (dashed red line)tésrivediate
between that of copepods with parasites from only imfection time point (either day O or day 7,eblnd
green lines) during the window of conflict i.e. tashed red line should be between the blue angrden

lines in Figure Ill. 2.

During the period of conflict over host manipulaticcopepods that were sequentially infected wite on
parasite on day O plus one on day 7 (dashed rednifigure Ill. 2) differed significantly only fro copepods
singly- or simultaneously infected on day 7 (gréeas, day 13 to 17: p<0.050). Throughout the expent,
those copepods sequentially infected on day Ogriugay 7 (dashed red line) never differed signifigafrom
copepods singly or simultaneously infected on dglglQe lines) (p>0.4). Thus, the non-infective piathat
infected the copepod on day 7 has no detectabéeteifi sequential infections with an already infext

parasite administered to the copepod on day O.

Consequently, changes over time in the behaviowopgpods sequentially infected on day 0 and day 7
(dashed red line) mostly resembled copepods irdemtdy on day O (blue lines): Copepod activity eesed
from one day to the next when the parasite adneirgdito the copepod on day 0 became infectiveaméxt
host between day 9 and f8st infection (dashed red line, p<0.05). However, unlike in cakponly infected
on day O (blue lines) copepod activity significgnticreased further between day 15 and 17 (p=0.0m%%
later increase occurred at the time when the parasiministered on day 7 should be reaching infiegti
(between day 8 and Jst infection). At this time the conflict between the two patesivanishes and synergy
may begin. This fits well with the fact that patasiin simultaneously-infected copepods enhande @her’s

manipulation once both parasites have reachedtivitgqsee above).

In the most parsimonious mechanistic scenario whetle disagreeing parasites continue to manipasate
if alone, we had expected the outcome of this adnfb be somewhat intermediate. This is not theeca
Rather, the parasite administered on day 0 winzdndlict, making its host behave indistinguishafstym a
host infected only on day O and not on day 7. Tthesinfective parasite that infected the copepodiayn 0

suppresses the manipulation by the non-infectivagite that infected the copepod on day 7.

Equal potential strength of parasites that are at a conflict over host

manipulation

The missing effect of the non-infective parasiteapepods sequentially infected on day 0 plus deguid

be due to a size difference between the infectaragte from day 0 and the non-infective parasamfday 7.
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Parasites administered on day O were always ldngerthose administered on day 7 (supporting resllt2,
Figure 1ll. S3). This could help the infective psita from day O to overpower the non-infective gaeafrom
day 7. Hence, in a separate experiment, we comgamepods sequentially infected with one paragitday

0 plus two on day 7 (continuous red line in Figlike3) to copepods infected only on day 0 (dashke line

in Figure 1ll. 3), only on day 7 (dashed green linéigure Ill. 3) and copepods sequentially inéectvith one
parasite on day O plus one on day 7 (dashed redrlifrigure lll. 3). Copepods sequentially infectgth one
parasite on day O plus two on day 7 (continuouslirex) were never significantly different from cqgmels
sequentially infected with one parasite on day @Wspmine on day 7 (dashed red line, p>0.1). So, auedbi
volumes of two non-infective parasites from dayid dot make a detectable difference to only one-non
infective parasite from day 7 in sequentially-iritgt copepods already infected by a parasite onGday
Additionally, copepods sequentially infected witheoparasite on day 0 plus two on day 7 (continueds
line) never differed significantly from copepodsliyimfected on day 0 (dashed blue line, p>0.3).yrtdal,
however, differ from copepods infected only on dagdashed green line) between day 13 and 17. Tas w
only a trend on day 13 (p=0.056), but significdmgreafter (p<0.01). Thus, one non-infective pagaiim
day 7 alone in a copepod has a stronger effectealian two non-infective parasites from day 7 ifithest

was previously infected by one parasite on daya®ithnow infective.

2

S 0.75

)

S

€ Treatment

)

aQ C

7

o) *' Sing_t0

E 0507 9- .
= ' Sing_t7(
o o .O
c Seq

o

= = Seq2 .(]0
o

a

S 0257

o

Age of the parasite from day O
9 11 13 15 17 19 21
I I I I I I I
2 4 6 8 10 12 14
Age of the parasite from day 7

Figure lll. 3: Activity of copepods according to treatment, right after a simulated predator attack. Error bars indicate
95% Cl. Bold numbers on the X-axis indicated that a parasite of that age was infective. C: unexposed control copepods,
Sing_t0: copepods singly infected with one parasite on day 0, Sing_t7: copepods singly infected with one parasite on
day 7, Seq: copepods sequentially infected with two parasites, one each on day 0 plus day 7, Seq2: copepods
sequentially infected with three parasites, one on day 0 plus two on day 7.

In conclusion, we find no significant effect of tsecond non-infective parasite from day 7 in copspo
sequentially infected on day O plus day 7. The pacasites from day 7 have about the same voluntieeas
one parasite from day 0 (supporting results llIF@ure 1ll. S3). Thus, if a copepod is infectedtiy non-
infective parasites, both together should havestrength to suppress the manipulated activity eftibst to
reduce its predation risk to an intermediate lelmdtead, it is still the single infective one thaihs the

conflict.
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Discussion

A non-infectiveSchistocephalus solidus parasite should prevent its current copepod host being eaten
by the next host, a stickleback fish — it dies wiramsmitted too early, whereas an infective pseashiould
increase its copepod’s predation risk - it contiits life cycle when transmitted. This is whattbathieve
when alone in a copepod (Wedekind and Milinski 19B@&mmerschmidt et al. 2009; Benesh 2010b;
Weinreich et al. 2013). When an infective and a-imbactive S. solidus parasite share the same copepod, they
are at a conflict over the direction of host mafdgion. The infective parasite clearly wins the ftichwhile
the non-infective one seems to have no effect @t Ibehaviour at all. This is true not only when phhedation

risk is high but also after it has returned to nalr(see supporting results Ill. 1).

Why does the non-infective parasite fail to redo@mipulation by the infective one, which is potelhi
disastrous for its fitness? When each parasitelasea the non-infective one has a large effect osth
behaviour while the effect of an infective one wed even measurable in our study. In coinfectidhe,
infective parasite due to its larger volume coulvér an advantage and be able to produce more host
manipulation. We controlled for this by using atem non-infective parasites to allow them to gdiowat the
same volume (and an even larger surface) thanrfeetive parasite. They remained unable to have a
distinguishable effect on host behaviour. This seérbe the case even if 3 non-infective parasitesused
(supporting results Ill. 2, Figure lll. S4). Patasican maximize their fithess by being transmittethe next
host at an optimal time point (Hammerschmidt e2809; Parker et al. 2009c). Additionally, by irtfag the
subsequent stickleback host before the youngenfeating parasite is ready for transmission, tHedtive
parasite can exclude competition in the subseduestt Nevertheless, a parasite transmitted lager diptimal
may still complete its life cycle and reproducecassfully. In contrast, a parasite that is transuahitoo early

will always fail to infect a fish, achieving a fa#as of zero (Hammerschmidt et al. 2009).

Clearly, the non-infective parasite has nothingam from facilitating the transmission of the ictige one
by reducing its own manipulation. In nature it idikely, in our experiment excluded that two pamsirvae
that are independently consumed by a copepod @se &in. Reallocating energy saved from not maatng
to faster development is no better option. BeneéXil@) found no significant correlation between host
manipulation and growth and development of indigidparasites. It is plausible that the infectiveasée
wins the conflict over host manipulation if it acly suppresses the manipulation exerted by theimfentive
one: it would be transmitted at an optimal timenpoiro our knowledge, our findings present thet falear
evidence that one parasite successfully sabothgdsost manipulating of a co-infecting parasiteaursdrictly

experimental conditions.

Any opposition of the non-infective parasite tortgesuppressed will not be favoured by selectiotef
mortality of a copepod already harbouring an intecparasite is so high in nature that the secardgite
will not reach infectivity. A similar scenario witbne side having no fithess gain from opposing gmdp
exploited are the slaves that are stolen as pupatakie maker ants from foreign nests and brougllheir
own nest where the slaves raise the slave makentpieffspring. Usually workers win the conflicttivitheir

gueen over the sex ratio of the next generationgiwis 3:1 in favour of female reproductives insafirivers
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and Hare 1976). Having no fitness in the slave makst anyway, ant slaves do not gain from oppoting
manipulation by the slave maker queen, thus a rutanld not pass on any genes, they produce aekl s

ratio completely in line with the slave maker queenterests (Nonacs 1986).

If two parasites sharing a host have the sameesifgreither predation suppression or enhanceeifi,
may profit from amplifying each other's manipulatiand/or sharing potential costs. We find thatrdfteth
parasites reached infectivity they increased hastity more than a single one does. This agreds findings
of an observational study (Urdal et al. 1995). Waad and Milinski (1996) found a positive corretati
between the activity of both infected and uninfdatepepods and predation susceptibility. Thus dalitianal
increase in host activity through manipulation wblgad to predation enhancement. Two non-infective
parasites did, however, not amplify each other'simaation in the present study, nor in a prioretsational
study (Urdal et al. 1995). Has the parasite annwgdtievel of manipulation it attempts to reach oes any
increase in manipulation convey a fithess bendfitid might well differ before and after reachindeictivity.
During predation suppression, decreasing hostigctelow a certain level might be disadvantagefoughe
parasite. It might prevent its host from consumampugh energy to allow the parasite to ever reach
infectivity, especially when two parasites completeenergy. TwdS. solidus that share a copepod host grow
to a smaller size (Michaud et al. 2006). Accordmgihe number of non-infective parasites has noifstgnt
effect on predation susceptibility of copepods dtde with non-infectives. solidus (Weinreich et al. 2013).

However, non-infective parasites may share thenpielecost of manipulation.

For a parasite to evolve to either cooperate wittorspecific or to sabotage its manipulation, delec
pressures have to be high enough. They will defsgély on the likelihood for a parasite to enceursiich a
conspecific (Rigaud and Haine 2005). Despite a l@myprevalence ofchistocephalus solidus in its copepod
host, double infections do occur, albeit rarelyrndar et al. 1994). This seems to be a generalrpédfbe
cestode-copepod systems (e.g. Zander et al. 19%terfRak et al. 1995; Hanzelova and Gerdeaux 2003).
Despite those usually low infection rates, thersosie evidence th& solidus has evolved strategies to deal
with the presence of conspecifics in its copepodt lio addition to the present study (Wedekind 1997;
Michaud et al. 2006). In both, the second intermediish host (Arme and Owen 1967; Heins et al22@nd
the definite bird host (e.g. Chubb et al. 1995)yMeigh infection intensities can occur. It wouldritce be
plausible thatS. solidus prevalence in copepods is strongly increased ligcalg. underneath roosting trees
were highly infected birds defecate (Michaud et28i06). The frequency of coinfections typically redates

positively with parasite prevalence (Louhi et &13).

Naturally, the results of our study raise questiabsut the underlying mechanisms. A parsimonious
mechanistic explanation would require active malaien only for one type of manipulation (i.e. patidn
suppression or predation enhancement) and/or tlitehsim host manipulation. Predation suppressicm vi
decreased activity prior to reaching infectivityutbbe a stress response to infection (e.g. PAi9igb, 2010;
Thomas et al. 2005; Moore 2013). However, doubtegss by two non-infective parasites had no aduidio
effect. Moreover, such a stress response would tabe switched off precisely when the parasiteobrezs
infective. The subsequent predation enhancemest (hcreased activity) would not require actual

manipulation. It could be due to increased enemgyndinevitably caused by growing parasite(s) (Miki
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1990). Animals optimally trade off feeding and aling predation, shifting the compromise to the kigheed
(Milinski and Heller 1978). Higher energy drain vidlead to accepting higher predation risk. Natyrahis
effect of energy drain would also be caused by infective parasites and needs to be suppressed or
counterbalanced. Sabotage by the infective para$itte non-infective one’s manipulation could bend

with the same mechanism with which the infectiveapie switches from predation suppression to pi@ua
enhancement. This hypothesis implies changing antwe to a pheromone and probably producing the
substance in higher quantity. Further studies @& thechanisms underlying host manipulation will be

necessary in order to understand how one parasitages to sabotage another parasite’s manipulation.

One very common mechanism of host manipulation setenbe the modification of neuromodulatory
systems which are closely linked to the immune esystvith which parasites have to cope in any case.
Accordingly, parasites could exploit this link imder to manipulate host behaviour (Adamo 2002; wyell
2013; Lafferty and Shaw 2013). Especially in sedjaénoinfections, any effect of the first parasiteuld be
likely to affect the interaction of the second Eawith the immune system. The initial establisinseems
to be the crucial part of host-parasite interagionS. solidus infections in copepods (van der Veen et al.
2002). Prior infection with a closely relat&solidus reduces susceptibility to a second parasite (Kamtt
Franz 2003), but during simultaneous infections, thances for a single parasite to establish inergath
increasing number of parasites administered (Wedeki997). Parasites can be lost for a few days afte
infections, but this seems to be due to intrinsartality rather than the host's immune system ahinihost
competition (van der Veen et al. 2002). Unfortulyatee do not know if host manipulation 8 solidus in its

copepod host is in any way linked to the parasitd&raction with the host's immune system.

Parasites agreeing or disagreeing over whetherhamd their shared host should be manipulated are
expected to be ubiquitous in nature. Even humaactidus diseases manipulate their host, e.g. human
toxoplasmosis with a worldwide prevalence of at&0% is supposed to permanently manipulate the liehav
of infected people (Flegr 2013). Its manipulati@uld be altered by co-infecting parasites (de (uze#t al.
2013). Our paper presents a proof of principal thae parasite can impact and even neutralize the

manipulation by another parasite.
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Chapter 1V

Inter- and intraspecific conflict over host
manipulation

Submitted as: Hafer, N., and M. Milinski. Inter-caimtraspecific conflict over host

manipulation.

Abstract

Host manipulation is a common strategy by whichapigd¢s alter host behavior to enhance their own
fithess. In nature, hosts are usually infected hytiple parasites. This can result in a conflicepwost
manipulation. Studies of such a conflict in expenally infected hosts are rare. The cestadhstocephalus
solidus and the nematod€amallanus lacustris use copepods as their first intermediate hosty Treed to
grow for some time inside this host before theyiafective and ready to be trophically transmittedtheir
subsequent fish host. Accordingly, not yet infeetparasites manipulate to suppress predation.tivdeanes
manipulate to enhance predation. We experimeniafigcted lab-bred copepods in a manner that rabidte
copepods harboring (1) an infecti@ lacustris plus a not yet infectiv€. Lacustris or S. solidus or (2) an
infective S solidus plus a not yet infectiv€. lacustris. An infective C. lacustris completely sabotaged host
manipulation by any not yet infective parasite. iAfective S. solidus partially reduced host manipulation by a
not yet infectiveC. lacustris. We hence show experimentally that a parasiterednce or even sabotage host

manipulation exerted by a parasite from a diffesgrdcies.

Introduction

Many parasites possess the ability to modify thest's behavior or appearance to their needs. 8ash
manipulation has been reported from a large numbkeost-parasite systems (reviewed by Holmes artidBe
1972; Poulin and Thomas 1999; Moore 2002, 2013;liPd2010) and can have far reaching ecological
consequences (Thomas et al. 1998b, 1999, 2005yrecét al. 2009b; Lafferty and Kuris 2012). In cdexp
life cycle parasites many of the most prominentngas of host manipulation comprise of cases inctwhi
parasites enhance the likelihood that their cutest is consumed by a suitable subsequent hast\red by
Holmes and Bethel 1972; Poulin and Thomas 1999; rsld002, 2013; Poulin 2010). Normally, these
changes do not occur before the parasite is readyrénsmission. Premature predation would be .fatal
Accordingly, parasites have developed the abititiotver their current’s host predation risk priottecoming
infective to the next host (Hammerschmidt et aD@20Thomas et al. 2010; Dianne et al. 2011; Wedhreit

al. 2013). Most studies of host manipulation, intipalar under experimental conditions, focus orstbho
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infected with a single parasite species or eveniodi@idual. This does not reflect nature wheretsamgle
infections are extreme exceptions (e.g. Petney Amdtews 1998; Kalbe et al. 2002). Most parasites do
encounter several co-infecting parasites, potdytialcluding other manipulating parasites. Even ann
manipulating parasite might have an interest inhist's behavior and might disagree with a co-itifec
parasite’s manipulation. This can result in a dohfiver host manipulation which is likely to alteow hosts
are manipulated (Rigaud and Haine 2005; Koellal.e2@G06; Thomas et al. 2010, 2011; Mauck et al.2201
Syller 2012; Cézilly et al. 2014). Neverthelesslydew studies have explicitly investigated anyflict over
host manipulation (Cézilly et al. 2000; ThomasleRf@02a; Sparkes et al. 2004; Haine et al. 200anie et
al. 2010; Hafer and Milinski 2015) and even fewawdr used experimental infections (Thomas et al2200
Dianne et al. 2010; Hafer and Milinski 2015). Thlishowever, crucial to determine any causal retesip
(Milinski 1997).

Correlational evidence suggests that in co-infestim which there is potential for an interspecifnflict
over host manipulation, both parasites can affest lhehavior (Cézilly et al. 2000; Thomas et al024)
Haine et al. 2005). Thomas et al. (2002a) found hloats naturally infected with nematodes and ttedes
are less manipulated than those exclusively infebiethe trematodes. Cure and reinfection, howedaded
to induce this effect (Thomas et al. 2002a). Otsterdies using experimentally infected hosts havenbe
restricted to an intraspecific conflict betweenettfve and not yet-infective parasite stages (Déaah al.
2010; Hafer and Milinski 2015). Hence, to our knedde no evidence from experimentally infected hosts
exists that one parasite can affect host manimulably a non-conspecific parasite. Such evidenceekiew
will be crucial to determine cause and effect ffadences in behavior are found between hosts hiagpo
different multi-species assemblages of parasiteén@ki 1997). In a conflict between different déwgmental
stages of the same species, studies on both raty&parkes et al. 2004; Dianne et al. 2010) and
experimentally (Dianne et al. 2010; Hafer and Mikhn2015) infected hosts found that the infectiegsite
always had the stronger effect up to complete sagoof the effect of the not yet infective paragitafer and
Milinski 2015). This raises the question whethersuch a conflict, the infective parasite might évan a
priority advantage and thus be generally able terfere with the manipulation of a not yet infeetiv
conspecific parasite. And, if so, would it be tlese also in a conflict between two parasites fraffierént
species? They might use different mechanisms topukate making interference more difficult. Howeyver
parasites would benefit from altering their hosaimanner that hinders manipulation by any disaggeeo-

infecting parasite.

In this study we use two phylogenetically distipetrasites that use cyclopoid copepods as their firs
intermediate hosts and fish as second intermetiadés to investigate intra- and interspecific cotdlover
host manipulation under strictly experimental cdinds. The cestod&chistocephalus solidus has a three host
life cycle with copepods as first and three-spisticklebacks Gasterosteus aculeatus) as second intermediate
hosts and piscivorous birds as definitive hostsuf¢d 1954; Dubinina 1980). Copepods infectedbsplidus
have decreased activity (Hammerschmidt et al. 28@2esh 2010b; Hafer and Milinski 2015) and prexhati
susceptibility (Weinreich et al. 2013) until thergsite reaches infectivity. Once infectiv&, solidus can
increase host activity (Urdal et al. 1995; Wedekam Milinski 1996; Hammerschmidt et al. 2009) and
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predation susceptibility (Wedekind and Milinski B)9The nematod€amallanus lacustris uses perchRerca
fluviatilis) as its definitive host. Other fish, including ekrspined sticklebacks, can act as paratenic hosts
(Moravec 1994). Not yet infectiv€. lacustris reduce the predation susceptibility of their camkhost
(Weinreich et al. 2013). Behavior that might bepmsible for this change such as activity has re@nb
measured directly i€. lacustris infected hosts. We expect a similar pattern ofepogl activity as induced by

S. solidus with an initial phase of decreased activity foledvby increased activity. Accordingly, we do not
expect an interspecific conflict over host manipiola betweenS. solidus and C. lacustris of the same
developmental stage but parasites of differentestapould disagree when the two parasite speciesao.
Here we study the outcome of an intra- and intexifipeconflict over host manipulation. If any suchnflict
occurs we find that the infective parasite perfobratter overall and can sabotage manipulation eyntit yet

infective one, however, the two parasite specifferdn the strength with which they sabotage malafon.

Material and Methods

Hosts

We used lab-bred copepodsidcrocyclops albidus) from a stock originating from the “Neustaedter
Binnenwasser”, Northern Germany. We used adult mafepods to reduce variation between hosts. On the
day prior to the first infection, 936 (experimehtor 768 (experiment Il) copepods were filterednirtheir
tank and transferred each to an individual wellao24-well cell culture plate in about 1 mL of water
Copepods were kept at 18°C in a 16h/8h light/daiitec We checked for the presence of dead copepods,
cleaned wells when necessary and fed the copepithisive Artemia sp. nautili every other day (i.e. the day
when no behavioral recordings took place, i.€3,5, 8, 10, 12, 14, 16, 18, 20).

Parasites

Camallanus lacustris was dissected from perch guts obtained from d lslgery and originated from the
Grosse Ploner See, Northern Germany. To obtairidyfemnales, we cut open the blind sacks of perchets.
Females were cleaned, placed in 0.64% Natrium isaldnd stored in the fridge (4°C) until use. Gdavi
females harbor live larvae that are ready to infasptepods (Moravec 1994). To obtain these larvae, w
opened up the females with dissection needles mtpiine larvae to escape. Larvae were stored invetpr
in the fridge overnight prior to copepod infectiods total of 40 (first infection, experiment 1), 3B8econd

infection, experiment | and experiment Il) femaless used and their offspring mixed.

