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    Chapter 9   
 Remote Control: Parasite Induced Phenotypic 
Changes in Fish       

       Thomas     Kuhn     ,     Regina     Klapper    ,     Julian     Münster    ,     Dorian     D.     Dörge    , 
    Judith     Kochmann    , and     Sven     Klimpel   

9.1             Introduction 

 According to the concepts of evolution and adaptation, the entire biology of all 
animal species, whether free-living or parasitic, is a result of and geared towards its 
survival and reproduction. By defi nition, a parasite is an organism that lives on or in 
another organism (host) exploiting the resources necessary for their own survival 
and causing it harm. Although probably one of the most successful life strategies in 
nature (in fact, it is generally believed that parasites outnumber free-living species 
in food webs), limiting determinant is doubtlessly the need of the parasite to encoun-
ter an appropriate host at each stage of its life cycle (e.g. Windsor  1998 ; MacKenzie 
 1999 ; Poulin and Morand  2004 ; Rossiter  2013 ). The life-cycle of fi sh parasites can 
either be direct or indirect, i.e. involving one or a trophic transmission via several 
host species, respectively. Fish parasites with a complex life cycle are faced with a 
particular challenge in large volume aquatic environments where densities of hosts 
are generally low. Under such circumstances, the emergence of specifi c strategies to 
increase frequencies of encounters of parasites and hosts seems inevitable (Cézilly 
et al.  2010 ). Parasites have evolved strategies to increase the probability of a suc-
cessful transmission, i.e. either by increasing random encounters simply by dis-
seminating vast amounts of propagules, or by producing specifi ed propagules that 
will reduce the randomness of host encounters (Combes  1991 ; Sasal and Thomas 
 2005 ). 

 Among these strategies, the (targeted) alteration of the host’s phenotype is cer-
tainly the most impressive and spectacular way of a parasite to improve its odds in 
the transmission process. Although it has generated a lot of attention among 
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 scientists who put massive efforts into the documentation and exploration of these 
phenomena, the basic mechanisms behind these alterations remain largely unknown. 
Those who have thoroughly studied and reviewed the facilitation of parasite trans-
mission and demographic effects, (physiological) mechanisms, adaptive nature, 
population biology, and phenotypic alterations in hosts in the context of parasite 
induced changes in host behaviour are, to name but a few, Barber ( 2007 ), Barber 
et al. ( 2000 ), Combes ( 1991 ), Dobson ( 1988 ), Hurd ( 1990 ), Lafferty ( 1999 ), Moore 
( 1984 ,  2002 ,  2013 ), Moore and Gotelli ( 1990 ), Poulin ( 1994 ), Poulin and Thomas 
( 1999 ). 

 Combes ( 1991 ) analysed the elementary ethological mechanisms that may have 
been the object of selection in a parasite’s life cycle and coined the term “favoriza-
tion” which describes an adaptive ethological process modifying the spatio- temporal 
positions of the parasite and its target in a way that increases the probability of their 
encounter. Kuris ( 1997 ) introduced the more specifi c term “parasite increased sus-
ceptibility to predation” to represent the manipulation by a parasite that increases 
predation on its intermediate hosts. Lafferty ( 1999 ) refi ned this later as “parasite 
increased trophic transmission (PITT)” under the assumption that an increased pre-
dation is not necessarily adaptive (cf. Combes  1991 ). 

 In this context, Poulin ( 1995 ) pointed out that phenotypic changes can only be 
considered adaptive if certain prerequisites apply and proposed four criteria to dis-
tinguish between adaptive and non-adaptive alterations: (1) complexity of altera-
tions, (2) degrees of purposive design, (3) independent evolution among lineages, 
and most importantly, (4) an increase of the fi tness of the host. However, the ques-
tion whether phenotypic host alterations are of adaptive origin or rather side effects 
or “by products” of an infection, is still controversially discussed (e.g. Cézilly et al. 
 2010 ; Thomas et al.  2012 ). 

 An impressive number of publications exist that have compiled and categorised 
parasitic infections and the correlated occurrence of changes in phenotypic traits (e.g. 
behaviour, morphology, physiology) of their hosts. Among those, many studies on 
fi sh parasites have documented an impact on almost every aspect of fi sh behaviour 
(Barber et al.  2000 ). The aim of this short communication is to provide a quick and 
basic overview over the forms and diversity of parasite induced behavioural changes 
in marine and freshwater fi sh species. Most frequently reported parasites and fi sh 
behaviour alterations were compiled and presented in a table. Additionally, some 
parasite specifi c forms of behaviour are exemplifi ed in the text. As this overview study 
does not claim to be exhaustive, we refer the reader to more detailed and in depth 
reviews by e.g. Barber ( 2007 ), Barber et al. ( 2000 ), Dobson ( 1988 ), Moore ( 2002 ).  