To obtainSchistocephalus solidus, matureS. solidus were dissected from fish caught at the “Neustadter
Binnenwasser”, Northern Germany. They were breditio in the laboratory (Smyth 1946) and eggs were
stored in the fridge (4°C) until use. Prior to espe the eggs were incubated for three weeks 4C2énd
exposed to light over night to induce hatching (Duta 1980).Schistocephalus solidus stemmed from 2

(experiment I) or 4 (experiment 1) families, whialere equally distributed between all treatments.
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Infections

Infections consisted of adding either one coraaid{8. solidus) or one L1-larva. lacustris) to the well
containing the copepod. This took place at twoedéht time points, 7 days apart, i.e. on day O@nday 7.
We conducted two experiments. In experiment | weestigated either an intraspecific conflict between
infective C. lacustris and a not yet infective conspecific or an intecsfie conflict between an infective.
lacustris and a not yet infectiv8. solidus. Copepods were exposed@olacustris on day 0 and. solidus or
C. lacustrison day 7. Including the necessary controls we obthkix different treatments (Figure 1IV. 1 a-c;
e-g): (@) not infected by any parasite (Contrdd),lafected byC. lacustris on day 0 (CAM), (c) infected bg.
lacustris on day 7 (cam), (e) infected ®ysolidus on day 7 (sch), (f) infected . lacustris on day O plu<.
lacustris on day 7 (CAM-cam), (g) infected Y. lacustris on day O plusS. solidus on day 7 (CAM-sch) . In
experiment Il we investigated the potential comfbietween an infectiv8. solidus and a not yet infective.
lacustris. Hence we used four different treatments (FigMel a, c, d, h): (a) not infected by any parasite
(Contral), (c) infected byC. lacustris on day 7 (cam), (d) Infected & solidus on day 0 (SCH), and (h)
infected byS. solidus on day O plu<C. lacustris on day 7 (SCH-cam). For each experiment, copefrods

each treatment were spread evenly over all platégistributed randomly.

a) b) c) d) e) N 9) o o
uninfected controls C. lacustris infection C. Jacustris infection S. solidus infection S. solidus infection O:al:c%sr:/jslrgﬁc;:m7 Ca;acgsﬁ Ss'gfe;;'l?;ug" :a s%hdll:l sslz'e;(;:ﬂ;
(Control) on day 0 (CAM) on day 7 (cam) on day 0 (SCH) on day 7 (sch) yop Y ay 3 plus S. Yy pus ©.
(CAM-cam) infection on day 7 infection on day 7
(CAM-sch) (SCH-cam)
oT (Vo * (Vo (Vo *
2
g
hea
STt
E
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!
—~ = -
) ) v
- L~
' Intraspecific conflict ific conflict ific conflict

Figure IV. 1: Overview over treatments and timing of infections. Copepods were exposed to S. solidus, C. lacustris or
no parasite at two different time points, day 0 and day 7. This resulted in 6 different treatments for experiment |
(Control (a), CAM (b), cam (c), sch (e), CAM-sch (f), CAM-cam (g)) and 4 different treatments for experiment Il (Control
(a), cam (c), SCH (d), SCH-cam (h)).

At the end of the experiment we checked whethenfattion had occurred by placing copepods under a
microscope. Since copepods are translucent, pasasiithin the copepod can be seen that way. We only
checked for infection after all behavioral actie#i have been recorded to avoid stress that cowd ha

influenced copepod behavior.

Recording of behavior & analysis

Copepod behavior was recorded by placing a plate eapepods on an apparatus that dropped it bytabou
3mm (Hammerschmidt et al. 2009). This simulatesiled predator attack after which the copepod ghoul
perceive an enhanced predation risk since the fmedaght still be around. This simulated predadtiack
was initiated after the plate had been on the apsifor 1 minute (Hammerschmidt et al. 2009; Hafzd
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Milinski 2015). We used a Panasonic Super DynamieBR650 camera (Panasonic Corporation, Osaka,

Japan) to record copepod behaviour for 15 minutes the simulated predator attack.

We analyzed behavior only of copepods that werectefl by all parasites they have been exposed to.
Copepods that died within 1 day after the last bighal recordings, i.e. prior to day 22 in the esipent are
excluded from the analysis. If more than 40 copspeedre available for one treatment, we randomlgctet
40 subjects for analysis. This resulted in 240 pops in experiment | (40 in each treatment) and 150
copepods in experiment Il (C: 40, SCH: 30, cam:30H-cam: 40). Using the manual tracker plugimiage
J (Rasband 2008), we recorded the position of egepgpod every two seconds for one minute stadtthg
seconds after the simulated predator attack toaudehe initial reaction and for one minute at émel of the
recording (between 14 and 15 minutes after the Isitetl predator attack). This was done blindly wébard
to treatment. We assume that copepods should lemeovered from the simulated predator attack afer 1
minutes. From the position data we calculated wdretin not a copepod had moved within each ‘two iséco
interval’ (Hafer and Milinski 2015). We also detened the latency for each copepod to resume maoafiey
the simulated predator attack. If copepods did move within 15 minutes, we assumed latency to be 15
minutes. This occurred only in 14 out of 2716 bétia recordings.

Statistical analysis

To investigate the effect @&. lacustris andS. solidus on host behavior, we used generalized linear mixed
models in the Ime4 package (Bates et al. 2014) i(RRDevelopment Core Team 2010). To account for
variation between individual copepods over timeim@uded copepod identity and the day in the expeni
(i.e. after the first infection on day 0) as randeffects. To analyse copepod activity (i.e. whethienot a
copepod moved within each two second interval) dditeonally included the time point in the recordii.e.
after the simulated predator attack or after avegoperiod) in the random effect. We fitted twarate
models, one with activity as response variable gudimomial distribution, the other one with the log
transformed latency to resume moving as responsabl@ We included the day and the time pointigeof
effect. We stepwise added treatment and all ieraations with day and time point. We comparedntioelels
using likelihood ratio tests. We accepted a modehaving a better fit than a less complicated dnié i
explains the data significantly better. We fittexbarate models for experiment | and Il since thaytained
different treatments. Please refer to Tables IV.a8#8l IV. S2 in the supplementary information foe th

complete output of the models.

Since we found significant interactions betweemttreent, day, and time point (Table IV. S1, Table IV
S2) we conducted post hoc tests. We used Tukey tisgtg general linear hypotheses within the muaifzo
package in R (Hothorn et al. 2008). We used sepgvast hoc tests for each treatment and time point
determine when significant changes occurred betweasecutive days. Additionally, we used separast p
hoc tests for each day and time point to investighfferences between treatments. In the resutisosewe
only report the most relevant statistics to faaiéitreadability. See Tables IV. S3 - IV. S6 insbpplementary

information for all other statistics.
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Results

Host manipulation by Camallanus lacustris

We expect that prior to reaching infectivi@. lacustris will suppress its host's predation risk (i.e. by
reducing its activity and increasing its latencydeume moving after a simulated predator attaekabse too
early predation would be fatal for the parasiterkPaet al. 2009c)Camallanus lacustris that had infected
their host on day 7 (called ‘cam’, see Figure IY.chaused a drop in host activity during consecutiggs:
between day 9 and 13, i.e. 2 tadéys post infection (p<0.001, Tables IV. S3, IV. S4, Figure IV. 2 3, b
Following these changes in host behavior over iimeam-copepods, cam - copepods were significdesy
active than uninfected copepods between day 9 @ndel 4 to 1@ays post infection (p<0.02, Tables IV. S5,
IV. S6, Figure IV. 2 a, b). Before cam reachedadtifaty, latency was significantly higher in cantepepods
than in uninfected ones. This was clearest from Hhyo day 15, i.e. 2 to 8ays post infection (p<0.001,
Table IV. S5). Copepods that had been infected ayn @ (called ‘CAM’) were also less active and had a
longer latency than uninfected control copepodslayn 9, i.e. Adays post infection, i.e. before their parasite
reached infectivity (p<0.001, Table IV. S5, Figliye 2). Thus, we can confirm that copepods infedigdot
yet infectiveC. lacustris had a reduced activity and increased latencyylik@lresult in reduced predation and

hence termed predation suppression (see Parker2€08c).

OnceC. lacustris has reached infectivity to the next host, it sdoswitch from predation suppression to
predation enhancement (see Parker et al. 2009chwghiould be detectable by an increase in copegtodty
and a decrease in latency. Indeed, in cam-copegaitlsty increased significantly between conseaitlays
as the parasite reached infectivity (day 15 toi9,8 to 12days post infection, p<0.001, Tables IV. S3, IV.
S4, Figure 1IV. 2 a, b). In CAM-copepods activitycieased around the same time post infection aarm c
between day 9 and 13, i.e. 9 anddHys post infection (p<0.02, Tables S3, S4, Figure IV. 2 a, b). As th
parasite became infective (i.e. between 8 andddys post infection), latency decreased in both cam -
copepods (day 15 to 17 Tables IV. S3, IV. S4, Fediut. 2 ¢) and CAM — copepods (day 9 to 11, p<0,®R,
Figure IV. 2 c¢). These changes mostly resultedlightly higher activity and shorter latency tharosle of
control copepods (Figure IV. 2), although theséed&nces were only partly significant (Tables I\B, $V.
S6). In conclusion, we found increased activityemtitilly indicative of predation enhancement (saekér et

al. 2009c) albeit it was much less pronounced pwantial predation suppression.
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a) After the simulated predator attack b) After a recovery period
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Figure IV. 2: Host manipulation by C. lacustris. Error bars indicate 95% Cl. a: Activity (proportion of time spent moving)
within one minute after a simulated predator attack, b: Activity during one minute after a recovery period, c: Latency to
resume moving after a simulated predator attack. Bold letters on the x-axis indicate that a parasite of this age was
infective. N: 40 per treatment. Treatments: Control: uninfected control copepods (Figure IV. 1 a), CAM: copepods
infected with C. lacustris on day 0 (Figure IV. 1 b), cam: copepods infected with C. lacustris on day 7 (Figure IV. 1 c).
Please note that to plot control lines for experiment |, each control copepod was used twice by assigning it the days
post infection of CAM and cam during the appropriate behavioral test.

Intraspecific conflict between two Camallanus lacustris parasites

If two parasites manipulate differently, there stgmtial for a conflict over host manipulation beem
them. To investigate this potential conflict betwedifferent developmental stages ©f lacustris, we used
copepods infected witke. lacustris on day 0 (CAM, Figure IV. 1 b) or day 7 (cam, FiguV. 1 c) and
copepods infected witl. lacustris on day O plus on day 7 (called ‘CAM-cam’, Figuké L f). To establish
when such a conflict would occur we compared CAdbpepods to cam - copepods. From day 11 to day 17,
i.e. when CAM was already infective but cam was yeit CAM — copepods were significantly more active
and resumed moving sooner than cam - copepodsO@#&QTable IV. S5, Figure IV. 3). Hence, duringsthi
time we could expect a conflict between two suchagiges if they infected the same host. CAM-cam -

copepods were significantly more active and resumeding sooner than cam - copepods from day 1hyo d
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15 (p<0.001, Table IV. S5, Figure IV. 3). Duringsthime, the behavior of CAM - copepods did nofetif
significantly from that of CAM-cam - copepods (p66, Table IV. S5, Figure IV. 3). Thus the not-yet
infective parasite (cam) had no observable effebherwtogether with an infective parasite (CAM). In
accordance with this finding, CAM - copepods inseghtheir activity and decreased their latency beiw
day 9 and 11 (p<0.001, Table IV. S3, Figure IV.-3as CAM reached infectivity. No further signifitan
increases occurred after day 15, when cam showle teached infectivity and hence caused a switdtost

behavior (see above). We hence found that thiagpcific conflict was clearly won by the infectparasite.

a) After the simulated predator attack b) After a recovery period
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Figure IV. 3: Intraspecific conflict within Camallanus lacustris. Error bars indicate 95% Cl. a: Activity (proportion of time
spent moving) within one minute after a simulated predator attack, b: Activity during one minute after a recovery
period, c: Latency to resume moving after a simulated predator attack. The upper labels on the x-axis indicate the age of
C. lacustris from day 0, the lower labels indicate the age of C. lacustris from day 7. Bold letters on the x-axis indicate that
a parasite of this age was infective. The colored area indicates when a conflict over host manipulation should occur. N:
40 per treatment. Treatments: Control: uninfected control copepods (Figure IV. 1 a), CAM: copepods infected with C.
lacustris on day 0 (Figure IV. 1 b), cam: copepods infected with C. lacustris on day 7 (Figure IV. 1 c), CAM-cam: copepods
infected with one C. lacustris on day 0 plus one on day 7 (Figure IV. 1 f).
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Interspecific conflict between an infective Camallanus lacustris parasite

and a not yet infective Schistocephalus solidus parasite

To investigate a potential interspecific confliettlveen an infectiv€. lacustris and a not yet infectivé
solidus, we used copepods infected wiEhlacustris on day 0 (CAM, Figure 1V. 1 b), copepods infecteith
S solidus on day 7 (sch, Figure IV. 1 e) and copepods iefketith C. lacustris on day O plusS. solidus on
day 7 (called ‘CAM-sch’, Figure IV. 1 g). Again, arder to establish the time window during whiatoaflict
over host manipulation may occur, we first compaiez behavior of CAM - copepods to sch — copepods.
During day 13 and 15 CAM - copepods were signififamore active and resumed moving sooner than sch
copepods (p<0.02, Table IV. S5, Figure IV. 4). Dgrthis time CAM was infective and sch was notaso
conflict should have existed between them if thefedted the same host. CAM-sch - copepods behaved
significantly different from sch — copepods on dag and 15 (p<0.006, Table IV. S5) but seemed
undistinguishable from CAM — copepods during tliiset (p>0.8, Table IV. S5) (Figure IV. 4). Also ki
CAM - copepods, CAM-sch — copepods increased #ivity and decreased their latency as CAM reached
infectivity between day 9 and day 11(p<0.001, TdmeS3, Figure IV. 4). Again, the infective parasiin

this case CAM seemed to win the conflict over lmahipulation.
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Figure IV. 4: Interspecific conflict between an infective Camallanus lacustris and a not yet infective Schistocephalus
solidus. Error bars indicate 95% CI. A: Activity (proportion of time spent moving) within one minute after a simulated
predator attack, B: Activity during one minute after a recovery period, C: Latency to resume moving after a simulated
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predator attack. Bold letters on the x-axis indicate that a parasite of this age was infective. The colored area indicates
when a conflict over host manipulation should occur. N: 40 per treatment, Control: uninfected control copepods (Figure
IV. 1 a), CAM: copepods infected with C. lacustris on day O (Figure IV. 1 b), sch: copepods infected with S. solidus on day
7 (Figure IV. 1 e), CAM-sch: copepods infected with one C. lacustris on day O plus one S. solidus on day 7 (Figure IV. 1 f).

Interspecific conflict between an infective Schistocephalus solidus

parasite and a not yet-infective Camallanus lacustris parasite

To study a conflict over host manipulation betwean infectiveS solidus and a not yet infectivE.
lacustris, we used copepods infected wihsolidus on day 0 (SCH, Figure IV. 1 d), copepods infecisith
C. lacustrison day 7 (cam, Figure IV. 1 c¢) and copepods iefetith S, solidus on day 0 plu€. lacustris on
day 7 (called ‘SCH-cam’, Figure 1V. 1 h). We testedthe existence and timing of this conflict byngparing
SCH - copepods to cam - copepods. SCH - copepots significantly more active than cam-copepods and
resumed moving sooner between day 11 and 15,li.and 15 % solidus) and 4 and 8Q. lacustris) days post
infection (p<0.001, Table IV. S6, Figure IV. 5). Hence aftionseemed to exist between day 11 and day 15.
However, day 11 should be considered with cautiocesa significant increase in host activity in SCH
occurred only between day 11 and 13 (Table IV. $4)s increase is likely to coincide with wh&nsolidus

became infective and hence should increase itsshmretdation susceptibility, i.e. from day 13 ondsr

The behavior of SCH-cam - copepods in which a dctnflver host manipulation occurred is somewhat
intermediate between that of SCH — and cam — capepo day 13 and 15 (i.e. during the time when we
expected a conflict). They were more active tham exopepodsafter a simulated predator attack (p<0.001,
Table IV. S6, Figure IV. 5 a), but not after a reexy period (p>0.8, Table IV. S6), but always lastive than
SCH - copepods (p<0.001, Figure IV. 5 a, b, TaMe 3$6). Likewise, SCH-cam copepods had a shorter
latency than cam - copepods (p<0.02, Figure IV, Bable IV. S6), but a longer latency than SCH pepmds
(p<0.002, Figure IV. 5 c, Table IV. S6). The belwmwof SCH — cam copepods is intermediate betweainath
cam - and SCH — copepods. A conflict between SGiHcam seemed to result in a compromise when it came

to host manipulation.
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Figure IV. 5: Interspecific conflict between an infective Schistocephalus solidus and a not yet infective Camallanus
lacustris. Error bars indicate 95% Cl. A: Activity (proportion of time spent moving) within one minute after a simulated
predator attack, B: Activity during one minute after a recovery period, C: Latency to resume moving after a simulated
predator attack. Bold letters on the x-axis indicate that a parasite of this age was infective. The colored area indicates
when a conflict over host manipulation should occur. N: Control: 40, SCH: 30, cam: 40, SCH-cam: 40. Treatments:
Control: uninfected control copepods (Figure IV. 1 a), cam: copepods infected with C. lacustris on day 7 (Figure IV. 1 c),
SCH: copepods infected with S. solidus on day 0 (Figure IV. 1 d), SCH-cam: copepods infected with one S. solidus on day
0 plus one C. lacustris on day 7 (Figure IV. 1 h).

Discussion

The nematodeCamallanus lacustris initially decreases its copepod host's activity before ichrea
infectivity. Thereafter it increases host activéipeit slightly. This follows a pattern previougbyedicted
(Parker et al. 2009c) and shown in other systerogl{ et al. 2002; Hammerschmidt et al. 2009; Déaenal.
2011; Hafer and Milinski 2015). The manipulation KBy lacustris is similar to that of the cestode
Schistocephalus solidus in the same copepod host (Hammerschmidt et ab;288fer and Milinski 2015), but
more pronounced than that &fsolidus. Nevertheless, host manipulation Gylacustris andS. solidus results
in a similar reduction of predation susceptibi(y/einreich et al. 2013). Different complex life éyparasites
that exploit the same trophic link also adopt cogeat life history strategies (Benesh et al. 20&aygesting

that their host manipulation should also causelairhiost behavior.
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In any study to date that investigated an intraifipeconflict between different parasite stagese th
infective parasite seems to win (Sparkes et al42D@anne et al. 2010; Hafer and Milinski 2015)isTkeems
to be the case even when the not yet infectivesfiarananipulates strongly when alone (Hafer andrigkii
2015). We cannot rule out th&t lacustris or S. solidus also affect host behaviors other than activity and
latency to recover after a simulated predator kftesith a modulating effect on what we measure. Ewsv,
activity of copepods is a predictor of predatioscaptibility to sticklebacks (Wedekind and Milinsk996).
Hence we expect that the changes in activity wemes should result in changes in predation susiyt
At least with regards to changes in host activityl &atency, it seems that being the first to infebbst allows
the infective parasite to become superior. Thissgmés a puzzle. If the not yet infective parasibesd
manipulate when alone, it has nothing to gain fomasing to do so in the presence of an infectinspecific
(Hafer and Milinski 2015). IrC. lacustris a not yet infective parasite is faced with the sgrablem. Any
premature predation would be fatal. Accordinglyod yet infectiveC. lacustris strongly reduces host activity
when alone. Yet, if it shares its host with an atifee conspecific, it has no detectable manipufatdfect.
Competition should not impair the not yet infectiparasite’s ability to such an extent that it canno
manipulate any more: Up to thr€ lacustris can grow to normal size in male copepods withoatdéased
mortality (Benesh 2011).

In an interspecific conflict betwedn lacustris andS. solidus, C. lacustris is always doing better. It is also
the stronger manipulator. If there is a confliceohost manipulation between an infectvelacustris and a
not yet infectiveS. solidus, the infectiveC. lacustris, just as in an intraspecific conflict, seems tonptetely
sabotage any host manipulation®yolidus. A conflict between an infectiv@ solidus and a not yet infective
C. lacustris results, however, in a compromise. Thus, a notinfettive C. lacustris resists sabotage of its
manipulation to some extent. Overall, in both catbes infective parasite performs better in intecHpe
conflicts. Camallanus lacustris completely dominates host behavior when infedbisremanages to settle for a
compromise when not yet infective. An infectiesolidus only partly increases host activity when sharing

with a not yet infectiveC. lacustris, while the not yet infectiv8. solidus seems to have no effect at all.

Are infective parasites able to manipulate morengfly? They are bigger. Thus, if for instance they
manipulate by secreting some substance, they waolatbbly be able to produce larger quantities. \Wendt
test the effect of parasite number, however, inmraspecific conflict withinS, solidus, multiple not yet
infective S. solidus were as unable as a single one to prevent theteggb@f their manipulation by one
infective conspecific (Hafer and Milinski 2015). deems thus unlikely that the better performancéhef
infective parasite is due to its size. The mechmsifo manipulate and to sabotage manipulation teded
studied in two steps. (i) The mechanism of hostimdation when the parasite is alone in its host $tédl two
steps, to suppress activity before it is infectivéhe next host and to increase activity therealiteS. solidus
it is most likely (Hafer and Milinski 2015) that ckeasing activity is active manipulation, whereagéasing
activity is likely to result from the parasite’sewitably draining energy and thus changing the’bastde-off
between avoiding predation and feeding towardsifigetMilinski and Heller 1978). This behavioral clye
would hence be a side effect of the parasite’sggnase (Milinski 1990) that achieves exactly whetivee

manipulation would need to do. However, when theagite becomes infective its prior active manigafat
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has to be switched off. Cestodes frequently usebnes and energy drain for host manipulation (kaffand
Shaw 2013). (ii) If the infective parasite has a-fective competitor, the active manipulationtoé latter
parasite is likely to be switched off by the samechanism of the infective parasite that switchést®fown

active manipulation — for example a hormone mighekcreted as a pheromone (Hafer and Milinski 2015)

In the present study we find a similar situatiorCidacustris, when it is alone in its host and when it shares
it with a conspecific. Very similar mechanisms asSi solidus can be assumed as the most parsimonious
explanation. It has previously been shown that elistantly related parasites seem sometimes tthesgame
proximate mechanism to manipulate their hosts @ort al. 2006). In interspecific interactions tiesult
again looks similar to intraspecific interactiohgtinfective parasite sabotages the manipulatiothefon-
infective other parasite, completely, wh€nlacustris is the infective parasite, however, only partly wit
solidus is the infective parasite. Here is a differencevieen the two parasite species, which is consistéht
our finding thatC. lacustrisis the stronger manipulator. We neither need &iylate that an infective parasite
has evolved a specific mechanism to dominate ayebtinfective conspecific, it actively stops its ow
manipulation, and as a side effect that of the pecific, nor do we need to postulate an evolvedhaeism
for dominating a not yet infective non-conspecif@bviously bothS. solidus and C. lacustris use a very
similar mode of active manipulation to decreaset hastivity, which then can be sabotaged also
interspecifically. This seems to be the most pawsious explanation of our complete dataset. Acowlgi it
iS not important that both intraspecific and inpeific competition between an infective and a wpet
infective parasite had occurred often enough sa #pecific mechanisms could evolve. The necessary
mechanism had already been evolved for switchinghfdecreasing to increasing the host’s activitghia
optimal time window (Parker et al. 2009c). While #ffectiveness of this switch against co-infecfiagasites
could have originated as a side-effect, it nevéeizepresents an evolutionary advantage for thective

parasite preventing unsuitable manipulation ofttbst by other co-infecting parasites.

Once a host is infected by a parasite, this infe@ed potentially manipulated host will present an
environment different from a healthy host (Thomasle1998c; Poulin and Thomas 1999; Lefévre et al.
2009b). Here we show for the first time using expental infections that a parasite can influencd an
even completely sabotage host manipulation by agigr from a different species. This presents afpro
of principle to be followed by studies with othearpsites. Host manipulation can have important
ecological consequences (Thomas et al. 1998b, T9%; Lefévre et al. 2009b; Lafferty and Kuris 21
for example by altering trophic links in a food wglefévre et al. 2009b; Lafferty and Kuris 2012)jvéh
the abundance of (manipulating) parasites, intenagtamong a multitude per host are likely to daetee host

behavior in nature. The host might be a “puppetherstring” moved by its many different parasites.
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Chapter V

Growth and ontogeny of the tapeworm
Schistocephalus solidus in its copepod first host
affects performance in its stickleback second
intermediate host

Published as: Benesh, D.P., and N. Hafer. (201w and ontogeny of the tapeworm
Schistocephalus solidus in its copepod first host affects performancesrstickleback second

intermediate host. Parasites & Vectors. 5:90.