9.2     Forms of Host Manipulation 

 Host manipulation, best studied and known from parasites with indirect life cycles, 
seems to enhance probabilities of transmission and vulnerability to predatory defi ni-
tive hosts (Moore  2002 ; Thomas et al.  2005 ). Poulin ( 2010 ) defi ned host 
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manipulation as any alteration in host phenotype induced by a parasite that has fi t-
ness benefi ts for the parasite. As such, typical phenotypic changes in hosts comprise 
behavioural alterations alongside changes in host morphology and/or physiology. 
As described by Thomas et al. ( 2005 ) there are two ways of how parasites can alter 
host behaviour. Direct mechanisms involve interactions with nervous system or 
muscle, e.g. neuroactive substances may be secreted by the parasite resulting in a 
behavioural change of the host. Indirect effects can occur when the presence of the 
parasite affects host development, intermediate metabolism and/or immunity, lead-
ing secondarily to changes in behaviour (host-mediated). By the same token it is 
assumed that a direct manipulation of the host’s behaviour requires the parasite to 
expend energy, whilst indirect manipulations do not pose additional energetic costs 
for the parasite. However, a differentiation of manipulative behavioural changes 
(direct and indirect) as well as the isolation of specifi c mechanisms has proven to be 
diffi cult. Another problem is that many results on parasite induced behavioural 
changes in hosts have been obtained in laboratory experiments. Thus, they might 
only be valid under controlled conditions and their relevance in the fi eld needs to be 
considered carefully. In conclusion, changes in host behaviour are most likely a mix 
of direct and indirect effects and it is believed that the basic mechanisms behind 
host manipulation involve four physiological systems, which are to a large extent 
interconnected: neural, endocrine, neuromodulatory, and immunomodulatory 
(Lafferty and Shaw  2013 ). 

 Various alterations in behaviour of hosts infected by parasites are known and 
have been extensively described by Moore ( 2002 ). In fi sh hosts, they are frequently 
reported from host individuals carrying very heavy parasite burden (Barber et al. 
 2000 ). In this section, a general overview of the most common behavioural changes 
in fi sh hosts will be given: foraging behaviour (Fig.  9.1 ), implications on motility 
(Fig.  9.2 ), altered sexual behaviour (reproduction) (Fig.  9.3 ), anti-predator behav-
iour (predator avoidance) (Fig.  9.4 ), and habitat selection (Fig.  9.5 ). For a more 
extensive review see Barber et al. ( 2000 ).

9.2.1           Foraging Behaviour (Fig.  9.1 ) 

 Alterations of foraging behaviour may either be directly caused by the physical 
presence of the parasite that restricts the capacity of the stomach (Wright et al. 
 2006 ), or a response of the host to compensate for the physiological disadvantages 
by the infection (e.g. Godin and Sproul  1988 ). One of the disadvantages is that para-
sites utilize the host’s energy reserves for their own growth and development. Thus, 
energetic drain is one of the major physiological implications of parasite infections 
leading to nutritional stress in the host. However, nutritional stress can also be a 
consequence of infections that reduce the competitive ability or act on the foraging 
success (Barber and Wright  2005 ). Hence, one way to counteract the energetic limi-
tation is to avoid food competition through alterations in prey choice and diet com-
position (e.g. Milinski  1984 ). Another way for compensation is to increase time for 
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  Fig. 9.1    Infl uence of parasites on foraging behaviour of fi sh host       
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  Fig. 9.2    Infl uence of parasites on motility of fi sh host       
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  Fig. 9.3    Infl uence of parasites on reproduction of fi sh host       
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  Fig. 9.4    Infl uence of parasites on predator avoidance of fi sh host       
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foraging, which is a typical behaviour of hosts infected by large parasite species 
(Barber and Wright  2005 ; Östlund-Nilsson et al.  2005 ). Conversely, decreased for-
aging is observed in hosts infected with highly pathogenic parasites and might be 
caused by decreased appetite, which may be an adaptive strategy by the host to 
deprive energy for the parasite and consequently lower the growth rate of parasites 
(Bernier  2006 ,  2010 ; Chin et al.  2004 ).  