Abstract

Background

For parasites with complex life cycles, size ahsraission can impact performance in the next host,
thereby coupling parasite phenotypes in the twoseoutive hosts. However, a handful of studies with
parasites, and numerous studies with free-livimgnmlex-life-cycle animals, have found that larvates
correlates poorly with fitness under particular ditions, implying that other traits, such as phiaiical or
ontogenetic variation, may predict fithess morgaldy. Using the tapewornschistocephalus solidus, we
evaluated how parasite size, age, and ontogerheicdpepod first host interact to determine peréorce in

the stickleback second host.

Methods

We raised infected copepods under two feedingnreats (to manipulate parasite growth), and then
exposed fish to worms of two different ages (to ipalate parasite ontogeny). We assessed how gramdh
ontogeny in copepods affected three measuresnafsBtin fish: infection probability, growth ratedaenergy

storage.

Results

Our main, novel finding is that the increase indis (infection probability and growth in fish) iarval
size and age observed in previous studieS anlidus seems to be largely mediated by ontogenetic vaniat

Worms that developed rapidly (had a cercomer &téays in copepods) were able to infect fish atartier
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age, and they grew to larger sizes with larger ggnegserves in fish. Infection probability in fighcreased
with larval size chiefly in young worms, when sizad ontogeny are positively correlated, but noolater

worms that had essentially completed their lareadeliopment in copepods.

Conclusions

Transmission to sticklebacks as a small, not-yky-fileveloped larva has clear costs $isolidus, but it

remains unclear what prevents the evolution okfagtowth and development in this species.

Background

Animals with complex life cycles live in distinciahitats as larvae and adults, and switching from on
habitat to the next is a critical life history tsition. In many taxa, large larvae have higher isaivand
fecundity as adults (e.g. Semlitsch et al. 198&ttSt994; Paradis et al. 1996; Taylor et al. 199Billips
2002; Altwegg and Reyer 2003; Emlet and Sadro 2004) all else equal, it takes longer to grow targe
larval size, increasing the probability of dyingidre switching. This tradeoff between the bendfitbeing
big and the costs of becoming big is at the hefarhany life history models examining optimal switodp
strategies (Werner and Gilliam 1984; Rowe and Lgd¥891; Abrams and Rowe 1996; Abrams et al. 1996;
Day and Rowe 2002; Berner and Blanckenhorn 20@7hése models, fithess is often a function of sizé
age at the transition. This may turn out to bedimoplistic, because a number of studies have fabhatsize
and age at metamorphosis can be poor predictdithe$s under some environmental conditions (Twgnel
al. 1998; Rolff et al. 2004; Campero et al. 200&<and Marshall 2010; Van Allen et al. 2010). @tfaetors
that are not necessarily correlated with size ayel auch as physiological variables, may couphealaand
adult success (Zera and Harshman 2001; Marshall 8003; Pechenik 2006; Marden et al. 2008; Siad.e
2009). For example, the lifetime mating succesghefdamselfly_estes viridis is affected not only by size and
age at emergence, but also by nutritional and jplesiod treatments whose effects seem mediated éngen
stores (De Block and Stoks 2005; Stoks et al. 2006)

Many helminth parasites have complex life cycleswhich they are trophically-transmitted between
consecutive hosts before reproducing. Trait vammthn one host often has carryover effects in teet host
(Davies et al. 2001; Gower and Webster 2004; Harsohenidt and Kurtz 2005a; Walker et al. 2006), and
larval size and age at transmission are prime daies for predicting such carryover effects (Padeal.
2003b, 2009a,b; Iwasa and Wada 2006; Ball et &iI82Chubb et al. 2010). Larvae that grow to a laige in
the intermediate host generally have higher indec8uccess or fecundity in the next host (RosenChokl
1983; Tierney and Crompton 1992; Scharer et al128@einauer and Nickol 2003). However, a few sadi
suggest that the larval size-fitness correlatiory apend on environmental factors like the intgnsit
infection in the intermediate host (Fredensborg Badlin 2005; Dorlct et al. 2007) or the size @& th

intermediate host (Benesh et al. 2012). Older lamv@an also have higher fitness in the next hoste{Mu
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1966; Hammerschmidt et al. 2009). Older larvaegaresrally bigger, but potentially also more matsreit is
unclear exactly how this effect arises. Whereag-litkeng animals transition into the next habitdt &
comparable developmental stage, parasites haveaibtw be eaten by the next host and may thus be
transmitted at an underdeveloped stage with negatwmsequences for fithess. Elucidating which laragts
reliably affect fitness in the next host is necegda understand the evolution of life history s#gies in
complex life cycle parasites (Parker et al. 20032009a,b; Gandon 2004; lwasa and Wada 2006).

Using the tapewornschistocephalus solidus, we explored the roles of larval size, age, antbgany in
determining performance in the next host. Thisuwapen has a three-host life cycle (Clarke 1954; Dt
1980). Adult worms occur in the intestine of fisiting birds where they mate and release eggs rgo t
environment. Free-swimming larvae hatch from thgsegnd are consumed by freshwater copepods, #ie fir
host. Tapeworm larvae in copepods, termed proadscandergo a period of growth and developmentrbefo
they are infective to three-spined stickleback¥&aserosteus aculeatus), the second intermediate host.
Transmission is trophic, and soon after being coresliby sticklebacks the parasite invades the bagityc
(Hammerschmidt and Kurtz 2007). Worms, now dubbledopercoids, grow for several weeks in fish before
becoming infective to birds (Barber and Schars&x10?. Here, we focused on the transition from copepo
fish. Fitness in fish (infection probability andogrth rate) increases with age at transmission (Harsohmidt
et al. 2009), and when age is kept constant, ligescoids have higher fitness (Benesh et al. 20H@)\ever,
the correlation between procercoid size and fitrmegg holds when copepod size is kept rather conmsiz.
being large relative to the host is beneficial, Imat necessarily being large in general. Variation
developmental maturity could explain both the dffecage and the effect of relative size. Morphatag
changes indicative of infectivity occur as estdbtient probability increases with procercoid agerédwer,
procercoid size and development are positivelyetared within copepod stages (relative size caeelavith
development), but not between them (copepod-stadigced size variation is not correlated with
development) (Benesh 2010a,b).

We measured three components of worm fitness lin(figection probability, growth rate, energy sigea
and evaluated how they were related to larvalstr@@ize, age, ontogeny). We exposed fish to woriris/@
different ages (11 or 17 days in copepods). If affects fithess mainly through its relationshighnéntogeny,
then we expected a size-fitness correlation totbepgr in the young group (11 days), because thermre
developmental variation at this time. We also laepods on either a high or low food diet to Huice size
variation and to 2) assess whether there are iougity-determined carryover effects poorly captubg the

other measured larval traits.
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Methods

Infection protocol and procercoid size measurements

Both the copepods and the tapeworms used in theriengnt were raised in the laboratory, but theyewer
originally collected from Lake Skogseidvatnet, Nag(60 °13 N, 5 °53 E). Plerocercoids were dissected
from the body cavity of sticklebacks that had bessred and infected in the lab. Worms were bresiza-
matched pairs in am vitro system that was developed by Smyth (1946) and ratelified by Wedekind
(1997). Size-matching facilitates outcrossing (lhescand Milinski 2003). Eggs were collected andestat 4
°C for 1 week, before being incubated at 20 ° fovexks in the dark. Eggs were exposed to light aye d

before the copepod exposure to induce hatching.

To produce copepods for the experiment, severdstéh L) were set up containing 5-10 egg-bearing
female copepoddvacrocyclops albidus) (details of the copepod cultures can be foundaim der Veen et al.
(2002)). After 4 weeks, adult male copepods wetlecied from these tanks and individually isolabedhe
wells of a 24-well microtitre plate (~1.5 ml per NyeBy using only adult male copepods, we elimethany
variation attributable to copepod stage, sex, owgn (adults do not molt further). One day afterlasion,
each copepod was exposed to a single coracidiumglesivorm infections seem to be the norm for cestod
copepod systems in the field (Zander et al. 1994kirkek et al. 1996; Dorlicti 1999; Hanzelova and Bcho
2002; Hanzelova and Gerdeaux 2003). Copepods wairgamed at 18 € with an 18:6 L:D cycle, and were
fed with either two (low food treatment) or fouligh food treatmentf\rtemia salina nauplii every other day.
Copepod survival and parasite growth are reduceberow food treatment (Benesh 2010a), implyingsth

treatments are sufficient to produce variatiorhim ¢nergy available to developing worms.

Copepods are reasonably transparent, permittingnwiarvae to be observed vivo. Nine days post
exposure (DPE) infected copepods were placed dide sind procercoids were recorded as having or no
having a cercomer. The cercomer is a round strei¢hat forms on the posterior end of worms, arftbalgh
its function is not known, its appearance is caterl with the development of infectivity to fishnigth and
McManus 1989). Thus, cercomer presence/absenceB9difhotomizes worms into groups of fast or slow

developers.

The area of larval worms was measured one day piexposing fish (either 10 or 16 DPE). Copepods
were placed on a microscope slide and photograpliedtimes. Procercoid area was measured using the
freeware Image J 1.38x (Rasband, W.S., NIH, Bethebthryland, USA, http://rsb.info.nih.gov/ij/, 1997
2009) and the two measurements were averaged éovgiles for individual worms. Area was calculated
without the cercomer, because the outline of threareer is often difficult to clearly observe vivo and
because cercomer size is tightly correlated witbcercoid body size (Wedekind et al. 2000). Thus,

calculating worm area with or without the cercorilely gives very similar results.
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Fish infection and dissection

Lab-bred sticklebacks (7 to 8 months old, meantteng.2 cm (+ 4.2 SD)) were randomly assigned to be
exposed to procercoids that had been in well- arlpded copepods for either 11 or 17 days. At 17H)
nearly all procercoids appear morphologically matuvut at 11 DPE there is substantial developmental
variation (Benesh 2010a,b). A few days before expngish were individually isolated in small tanf{ds8 x
13 x 11 cm), and a dorsal spine was clipped toigeo®NA for later identification. Each fish was eged to
one infected copepod. Several days after exposstewere weighed, measured, and transferred getar
tanks (30 x 22 x 25 cm) at densities of 15 to 1Tre€ times per week fish were fad libitum with frozen
chironomids and cladocera. Twenty-five to 28 DPh fivere killed and dissected, and all collectedmgor
were weighed to the nearest 0.1 mg. At this timermvgrowth is exponential and apparently uncornséchi
by fish size (Scharsack et al. 2007), so plerocera@ight reflects variation in growth rates. Wekaa tail
clip for DNA extraction. By taking fish tissue salep both before exposure and after dissection, are able
to identify individual fish, and thus know to whigitocercoid it was exposed, without maintainindn fig
individual tanks. DNA was extracted from spine aaifl clips with the Qiagen DNeasy 96 Blood and Uiess
Extraction Kit, following the manufacturer’'s protdc Nine microsatellite loci were amplified in two

multiplex PCR reactions (conditions given in Ka#édeal. (2009)).

Glycogen assay

Glycogen is the most important macronutrient foergyg storage in tapeworms (Smyth and McManus
1989). We quantified the glycogen content of theing plerocercoids for two reasons: 1) to use as an
additional fithess component and 2) to check whretirewth rate impacts energy reserves and thus to
critically evaluate plerocercoid size as a fithessnponent. Glycogen content was assayed basedeon th
protocol described by Gémez-Lechéral. (Gomez-Lechon et al. 1996). Plerocercoids weradgenized in
a cell mill (Qiagen TissueLyser I, Retsch GmbH)y&agen standards of known concentration were pegpa
and run simultaneously (Sigma G0885, concentrati®®8, 700, 500, 300, 200, 100, 50;¢). Samples were
diluted to concentrations of ~0.1 to 11§ pl™, and 40ul per sample were pipetted into the wells of a 38Fw
microtitre plate. 6Qul of a glucoamylase solution (250 mU/well enzymégf®a A1602] in 0.2 M sodium
acetate buffer, pH 4.8) were added to each wetl, samples were incubated for 2 hr at 40°C with slgak
Plates were then spun at 2500 rpm for 5 min angdl 1@ 0.25 M NaOH were added to stop the enzymatic
reaction. To quantify the freed glucose, a Gluc@ddase/Peroxidase coloring reagent was prepared
following the manufacturer’s instructions (Sigma888) with 1 mg/ml ABTS (Merck 194430) in 100 mM
phosphate buffer, pH 7, included. This coloringgesg was added to each well (200), samples were
incubated in the dark for 30 min, and absorbance reaorded at 405 nm with a PowerWave Microplate
Spectrophotometer (Bio-Tek Instruments). Samplegewen in triplicate. Glycogen values were repeatab
within individuals (Intraclass correlation coeffecit=0.995, ”<0.001), so they were averaged. Glycogen was

expressed as a densipg(per mg plerocercoid fresh weight).
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Data analyses

We separately analyzed three fithess componentsction rate in fish, growth in fish (plerocercoid
weight), and the energy reserves of plerocercqigsg{ycogen per mg fresh weight). Infection was pred
with logistic regression, while general linear msd@NOVA) were used to assess growth and glycoyéa.
included four predictors in all statistical modepocercoid age at transmission (11 or 17 days, AGE
procercoid size at transmission (PROC), cercomeseauce/absence day 9 (fast and slow development,
DEVO), and feeding treatment (high and low, FEEE)r the analysis of plerocercoid weight and glyecoge
content, we also included as a factor the numbetags worms spent in fish (25, 26, 27, or 28). AliIn
effects were tested as well as the following paadigt interesting interactions AGE x DEVO (is
developmental variation measured 9 DPE particulaniyortant at a young age?), AGE x PROC (does size
only matter when there is developmental variatianyeon?), and AGE x FEED (does time spent in the
feeding treatments matter?). Preliminary analyseb @evious studies (Benesh et al. 2012) indicated
characteristics of the fish host, such as its sie®, and condition (hepatosomatic index), didinitence the

measured fithess components, so they were notdzresi.

Statistical analyses were conducted with SPSS 18RSS Inc., Chicago, Ill.) and R 2.14.1 (R
Development Core Team, Vienna, Austria). The datssavailable as an additional file. We also rsited
some of the results of Benesh et al. (2012). Thagied howS. solidus procercoid size 14 DPE affects
infection probability and growth in fish. This igtween our two age groups (11 and 17 DPE), so esept
their results for comparative purposes. Note thiattd the different experimental conditions we mtd jointly
analyze data from Benesh et al. (2012) and thesotiexperiment. Cercomer presence/absence 9 DPE had
been recorded in the previous study, but its ingya# was not evaluated. Plerocercoid size measuterine
the two studies are not easily comparable (fullyedeped worms vs the young, growing plerocercoiddied
here), so we only show infection rate results. Témults from their experiments using large copepargs

presented, as that is most comparable to this study

Results

Determinants of infection

At 11 DPE, only 9.5 % (11/116) of procercoids swsstelly infected fish, whereas 82 % (82/100) were
successful at 17 DPE. Given the low variation ifedtion success within the two age groups, thers wa
relatively low power to detect interactions betwe@dBE and the other predictors, so non-significefeats
need to be interpreted cautiously. There was, hewea significant AGE x DEVO interaction (Wald
v.>=5.92, P=0.015). Fast developers had a higher infection aisiity 11 DPE, but not 17 DPE, and the
results of Benesh et al. suggest an intermedidetef4 DPE (Figure V. 1). Surprisingly, neither @& nor
its interaction with AGE was significant (Walgh’=0.054, P=0.82 and Waldy,°=0.026, P=0.87,
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respectively), even though bigger worms seemed raooeessful at day 11 (and day 14) (Figure V. 2).
Similarly, FEED seems important when consideregatation, with procercoids from the low food tnesint
having lower infection rates (Figure V. 3), but #féect was not significant in the full model (Waid=2.23,
P=0.135). The PROC and FEED main effects remainedsigmificant when their interactions with AGE
were removed from the model £0.84 and R0.09, respectively). The absence of significant ER@
FEED effects could reflect collinearity, i.e. thariation in infection attributable to these varebls better

captured by AGE or DEVO.
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Figure V. 1: Infection rate of procercoids after 11, 14, or 17 days in copepods. Procercoids were recorded as having or
not having a cercomer on day 9. Inset photograph shows a procercoid with a well-developed cercomer in vivo (arrow).
Error bars represent the 95 % Cl and numbers within columns are sample sizes. Data from day 14 were from Benesh et
al. (2012).
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Figure V. 2: (A) The mean size of procercoids (umz) that did (hatched bars) and did not (open bars) successfully infect
sticklebacks after 11, 14, or 17 days in copepods. Error bars represent the 95 % Cl and numbers within columns are
sample sizes. Data from day 14 were from Benesh et al. (2012). (B) The relationship between infection probability and
procercoid area predicted by logistic regressions performed separately for each of the three age groups. Only the
regression at day 14 was statistically significant

1.0
0.8 —‘7
1 Low
o [ High
w 0.6
[
C
jel
©
O 044 _
£
0.2 1 _
5 50 50
0.0 [57 1 59
11 17

Age
Figure V. 3: Infection rate of procercoids in the high and low feeding treatments after 11 and 17 days in copepods.
Error bars represent the 95 % Cl and numbers within columns are sample sizes
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Determinants of plerocercoid size

No terms significantly affected plerocercoid weigttthe full model (all P0.05), with the exception of
days in fish (0.038). However, this model was significantly bettean an intercept-only model{R0.306,
Fs, 54=3.62, ’<0.001), suggesting additional variables had exptagasalue. Because 88 % (82/93) of the
worms recovered from fish were from 17 DPE, theriattions between AGE and the other predictors were
estimated with large standard errors. Removal @fitlteraction terms one-by-one did not significanéduce
explanatory power and result in a worse modelRall;<0.692, all P>0.41, R dropped from 0.306 to 0.294
with all interactions removed). A model with onliyet five main effects indicated that plerocercoigesi
increased with days in fish {Rs=2.89, P=0.04), that it increased with procercoid size g=12.92,
P=0.001), and that worms with a cercomer 9 DPE gmewd larger plerocercoids 4(s=9.68, P=0.003)

(Figure V. 4). AGE and FEED were not significant; (5=0.18, P=0.67 and F g=0.14, P=0.71,
respectively).
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Figure V. 4: The relationship between procercoid area (umz) in copepods and plerocercoid weight (mg) in fish. The
best fit regression, estimated by the general linear model with just main-effects, was plotted separately for procercoids
that did (filled triangles, solid line) and did not (open circles, dashed line) have a cercomer after 9 days in copepods.
Bars around regression lines are the 95 % Cl.

Determinants of energy content

None of the two-way interactions had a significaffect on glycogen content (all; R<2.84, all
P>0.096), and their removal did not significantly pesse explanatory power {Rropped from 0.191 to
0.158, K, g=1.09, P=0.36). A main-effects-only model indicated thatrptercoids had higher glycogen
content if they had a cercomer 9 DPE §(=9.61, P=0.003) (Figure V. 5). There was also a non-sigaiiic
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trend for worms from the high feeding treatmenh&ye more glycogen (F3=3.17, P=0.079), but all other
effects were not significant (all2.12, all P>0.15).
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Figure V. 5: Mean glycogen content (ug mg'1 fresh weight) of plerocercoids from fish that had developed fast
(cercomer after 9 days in copepods) or slow (no cercomer on day 9) in copepods

It should also be noted that plerocercoid size gigdogen content were positively correlated £®.259,
F1 90=31.2, <0.001) (Figure V. 6).
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Figure V. 6: Scatterplot of plerocercoid weight (mg) versus glycogen content (ug mg'1 fresh weight) with the least
squares regression line
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Discussion

How long (Hammerschmidt et al. 2009) and how f&snesh et al. 2012. solidus grow in copepods is
known to influence infection and growth in stickhelzs. Our results complement those studies andestigg
that larval ontogeny is very important for the cling of performance in the two hosts. Procercoiast t
develop faster (have a cercomer 9 DPE) are abiefect fish sooner, and they tend to grow to largjiees
with larger energy reserves in fish. Moreover, gheviously documented association between proatine
and fitness seems partially attributable to ontggé&ast-growing procercoids tended to have highfection
rates at 14 DPE, and perhaps 11 DPE. Ontogenysisiyady correlated with procercoid size at thisdi, at
least when environmental conditions (copepods ¥tage constant (Benesh 2010a,b), suggesting that
developmental variation may underlie the increas@fection probability with procercoid size. At DPE
worms are essentially fully developed, and at thmge point there was no influence of procercoice sir
ontogeny on infection probability. On the other thaworms that were bigger when entering fish wdse a

bigger when recovered, suggesting that procerép@mnsay influence fitness independently of ontogeny

Growth and development are interwoven processethesioindividual contributions to fitness are difflt
to completely disentangle. It is nonetheless dbat worms that grow and develop rapidly have tighést
fitness under experimental settings. For examme,us compare a fast-growing, fast-developing worm
(cercomer 9 DPE and one SD larger than the sampén)with a slow-growing, slow-developing worm (no
cercomer 9 DPE and one SD smaller than the mea)fast-growing worm is predicted to have up td20
higher infection probability (at 11 DPE), and to+#5 % bigger with ~25 % higher glycogen conteterad.5
weeks in sticklebacks. Hammerschmidt et al. (2G2@)gested that the optimal switching time $osolidus
balances increasing establishment probabilitysh ind decreasing survival probability in copepddss is
similar to the size-age tradeoffs thought to shap#ching times in free-living animals with compldife
cycles. Just as the tradeoff between size and agends on growth rate (Roff and Fairbairn 20079, th
tradeoff between establishment probability and alibyt is mediated by developmental rate; worms that
rapidly develop may switch earlier to fish, avoigliage-related mortality in copepods. Thus, the afhges to
rapid growth and development appear pronouncetieearfectivity and the resulting avoidance of raity

in copepods as well as faster and more efficiemvtr in fish.

Although there seems to be selection for rapid ¢neand development in copepods, long-term phenotypi
change is unlikely. Parasite species from divergera with similar life cycles (e.g. transmissiaorh a
copepod to a fish) tend to exhibit characteristites of larval growth and development, stronglygssging
life history strategies converge to universal adappeaks for a given type of life cycle (Beneshale2011).
Thus, there are presumably important tradeoffsrialte extremely rapid growth or development sulpoglti
Several hypotheses exist: 1) rapid growth and @amgpgequires over-consumption of host nutrientsicet)
host survival (i.e. the virulence tradeoff (Frar#0®; Parker et al. 2003b)), 2) acquiring the resesifor rapid
growth and ontogeny requires host specializatioh ramluced generality (Combes 1991), 3) rapid grawth

ontogeny is less efficient, resulting in higher cepibility to environmental stressors, such asvat&on
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(Metcalfe and Monaghan 2001; Stoks et al. 2006ac et al. 2011), 4) maturation, and the cell défeiation
it entails, reduces growth potential (Arendt 20@9nesh (2011) argued that there is relativelle lgvidence
for hypothesis one for the larval stages of troglyetransmitted helminths, including solidus in copepods
(Wedekind 1997; van der Veen et al. 2002; Michatiéle2006). Hypothesis two cannot be discounted,
because host specificity seems important for thealdife history of some tapeworms (Dupont and Bab
1987), althougl®. solidus is a generalist in copepods (Orr and Hopkins 1989potheses three and four are
allocation tradeoffs (somatic growth vs energyager maturation vs growth potential). Such tradeofin be
masked by variation in resource acquisition (Varofdwijk and de Jong 1986; Reznick et al. 2000). For
instance, in opposition to hypothesis four, fasiwgng S. solidus procercoids also develop quicker (Benesh
2010b), perhaps because they have more resouragabde to them. Certainly there is more work totdo

identify the tradeoffs shaping larval life histatyategies in parasites.