9.2.2     Implications on Motility (Fig.  9.2 ) 

 Motility is a key element of organisms and a prerequisite for fl ight and foraging 
behaviour. Changes in motility can be found in a wide variety of fi sh genera. Here, 
parasite infections mostly result in reduced, but versatile, swimming behaviour, e.g. 
due to muscle atrophy, a damaged nervous system or impairment of blood circula-
tion (Barber  2007 ; Coleman  1993 ; Shirakashi and Goater  2005 ; Sweeting  1977 ). 
Frequent infection sites are organs necessary for orientation such as eyes, inner ear, 
nostrils and linea lateralis (Barber  2007 ). Fish motility might also be affected by 
infestations of the cardio-visceral system or infections with blood sucking ectopara-
sites compromising the endurance and swimming performance (Barber  2007 ; 
Coleman  1993 ). Whether ectoparasites increase the host’s energetic costs of 
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  Fig. 9.5    Infl uence of parasites on habitat selection of fi sh host       
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swimming, e.g. by changing hydrodynamics, is controversially discussed (Binning 
et al.  2014 ; Östlund-Nilsson et al.  2005 ).  

9.2.3     Reproduction (Fig.  9.3 ) 

 How parasites alter the reproductive behaviour of their hosts includes a broad 
research spectrum. Here, only gonad development, mate choice, courtship, and 
parental care will be addressed briefl y. A widely distributed strategy of parasites is 
the interference with host reproductive effort (Barber et al.  2000 ). Fecundity reduc-
tion can be caused by parasites through simple nutrient theft (‘consumers’) or 
manipulation of energy allocation away from reproduction to growth (‘castrators’) 
(Baudoin  1975 ; Hall et al.  2007 ; Heins et al.  2010 ). Most likely as a response to the 
reduced fecundity, two phenomena, known as ‘gigantism’ and ‘early infection 
fecundity compensation’, are known from infected hosts (see Hall et al.  2007 ). Host 
castration occurs widely among taxa, but most often occurs in invertebrates such as 
crustaceans, echinoderms, and molluscs. This can be explained by a higher invest-
ment in reproductive tissues relative to the body mass in smaller species (Lafferty 
and Kuris  2009 ). However, a variety of fi sh are also affected (in Fogelman et al. 
 2009 ). 

 Alternatively to direct physical implications, parasites can also alter mating 
behaviour. Sexual selection is the preference of certain mating partners over others 
in order to increase fi tness. Traits that are selected include benefi ts such as parental 
care, attractiveness of offspring, and resistance against pathogens and parasites 
(Andersson  1994 ). The Hamilton-Zuk (H-Z) hypothesis ( 1982 ) states that females 
choose their mating partners based on the evolved secondary sexual characters, 
which should refl ect the heritable resistance to parasites. More specifi cally, it is 
hypothesized that female sticklebacks prefer brighter males because (1) colouration 
refl ects the healthiness of the mating partner, i.e. males would be pale if they were 
infected with white-spot disease (2) after spawning males do parental care and 
healthier males should be more able to defend the eggs (Milinski and Bakker  1990 ), 
and (3) the offspring are more resistant to parasites which is especially benefi cial in 
habitats with high parasite abundance (Barber et al.  2000 ). On the latter point, a 
study has been conducted that supported the sexual ornamentation theory (H-Z 
hypothesis) and showed a trade-off between growth and parasite resistance, which 
may refl ect the maintenance of heritable variation in infection resistance and male 
colouration (Barber et al.  2000 ). In order to further study the heritability of resis-
tance to pathogens and parasites, a variety of studies has focused on the diversity of 
major histocompatibility complex (MHC) alleles which is important in controlling 
the vertebrate immune system and plays a considerable role in mate choice 
(Consuegra and Garcia de Leaniz  2008 ; Eizaguirre et al.  2012 ; Reusch et al.  2001 ).  
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9.2.4     Predator Avoidance and Microhabitat Selection 
(Figs.  9.4  and  9.5 ) 

 Trophically transmitted parasites may facilitate their transmission by manipulating 
their hosts for higher vulnerability to predation (Parasite transmission hypothesis, 
Kuris  1997 ; Moore  2002 ). As predation has a serious fi tness consequence for both 
hosts and parasites there should be strong selection on avoidance traits (Barber et al. 
 2000 ). Parasite-induced host vulnerability to predators should occur in a way that 
targets an increase in predation by a defi nitive host, as otherwise a non-host preda-
tion would lead to the end of the parasite life-cycle (Mouritsen and Poulin  2003 ). 
Predators themselves should avoid infected fi sh if parasites pose a high impact on 
their constitution (Barber et al.  2000 ). There are several ways of parasite-induced 
changes on predator avoidance which facilitate a transmission of parasites from 
intermediate to fi nal hosts. 

 Protective colouring is a host adaptation to decrease the risk of being detected by 
a predator and can be lost by parasite-induced morphological changes such as 
white- and black-spot disease making parasites more visible on the host (Bakker 
et al.  1997 ; Krause and Godin  1996 ; Milinski  1985 ). Another example is the orange- 
yellow acanthocephalan parasite  Pomphorhynchus laevis . As it is visible through 
the transparent cuticle of crustacean  Gammerus pulex  the crustacean becomes more 
prone to fi sh predators (Bakker et al.  1997 ). 

 In order to not encounter their predators, fi sh avoid being present at the same 
time and place as their predators (Barber et al.  2000 ). Hosts that have been parasit-
ized, however, need to increase foraging activity and thus, seem to return to feeding 
more quickly after a frightening event compared to uninfected individuals (Giles 
 1983 ; Godin and Sproul  1988 ). A form of predator avoidance is shoaling. Fish form 
preferentially large shoals, especially after a predator attack, due to the effects of 
predator confusion, risk dilution and early predator detection (see Krause and Godin 
 1994a ). A social adaptation of fi sh against parasites may be to form larger shoals in 
their presence in order to reduce the individual risk to acquire a parasite (Poulin and 
FitzGerald  1989 ). Conversely, parasitized fi sh have been shown to spend less time 
in shoals and occur more frequently in the more risky peripheral shoal positions 
(Krause and Godin  1994b ). 

 Parasite-induced alterations in predator avoidance often overlap with habitat 
choice. Habitat choice is associated with predator avoidance, mating, and foraging 
behaviour (Barber et al.  2000 ). Parasites may alter aggression levels and territorial 
behaviour which affect vulnerability to predators due to reduced avoidance (Mikheev 
et al.  2010 ). Alterations in habitat choice can also be related to physiological 
 restrictions. Parasites might pose high metabolic demands, e.g. ectoparasites on the 
gills reduce the oxygen level for host respiration or impair gas exchange effi ciency 
(Barber and Wright  2005 ; Smith  1972 ). As a consequence fi sh need to compensate 
the respiratory defi ciency through location of habitats with higher oxygen levels. 
Such habitats are usually near the water surface where fi sh are more visible to avian 
predators (Barber and Wright  2005 ; Lester  1971 ). Physiological restrictions such as 
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cataracts caused by eye-infecting parasites lead to surface-swimming behaviour and 
consequently increase the risk of being detected (Crowden and Broom  1980 ). 
Impairments in the visual performance forces fi sh to sojourn at habitats with better 
light conditions, and reduce the ability to recognize predators (Seppälä et al.  2004 ).   

9.3     Examples of Phenotypic Changes in Fish 

 Based mainly on the reviews by Moore ( 2002 ) and Barber et al. ( 2000 ), 57 studies 
were chosen to represent common parasite-fi sh behavioural interactions and cover-
ing as many different parasite species and hosts as possible. Behavioural changes 
were found among seven different parasite groups: Protozoa (Microsporidia, 
Sporozoa), Myxozoa, Digenea, Monogenea, Cestoda, Nematoda, Crustacea. 
Changes were categorized into fi ve major categories (Table  9.1  and Fig.  9.6 ) based 
on former classifi cations used by Barber et al. ( 2000 ): foraging, habitat selection, 
motility, predator avoidance and reproduction. A behaviour that could not be 
unequivocally assigned was noted as indetermined, e.g. aggressiveness.

    The most common behavioural change was involving motility with 34 cases, fol-
lowed by predator avoidance (10), reproduction (8), foraging (5), and habitat selec-
tion (3). Most species involved in behavioural changes were found among the group 
of Digenea, with 13 different parasite species, followed by Cestoda with 6 different 
species. All other groups were more or less equally represented by 3 or 4 different 
parasite species. Within the Digenea  Diplostomum spathaceum  seems to infest dif-
ferent host species causing a different behavioural change in each. In contrast to 
this,  Myxobolus cerebralis , a species belonging to the Myxozoa, occurs in many 
different fi sh species but evokes only changes in motility, known as whirling dis-
ease. In the group of Cestoda,  Ligula intestinalis  seems to infect at least three dif-
ferent fi sh species of which all show a different behavioural change, either in 
reproduction, habitat choice or foraging (Table  9.1 ). 

  Glugea anomala , a protozoan species, uses  Gasterosteus aculeatus  as its host 
and three different types of behavioural alterations have been observed, i.e. forag-
ing, motility and predator avoidance. However, this last example, which is based on 
two studies (Milinski  1985 ; Ward et al.  2005 ), clearly suggests that parasite infec-
tions might not only lead to changes in one type of host behaviour (always charac-
terized and interpreted from a human perspective) but might rather be an 
amalgamation of different behavioural changes possibly associated with other phe-
notypic changes in the host (e.g. in morphology, physiology). Altogether, these 
changes might enhance successful trophic transmissions of the parasite. 