The feeding treatment had only moderate, non-sa@nif effects on infection rate and glycogen coniten
and no effect on plerocercoid size. A possible axation for this is that, given their stronger effe
procercoid size and cercomer presence/absenceirexpka variation in fithess induced by the feeding
treatment. In any case, carryover effects attritdetdo unmeasured condition variables do not appede
pronounced. Some of the covariance between larais {growth and ontogeny) and the fithess comptsne
was surely induced by the feeding treatment and #mvironmentally-determined. Because genetic tiania
is a prerequisite for trait evolution, it will bateresting to see if there is genetic covariandevdxen larval
traits and fitness, i.e. do parasite genotypes thpidly grow and develop also have higher infettio

probability?

Glycogen makes up approximately 16 % of the wedahfully-developed plerocercoids taken from fish
(>100 mg) (Hopkins 1950). In the young plerocersatudied here (~7 mg on average), glycogen catestit
2.9 % of worm wet weight, and in medium-sized pdercoids (~75 mg) it is about 10 % (Benesh and &alb
unpublished data). Thus, worms appear to steadisease their glycogen reserves as they grow lin Vige
observed that the fastest-growing worms in fish tmedhighest glycogen content, suggesting rapiavtirds
not inefficient and contradicting hypothesis thi@ve. This may be another case in which variaiton
resource acquisition masks an allocation tradeaf,worms in good condition can invest in both atim

growth and energy storage.

Conclusions

Transmission up the food web into bigger, ‘bettbosts does not imply a new start for parasites.
Analogous to free-living organisms with complexlifycles, phenotypic variation in the intermedtatst can
have carryover effects in the next host, thoughtmadl studies are needed to generalize this.S-eolidus
procercoids, transmission to sticklebacks as alsmattyet-fully developed larva has clear costserms of

lower infection probability and stunted, ineffictegrowth. Given the seemingly strong selection rfapid
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growth and development in copepods, more work isded to identify what prevents change in the

ontogenetic schedule &f solidus (ecological tradeoffs? genetic constraints? dearakntal thresholds?).

Acknowledgments

Thanks to R. Leipnitz and M. Schwarz for help witle copepods, to T. Arlt for help with the glycogen

assays, and to I. Samonte-Padilla for providing. fis

93



94



Chapter VI

Does resource availability affect host manipulation? -
An experimental test with Schistocephalus solidus.

Submitted as: Hafer, N., and D. P. Benesh. Doexires availability affect host

manipulation? - An experimental test wihistocephalus solidus.

Abstract

Host manipulation is a common strategy parasitgd@nio increase their fithess by changing the biena
of their hosts. Whether host manipulation might ditected by environmental factors such as resource
availability has received little attention. We erpeentally infected lab-bred copepods with the cést
Schistocephalus solidus, submitted infected and uninfected copepods teeei high or a low food treatment,
and measured their behavior. Uninfected, but retted, copepods moved slower under low food coomdif
and consequently the difference between infecteduaiinfected copepods, i.e. host manipulation, deéeé
on the feeding regime. These differences could bdiated by the physical condition of the host rathan
changes in host manipulation by parasites. Addifign we measured three fitness-relevant traitsthef
parasite (growth, development, infection rate ie thext host) to identify potential trade-offs wiliost
manipulation. The largest parasites in copepodea@a the least manipulative, but this may agdieate
variation in copepod condition, rather than paeakie history trade-offs. Our results raise thegbility that

parasite transmission depends on environmentalitiomsl

Introduction

The environment organisms experience is rarelyounmif it varies over time and space. This applies to
both free-living organisms and their parasites. iEtmmental stressors can reshape host-parasit@dtitens
in various ways depending on the species and etessvolved (Lafferty and Kuris 1999). Many patasi
enhance their fitness by changing the behavioheif host (reviewed by Holmes and Bethel 1972; iraarid
Thomas 1999; Moore 2002, 2013; Poulin 2010). Sun$t Imanipulation could also be influenced by the
host’'s environment (Thomas et al. 2012). Biotictdeg such as predator cues (e.g. Jakobsen and Weddek
1998; Baldauf et al. 2007; Durieux et al. 2012;ria et al. 2014) or the presence of other paragitésilly
et al. 2000, 2014; Haine et al. 2005; Dianne et28l0; Hafer and Milinski 2015) can influence host
manipulation. Differences in abiotic factors migiidéo play a role. In isopods infected by an acarghbalan

parasite, host manipulation changes between sehsoiisis does not seem to be caused by eitheraetye
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or lighting conditions but might rather be relatedhost or parasite age (Benesh et al. 2009a). IReso0
availability, too, could affect host manipulatiddungry and satiated hosts can differ in the extehtiost
manipulation they show (e.g. Giles, 1987; Bartiaal., 1995; Jakobsen and Wedekind, 1998). Depending on
how changes in resource availability affect hosapiée interactions and what mechanisms parasitgsgog

to manipulate their hosts, different outcomes wéifjards to host manipulation will ensue.

Host manipulation can result in energetically godiehavior such as increased activity (reviewed by
Poulin, 1994a). Resource limitation will reduceosts ability to perform such behaviors (Thomaale2011,
2012). Limited resources could also reduce hostipondation, if parasites need to use energy to mdatp
and are limited by the resources their host hadadka. Energetic costs of host manipulation hafterobeen
assumed, e.g. because parasites might use somarsighbthey have to produce and emit to manipulheie t
hosts (Poulin 1994b, 2010; Biron et al. 2005b; Therat al. 2005, 2011; Vickery and Poulin 2009), Haue
yet to be convincingly demonstrated. Potential éraffs between the level of host manipulation attieo
important parasite traits could hint at such a ¢Bstnceschi et al. 2010a; Maure et al. 2011).rAé8vely,
host manipulation could increase under resourcidiion. For example, a lack of resources coulddmp
host's defenses against manipulation (Roitberg POARother way for manipulation to increase under
resource limitation is if parasites affect hostdbr by draining energy from the host (reviewedAztamo
2012; Lafferty and Shaw 2013). Energy drain shifis trade-off between predator avoidance and fegedin
towards feeding and might hence resemble host mkmipn that serve to increase a host’s predation
susceptibility (Milinski 1990).

Schistocephalus solidus has a three host life cycle consisting of a cyoidpcopepod, a three-spined
stickleback and a piscivorous bird (Clarke 1954 pinina 1980). At 18°C it spends about two weeks in
copepods before it is ready for transmission tonvd host, which takes place when the copepodrisumed
by a stickleback. During this time, it reduces #uotivity (Hammerschmidt et al. 2009; Benesh 2018afer
and Milinski 2015) and predation susceptibility (Mreich et al. 2013) of its host. In a previousist{Benesh
and Hafer 2012), we investigated the effect ofgh#formance of. solidus in its copepod host (i.e. growth
and development) on performance in the fish hagt {efection success and growth). To create vanan
copepod quality, we used two different feeding tiremts. Here, we report the impact of these feeding
treatments on the behavior of infected and uniefcopepods. In addition, we explored potentiaeraffs

between host manipulation and other life histoaytérthat could hint at an energetic cost to haatipulation.

Methods

Schistocephalus solidus and infection

Schistocephalus solidus originated from Lake Skogseidvatnet, Norway. Theyre obtained by dissecting

wild caught three-spined stickleback3agterosteus aculeatus) and breeding the adult parasites in pairs in an
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in vitro system (Smyth 1946). Tapeworm eggs weoeest in the fridge (4°C) until use, incubated foree
weeks at 20 °C, and then exposed to light overtri@induce hatching (Dubinina 1980). Infectionkquace
by exposing copepods to one coracidium each. Caoefitat were used as uninfected controls receiged n

coracidia but were otherwise treated the same.

Copepod maintenance

We used copepodsMécrocyclops albidus) from a laboratory stock that originated from thkame
population as$s. solidus (Lake Skogseidvatnet, Norway). On the day prianfection they were distributed on
24-well microtitre plates with about 1mL of wat@opepods were maintained at 18°C in a 16h/8h tigini/
cycle and fed withArtemia sp. naupili every other day. Copepods in the fagid treatment (H) received four
Artemia at each feeding, while copepods in the low fo@atnent (L) received two (Figure VI. 1). These
treatments are sufficient to affect copepod madytaind parasite growth (Benesh 2010a). In our éxyestt,
the high food treatment led to faster parasite bgweent, faster growth and higher infection sucdéessne
experimental group (day -11 copepods). In a seeqerimental group (day 17 copepods), the high food
treatment only significantly improved parasite gtiowbut not development or infection success (See

supplementary information VI).

Measurements of parasite performance

Copepods are transparent making it possible to siedvmeasure a parasite in vivo (Wedekind et &020
Benesh et al. 2012). We checked copepods for infed®-8 days post infection (dpi). Parasites were
additionally checked inside their hosts for thesprece or absence of a cercomer 9 dpi. While thetibmof
the cercomer is unknown, it is a good indicatordarasite development and their ability to infesh {Smyth
and McManus 1989). On the day prior to exposuffesto(10 or 16 dpi), we measured the size of thagite.
This took place by photographing each parasitegwtiithin its host under a microscope. From thesgqsh
we measured the area of the parasite (without oe@rousing image J (Rasband 2008) and took theagger
from these two measurements. Three-spined stiokksb@asterousteus aculeatus) were individually exposed
to a single copepod, either 11 (day-11 copepoddydday-17 copepods) dpi. On day 11, any potetradie-
off between manipulation and the ability to inféish should be especially crucial, since at thisetionly the
fastest developin®. solidus might be ready to infect the next host (Hammersdhet al. 2009; Benesh and
Hafer 2012). By day 17 nearly @l solidus are ready to infect fish (Benesh and Hafer 20Approximately
four weeks after exposure, we dissected the fishetermine infection success (see Benesh and H@afet).
Fish experiments were conducted with permissiothef'Ministry of Energy, Agriculture, the Environnte

and Rural Areas' of the state of Schleswig-Holst@@rmany (reference number: V 313-72241.123-34).
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Figure VI. 1: overview of the experimental set up. Copepods were either exposed to S. solidus coracidia or not,

subjected to a high or a low food treatment, and exposed to fish at two different time points, day 11 (day-11 copepods)
or day 17 (day-17 copepods). We measured three aspects of parasite performance: development and size in copepods
and infection success in fish. We measured two aspects of copepod behavior: activity (i.e. proportion of time copepods
spent moving) and, when moving, the distance moved.
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Copepod behavioral measurements

Schistocephalus solidus has to spend between 10 days and two weeks atih8fCcopepod host before it
becomes infective to sticklebacks, at which timsthoanipulation switches from predation suppress$ion
predation enhancement (Hammerschmidt et al. 20@$sr-and Milinski 2015). This switch is not obvios
all populations and some populations show no geadation enhancement, including the populatiord uise
this study (Benesh 2010b). We measured behavi@r, 8rand 9 dpi (not yet infective parasite) and18and
15 dpi (infective parasite, only for the day-17 eppds). Multiple observations help to more acclyate
guantify an individual's typical behavior and mat@relations between host manipulation and othesiqie

traits more robust (Benesh et al. 2008).
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Each well plate with copepods was gently placedmapparatus that dropped it by 3 mm in a stanzizadi
way to simulate a predator attack (see Hammersdhehial. 2009). Once the plate had been on therapza
for a 1 minute acclimation period, we started rdoay copepod behavior using a video camera (Parason
Super DynamicWV-BP550, Panasonic Corporation, Qsdépan). Copepods were recorded for 90 seconds,
then the plate was dropped and copepods were extéod an additional 90 seconds. We split the diogs
into 2-second intervals (90 observations per coggper recording event). Preliminary analyses fothrat
little extra movement was recorded with shorteemmls. Using the manual tracking plugin within geal
(Rasband 2008), we recorded whether or not eachpoapmoved within each of these two second interval
(activity) and, if so, how far it moved (distanc#ye only analyzed the behavior of exposed and feteand
unexposed and uninfected copepods that survivéltikatday that its treatment group was used tednfish
(day 11 or day 17). In total we recorded the bedraof 382 copepods (day-11 copepods: infected:3.L6
68, uninfected: H: 45, L: 44, day-17 copepods:dtdd: H: 51, L: 51, uninfected: H: 30, L: 28).

Statistical analysis

We analyzed copepod behavior at a fine scalegeaeh 2-second observation. Thus, we had repeated
observations on the same copepod at two levelkiwg recording event (i.e. each copepod on a gilas)
and across recording events on different days.nbdyae copepod activity (proportion of time spemving),
we used generalized linear mixed models with birbeiiror family in the Ime4 package (Bates et @lLl4) in
R (R Development Core Team 2010). To analyze th&anite copepods moved, we included only data from
when movement had occurred. We used linear mixedetao(Ime4 package, Bates et al. 2014) in R (R
Development Core Team 2010) after log transformihg distance. To account for variation between
individual copepods over days we included copepiehtity into the random effects. Additionally, we
included the recording event to account for vasiativithin days during the recording event togethith the
time interval in the recording (before vs. afteg gimulated predator attack) to account for difiees before
and after the simulated predator attack. For dagdpbepods we additionally included the infectistatus in
the random effects with the copepod identity tooaot for differences before and after parasitesired
infectivity. Both, time interval and infectivity atus (only day-17 copepods) were also includedixasi f
effects. We stepwise added infection, feeding meat and their pairwise interactions with each o#mel
time interval and infectivity status (only day-1@pepods). We compared models using likelihood ratts.
We accepted a model as having a better fit thaass domplicated one if it explained the data sicgmiftly
better as judged by likelihood ratio tests. Seel@a&h. 1 for the details and outputs of the mod¥i& fitted
separate models for day-11 and day-17 copepodg sinty the later included the behavior of copepods
harboring already infective parasites. If we fowamy significant interactions between infection deeding,
we conducted Tukey post hoc tests. We used the saodels described above but combined infection and
feeding into a single factor whose levels comprisddpossible combinations of these two factors and

removed all other interactions involving feedingiofection from the model. On these models we agpli

99



general linear hypotheses within the multcomp pgeka R (Hothorn et al. 2008). For all other statssand

more detailed information on the models used plesfee to Table VI. S1.

To investigate a potential association between pogebehavior and parasite size, development (i.e.
presence or absence of a cercomer on day 9) aadtimf success in fish, we used the same mixed Is1ode
described above except we limited them to infectgoepods. We added the parasite performance (sé&ts
development, and infection success) to the moaslsyell as their interactions with the other fiXadtors,
and performed likelihood ratio tests (see Table $2). Since this involved multiple comparisons wekt

adjusted p-values (after bonferroni) into accounemwwe found any significant differences.

Results

Confirmation of the effect of parasite infection

Schistocephalus solidus reduces the predation susceptibility of its copepost before reaching infectivity
(Weinreich et al. 2013). This is marked by a reuncin activity (Hammerschmidt et al. 2009; Ben@8i1.0b;
Hafer and Milinski 2015) which we also found in atudy (Figure VI. 2 A, B, p<0.0002, Table VI. 1.
day-17 copepods there was an interaction betweegtion and infectivity status (i.e. whether or ribe
parasite was ready to infect the next host, p=A.0Tdble VI. 1). Differences between infected anohiected
copepods were more pronounced before the parasaebed infectivity (Figure VI. 2 B). This is imé& with
previous predictions (Parker et al. 2009c) andiffigsl that any predation suppression at least deeseasS.
solidus becomes infective (Hammerschmidt et al. 2009; Ben2010b; Hafer and Milinski 2015). The
distance which copepods moved was also signifigaitected by an infection with. solidus (Figure VI. 2 C,

D, p<0.0001, Table VI. 1); infected copepods moshdrter distances. Infectivity status did not digantly
interact with how far copepods moved (Table VI. There was some interaction between infection awd h
copepods responded to the predator attack forigciivday — 11 copepods (p=0.0062, Table VI. 1J #me
distance copepods moved in day — 17 copepods (2B.0rable VI. 1). In day — 11 copepods infected
copepods reacted more strongly while in day 17 poge infected copepods reacted less strongly than
uninfected ones. However, both uninfected copepa$ infected ones always showed the same, clear
reaction to the simulated predator attack; theyuced their activity and the distance they moved.
Accordingly, our results do not seem highly sewsitio the time interval in the recording. Overal wan
confirm thatS. solidus alters the behavior of its copepod host by deangass activity and the distance it

moves.
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Figure VI. 2: Activity (A, B) and Distance (C, D) as response to infection and feeding treatment. Error bars present
means +/- 95 % Cl. Feeding treatment: H: High food treatment, L: Low food treatment. N: Day-11 copepods: not
infected: H: 45, L: 44, infected: H: 65, L: 68, day-17 copepods: Not yet infective: not infected: H: 30, L: 28, infected: H:
51, L: 49, day-17 copepods: Infective: not infected: H: 30, L: 27, infected: H: 51, L: 51. Dotted lines connecting groups are
to aid comparison of feeding treatments, whereas the bar colors differentiate infection status.

The effect of feeding on host behavior and host manipulation

If feeding treatment affects host manipulation,ignificant interaction between feeding treatmend an
infection should occur. Neither this interactionr feeding alone had any significant effect on caugkp
activity (Figure VI 2 A, B, Table VI. 1). Howevedjstance was affected by both, feeding treatmegu(g VI
2 C, D, p<0.03, Table VI. 1) and its interactionttwinfection (Figure VI. 2 C, D, p<0.05, Table \1).
Feeding treatment affected uninfected copepods stooagly than infected ones (Figure VI. 2 C, DysP
hoc tests reveal that uninfected copepods movedfisgntly slower if they were in the low food ttezent
than if they were in the high food treatment (p20.Uable VI. S1). In infected copepods distance reidl
differ between feeding treatments (Table VI. Slgufe VI. 2 C, D). Consequently, differences between
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infected and uninfected copepods, i.e. host maaijou, were larger in the high food treatment tirathe

low food treatment (Table VI. S2, Figure VI. 2 C.D

Table VI. 1: Outcome of likelihood ratio tests on the effect for copepod activity (i.e., proportion of time spent moving)
and the distance copepods moved when moving. Whether or not a copepod moved within a two second interval
(Activity) or, if it moved, how far it moved (distance, log transformed) were our response variables. Copepod identity
(ID),the recording event (RE, i.e. a combination of copepod identity and the day of the recording), and the time interval
in the recording (i.e. before vs. after the simulated predator attack, INTERVAL) were used to construct the random
effects. INTERVAL was additionally included as a fixed effect. For day 17-copepods we additionally included whether or
not parasites were infective for fish (INFECTIVITY) as both fixed and random effect (together with ID). Subsequently, we
added whether or not copepods were infected (INFECTION) and which feeding treatment they received (FEED) and all
their pairwise interactions with TIME and INFECTIVITY (day-17 copepods). Test statistics and MCMC-estimated p-values
are for the comparison with the preceding model. Null model: Day-11 copepods: INTERVAL + (INTERVAL |RE) + (1|ID),
Day-17 copepods: INTERVAL + INFECTIVITY + INTERVAL : INFECTIVITY + (INTERVAL|RE) + (INFECTIVITY | ID). Significant

p-values have been marked in bold.

Factors A_ctivity Distance
o DF Chisc p DF Chisc p
K] +INFECTION 1,7 87.18( <0.0001 1,8 73.99( <0.0001
'»: +INFECTION:INTERVAL 1,8 8.651 0.0033 1,9 0.820 0.365
o) +FEED 1,9 0.059 0.8082 1,10 20.952 <0.0001
-CSD +FEED:INTERVAL 1,10 7.497 0.0062 1,11 5.253 0.0219
g +FEED:INFECTION 1,11 0.680 0.4094 1,12| 5.164 0.0231
2 56232 observations on 639 RE ¢ 24769 observations on 635 RE ¢
222 copepods 222 copepods
Factors A_ctivity D?stanm
DF Chisq p DF Chisq p
o +INFECTION 1,11 16.155 0.0001 1,12 42.062 <0.0001
2 +INFECTION: INTERVAL 1,12 0.099 0.7533 1,13 4.572 0.0325
'n: +INFECTION: INFECTIVITY 1,13 6.020 0.0141 1,14 0.212 0.2118
o +FEELC 1,14 2.121] 0.145: 1,18 4.85¢ 0.0275
§ +FEED: INTERVAL 1,1¢F 0.00: 0.960¢ 1,1€ 0.01: 0.910:
g +FEED:INFECTIVITY 1,16 0.001 0.9716 1,17 1.476 0.2244
2 +FEED:INFECTION 1,17 1.118 0.2903 1,18| 3.868 0.0492
79376 observations on 906 RE and| 32668 observations on 879 RE al
160 copepods 160 copepods

nd

Correlations between host manipulation and other fithess related traits

If host manipulation is costly and those costs leattade-offs with other fithess related trademagites

that manipulate less (i.e. behave more similamiafacted hosts) should do better.

Parasite size on day 10 in day-11 copepods diccomelate with copepod activity (Table VI. S2, Figu

VI. 3 A). However, there was a positive correlatlmetween size and distance in day-11 copepods{p0,

adjusted p value = 0.0204, Table VI. S1, Figure ¥IC). Parasite size on day 16 in day-17 copepods

correlated positively with activity and distanceQp003, adjusted p value < 0.04, Figure VI. 3 B;TBble VI.

S1). Copepods with larger parasites moved mora afibel further (Figure VI. 3 B — D).

Development (presence or absence of a cercomeri)9cdpelated positively with activity in day-11

copepods (more active, i.e. less manipulated, amgepre more likely to have a cercomer 9 dpi, pHIB)
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Table VI. S1), but this association disappeared rwberrecting for multiple testing (p=0.1236). Neith
distance in day 11 copepods nor activity nor distain day 17 copepods showed any correlation védthgte

development (Table VI. S2). Overall, developmerd# did not seem to be associated with host behavi

Day-11 copepods Day-17 copepods
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Figure VI. 3: The effect of parasite size on host activity (A, B) and distance hosts moved (C, D). Solid lines indicate the
trend line. Dotted horizontal lines indicate mean behavior of uninfected copepods. The shaded areas around the lines
indicate 95% Cl. N: day-11 copepods: 122, day-17 copepods: 102.

Parasites in day-11 copepods that moved furtheah#gher probability to establish themselves s bn
day 11 (p=0.0049, Table VI. S2, Figure VI. 4 Bpeit with marginal significance after adjusting faultiple
testing (p=0.0588). However, their host’s activilig not correlate with the probability to infecslii (Table
VI. S2, Figure VI. 4 A). In day-17 copepods, werfdwuno significant correlation between infection lgability
in fish and host behavior (Table VI. S2, Figure ¥). It appears that parasites in hosts that mavget
distances — and hence are possibly less manipuateidht be better at infecting fish, but only la¢ tearlier

time point (day 11).
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Figure VL. 4: Differences in activity (A, B) and distance moved (C, D) of copepods that successfully infect fish and those

that do not. Error bars indicate 95 % Cl. Dotted horizontal lines indicate mean behavior of uninfected copepods. The
shaded areas around the lines indicate 95% Cl. N (Fish infection successful/failed): day-11 copepods: 110/11, day-17
copepods: 18/81).

Discussion

Copepods infected b$ solidus seem unaffected by resource availability. In a foad environment they
show the same altered behavior as their countsrfrara high food environment. In uninfected copeypod
activity (i.e. proportion of time spent moving) et affected by resource availability either, bugyt move
less far in a low food than in a high food envir@mh This results in differences in host manipolati
parasites appear to manipulate less in a low fandr@enment. Rather than changes in parasite-induced
manipulation, such an effect could be produced Hferénces in copepod condition between feeding
treatments. Copepods that are in worse conditiogn (gecause they have been limited in their ressjrc
should be able to invest less in muscle tissudfitigpithe distance they are able to move. Copeploaisdie
sooner have less muscle tissue (Franz and Kurt2)20tfected copepods already move less than ustiede
ones, so it might not be practical for them to medtheir movement even further in a low food envinent,

since they still have to be able to e.g. forage.

If reduced physical condition is responsible foe tteduced distance travelled by uninfected copepods
under food constraints, could the modified behawfoinfected copepods also be caused by a dedlimest

condition, in this case due to parasite infectisee(McElroy and de Buron, 2014)? Infection wathsolidus
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has no significant effect on either lipid storagettte amount of muscle tissue in the host (Frart kmrtz
2002). Other parasites have even been found teaserthe energy reservoirs of their host (Amat. €991
Plaistow et al. 2001; Ponton et al. 200&hi stocephalus solidus not only reduces how far but also how often
its host moves. The latter is not affected by fegdiegime. Furthermore, an adverse effect of asfara
infection should increase with infection intensityost activity is not affected by the number of yet

infective S. solidus and even increases with the number of infecivalidus (Hafer and Milinski 2015).

We find no clear correlation between cercomer pres® dpi (development) and host behavior. However,
host activity in day-17 copepods and distance yrHhand day-17 copepods correlates positively sitle
on day 10 (day-11 copepods) or day 16 (day-17 amsp This is puzzling since Benesh (2010b) fouad n
such correlations. On a family level, there wasew@egative correlation between parasite sizeagrild and
development and activity before reaching infecgiyBenesh 2010b). Possibly our food treatmentsdhiced
more variation in parasite size and/ or copepodbieh that enhanced co-variation between them. gitpe
correlation between size and activity after reaghirfectivity is in line with the finding that twimfective S.
solidus enhance the activity of their host more than dtefér and Milinski 2015). Maybe this is not so much
an effect of number as of size. However, there medde any causal relationship between parasite ssid
host activity. Copepods in better physical conditivight at the same time be able to move furthes é&bove)
and allow their parasites to grow to a larger dizdeed, parasites whose hosts are in a high feadhtent do

grow larger (Benesh 2010a, supplementary informatib).

We found a trend for a correlation between infattates in fish on day 11 and the distance copepits
not yet infective parasites moved. Copepods thateahdurther (i.e. are manipulated less) are mdwayito
infect fish. Previous studies have also reportedegative correlation between parasite fithess avst h
manipulation, suggestive of trade-offs (Francesthal. 2010a; Maure et al. 2011). Since these ssudie
correlational, alternative explanations cannot bled out. In our case, a trade-off may not be thetb
explanation. As discussed above, the distance wbigepods move might be affected by their physical
condition. It seems reasonable to assume that cdgdpat are in better physical condition can movther
and can harbor rapidly growing parasites that @téeb at infecting fish. This will be especiallyucral for
parasites that are transmitted to fish early {iledpi) when there is still variation in developrhand only the
fastest developing parasites succeed in infecisig By day 17 even parasites in copepods in wavseition
should have been able to catch up in their devedoprand hence be able to infect fish (Benesh arfdrHa
2012).

Host manipulation can have important ecologicalseguences (Thomas et al. 1998b, 1999, 2005; Lefévre
et al. 2009b; Lafferty and Kuris 2012), such asnges in food webs (Lefévre et al. 2009b; Laffenty a
Kuris 2012). Differences between infected and wetdtédd copepods seem more pronounced in a high food
environment. Infected copepods are less likelyg@dnsumed by sticklebacks before reaching infiggtive.
while S. solidus reduces activity (Weinreich et al. 2013), and mikely to be consumed thereafter, i.e. while

S. solidus enhances activity (Wedekind and Milinski 1996). iWhve do not know if the differences between
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feeding treatments are large enough to influenedaiion susceptibility, our results nonethelesscaid that
behavioral differences between infected and uniafecopepods can depend on resource availabilitis T

raises the possibility th& solidus transmission to fish might be environmentally-degent.
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Conclusion

The conclusion has partly been altered from: Haderand M. Milinski (submitted).
Cooperation or Conflict: Host manipulation in mplé infections in H. Mehlhorn, eds.
Parasites and Behavioural Changes. ParasitologyaR#sMonographs. Springer,

Heidelberg.

Not everything that appears to be adaptive hostipn&tion has to be caused by mechanisms that have
evolved for this specific purpose. Rather, suchabihral alterations can be caused by side-effen f
energy drain imposed by the parasite shifting thdd-off between predation avoidance and feedingrds
the later making the host more prone to predatitimpter Il). This adds to solving a long standiegate on
whether or not behavioral alterationsSnsolidus infected sticklebacks are caused by true host padation
or are side-effects of increased energy drain éweed by Milinski 1990; Barber and Huntingford 1995;
Barber et al. 2000, 2007; Barber and Scharsack)20l&yertheless, in nature, behavioral changesechbg
side-effects could still be adaptive and resuktrihanced transmission. This could then precludebhition

of true and potentially costly host manipulation.

When two manipulating parasites infect the samé, losre is potential for conflict. | show cleaftyr the
first time using experimental infections that onargsite can change or even completely sabotage host
manipulation of both a conspecific (Chapter Ill,) Isnd a phylogenetically distinct parasite (Chaptér
While there are some differences in how stron@lylacustris and S. solidus manipulate (Chapter 1V), the
infective parasite performs better overall. Thignsagreement with previous studies (Sparkes e2@04;
Dianne et al. 2010). Even when alone, upon reaclirfigctivity a parasite switches from predation
suppression to predation enhancement (Hammerschemnalt 2009; Parker et al. 2009c; Dianne et al120
Chapter Ill, 1V). If it does so by switching offsitprevious predation suppression, this switch caildd act
against any co-infecting parasite as long as bathgites use similar enough mechanisms to manéthatr
host. This is obvious if there is an intraspecdanflict, but my findings that an intra and an mfeecific
conflict show a similar outcome (Chapter V) ind&ahat this could also be the case between differe
parasite species. Such sabotage need not haveesbeled but could present a side-effect. Nevertslé
should increase the fithess of the infective pé&radi it prevents its host from becoming unsuitably

manipulated.

An exact understanding of the mechanisms underlgimgf manipulation is still largely missing, though
much progress has been made in recent years (A@8a®y Helluy 2013; Houte et al. 2013; Hughes 2013;
Lafferty and Shaw 2013; Perrot-Minnot and Cézilg13). Understanding host manipulation by an indieid
parasite will be crucial to understand how parasitéeract at a mechanistic level in multiple infecs where
there is potential for either cooperation or canflit comes down to a question that has drivedieguof host
manipulation for decades: Did host manipulationc#fmlly evolve for that purpose or is it, at leas

originally, a side-effect of infection e.g. causky inevitable energy draifMilinski 1990; Poulin 1995,
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2010; Cézilly and Perrot-Minnot 2005; Moore 2018ater II). When two or more parasites co-occuhe
same host, do they specifically interact with eattfer's manipulation, do their manipulations simptid up

or are they predisposed to interact as my res@hsyfter 111, VI) suggest?

Parasites with different developmental stages atethe only ones that might be at a conflict ovesth
manipulation. Parasites with different transmisstmategies or definitive hosts might be at a ¢oifloo. We
need more studies using experimental infectionk different parasite species between which a deaflict
over host manipulation exists. Investigating suchflict over host manipulation requires the avallgbof at
least two suitable species and their host thatbeahandled in the laboratory. We should furtheremidhe
scope of the contestants we use and not only cangidanipulating) parasites but also commensals and
symbionts as agents that could be interested éniradt host behavior or at least sabotaging hosipu&ation.

Indeed, symbiotic microbes do seem to affect hekatsior (reviewed by Feldhaar 2011; Ezenwa etGdl2p

Whether parasites will evolve specific respongeghe presence of other, potentially manipulating
parasites will largely depend on the underlyingesgbn pressures which will be strongly influendedthe
likelihood of such interactions to occur (Rigaudi &faine 2005). We do not know what proportion oftsas
actually manipulated by a parasite. Only a limitegnber of systems has been investigated and stadies
biased towards traits that are easily accessibldbpan perception, while those that are not might b
overlooked (Moore 2013). Parasites may not be @bkedapt to encounter a particular parasite butyeve
parasite will encounter some other parasite, consalerr symbiont. Manipulating parasites can
probably expect to encounter organisms which havénterest in a normally behaving host. Parasites
would benefit from evolving general strategies tp@ess any parasite with manipulation unsuitable t
them — or counter manipulation. Are they likelyhtave the ability to do so? In chapter IV | showttaa
parasite can sabotage host manipulation by a pkyletcally distinct parasite. We need to test the
interaction of one parasite species with multipldnes ones. Of course doing so, especially using
experimental infections, will be a challenge. Ifthua generalist mechanism was possible it might put
the manipulator at an advantage — it will alwaysamter other, non-manipulating organisms, but not

every organism within a host might encounter a maating parasite.

Parasites in nature are not only faced with otbentecting and potentially also manipulating péessbut
also with differences in their host's environmebifferences in resource availability seem to haide|
influence on host manipulation 8y solidus in its copepod host (Chapter VI). They do howeaféect how far
healthy but not infected copepods can move resultinlarger differences between infected and uwciei®
copepods in a high food treatment (Chapter VI)Slrsolidus infected sticklebacks, host behavior can be
affected by the hosts hunger status which will@miree depend on resource availability (Giles 198&sber
and Huntingford 1995; Barber et al. 1995). Thigliitg might partly depend on host and parasite ageseze
(Chapter I1). Such differences, whether or not taey due to actual changes in host manipulatiomdomake
host manipulation more successful in certain emwirtents. More studies on how resource availability a

other environmental differences might affect hoahipulation are clearly needed.
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Studying the interaction between different parasite between parasites and their environment
when it comes to host manipulation might be morntlust an academic enterprise. Humans too are
subject to manipulating parasites. About 30% of homworldwide are infected bloxoplasma gondii
known to change various personality traits (e.gStlaa and Langoni 2009; Flegr 2013). Are theremals
other parasites, pathogens, commensals or symhimatt€an impact the behavior of infected humarntdfos
Humans are not only (accidental) intermediate htstsnanipulating parasites, they may also encounter
manipulating parasites as definitive hosts. Malgmiasents a severe health issue in many counttges.
transmission is aided by host manipulation tharalthe behavior of its insect vectors and thagitreness of
its human host to enhance transmission (e.g. Keeld. 2002; Koella 2005; Lacroix et al. 2005; @&t al.
2012). Could other parasites or symbionts alterakient of that manipulation and thereby also fdgsi

infection probabilities?

Host manipulation should not be viewed in isolatanthe effect of one parasite on one host in tat&e s
environment. Hosts are infected by multiple paessisymbionts and commensals all of whom mightcaffe
host behavior and living in a complex, variable iemvment. Doing this thesis has answered a number o
questions but it has also raised new ones, possiyn more than | had when | started. How do p@&ssi
interact on a mechanistic level? Do they interaith wach other directly or do they just continuedwhat
they are doing and thereby interact indirectlythere a qualitative difference between inter- artchspecifc
conflict? What happens to host manipulation if otplayers such as symbionts or commensals enter the
game? To what extend do differences in the envisrtnaffect host manipulation in nature? What aee th
ecological impacts of this variability in host maniation? We are, at best, only beginning to uridadshow
various factors might interact to shape host mdatfmn and the resulting host behavior in naturtee Tiost,

that much at least seems certain, is not soletpirirol of its behavior.
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Appendices

Appendix for chapter II

Supplementary information II. 1: Reaction to the simulated heron
attack

To confirm that the fish reacted to the simulatedonh attack, we compared the time between feeding
successive food items for the first 5 food itenisla consumed. We only used fish that had consushéshst
5 food items. The simulated heron attack occurfest awo food items had been consumed. We usedredpa
Wilcox test in R with bonferroni corrections to aocat for multiple testing (R Development Core Team
2010). We did this for each of the four time poisg¢parately.

The fish’s latency to resume feeding after the $atew heron attack was significantly greater thitimee
the latency to consume the second food item pddhé simulated heron attack or the latency to woes
additional food items once feeding had been resuafied the simulated heron attack during all tinoéngs
(p<0.0001, Figure 1IS1, Table I1.S1). Clearly, fish perceived the simulated heraacktand reacted to it as a

frightening event throughout the entire experiment

Table Il. S1: Pairwise comparison for the time taken to feed successive food items. Significant p-values (a<0.05) have
been marked in bold. The simulated heron attack occurred once two food items had been consumed.

Time point Number of food items already consumed N Test statistics -

v | p |  padjusted
1 1 2 56 0 <0.0001 <0.0001
1 2 3 56 1537 <0.0001 <0.0001
1 3 4 56 747 0.9725 1
2 1 2 65 0 <0.0001 <0.0001
2 2 3 65 2100 <0.0001 <0.0001
2 3 4 65 616 0.0180 0.0540
3 1 2 65 0 <0.0001 <0.0001
3 2 3 65 2076. <0.0001 <0.0001
3 3 4 65 1007 0.3607 1
4 1 2 62 0 <0.0001 <0.0001
4 2 3 62 1816 <0.0001 <0.0001
4 3 4 62 750 0.2255 0.6765

1: Values represent V statistic and p values from a paired Wilcox test

2: Bonferroni correction for multiple testing
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Figure Il. S1: Confirmation of the initial reaction to the simulated heron attack: Latency to consume a subsequent
food item. Note that the latency to consume subsequent food items increases after the simulated heron attack (marked
by the vertical red line). Error bars present 95% Cl. N: Time point 1:56, Time point 2:65, Time point 3:65, Time point

4:62.
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Supplementary information II. 2: Differences in the reaction to the

simulated heron attack

To test the fish’s reaction to the simulated heatiack, used Fisher's Exact Test in R (R Developmen
Core Team 2010). We categorised each fish’'s readtito 5 different categories (None: Fish showed no
reaction to the simulated heron attack, Slow movemiish moved slowly; Fast, erratic movement: Fish
darted into any direction without reaching hidingjumped around without obvious direction, Freezifigh
remained motionless in its current position fofegist several seconds; Fleeing to hiding: Fishedeghdnto
hiding within a few seconds after the simulatedoheattack.) and analysed the number of fish in each
treatment that performed each reaction for eack pwint. Fish that were hiding during the simulatbedon
attack were excluded from the analysis. If we fosgighificant differences, we conducted post-hotstey
repeatedly conducting the same models on only reatrnents for each possible treatment combinatich a

used bonferroni corrections to correct for multifgsting.

In experiment |, treatment did not affect host fisacted to the simulated heron attack duringitsethree
time points (Fisher’s exact test: Time point 1: (3882, Time point 2: p=0.1599, p=0.06143. During third
time point sequentially infected fish tended towgHess strong reactions such as no reactions atr allow
movements than uninfected fish that froze or hidenoften (p adjusted (bonferroni correction) = G.08
During the fourth time point, treatment did havsignificant effect on host behaviour. Post hocstegith
bonferroni corrections revealed that uninfectedh fighoa arguably more risk averse reactions tham fis
infected on day O (p adjusted = 0.045) and fislusetially infected on day O plus day 31 (p adjustéd006).
Sequentially infected fish also behaved signifiadifferent, arguably less risk averse from thasected
only on day 31 (p adjusted = 0.025, FiguresSR).

In experiment Il, nearly all fish reacted to themslated heron attack by fleeing to hiding. Accogiyn we
found no significant differences between infectet aininfected fish (Fisher's exact test: Early fish
p=0.6342, Late fish 2: p=0.7860, FigureSR).
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A Time point Early fish
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Figure Il. S2: Reaction to the simulated heron attack by treatment. A: Experiment |, B: Experiment Il. None: Fish
showed no reaction to the simulated heron attack, Slow movement: Fish moved slowly; Fast, erratic movement: Fish
darted into any direction without reaching hiding or jumped around without obvious direction, Freezing: Fish remained
motionless in its current position for at least several seconds; Fleeing to hiding: Fished moved into hiding within a few
seconds after the simulated heron attack. Treatment: 1_1 fish sequentially infected by one S. solidus on day 0 plus one
on day 31, 1_0 fish only infected by one S. solidus on day 0, 0_1 fish only infected by one S. solidus on day 31, 0_0
uninfected fish. N: Time pointl: 1_1: 24, 1_0: 30, 0_1: 19, 0_0: 35; Time point2: 1_1: 24,1 _0: 29, 0_1: 18, 0_0: 35;

Reaction to the simulated
heron attack

None

Slow movement

Fast, erratic movement
Freezing

Fleeing to hiding

Time point3: 1_1:26,1_0:29,0_1: 18, 0_0: 33; Time point4: 1_1: 26, 1_0: 29,0_1: 19, 0_0: 31.
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Supplementary information II. 3: Parasite growth & parasite index

Since we wanted to measure the behaviour of eathrépeatedly, measuring directly when parasites
would become infective was impossible in our studilis seems to vary between studies (Barber and
Svensson 2003; Scharsack et al. 2004, 2007). We msel of the fact th& solidus is usually assumed to
reach 50 mg before it is able to reproduce indisldird host and that the growth curves of S. sslilave
previously been estimated (Barber and Svensson; ZBfiarsack et al. 2004, 2007) to calculate at \@bat

parasites in each of our treatment would reach §@&mna become infective in our study.

To obtain growth estimate for each parasite throughhe experiment we used the Nonlinear Least
Squares function in the stats package in R (R Dgveént Core Team 2010). Following know estimates of

the growth ofS. solidus (Barber and Svensson 2003; Scharsack et al. 200%,), we assumed it to roughly

a
follow a logistic growth and hence used the formida logistic growth: y:m. We obtained
€

parasite weight and appropriate parasite age ftanliterature (Barber and Svensson 2003; Schaestaak
2004, 2007) and used this data to obtain valuea fordb as well as a starting value forWe then inserted
our known parasite weight and age at dissectionaapdrasite weight of 0 at infection into the fofanto
obtain an individual value for ¢ for each parasitee formulas we thereby obtained could be usebtain an
estimate of the weight of each parasite during ¢iawh point since we knew exactly how old parasiese at
that time. Since we found no appropriate data ewtr in S. solidus sharing their host with a conspecific, we
had to assume that it resembled that of individisaleven so this probably represents a simplificat

To compare parasite weight between different treats) we only used the weight at dissection. Wedit
an analysis of variance model (ANOVA) in R (R Deymhent Core Team 2010) using parasite weight as the
response and a factor that combined treatment arabipe age as fixed effect. Since the ANOVA shoaed

significant effect of our treatment/ parasite agetdr, we subsequently conducted a Tukey’s postégic

Treatment and parasite age combined had a signifieffect on parasite weight during dissection
(Fos =60.56, p<0.0001). A post hoc test revealed thattisdr sharing their host with a conspecific or not,
parasites that infected their host on day 31 wénays smaller than those from day O (Figure SB,
p<0.0001). Parasites that infected their host gn3dagrew significantly smaller when they had targhtheir
host with an older conspecific than when they vadome (Figure 11S3, p<0.0001). By contrast, parasites that
infected their host on day 0, did not significardiffer in their weight whether they had to shdreit host or
not (Figure 11.S3, p=0.8167).
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Figure II. S3: Estimated parasite growth curves. Shape of the growth curves were obtained from the literature (Barber
and Svensson 2003; Scharsack et al. 2004, 2007) and in combination with parasite weight and age during dissection
used to estimate the average growth curved for each treatment. Actual parasite weight was only measured at
dissection (dark grey bar). Error bars indicate 95% Cl. The X-axis indicates the age of the parasite from day 0. Parasites
that infected their host on day 31 are always 31 days younger. The horizontal black line indicates the 50 mg threshold
below which little reproduction inside the definite bird host is possible (Tierney and Crompton 1992). The light grey bars
indicate the time during which the behavioural measurements for the corresponding time point took place. 1_0;
Parasite from day O: Parasites that infected their host on day 0, 0_1; Parasite from day 31: Parasites that infected their
host on day 31, 1_1; Parasite from day 0: Parasites that infected their host on day 0 and had to share with another
parasite, 1_1; Parasite from day 31: Parasites that infected their host on day 31 and had to share with another parasite.
Parasites from day 0 and day 31 from 1_1 steamed from the same sequentially infected fish. N: 1_0: 29, 0_1:19, 1_1:26.

Reproduction in the definitive bird host is usualsumed to be possibly only af&isolidus has reached
a weight of at least 50 mg in the fish (Tierney &rdmpton 1992). Adaptive host manipulation enhagthe
fish’'s predation susceptibility should only occinreteafter. Our estimated growth curved allowed houg
estimates of when we expect parasites to have edatie 50 mg threshold and host manipulation tanset
(Figure 11. S3). Parasites in fish only infected on day 0 sthdwslve reached the 50 mg threshold just over 60
days post infection (i.e. around time point 2) ahduld hence have manipulated their host from pimiat 2
or 3 onwards. Parasites in fish only infected on 3tashould have reached the 50 mg threshold ardap&0
post infection (i.e. around day 80 after the firgection, between time point 3 and 4). Accordingigrasites
from day 31 should only manipulate during the fbumne point. For sequentially infected fish, marigtion

should depend on the outcome of a conflict overnMmanipulation should set in between the parasie f
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day 0 and from day 31 sharing a host. The par&site day 0 in sequential infections reached 50 nogired
60 days post infection, around the same as pasafsiden day O that did not have to share their hibst.
dominates, manipulation should set in during tinenp2 or 3. By contrast, parasites that infectedté
already infected on day 0 on day 31 (sequentigctidns) failed to reach the 50 mg threshold befoeeend
of the experiment. If the parasite from day 31 dwated host behaviour, fish sequentially infectedohg
parasite on day O plus one on day 31 should haver i&ve been manipulated throughout the experin@nt
course, any intermediate behaviour indicative abmpromise might also be possible. In either cégeje
host manipulation is at work, sequentially infecfesth should not be manipulated sooner or morengtyo
than fish only infected on day 0. Any such host ipalation would indicate an effect of energy draather

than true host manipulation.

Surprisingly, fish infected on day 31 start disjp@ymore risk prone behaviour already from the mdco
time point onwards when their parasite is just o3@rdays old and not yet infective and thus shaultl
induce risk prone behaviour. During the same titse &ish infected on day O (whose parasites acngiyi
are 31 days older) increase their risky behavidiomwever, their parasites are infective. When fighegience
the heron during the second time point, they hdneady experienced it once before and might be etreat
it does not occur a second time during the triisTould have reduced the frightening level o ttimulus.
We do see no evidence of any habituation in uniatedish. However, infected fish are faced with an
additional energy drain, which could cause thenhdbituate more readily to a frightening stimulusey
might learn more quickly to adjust their behavidiecause they have to eat more. This effect could be
independent of parasite size, if energy drain rathan actual host manipulation is responsible tfe
behavioural changes we observed. Further siméarltietween fish infected on day 0 and on day 3lddme!
facilitated by differences in parasite growth. B#es from day 31 grow faster (they become infectivabout
50 days after infection while parasites from dagnly become infective just over 60 days post infegtsee
above, Figure 11.S3) and hence they do drain more energy. Both edettexplanations are consistent with
behavioural changes caused by enhanced energyhdriairot with behavioural changes caused by atinsi
manipulation. Actual host manipulation will not emte the risk taking of fish infected on day 3limythe

second time point when the parasites are not jettine.

For both experiments we measured fish and panagiight (Figure I1.S4 A, B) at dissection. From these
we calculated the parasite index (parasite weighthined fish and parasite weight, FigureS#i C, D) as a
measure of relative parasite burden. We combinéal afainfected fish from experiment | and Il ancedsan
analysis of variance model (aov, R (R DevelopmeanmeCeam 2010)) with parasite index or parasitegitei
as response and the treatment (experiment |) dirttee(experiment Il) as independent variable fokol by a
Tukey’s post hoc test. Our treatment/ time sigaifity affected parasite index, f55=128, p<0.0001) and
weight (K 10=57, p<0.0001). While late fish, i.e. fish with éafive parasites from experiment Il harboured
about the same total parasite weight as fish iafecin day 0 and fish infected on day 0 plus on 3fhyn
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experiment I, they had a significantly lower pat@asndex (Table 11.S2, Figure 11.54) because they were
much larger. This probably contributed to differesién stickleback’s risk averseness between expatirh
and Il. Some parasites in experiment |, but nonexjperiment Il, might have grown large enough iatien
to their host to compress the gut of their hostehy increasing their hunger. Energy drain, toqrizbably
more efficient in smaller fish. True host manipigdatshould not be switches off completely just hseafish
are too large, but with side-effects the size dhlbwst and parasite could play a crucial role.

Table Il. S2: Results of the Tukey post hoc tests for parasite weight and parasite index. 1_1 fish sequentially infected
by one S. solidus on day 0 plus one on day 31, 1_0 fish only infected by one S. solidus on day 0, 0_1 fish only infected by
one S. solidus on day 31, early: fish harbouring infective parasites, late: fish harbouring not yet infective parasites.

Parasite Experiment

weight
Parasite ' I
index 11 10 01 early late
- 11 0.012 <0.001 <0.001 0.303
é 10 0.004 <0.001 <0.001 0.853
5 01 <0.001 <0.001 <0.001 <0.001
g early <0.001 <0.001 <0.001 <0.001

late <0.001 <0.001 0.522 <0.001
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Figure Il. S4: Worm weight (A, B) and parasite index (C, D). Treatment: 1_1 fish sequentially infected by one S. solidus

on day 0 plus one on day 31, 1_0 fish only infected by one S. solidus on day 0, 0_1 fish only infected by one S. solidus on
day 31. Time: early: fish harbouring infective parasites, late: fish harbouring not yet infective parasites. Horizontal grey
lines indicate the critical size to reach infectivity (A, B) or the parasite index at which this critical size should have been
reached given the average size of fish in that experiment (C, D).
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Table I1.

S3

Table II. S3: Outcome of likelihood ratio tests. For the number of food items consumed and the feeding position we used generalized linear mixed models with Poisson error
family. For fish activity we used linear mixed models after log transforming the data. We included time point as fixed factor and used fish identity as random effects including the
repeat to account for the presence of intra-individual variation between repeats. For the feeding position we additionally included the time interval in the recording (i.e. before
vs. after the simulated heron attack) both in the random effects and as a fixed effect. Subsequently, we added the treatment and its interactions with repeat. Test statistics and
MCMC-estimated p-values are for the comparison with the preceding model. Significant p-values have been marked in bold.

Total amount of food consumed
within 5 minutes

Fish activity (average distance mov
within 2 seconds)

d

Average position where the first two food itemsdvefand
after the simulated heron attack were consumed

Factors Df Chisq p Df Chisq p Df Chisq p
+Treatment 8.3 17.968 | 0.0005 93 2.279 05165 23.3 1.891 0.5953
+Treatment : Time poin 11,3 15.221] 00016 12.3 2763 0.4296 32,9 12.196 0.2025
+Treatment : Time 35,3 1.7218 0.6321
interval

+Treatment : Time 47,12 13.258 0.3505
point: Time interval

422 observations on 110 f

405 observations on 110 f

518 observations 89 on fi

Table II.

s4

Table II. S4: Outcome of multiple comparisons for each time point for the latency to resume feeding. We conducted survival analysis including only two treatments at once.
Significant p-values are highlighted in bold. 0_0: Fish not infected by S. solidus, 1_0: Fish singly infected on day 0, 0_1: Fish singly infected on day 31, 1_1: Fish sequentially
infected on day O plus on day 31. If there were differences between treatments, the first treatment is the one with the longer time to resume feeding within each comparison,

i.e. the more risk averse fish.

Comparison Time poin 1 Time poin 2 Time poin 3 Time poin 4

ChiSq p p adj ChiSq p p adj ChiSq p p adj ChiSq p p adj
00 10 0.48 0.9242 1 22.50  0.0001 0.0003 14.17 0.0027 0.0161 11.30 0.0102 0.0612
00 01 0.01 0.9997 1 12.26/  0.0065 0.0392 9.68 0.0215 0.1292 4.63 0.2009 1.2051
00 11 13.11 | 0.0044 0.0265 30.80 <0.0001 <0.0001 42.95 <0.0001 <0.0001 54.11 <0.0001 <0.0001
01 10 0.4¢ 0.929. 1 0.34 0.951¢ 1 0.01 0.9997 5.998¢ 0.72 0.865: 5.191!
1C 11 8.6( 0.0351 0.210: 1.6€ 0.641( 1 10.01 0.0185 0.110¢ 19.4¢ 0.0002 0.0013
0.1 11 10.54 | 0.0145 0.0868 2.97 0.3961 1 8.73 0.0330 0.1983 23.97 <0.0001 0.0002

1: adjusted p-values represent Bonferroni correction for multiple testing




Table I1I. S5

Table Il. S5: Post hoc comparison between treatments for the amount of food consumed within 5 minutes after the
simulated heron attack. We used Tukey test using general linear hypotheses. Fish identity and repeat were included as
random effect. Significant p-values have been marked in bold. 0_0: Fish not infected by S. solidus, 1_0: Fish singly
infected on day 0, 0_1: Fish singly infected on day 31, 1_1: Fish sequentially infected on day O plus on day 31. If there
were differences between treatments, the first treatment is the one with the lower number of food items consumed
within each comparison, i.e. the more risk averse fish.

Time point
Comparison 1 2 3 4
t p t p t p t p

0_0 10 0.940 0.7808 -4.054  0.0002 -7.598 <0.0001 -6.031 <0.0001
0_0 0_1 0.871 0.8176 -2.095 0.1526 -5.691 <0.0001 -3.482 0.0030
0_0 11 -3.831 | 0.0006 -7.298 <0.0001 -9.111 <0.0001 -7.985 <0.0001
01 10 0.050 1 1.421 0.4829 1.297 0.5606 2.049 67a.1
1.0 11 -4.425 | 0.0001 -3.419 0.0032 -1.778 0.2804 -2.292 0.0980
0.1 11 -3.869 | 0.0006 -4.237 0.0002 -2.809 0.0250 -3.946 0.0005

Table II1I. S6

Table II. S6: Analysis of the time spent hiding before and after a simulated heron attack. The Table presents the
outcome of likelihood ratio tests. We used linear mixed models after log transforming the data. We included fish
identity as random effects. Subsequently, we added the time interval in the recording (before vs. after the simulated
heron attack), the feeding treatment, the infection treatment and all their interactions. Test statistics and MCMC-
estimated p-values are for the comparison with the preceding model. Significant p-values have been marked in bold.

Early (6 weekpost infection) Late (10 weekgost infection)
Factor: Df Chisc p Df Chisc p
+Time interva 4,1 81.22¢ <0.0001 4,1 48.537 | <0.0001
+Infection 51 0.002 0.9661 51 0.001 0.981
+Time interval : Infection 6,1 0.015 0.9026 6,1 m5 | 0.4671
+Feeding 7,1 19.751| <0.0001 7,1 29.357 | <0.0001
+Feeding : Time interval 8,1 38.144 <0.0001 8,1 28.876 | <0.0001
+Feedin(: Infectior 9,1 0.047% 0.829: 9,1 0.11€ 0.733%
+Feedinc: Infectior : Time interva 10,1 0.15¢€ 0.693: 10,1 0.39: 0.530¢

174 observations on 87 fish 168 observations ofis84
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Table II. S7

Table Il. S7: Post hoc comparison between treatments and time interval (before vs. after heron) for the time fish
spend hiding. We used Tukey test using general linear hypotheses. Fish identity was included as random effect.

Significant p-values have been marked in bold.

heron attack, starved

Early Late
(6 weekgpost infection) | (10 weekspost infection)
Comparison t p t p

Before the simulated heron attack: starved — satiat -7.698 <0.0001 -8.142 <0.0001
After the simulated heron attack: starved — satiate 0.031 1 -1.206 0.6184
Hungry: before the simulated heron attack — afiersimulated
heron attack -14.778 <0.0001 -10.973 <0.0001
Full: before the simulated heron attack — aftersineulated
heron attack -4.562 <0.0001 -2.212 0.1176
before the simulated heron attack, star after the simulate
heron attack, satiated -11.453 <0.0001 -10.059 <0.0001
before the simulated heron attack, satiated — #ftesimulated 5 o 0.0009 -0.710 0.8913

140




Appendix for chapter III

Supplementary results III1. 1: Results after a recovery period

After copepods had had time to recover, copepauglysinfected on day 0 (Figure lll. S1, dashed blue
line), increased their activity between day 11 &3d(p=0.009), but not before (p>0.5). CopepodsIging
infected on day 7 (Figure lll. S1, dashed greea)linitially decreased their activity as host maagion set
in between day 9 and 11 in the experiment (p<0.0DHgy increased their activity again at the same post
infection as copepods infected on fay 0, i.e. between 1118mihyspost infection, between day 17 and 19 in
the experiment (p<0.001). Unexposed control copgspleowever, also increased their activity betwesndl
and 13 (p<0.001) but decreased it between day @718np=0.043). Before the parasite reached infbti
(predation suppression) singly-infected copepodsevedways significantly different from control cquels
(p<0.03). Copepods singly on day 7 continued tgigrificantly less active than control copepodstighout
the experiment (P<0.001) except on day 19 (p=0.331)

Like copepods singly infected on day 0, copepodiscted with two parasites on day O (Figure lll. S1,
continuous blue line) significantly increased tretivity between day 11 and 13 (p<0.001). In thio$ected
with two parasites on day 7 (Figure lll. S1, contins green line), the onset of manipulation waskethby a
significant decrease in host activity between dayr@l 11 (p<0.001) and the switch from predation
suppression to predation enhancement by a significarease between day 17 and 19 (p<0.002). Cajzepo
simultaneously infected on day 0 never significadiffered from controls (p>0.3). Copepods simudiansly
on day 7 were significantly less active than cdstouring predation suppression, i.e. between dagnd 17
(p<0.2). We never observed any significant diffeenbetween singly-infected copepods and simultasigo

infected copepods from the same infection time {p@r0.07).

The conflict we observed immediately after a sirmedapredation attack was also observable after a
recovery period. On day 15, copepods singly infeaa day O were significantly more active than éos
singly infected on day 7 (p=0.003). The same was tvhen comparing simultaneously-infected copepods
day 15 and 17 (p<0.04). No other significant d#feees occurred for those comparisons (p>0.06).
Sequentially-infected copepods (i.e. infected witle parasite each on day O plus on day 7, FigurdaSted
red line), however, never differed from simultanggtinfected copepods (p>0.1). They were never
significantly different from copepods singly infedton day 0, either (p>0.7), but did differ fronogle singly
infected on day 7 on day 17 and day 21 (p<0.03udh not on any other day (p>0.1). Hence, thetesis
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evidence for a conflict over host manipulation mfieecovery period, but if anything it still seetosbe won

by the infective parasite from day 0.

A B Cc

Treatment
C
Sing_tO.
— sim_to |
**= Sing_t70
= Sim_t7 0
== Seq .0

Proportion of time spent moving
&
f

Age of the parasite from day 0 Age of the parasite from day 0
9 13 15 17 19 21 2 9 o3 15 17 19 21 23
2 4 6 & 10 12 14 16 2 4 6 & 10 12 14 16

Age of the parasite from day 7 Age of the parasite from day 7

Figure Ill. S1: Activity (i.e. proportion of time spent moving) of copepods according to treatment, after a recovery
period. Error bars indicate 95% Cl. Bold numbers on the X-axis indicated that a parasite of that age was infective. A:
Copepods infected on day 0, B: Copepods infected on day 7, C: All treatments. Error bars from the treatments already
presented in A and B have been omitted for better readability. C: uninfected control copepods (n = 41), Sing_tO:
copepods singly infected with one parasite on day 0 (n = 25), Sim_t0: copepods simultaneously infected with two
parasites on day 0 (n = 11), Sing_t7: copepods singly infected with one parasite on day 7 (n = 27), Sim_t7: copepods
simultaneously infected with two parasites on day 7 (n = 25), Seq: copepods sequentially infected with two parasites,
one each on day 0 plus day 7 (n = 18).

We never observed any significant differences betweopepods singly infected on day O (Figure 18. S
dashed blue line) and copepods sequentially irdeatith one parasite on day O and one (Figure 12, S
dashed red line) or two (Figure lll. S2, continuoed line) on day 7 (p>0.2). Copepods sequentiaflycted
with one parasite on day 0 plus two on day 7 ditbdsignificantly from those only infected on dayFigure
lll. S2, dashed green line) on day 13 (p=0.007}, diu no other day (p>0.08). Just like after a sated
predation attack, we find no clear evidence thatdasing parasite number changes the outcome of the

conflict over host manipulation.
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Figure lll. S2: Activity (i.e. proportion of time spent moving) of copepods according to treatment, after a recovery
period. Error bars indicate 95% Cl. Bold numbers on the X-axis indicated that a parasite of that age was infective. C:
uninfected control copepods (n = 20), Sing_t0: copepods singly infected with one parasite on day 0 (n = 25), Sing_t7:
copepods singly infected with one parasite on day 7 (n = 22), Seq: copepods sequentially infected with two parasites,
one each on day 0 plus day 7 (n = 28), Seq2: copepods sequentially infected with three parasites, one on day 0 plus two
onday 7 (n=26).
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T
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Supplementary results III. 2: Additional confirmation of the effect of

the number of non-infective parasites from day 7

Copepods were exposed to dheolidus on day 0 and 1 or 5 on day 7 in the same manrserided in the
main paper. The parasite administered on day Oyslwaginated from a different parasite family thiwe
parasite(s) administered on day 7, but if 5 pagasitere used on day 7, they resulted from the $amiy.
Unlike in the main experiment we used any copepfetcted by one parasite on day 0 and any numbéayf
7 parasites, resulting in 103 copepods in 4 diffetecatments infected with one parasite on dayn® a
variable number of parasites on day 7 (0 paraeiteday 7: 25, 1 parasite on day 7: 39, 2 parasiteday 7:
30, 3 parasites on day 7: 9). Only one copepodimfasted by more than 3 parasites on day 7 anduddl

from analysis.

Parasites and copepods stemmed from the same popuéad were maintained in the same manner
described in the main paper. We checked copepadsfiection on day 15, i.e. when parasites from Gay
were 15 and parasites from day 7 were 8 days aldnam-infective. We measured parasite size on day 1
(parasites from day 7 were 9 days old and henltesti-infective) in copepods infected with one gsite on
day 0 and at least one on day 7. It is possibldatso in the living copepod (e.g. Wedekind et &0,
Michaud et al. 2006; Benesh and Hafer 2012). Shonté took a photo of each parasite within its reosd
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measured the area the parasite occupied using iln@asband 2008). From this we calculated theqptiom
of the non-infective parasites from day 7 amongttii@ parasite area.

1.00 7

0.757

0.50

0.25

Proportion of total parasite volume made up by parasite(s) from day 7

OOO T T T
1 2 3

Number of parasite(s) from day 7

Figure lll. S3: Relative combined size of parasites from day 7 depending on the number of parasites from day 7 per
copepod. Error bars indicate 95% Cl. The horizontal black line indicates equal size of the parasite from day 0 and all
parasites from day 7 within that copepod. Each copepod was infected by one parasite on day 0 and 1 (n=19), 2 (n=16) or
3 (n=5) parasites on day 7.

Size could be measured for a total of 38 copepdtts ame parasite from day 0 and a varying number of
parasites from day 7 (19 with 1 parasite from dag& with 2 parasites from day 7, 5 with 3 parasitem
day 7). In copepods with one parasite from daynd @ne parasite from day 7, the parasite from dmade
up 23 +/- 2%, significantly less than 50%, of tb&atl area parasites occupied within these copefigekl.7,
df=18, p<0.0001, Figure Ill. S3). In copepods hairtp more than 1 non-infective parasite from dayhg,
area these parasites occupied out of the totasipa@ea was not significantly different from 5Q2parasites
from day 7: 48 +/- 4 %, t=-1.3087, df=15, p=0.21@3parasites from day 7: 49 +/- 8 %, t=-0.3561,4df=
p=0.7397, Figure Ill. S3).
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Neither the number of parasites a copepod wastedeay on day 7 nor its interaction with day hag an
effect of how often it moved (Figure Ill. S3). Addnally including the interaction between parasitanber
and time point in the recording (i.e. before vsemh simulated predation attack) and the three imtayaction
including also the day significantly improved thedel (Table Ill. S6). Post-hoc tests however, riacao
differences between pairwise comparisons betweenatttivity of copepods with different numbers of

parasites from day 7 (Table Ill. S7).
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Figure Ill. S4: Activity (i.e. proportion of time spent moving) of copepods according to treatment, after a simulated
predation attack (A) and after a recovery period (B). Error bars indicate 95% Cl. Each copepod was infected by one
parasite on day 0 (day-0 parasite) and 0 (n=22-22), 1(n=33-39), 2(n=23-30) or 3 (n=7-9) parasites on day 7.
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Table III. S1

Table lll. S1: Outcome of likelihood ratio tests. All comparisons were significant. The initial model used whether or not
a copepod moved within a two second interval as response and the day after the first infection (DAY), the Period in the
recording (PERIOD), i.e. after a simulated predation attack vs. after a recovery period and the interaction between DAY
and TIME as fixed effects. We used the copepod identity as a random factor and included DAY and PERIOD.
Subsequently, we added the treatment (TREAT) and all its interactions with DAY and PERIOD. Test statistics and MCMC-
estimated p-values are for the comparison with the preceding model.

Experiment . Experiment
Factors DF Chisq p Factors DI Chigq p
+ TREAT 15,5 | 29.38: <0.0001 + TREAT 14,4 | 24.65( | <0.0001
+ DAY : TREAT 20,5 | 15.45¢ 0.0086 + DAY : TREAT 18,4 | 11.08: 0.0257
+ PERIOD : TREAT 25,5 138.24(0 <0.0001 + PERIOD : TREAT 22,4 71.088 <0.0001
;FE’EEET'OD + DAY 30,5| 119.914| <0.0001 ;;EEET'OD : DAY 26,4 | 13.233| 0.0102
63060 observations on 147 copepods 49980 obsemsativ 121 copepods

Table III. S2

Table Ill. S2: Outcome of multiple comparisons between days for each treatment and period in the recording (i.e.
after a simulated predation attack vs. after a recovery period). Results from experiment 1. Significant p-values are
highlighted in bold. C: uninfected control copepods, Sing_t0: copepods singly infected with one parasite on day O,
Sim_t0: copepods simultaneously infected with two parasites on day 0, Sing_t7: copepods singly infected with one
parasite on day 7, Sim_t7: copepods simultaneously infected with two parasites on day 7, Seq: copepods sequentially
infected with two parasites, one each on day 0 plus day 7.

After simulated predation attack
Treatment | C |  Sing 10 | Sing_t7 | Sim_t0 | Sim_t7 | Seq
Comparison z p z p z p z p z p z p
day9 -dayll | -0.48 1.000 4.53<0.001 | -3.87| 0.003 | 4.31 | <0.001 | -4.42| <0.001 | 5.37 | <0.001
dayll - dayl3 -1.89 0.556 4.60<0.001 | -2.87| 0.078| 5.79 <0.001|-2.56| 0.170| 3.07| 0.045
dayl3 -dayl§ 1.89 0554 043 1.000 -2{18 0.365 81.70.632| 2.82| 0.089 -0.49 1.000
dayl5-daylq -1.86 057% 095 0.981 4560001 |-1.42| 0.848| 3.82 0.003 | 3.40 | 0.015
dayl7 -dayl9 1.294 0912 -2.24 0.327 4400.001| 0.65| 0.998| 9.60| <0.001 | -2.52| 0.188
dayl9 - day21 -0.14 1.000 3.880.003 | 1.94| 0.521| -2.7§ 0.098 -1.4d8 0.960 0.p8 1.000
day21 - day23 -5.2%<0.001 | -0.21| 1.000| -1.79 0.624 -2.55 0.174 -022 1.000 822. 0.091
Observations 8610 5370 5760 2610 5280 3900
Copepods 41 25 27 11 25 18
After a recovery period

Treatment | [ | Sing_t0 | Sing_t7 | Sim_t0 | Sim_t7 | Seq
Comparison VA p VA p Z p VA p VA p Z p
day9-dayll | -0.63 0.998 193 0529 -9/960.001 | -0.80| 0.993| -8.74 <0.001 | 5.91 | <0.001
dayll-dayl3| 4.30 <0.001 | 3.57 | 0.009 |-1.22| 0.927| 6.17 <0.001 | 1.73 | 0.670| -1.45 0.835
dayl3-dayl5/ -0.87 0989 125 0918 -0/96 0.980 (0.41.000 | -1.80 0.617| -2.50 0.19
dayl5-dayl7| -2.53 0.184 -3.660.006 | 0.70 | 0.997| 2.93 0.065 0.0p 1.000 4.3&0.001
dayl7-dayl9| -3.08 0.043 | -2.84| 0.086| 4.97| <0.001 | -7.49| <0.001 | 8.37 | <0.001 | 0.81 | 0.993
dayl19-day21| 4.81 <0.001 | 3.40 | 0.015 | -4.03| 0.002 | 3.05| 0.047 |-1.46| 0.831| -3.31 0.020
day21-day23| -6.27 <0.001 | -0.71| 0.997| -4.21 0.001 |-3.38| 0.016 | -0.33| 1.000| 2.34] 0.27]
Observations 8610 5370 5760 2610 5280 3900
Copepods 41 25 27 11 25 18
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Table III. S3

Table lll. S3: Outcome of multiple comparisons between treatments for each day and period in the recording (i.e. after a simulated predation attack vs. after a recovery
period). Results from experiment 1. Significant p-values are highlighted in bold. C: uninfected control copepods, Sing_t0: copepods singly infected with one parasite on day O,
Sim_t0: copepods simultaneously infected with two parasites on day 0, Sing_t7: copepods singly infected with one parasite on day 7, Sim_t7: copepods simultaneously infected
with two parasites on day 7, Seq: copepods sequentially infected with two parasites, one each on day 0 plus day 7.

After simulated predation attack

Day | 9 | 11 | 13 | 15 | 17 | 19 | 21 | 23
Comparison z p Z p z p z p z p | Z p z p z p
C-Sing_t0 -3.29] 0013 | -1.38 [ 0.733] 043] 0998] -03f 0999 0740 0.982 -027.000 | 102 00908 21§ 0.243
C-Sing_t7 -1.70]  0526| -3.1% 0020 | -3.13 [ 0021 | -5.08 [ <0.001 | -2.65 | 0.083 | -1.04] 0.901 -058 0.994 -0.04 1.000
C-Sim_t0 -224| 0216 001 1000 261 0091 280059 | 2.00 | 0.340 | 2.08] 0292 127 0798 147 0.681
C-Sim_t7 -1.42| 0.712] -3.36 0010 | -342 | 0008 | -326 | 0014 [ -107| 0890 | 230| 0183 156 0620 2689 0.076
C-Seq 241 0148] -011 1000 141 0714 096 092210 | 0285 | 088 0950 118 0843 138 0.733
Sing_t0-Sing_t7 | 1.51| 0.654] -1.54 0.633 -3.130021 | -4.13 | 0.001 | -3.03] 0028 | -0.67 | 0.984| -1.45 0.690] -1.99 0.346
Sing_t0-Sim_t0 0.23] 1000 099 0921 231 0277 52[8 0049 | 135 0.754] 214 0260 043 0998 -0[30 @00
Sing_t0-Sim_t7 1.67| 0547 -1.7fy 0475 -3.380009 | -255| 0.108 | -1.61] 0.588] 2.31 0.185 0.55 0.994  0/52995
Sing_t0-Seq 0.46] 0997] 100 0915 090 0945 1]17.8460 | 1.35| 0.753| 1.03 0905 020 1000 -053 0995
Sing_t7-Sim_t0 | -0.94] 0933 221 0226 4.63<0.001 | 6.20 | <0.001 | 3.85 | 0002 | 272 | 0.070| 1.62| 0.580] 1.39 0.781
Sing_t7-Sim_t7 0.21] 1.000] -028 1000 -020 1.000 .561] 0.618 | 1.46| 0.684] 3.0 0026 | 1.94 | 0373 | 245 0.13p
Sing_t7-Seq -089 0948 240 0153 3870001 | 503 | <0001 | 414 | <0001 | 1.65 | 0556 1.58] 0.605| 129 0.785
Sim_t0-Sim_t7 1.09] 0.884] -2.40 0153 -4.84<0.001 | -4.92 | <0.001 | -2.68 | 0.077 | -0.31] 1.000 004 1000 074 0.977
Sim_t0-Seq 0.16/ 1000 -0.08 1.000 -1.30 0779 -179.495 | -0.13| 1000] -113 0865 -025 1000 -0/1800Q,
Sim_t7-Seq -1.05| 0.898] 260 0.095 4.12<0.001 | 356 | 0005 | 2.84 | 0050 | -1.02 | 0.908| -0.33] 0.999] -0.99 0.9]8
Observations 4200 4200 4170 4140 3840 3780 3750 0 345
Copepods 140 140 139 138 128 126 125 115
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After a recovery period

Day 9 11 | 13 | 15 | 17 | 19 | 21 | 23
Comparison z p Z p z p z p z p Z p z p z p
C-Sing_t0 -3.05| 0027 | -1.89 | 0.401| -2.35] 0.172| -216 0250 -2.84 0.177 272 0.200| -252| 0.115| -0.90 0.947
C-Sing_t7 -0.86| 0.955| -3.22 0016 | -4.93 | <0.001 | -6.36 | <0.001 | -4.68 | <0.001 | -2.01 | 0.331| -4.27| <0.001 | -3.90 | 0.001
C-Sim_t0 -2.05| 0.310] -191 0387 -049 0968 -0/780.970 | 0.80| 0.966| -1.13 0.85f -1.47 0.890 -1/30 D[78
C-Sim_t7 -0.88| 0.951| -3.22 0016 | -3.96 | 0001 | -5.11 | <0.001 | -3.47 | 0.007 | -0.10 | 1.000| -1.86| 0.421| -0.78 0.970
C-Seq -3.33| 0011 | -0.81 | 0.965| -1.63] 0574 -3.10 0023 | -0.98 | 0.923 | -0.58 09927 -2.08 0.295  0.03 1.000
Sing_t0-Sing_t7 2.05| 0308 -1.1p 0835 -2p8 0.1963.65 | 0003 | -2.15 | 0.259 0.32| 1.000 -156 0.620 -2.Y3 0.068
Sing_t0-Sim_t0 0.23 1.000] -0.4p 0997 093  0.937 850/ 0.956 | 2.49 0.124| 059 0992 090 0946 -0/53 99|9
Sing_t0-Sim_t7 1.93| 0.374] -12p 0821 -1.38 0.73326%| 0.092 | -1.01] 0.911 199 0339 047  0.997 olo7.00a]
Sing_t0-Seq 059 0.991] 075 0975 045 0.998  -1.03.906 1.05| 0.898 1.29 0.788 0.28 1.000 0f7 0972
Sing_t7-Sim_t0 -1.36] 0.748 044 0998 277  0.061 813| 0002 | 4.24 | <0.001 | 0.34 | 0.999| 219 0.240 1.78 0472
Sing_t7-Sim_t7 -0.05 1.000f -0.1p 1.000 094  0.935 .990, 0.918 1.15 0.859 1.74 0500 195  0.369 2[72 700(0
Sing_t7-Seq -2.44,  0.138 1.77 0475 257 0.103 2/310.187 3.03| 0029 | 1.04 | 0.903| 1.76| 0.485 3.26 0.014
Sim_t0-Sim_t7 1.29| 0.786] -051 0996 -2.04 0312 982 0034 | -3.33| 0011 | 1.01 | 0.911| -047/ 0997 058 0.992
Sim_t0-Seq -0.70, 0.982| 1.04 0901 -051 0.996 -160.547 | -1.47| 0.677 054 0994 -0.683 0.988 116 985
Sim_t7-Seq 233  0.176] 1.83 0442 143 0502 1/38 .73 | 1.99 0.343| -0.46 0.99F -0.18 1000 0.8 0.984
Observations 4200 4200 4170 4140 3840 3780 3750 0 345
Copepods 140 140 139 138 128 126 125 115




Table III. S4

Table Ill. S4: Outcome of multiple comparisons between days for each treatment and period in the recording (i.e.
after a simulated predation attack vs. after a recovery period). Results from experiment 2. Significant p-values are
highlighted in bold. C: uninfected control copepods, Sing_t0: copepods singly infected with one parasite on day O,
Sing_t7: copepods singly infected with one parasite on day 7, Seq: copepods sequentially infected with two parasites,
one each on day 0 plus day 7, Seq2: copepods sequentially infected with three parasites, one on day 0 plus two on day

7.
After simulated predation attack
Treatment | C | Sing_t0 | Sing_t7 | Seq | Seq?2
Comparison z p z p z p z p z p
day9-dayl1l -3.37| 0.013 2.99 | 0045 | -2.98 0.045 -1.86 0.505 -2.82 0.071
dayl1-dayl3 1.55 0.715 3.01 0.043 0.93 0.968 7.27| <0.001 3.30 | 0.017
day13-dayl5 112 0.921 2.4¢ 0.174  -1.35 0.829 -1.420.792 1.07 0.937
dayl15-dayl7 0.61 0.997 -0.70  0.993 2.18 0.080 5|76<0.001 6.32 | <0.001
dayl7-dayl19 -0.90 0.972 -1.9Y  0.435 4.28<0.001 | -2.79 0.077 0.87 0.976
day19-day21 0.55 0.998 152 0.736 1.28 0.863 -3.870.002 0.80 0.985
Observations 4140 5130 4590 5790 5340
Copepods 20 25 22 28 26
After a recovery period
Treatment | C | Sing_t0 | Sing_t7 | Seq | Seq2
Comparison z p z p z p z p z p
day9-dayll -2.81 0.074 1.51 0.739 -5.43<0.001 | -3.56 0.007 -0.35 1.000
dayl1-dayl3 3.62| 0.006 0.00 1.000| -6.22| <0.001 5.17 | <0.001 2.32 0.233
day13-dayl5 -2.21 0.291 3.30 0.017 2.17 0.309 -2.44 0.180 0.16 1.00p
day15-dayl7 -0.36 1.000 0.3% 1.000 1.54 0.722 2|500.161 0.56 0.998
dayl7-day19 -3.05| 0.037 -1.42 | 0.791 8.05| <0.001 | -2.82 0.071 3.72| 0.004
day19-day21 487| <0.001 | -1.75 | 0.584| -2.16 0.319 -2.42 0.191 0.97 1.0p0
Observations 4140 5130 4590 5790 5340
Copepods 20 25 22 28 26
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Table III. S5

Table lll. S5: Outcome of multiple comparisons between treatments for each day and period in the recording (i.e. after a simulated predation attack vs. after a recovery
period). Results from experiment 2. Significant p-values are highlighted in bold. C: uninfected control copepods, Sing_t0: copepods singly infected with one parasite on day O,

Sing_t7: copepods singly infected with one parasite on day 7, Seq: copepods sequentially infected with two parasites, one each on day 0 plus day 7, Seq2: copepods sequentially
infected with three parasites, one on day 0 plus two on day 7.

After simulated predation attack

Day | 9 | 11 | 13 | 15 | 17 19 21
Comparison VA p Z p Z p Z p VA p VA p VA p
C-Sing_t0 -3.18 0.013 -0.75 0.945 -0.44 0.992 0.14 1.000 -0.46 0.991 0-0/5 0.987 -0.41 | 0.994
C-Sing_t7 -3.09 0.017 -2.44 0.104 -2.23 0.167 -3.49 0.004 -3.04 0.020 -1.07 0.821 -0.85| 0.914
C-Seq -2.40 0.116 -1.21 0.74% 0.28 0.999 -0.46 10.99 0.99 0.859 0.77 0.938 -0.89  0.901
C-Seq2 -2.23 0.169 -1.69 0.438 -1.14 0.783 -1.02 84%. 0.27 0.999 1.17 0.77( 1.16 0.772
Sing_t0-Sing_t7 -0.01 1.000 -1.8( 0.372 -1.92 0.306 -3.81 0.001 -2.75 0.047 -0.61 0.973 -0.45| 0.992
Sing_t0-Seq 0.88 0.903 -0.46 0.990 0.74 0.948 -0{640.968 1.56 0.522 1.35 0.65¢ -0.4f  0.990
Sing_t0-Seq?2 1.05 0.832 -0.99 0.858 -0.715 0.946 23-1} 0.733 0.78 0.937 1.76 0.399 1.64 0.473
Sing_t7-Seq 0.86 0.911 1.41 0.621 2.68 0.056 3.26 0.010 4.33 <0.001 1.94 0.296 0.01 1.00(
Sing_t7-Seq2 1.02 0.846 0.84 0.917 1.22 0.741 2,68 0.057 3.52 0.004 2.32 0.139 2.07 0.231
Seg-Seq2 0.17 1.000 -0.56 0.981 -1.51 0.554 -0{61 .9740 -0.77 0.938 0.44 0.997 2.21 0.1y7
Observations 3600 3600 3600 3570 3540 3540 3540
Copepods 120 120 120 119 118 118 118
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After a recovery period

Day 9 11 | 13 | 15 | 17 | 19 | 21
Comparison VA p Z p p Z p VA p VA p VA p
C-Sing_t0 -4.42 <0.001 -2.26 0.158 -3.39| 0.006 -1.37 0.649 -1.66 0.456 -0.94 0.883 -3.210.012
C-Sing_t7 -3.28 0.009 -3.14 0.014 -6.27 <0.001 -4.56 <0.001 -4.76 <0.001 -0.77 0.940 -3.36| 0.007
C-Seq -3.65 0.002 -2.50 0.089 -2.50 0.090 -2.47 0.097 -2.Jo 0.267 321, 0.676 -3.88 | 0.001
C-Seq2 -4.54 <0.001 -2.76 0.045 -3.33 0.008 -2.31 0.142 -2.45 0.102 -0.03 1.000 -1.93 0.300
Sing_t0-Sing_t7 1.09 0.813 -1.01 0.852 -3.24 0.011 -3.40 0.006 -3.35 0.007 0.16 1.000 -0.20 1.00(
Sing_t0-Seq 0.91 0.894 -0.19 1.000 1.05 0.831 -1{130.790 -0.30 0.998 -0.37 0.996 -0.56  0.981
Sing_t0-Seq?2 -0.09 1.000 -0.54 0.984 0.0 1.000 96-0 0.871 -0.83 0.922 0.96 0.871 1.4p 0.617
Sing_t7-Seq -0.23 0.999 0.86 0.913 4.32 <0.001 2.40 0.115 3.18 0.013 -0.53 0.984 -0.34| 0.997
Sing_t7-Seq2 -1.18 0.760 0.49 0.989 3.37 0.007 2.55 0.080 2.58 0.073 0.78 0.935 1.6D 0.497
Seg-Seq2 -1.01 0.852 -0.37 0.996 -0.96 0.873 0417 .0001 -0.56 0.981 1.38 0.64d 2.06 0.286
Observations 3600 3600 3600 3570 3540 3540 3540
Copepods 120 120 120 119 118 118 118




Table III. S6

Table I1l. S6: Outcome of likelihood ratio tests. Significant p-values are marked in bold. The initial model used whether
or not a copepod moved within a two second interval as response and the day after the first infection (DAY), the Period
in the recording (PERIOD), i.e. after a simulated predation attack vs. after a recovery period and the interaction between
DAY and TIME as fixed effects. We used the copepod identity as a random factor and included DAY and PERIOD.
Subsequently, we added the number of parasites a copepod was infected by on day 7 (NUMBER) and all its interactions
with DAY and PERIOD. All copepods were infected by one parasite on day 0. Test statisticc and MCMC-estimated p-
values are for the comparison with the preceding model.

Factors | DF | Chisq | p
+ NUMBER 11,1 0.303 0.5817
+ DAY : NUMBER 12,3 0.675 0.4113
+ PERIOD : NUMBER 13,1 19.355 <0.0001
+ PERIOD : DAY : NUMBER 14,1 51.745 <0.0001
22500 observations on 105 copepods

Table II1. S7

Table Ill. S7: Outcome of multiple comparisons between treatments for each day and period in the recording (i.e.
after a simulated predation attack (A) vs. after a recovery period (B)). Significant p-values are highlighted in bold. The
comparison gives the numbers of parasites copepods were infected by on day 7. Every copepod was infected
additionally by one parasite on day 0. No significant differences occurred while there should have been a conflict
between parasites that infected their copepod host on day 0 and on day 7 (day 11 to 15)

A: After simulated predation attack
Day | 9 | 11 | 13 | 15
Comparison Z p Z p Y4 p Z p
0-1 -2.62 0.041 0.83 0.834 0.87 0.815 0.79 0.856
0-2 -1.14 0.659 2.20 0.117 1.33 0.538 1.34 0.583
0-3 -0.9¢ 0.75¢ 1.7 0.28¢ 2.2 0.1117 0.8C 0.84¢
1-2 1.52 0.41¢ 1.6(C 0.371 0.54 0.947 0.6t 0.91¢
1-3 0.79 0.856 1.29 0.562 1.71 0.309 0.3( 0.991
2-3 -0.20 0.997 0.25 0.994 1.31 0.548 -0.16 0.999
Observations 3090 2580 2790 2670
Copepod 108 86 93 89
B: After recovery period
Day | 9 | 11 | 13 | 15
Compariso Z p Z p Z p Y4 p
0-1 -2.12 0.14Z -0.9¢€ 0.76¢ -1.14 0.65¢ -0.3¢ 0.97¢
0-2 -0.67 0.908 0.46 0.967 -0.03 1.00( 0.09 1.000
0-3 -0.41 0.975 0.61 0.927 -1.73 0.297% -0.48 0.962
1-2 1.50 0.432 1.48 0.440 1.15 0.648 0.48 0.962
1-3 1.04 0.718 1.26 0.578 -1.04 0.721 -0.24 0.995
2-3 0.0t 1.00C 0.3C 0.99( -1.74 0.29¢ -0.54 0.94¢
Observations 3090 2580 2790 2670
Copepods 103 86 93 89
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Appendix for chapter IV

Table IV. S1

Table IV. S1: Outcome of likelihood ratio tests for copepod activity (i.e., proportion of time spent moving within one
minute). The initial model used whether or not a copepod moved within a two second interval as response and the day
after the first infection (DAY), the Period in the recording (PERIOD), i.e. after a simulated predator attack vs. after a
recovery period and the interaction between DAY and TIME as fixed effects. We used the copepod identity as a random
factor and included DAY and PERIOD. Subsequently, we added the treatment (TREAT) and all its interactions with DAY
and PERIOD. Test statistics and MCMC-estimated p-values are for the comparison with the preceding model.

Experiment Experiment |
Factor: DF | Chisc p Factor: DF Chisc p
+ TREAT 15,5 | 88.52: | <0.000: + TREAT 13,2 | 38.22¢ | <0.000:
+ DAY : TREAT 20,5| 80.475| <0.0001 + DAY : TREAT B, 74.504 | <0.0001
+ PERIOD : TREAT 25,5/ 27.401 <0.000 + PERIOD : PRE 19,3 | 108.823| <0.000
+ PERIOD : DAY : + PERIOD : DAY :
TREAT 30,5| 53.011| <0.0001 TREAT 22,3 | 28.672| <0.000

100800 observations on 240 copej

62160 observations on 150 copef

Table IV. S2

Table IV. S2: Outcome of likelihood ratio tests for latency to resume moving after a simulated predator attack. The
initial model used the time when a copepod first moved following a 10 second interval after the simulated predation
attack and the day after the first infection (DAY) as fixed effect. We used the copepod identity as a random factor and
included DAY. Subsequently, we added the treatment (TREAT) and its interactions with DAY. Test statistics and MCMC-
estimated p-values are for the comparison with the preceding model.

Experiment | Experiment 1|
Factor: DF Chisc p Factor: DF Chisc p
+ TREAT 11,5 84.62: <0.000: + TREAT 9,3 33.87: <0.000:
+ DAY : TREAT 16,5 60.699 <0.0001 + DAY : TREAT B®,| 58.168 <0.0001

168( observations on 240 copep

1036 observations on 150 copeg
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Table IV. S3

Table IV. S3: Outcome of multiple comparisons between days for each treatment. Results from experiment I. Significant p-values are highlighted in bold. Control: Uninfected
control copepods, CAM: Copepods infected with C. lacustris on day 0, cam: Copepods infected with C. lacustris on day 7, sch: Copepods infected with S. solidus on day 7, CAM-
cam: Copepods infected with one L. lacustris on day 0 plus one on day 7, CAM-sch: Copepods infected with one L. lacustris on day O plus one S. solidus on day 7.

Activity after simulated predator attack

Treatment | Control CAM | cam | sch | CAM-cam | CAM-sch
Comparison VA p Z p VA p Z p VA p VA p
day9 - day11 0.34 1 24.50| <0.001 -11.34 <0.001 -9.63 <0.001 20.05 <0.001 21.03 <0.001
dayll - day13 -2.98 0.045 3.94 0.002 -5.43 <0.001 -9.35 <0.001 2.61 0.122 291 0.055
dayl3 - dayl5 3.29 0.018 -2.76 0.080 -2.85 0.064 1.88 0.497 -3.48  0.009 -1.77 0.569
dayl5 - dayl17 -1.97 0.434 -2.61 0.118 17.80 <0.001 7.89 <0.001 -2.50 0.155 -6.70 <0.001
dayl7 - day19 2.14 0.327 -0.82 0.982 10.35 <0.001 -3.38 0.013 2.92 0.053 -3.81 0.003
dayl9 - day21 -3.16 | 0.026 -0.77 0.987 -0.96 0.961 5.55| <0.001 2.05 0.378 -1.54 0.721
Observations 8400 8400 8400 8400 8400 8400
Copepods 40 40 40 40 40 40

Activity after a recovery period

Treatment | Control CAM | cam | sch CAM-cam | CAM-sch
Comparison z p z p z p z p z p z p
day9 - day11 -0.64 0.996 21.26| <0.001 -4.67 <0.001 -7.06 <0.001 18.22 <0.001 21.34 | <0.001
dayl1 - dayl3 -2.61 0.122 3.24 0.019 -6.04 <0.001 -4.95 <0.001 -1.12 0.920 004 |1
dayl3 - day15 4.39 <0.001 -1.75 0.568 -2.08 0.350 0.76 0.989 -0.7% 0.989 0.381
dayl5 - dayl7 0.68 0.994 1.58 0.683 15.69 <0.001 5.02 <0.001 -2.05 0.378 -3.81 | 0.003
dayl7 - day19 0.34 1 -3.83 0.002 7.20 <0.001 2.16 0.317 2.89 0.059 -3.51 | 0.008
dayl9 - day21 -2.30 0.246 -1.11 0.922 2.99 0.042 3.98 0.001 -0.96 0.962 111 | 0.924
Observations 8400 8400 8400 8400 8400 8400
Copepods 40 40 40 40 40 40
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Latency to resume moving after a simulated predatack

Treatment Control CAM cam | sch CAM-cam CAM-sch
Comparison VA p VA VA p p VA p z
day9 - dayl1l -0.28 1 -12.68 2.08 0.366 0.604 -8.07| <0.001 -10.32
dayll - dayl3 0.18 1 -1.83 1.21 0.891 2610. 0.30 1 -0.48
dayl3 - dayl5 -0.81 .9 0.71 0.74 0.990 0.293 0.78 0.987 -0.42
dayl5 - dayl7 0.01 1 -0.92 -6.41 <0.001 1 -0.10 1 1.52
dayl7 - dayl9 -0.02 1 0.73 -2.04 0.38§ .85 0.516 -1.02 0.949 -0.24
dayl9 - day21 0.26 1 0.67 -0.02 1 1 0.62 0.996 0.39
Observations 280 280 280
Copepods 40 40




Table IV. S4

Table IV. S4: Outcome of multiple comparisons between days for each treatment. Results from experiment II.
Significant p-values are highlighted in bold. Control: Uninfected control copepods, SCH: Copepods infected with S.
solidus on day 0, cam: Copepods infected with C. lacustris on day 7, SCH-cam: Copepods infected with one S. solidus on
day 0 plus one C. lacustris on day 7.

Activity after simulated predator attack

Treatment | Control | SCH | cam | SCH-cam
Comparison VA p z p z p VA p
day9 - dayl11l 3.78 0.003 2.24 0.274 -4.17 0.001 0.98 0.957
dayl1l - day13 -1.78 0.560 5.47 | <0.001 -4.79 <0.001 1.58 0.687
dayl3 - dayl5 1.68 0.629 0.89 0.974 0.80 0.98 4.55 <0.001
dayl5 - day17 1.79 0.554 -1.49 0.751 18.48 <0.001 8.62 <0.001
dayl7 - day19 -2.09 0.358 1.98 0.429 6.42 <0.001 5.33 <0.001
dayl9 - day21 -0.13 1 -2.72 0.094 -3.33 0.014 -1.17 0.903
Observations 8340 6240 8250 8250
Copepods 40 30 40 40

Activity after a recovery period

Treatment | Control | SCH | cam | SCH-cam
Comparison z p z p z p z p
day9 - day11l 1.97 0.434 1.54 0.721 -7.86 <0.001 -0.29 1
dayll - day13 2.20 0.294 0.68 0.994 -1.67 0.61 20.2 1
dayl3 - dayl5 -0.48 0.999 0.16 1 -2.81 0.068 -3.20 0.022
dayl5 - day17 0.65 0.995 3.39| 0.012 18.73 <0.001 14.67 <0.001
dayl7 - day19 -2.58 0.131 1.53 0.728 8.13 <0.001 8.17 <0.001
dayl9 - day21 -1.38 0.811 1.94 0.455 -3.17 0.023 -0.61 0.996
Observations 8340 6240 8250 8250
Copepods 40 30 40 40

Latency to resume moving after a simulated predattack

Treatment | Control | SCH | cam | SCH-cam
Comparison Z p Z p Z p Z p
day9 - day11 -2.54 0.145 -1.24 0.880 1.36 0.823 -0.39 1
dayl1 - day13 2.18 0.304 -0.46 0.999 3.17 0.025 -1.68 0.631
dayl3 - dayl5 -0.47 0.999 -0.86 0.978 0.27 1 -0.68 0.99
dayl5 - day17 -0.62 0.996 0.54 0.998 -9.15| <0.001 -4.16 0.001
dayl7 - day19 0.07 1 -1.11 0.926 -2.02 0.404 -0.27 1
dayl19 - day21 -0.82 0.983 0.65 0.995 1.16 0.909 0.04 1
Observations 278 275 208 275
Copepods 40 40 30 40
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Table IV. S5

Table IV. S5: Outcome of multiple comparisons between treatments for each day. Results from experiment I. Significant p-values are highlighted in bold. Control: Uninfected
control copepods. CAM: Copepods infected with C. lacustris on day 0. cam: Copepods infected with C. lacustris on day 7. sch: Copepods infected with S. solidus on day 7. CAM-
cam: Copepods infected with one L. lacustris on day 0 plus one on day 7. CAM-sch: Copepods infected with one L. lacustris on day 0 plus one S. solidus on day 7.

Activity after simulated predator attack
Day 9 | 11 | 13 | 15 | 17 | 19 | 21

Z p Z p Z p Z p Z p Z p Z p
Control _CAM -9.41 | <0.001 0.79 0.969 3.03 | 0.030 0.73 0.978 1.22 0.828 -0.3% 0.999 0.10 1
Control _cam -4.30| <0.001 -6.71 | <0.001 -8.64 | <0.001 -11.40 | <0.001 -3.64 0.004 -0.65 0.987 1.38| 0.738
Control _sch 0.34 0.999 -1.84 0.442 -3.16 0.019 -4.50 <0.001 -2.66 0.084 -2.06 0.307 0.29 1
Control _CAM-cam -6.52| <0.001 0.69 0.983 1.19 0.844 -0.69 0.984 -1.56 0.623 -0/64.988 -0.18 1
Control _CAM-sch -7.95| <0.001 1.23 0.820 2.21 0.234 0.91 0.944 -0.713 0.978 -2|139).174 -0.89 | 0.949
CAM_cam -5.60 | <0.001 7.44 <0.001 11.37 | <0.001 12.02 <0.001 4.85 <0.001 0.30 1 -1.28 | 0.795
CAM_sch 9.70 | <0.001 -2.62 0.093 -6.14| <0.001 -5.22 <0.001 -3.87 0.002 -1.71 0.525 0.18 1
CAM_CAM-cam 3.43 0.008 -0.10 1 -1.84 0.437 -1.42 0.716 -2.79 0.06D -0.29 1 -0.28 1
CAM_CAM-sch 1.79 0.469 0.44 0.998 -0.83 0.962 018 1 -1.95 0.370 -2.00 0.344 -0.99 0.921
cam_sch 4.64| <0.001 4.95 <0.001 5.67 <0.001 7.43 <0.001 1.00 0.918 -1.42 0.717 -1.10  0.883
cam_CAM_cam -2.32 0.186 7.35 <0.001 9.72 <0.001 10.80 <0.001 211 0.283 0.01 1 -1.54 0.627
cam_CAM-sch -3.93| 0.001 7.87 <0.001 10.65 | <0.001 12.19 <0.001 2.94 0.039 -1.70 0.530 -2.27| 0.20Y
sch_CAM-cam 6.85| <0.001 -2.52 0.118 -4.33| <0.001 -3.81 0.002 -1.11 0.878 -1.42 0.713 0.4  0.998
sch_CAM_sch 8.27 | <0.001 -3.06 0.027 -5.34| <0.001 -5.40 <0.001 -1.94 0.376 0.29 1 1.16) 0.855
CAM-cam_CAM_sch -1.67 0.551 0.54 0.995 1.0p 0.911 .601 0.598 0.84 0.961 -1.71] 0.526 -0.41 0.981
Observations 7200 7200 7200 7200 7200 7200 7200
Copepods 240 240 240 240 240 240 240
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Activity after a recovery period

Day 9 11 | 13 15 | 17 | 19 | 21

z p z p z p z p z p z p z p
Control _CAM -10.57 | <0.001 | 0.22 1 2.98 | 0034 1.03 0875 | 049| 0997 -0.60 0991 0431 1
Control _cam -3.17| 0019 | -8.26 | <0.001 | -9.88 | <0.001 | -6544.67 | <0.001 | -3.04 | 0029 | 0.09 1 0.93 | 0.939
Control _sch 0.79 0.969| -2.69  0.074 -5.31 <0.001 -7.72 <0.001 | -1.98 | 0.354| -4.41] <0001 | -0.94 | 0.936
Control _CAM-cam -8.63 | <0.001 | -0.78 | 0971 | 1.00| 0.918 -1.82 0380 -1.36 0761 1-1]2 0.830 | 0.57 | 0.993
Control _CAM-sch -8.80 | <0.001 | -047 | 0.997 | 173| 0511 -0.01 1 -1.68 0544  -4)2%0.001 | -3.13 | 0.022
CAM_cam -7.79 | <0001 | 844 | <0001 | 12.46 | <0.001 18.86 | <0.001 | 3.51 | 0006 | -0.69 | 0.983 | -0.61| 0.990
CAM_sch 11.24 | <0.001 | -2.90 | 0043 | -8.18 | <0.001 -6.26 <0.001 | -246 | 0.135| -3.82| 0002 | -1.25 | 0.813
CAM_CAM-cam 2.40 0.156 | -1.00 0.920] -1.98 035 20| 0269 | -1.85] 0435 -0.62 0990  0.2p 1
CAM_CAM-sch 2.07 0302 | -0.69 0983 -1.26  0.808 40.7| 00967 | -2.17| 0254 -3.64 0004 | -3.43 | 0.008
cam_sch 395 | 0001 | 570 | <0.001 | 4.93 | <0.001 9.52 <0.001 | 1.07 | 0.894| -4.50] <0.001 | -1.86 | 0.427
cam_CAM_cam -5.65| <0001 | 7.50 | <0.001 | 10.76 | <0.001 1595 | <0.001 | 1.69 | 0.538| -1.30] 0.783] -0.35 0.999
cam_CAM-sch -5.89 | <0001 | 7.82 | <0.001 | 11.39 | <0.001 17.86 | <0.001 | 1.37 | 0.745] -4.31] <0.001 | -4.04 | 0.001
sch_CAM-cam 9.35 [ <0001 | -1.91 [ 0.396 | -6.28] <0.001 -4.27 <0001 | -0.62 | 0.989| -3.21] 0017 | -1.51 | 0.659
sch_CAM_sch 9.50 | <0001 | -223 | 0.225 | -6.98| <0.001 -5.54 <0.001 | -0.30 1 -0.19 1 2.18] 0.24B
CAM-cam_CAM_sch -0.32 1 0.31 1 0.73 0.978 1.28 9.73 -0.32 1 -3.02] 0030 | -3.69 | 0.003
Observations 7200 7200 7200 7200 7200 7200 7200
Copepods 240 240 240 240 240 240 240
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Latency to resume moving after a simulated predattack
Day 9 11 | 13 | 15 | 17 | 19 | 21

z p Z p z p z p z p z p z p
Control _CAM 8.05 | <0.001 | -0.25 1 -2.13 0.270 -0.82 0.964 -1.76  0.491 -1.38 .740 | -0.72 | 0.980
Control _cam 291| 0.042 6.59 <0.001 8.53 <0.001 9.85 <0.001 1.78 0.477 -1.23| 0.823 -1.38  0.739
Control _sch -0.09 1 1.74 0.502 4.10 0.001 2.36 0.170 2.28 0.203 0.43 0.998 0.40 0.999
Control _CAM-cam 441 | <0.001 | -1.04 0.906 -0.97 0.928 0.38 0.994 0.30 1 -0.00 4®.9 -0.34 | 0.999
Control _CAM-sch 6.13 | <0.001 | -0.80 0.967 -1.46 0.690 -1.20 0.8341 0.21 1 -0.02 1 0.19 1
CAM_cam 5.14 | <0.001 -6.84 <0.001 -10.66 <0.001 -10.67 <0.001 -3.54 | 0.005 -0.15 1 0.66 0.984
CAM_sch -8.14 | <0.001 1.99 0.348 6.23 | <0.001 3.18 0.018 4.04 | 0.001 181 0.462 1.12| 0.874
CAM_CAM-cam -3.64 | 0.004 -0.79 0.969 1.16 0.854 1.20 0.836 2.06 0.3D9 048 .9970| 0.38 | 0.999
CAM_CAM-sch -1.92 0.391 -0.56 0.994 0.67 0.985 80.3 0.999 1.97 0.358 1.36 0.750 0.91 0.945
cam_sch -3.00f 0.032 -4.85 <0.001 -4.43 <0.001 -7.49 <0.001 0.50 0.996 1.66 0.561 1.78 0.477
cam_CAM_cam 1.50 0.666 -7.63 <0.001 -9.50 <0.001 -9.47 <0.001 -1.48 0.674 0.33 0.999 1.04 0.903
cam_CAM-sch 3.22 0.016 -7.40 <0.001 -9.99 <0.001 -11.06 <0.001 -1.57 0.618 1.21 0.832 1.57 0.616
sch_CAM-cam -4.50| <0.001 2.78 0.061 5.06 <0.001 1.98 0.355 1.98 0.354 1.32 0.77p 0.74 0.977
sch_CAM_sch -6.22| <0.001 2.55 0.111 5.56 <0.001 3.57 0.005 2.07 0.305 0.44 0.998 0.21 1
CAM-cam_CAM_sch 1.72 0.518 0.23 1 -0.49 0.996 -1.59 0.607 -0.09 1 0.88 0.952 0.53 0.995
Copepods 240 240 240 240 240 240 240
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Table IV. S6

Table IV. S6: Outcome of multiple comparisons between treatments for each day. Results from experiment Il. Significant p-values are highlighted in bold. Control: Uninfected
control copepods, SCH: Copepods infected with S. solidus on day 0, cam: Copepods infected with C. lacustris on day 7, SCH-cam: Copepods infected with one S. solidus on day 0
plus one C. lacustris on day 7.

Activity after simulated predator attack

Day 9 | 11 | 13 | 15 | 17 | 19 | 21
Z p VA p VA p Z p Z p Z p VA p
Control_SCH -1.17 0.646 -1.79 0.280 0.69 0.900 0.67 0.908 -0{530.952 1.10 0.692 0.19| 0.998
Control _cam -4.12| <0.001 -7.07 <0.001 -8.44 <0.001 -8.21 <0.001 -0.65 0.914 2.66 | 0.039 1.42 | 0.489
Control _SCH-cam -5.68| <0.001 -6.93 <0.001 -5.09 <0.001 -4.00 <0.001 -1.70 0.323 1.13 0.672 0.84 0.833
SCH_cam 2.70 0.035 4.85 <0.001 8.56 <0.001 8.29 <0.001 0.07 1 -1.37 0.515 -1.13 0.670
SCH_SCH-cam -4.21| <0.001 -4.85 <0.001 -5.39 <0.001 -4.35 <0.001 -1.04 0.726 -0.05 1 0.59| 0.934
cam_SCH-cam -1.67 0.340 -0.16 0.999 3.78 0.001 4.57 <0.001 -1.05 0.718 -1.53 0.417 -0.58 0.937
Observations 4470 4320 4500 4500 4410 4470 4410
Copepods 149 144 150 150 147 149 147
Activity after a recovery period
Day | 9 | 11 | 13 | 15 | 17 | 19 | 21
Z p z p z p Z p Z p Z p z p
Control_SCH -3.96 | <0.001 -4.01 | <0.001 -4,74 | <0.001 -4.61 <0.001 -3.41 0.004 -2.48 0.064 -1.30| 0.564
Control _cam -5.3 <0.001 -8.16 <0.001 -10.3 <0.001 -11.56 <0.001 -3.23 0.007 0.29 0.992 -0.39| 0.980
Control _SCH-cam -7.66| <0.001 -8.35 <0.001 -9.97 <0.001 -11.04 <0.001 -5.19 <0.001 -1.77 0.288 -1.46| 0.459
SCH_cam 1.00 0.749 3.79 0.001 5.24 <0.001 7.02 <0.001 -0.44 0.971 -2.73| 0.032 -0.92 | 0.792
SCH_SCH-cam -3.34|  0.004 -4.16 | <0.001 -5.01 | <0.001 -6.44 <0.001 -1.42 0.489 0.85 0.833 -0.06 1
cam_SCH-cam -2.51| 0.058 -0.5 0.960 0.18 0.998 0.69 0.899 -2.01 0.184 -2/090.170 -1.06 | 0.715
Observations 4470 4320 4500 4500 4410 4470 4410
Copepods 149 144 150 150 147 149 147
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Latency to resume moving after a simulated predattack
Day 9 11 | 13 | 15 | 17 19 21
Z p Z p z p Z p Z p z p Z p

Control_SCH 0.66 0.910 1.15 0.656 -0.53 0.952 -1.04 0.726 -0{170.998 -2.16 0.136 -0.12]  0.999
Control _cam 241 0.075 5.32 <0.001 6.48 <0.001 7.69 <0.001 -0.51 0.957 -4.22| <0.001 -0.88 0.815
Control _SCH-cam 5.31| <0.001 6.62 <0.001 341 0.004 3.34 0.005 -0.79 0.860 -1.89 0.231 -0.57 0.942
SCH_cam -1.57 0.395 -3.76 0.001 -6.53 | <0.001 -8.15 | <0.001 0.29 0.991 1.77 0.287 0.71 0.893
SCH_SCH-cam 4.26| <0.001 4.98 <0.001 3.69 0.001 4.13 <0.001 -0.55 0.946 0.40 0.978 -0.41 0.976
cam_SCH-cam 2.87| 0.021 1.37 0.516 -3.07| 0.012 -4.34 <0.001 -0.29 0.992 2.35 0.088 0.32 0.988
Copepods 149 144 150 150 147 149 147




Appendix for chapter VI

Supplementary information VI: Confirmation of the effect of feeding

treatment on parasite performance

To verify that our feeding treatments had an eftecparasite performance in our study, we usedrgéene
linear models within the stats package in R (R Dmpment Core Team 2010). We modelled the presence o
absence of a cercomer on 9 dpi, the parasite Siz#pil(day-11 copepods) or 16 dpi (day 17 copepadsd)
the infection success in fish on day 11 (day-1lepopls) or day 17 (day-17 copepods) as responsabiesi
and the feeding treatment as fixed factor. Fompifesence or absence of a cercomer and the infesficoess
we used a binomial error structure, for parasite sve used a Gaussian error structure. For an ievef
treatment groups and variables measured, see Figarthe main text.

Parasites in day-11 copepods in the high foodrreats developed significantly faster than thoséhen
low food treatment. On day 9 60 % of copepods ehlgh vs. 18 % in the low food treatment possessed
cercomer (£115-4.520, p<0.0001). Parasites in a high food treatwere also larger 10 dpi (mean +/- 95 %
Cl: 20425 +/- 862 ufvs. 17199 +/- 671 ufnt1,120:—5.79, p<0.0001) and more likely to infect fish deay 11
(15 % vs. 3 %, Z115~-2.005, p=0.045).

In the day 17 copepods differences between feetlegfments were less pronounced. There were no
significant differences in whether parasites passgs cercomer 9 dpi (High vs. low food treatmétvs. 52
%, Z;1,50.496, p=0.620) and how likely they were to infésh (High vs. low food treatment: 88 vs. 76 %,
Z;1,7-1.583, p=0.114). However, parasites in a highdfte@atment again grew larger than those in a low
food treatment (mean +/- 95 % CI: 25201+/- 851 wn28514 +/- 890, t,=-2.685, p=0.0085). These results
are consistent with previous claims that S. soliguswth is more responsive than ontogeny to resourc
availability (Benesh 2010).

In summary, the feeding treatment was sufficierdlygressive to create variation in parasite traits
considered fitness relevant.
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Table VI. S1

Table S1: Post hoc tests for the effect of the interaction between feeding treatment and infection for the distance
copepods moved. Test statistics and p values were obtained using general linear hypotheses within the multcomp
package in R (Hothorn et al. 2008). Feeding treatment and infection were combined into a single factor with four
different levels comprising all possible combinations between these two factors (FEED_INF): Uninfected control, high
food (c_H); uninfected control, low food (c_L); infected, high food (inf_H); infected, low food (inf_L). The comparisons
were based on the following models (see Table 1 for more details): Day-11 copepods: FEED_INF + INTERVAL +
(INTERVAL|RE) + (1 | ID), Day 17: FEED_INF + INTERVAL + INFECTIVITY + INTERVAL:INFECTIVITY + (INTERVAL|RE) +
(INFECTIVITY | ID). Significant p-values have been marked in bold.

Day-11 copepods Day-17 copepods
Comparison z p z p
cH-c L -4.771 <0.001 2.896 0.0194
inf_ H—inf L -2.140 0.140 -0.556 0.9444
c_H-inf H -8.51¢ <0.001 -6.44¢ <0.001
c L—inf L -5.383 <0.001 -3.413 0.0038
c H—inf_L -10.571 <0.001 -6.918 <0.001
c L—inf H 3. 383 0.004 2.953 0.0164
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Table VI. S2

Table S2: Associations between parasite performance and host activity and distance. Mixed models used whether or not a copepod moved within a two second interval
(Activity) or, if it moved, how far it moved (distance, log transformed) as response variables. Copepod identity (ID), the recording event (RE, i.e. a combination of copepod
identity and the day of the recording), and the time interval in the recording (i.e. before vs. after the simulated predator attack, INTERVAL) were incorporated into the models’
random effect structure. INTERVAL, feeding treatment (FEED), and their interaction were additionally included as fixed effects. For day 17-copepods we included whether or not
parasites were infective for fish as both fixed and random effect (INF, together with ID) and its interaction with FEED and INTERVAL. Subsequently, we separately added
measures of parasite performance (PERFORM (i.e. presence or absence on a cercomer on day 9 as an indicator of development, parasite size on day 10 (day-11 copepods) or day
16 (day-17 copepods) and infection success in fish) and all their pairwise interactions with INTERVAL, FEED and INF (day-17 copepods). Test statistics and MCMC-estimated p-
values are for the comparison with the preceding model. Null models: Day-11 copepods: INTERVAL + FEED + INTERVAL: FEED + (INTERVAL|RE) + (1 | ID), day-17 copepods:
INTERVAL + FEED + INF+ INTERVAL: FEED + INTERVAL:INF+FEED:INF (INTERVAL|RE) + (INFECTIVITY | ID). Since we used multiple tests, according to bonferroni adjustment only p-
values below 0.0042 should be considered significant at a=0.05. They have been marked in bold. P-values significant only prior to adjustment have been put in italics.

Parasite size Development (Cercomer present or absence 9 dpi) Infection success in fish
O | Factors Activity Distance Activity Distance Activity Distance
& DF Chisq p DF | Chisq p DF | Chisq p DF | Chisq p DF | Chisq p DF | Chisq p
'.: +PERFORM 1,9 | 0.447 | 0.5040| 1,10 | 9.883 | 0.0017 | 19 | 6.591 | 0.0103 | 1,10 | 0.417 | 0.5186| 1,9 | 3.217 | 0.0729 | 1,10 | 7.934 | 0.0049
8 | EREORM: 1,10 | 3.490 | 0.0617 | 1,11 | 0.898 | 0.3433| 1,10 | 0.950 | 0.3208| 1,11 | 3.884 | 0.0488 | 1,10 | 0.332 | 0.5644 | 1,11 | 3.056 | 0.0805
-rgb +PERFORM: FEED | 1,11 | 0.048 | 0.8272| 1,12 | 1.564 | 0.2111| 1,11 | 0.216 | 0.6418| 1,12 | 0.089 | 0.7651| 1,11 | 0.280 | 0.5964 | 1,12 | 0.902 | 0.3424
2 31240 observations, 355 10949 observations, 352 30712 observations, 349 10609 observations, 346, 30976 observations, 352 10801 observations,
RE, 122 copepods RE, 122 copepods RE, 121 copepods and 121 copepods RE, 121 copepods 348 RE, 121 copepodg
Parasite size Development (Cercomer present or absence 9 dpi) Infection success in fish
Factors Activity Distance Activity Distance Activity Distance
8 DF Chisq p DF | Chisq p DF | Chisq p DF | Chisq p DF | Chisq p DF | Chisq p
f_\ +PERFORM 1,14 | 12.323 | 0.0004 | 1,15 | 9.099 | 0.0026 | 1,14 | 0.382 | 0.5368| 1,15 0.012 | 0.9113 | 1,14| 0.030 | 0.8637| 1,15 1.242 | 0.2651
g MRS 1,15| 0.046 | 0.8306| 1,18 3.617 | 0.0572| 1,19 0.077 | 0.7813| 1,16 5.435 | 0.0197 | 1,15 | 0.067 | 0.7951| 1,16 1.954 | 0.1621
E +PERFORM: INF 1,16 | 0.001 0.9752| 1,17 0.022 | 0.8830f 1,14 1.574 | 0.2096/ 1,11 0.518 | 0.4717| 1,16 5.598 | 0.0180 | 1,17 | 0.519 | 0.4713
g | +PERFORM: FEED| 1,17 | 5.722 | 0.0168 | 1,18 | 0.696 | 0.4041] 1,17 0.980 | 0.3221] 1,1§ 1458 | 0.2273| 1,17 0.734 | 0.3917| 1,1§ 1.421 | 0.2332
o 50512 observations, 574 18433 observations, 557 50072 observations, 569 18316 observations, 552 48928 observations, 556 17603 observations,
RE, 102 copepods RE, 102 copepods RE, 101 copepods RE, 101 copepods RE, 99 copepods 539 RE, 99 copepods
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