 In the following section some examples of parasite-host interactions depicted in 
Table  9.1  will be presented in more detail for each parasite group. 
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        Table 9.1    Reported forms of fi sh host manipulation, including parasite and host species, its 
phenotypic changes and the respective references   

 Parasite species  Host species 
 Form of 
manipulation 

 Phenotypic 
change  References 

  Protozoa  
  Cryptobia 
salmositica  

  Oncorhynchus 
mykiss  

 Foraging  Anorexia  Woo ( 2011 ) 

  Glugea anomala    Gasterosteus 
aculeatus  

 Foraging  Increased food 
intake 

 Milinski ( 1985 ), 
Ward et al. ( 2005 ) 

  G. anomala    G. aculeatus   Motility  Reduced 
swimming 
speed 

 Milinski ( 1985 ), 
Ward et al. ( 2005 ) 

  G. anomala    G. aculeatus   Predator 
avoidance 

 Dorsal spine 
not raised in 
presence of 
predator 

 Milinski ( 1985 ) 

  G. anomala    G. aculeatus   Predator 
avoidance 

 Increased 
shoaling 
behaviour 

 Ward et al. ( 2005 ) 

  Ichthyophthirius 
multifi liis  

  G. aculeatus   Reproduction  Mate choice 
infl uenced 

 Milinski and 
Bakker ( 1990 ) 

  Pleistophora 
ladogensis  

  Osmerus 
eperlanus  

 Motility  Reduced 
swimming 
speed 

 Sprengel and 
Lüchtenberg 
( 1991 ) 

  Myxozoa  
  Kudoa ovivora   Labridae  Reproduction  Reduced 

fecundity 
 Swearer and 
Robertson ( 1999 ) 

  Myxobolus arcticus    Oncorhynchus 
nerka  

 Motility  Reduced 
swimming 
speed 

 Moles and 
Heifetz ( 1998 ) 

  M. cerebralis    Hucho hucho   Motility  Tumbling 
movement 
(whirling 
disease) 

 Steinbach Elweell 
et al. ( 2009 ) 

  M. cerebralis    Oncorhynchus 
aguabonita  

 Motility  Tumbling 
movement 
(whirling 
disease) 

 Gilbert and 
Granath ( 2003 ) 

  M. cerebralis    O. clarkii   Motility  Tumbling 
movement 
(whirling 
disease) 

 Gilbert and 
Granath ( 2003 ), 
Steinbach Elweell 
et al. ( 2009 ) 

  M. cerebralis    O. mykiss   Motility  Tumbling 
movement 
(whirling 
disease) 

 El-Matbouli et al. 
( 1999 ), Gilbert 
and Granath 
( 2003 ) 

  M. cerebralis    O. nerka   Motility  Tumbling 
movement 
(whirling 
disease) 

 Gilbert and 
Granath ( 2003 ) 
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Table 9.1 (continued)

 Parasite species  Host species 
 Form of 
manipulation 

 Phenotypic 
change  References 

  M. cerebralis    O. tshawytscha   Motility  Tumbling 
movement 
(whirling 
disease) 

 Gilbert and 
Granath ( 2003 ) 

  M. cerebralis    Salvelinus 
confl uentus  

 Motility  Tumbling 
movement 
(whirling 
disease) 

 Gilbert and 
Granath ( 2003 ) 

  M. cerebralis    S. fontinalis   Motility  Tumbling 
movement 
(whirling 
disease) 

 Gilbert and 
Granath ( 2003 ) 

  Digenea  
  Acanthocollaritrema 
umbilicatum  

  Poecilia vivipara   Motility  Changes 
in locomotion 

 Santos et al. 
( 2011 ) 

  Ascocotyle 
pachycystis  

  Cyprinodon 
variegatus  

 Motility  Reduced 
swimming 
performance 

 Coleman ( 1993 ) 

  A. pindoramensis    Poecilia vivipara   Motility  Changes 
in locomotion 

 Santos and Santos 
Portes ( 2013 ) 

  Austrodiplostomum 
mordax  

  Basilichthys  sp.  Motility  Tumbling 
movement, 
surfacing 
behaviour 

 Szidat ( 1969 ) 

  Crassiphiala 
bulboglossa  

  Fundulus 
diaphanus  

 Predator 
avoidance 

 Shoaling not 
increased after 
predator attack 

 Krause and Godin 
( 1994a ,  b ) 

  Diplostomum phoxini    Cyprinodon 
variegatus  

 Motility  Altered 
swimming 
behaviour in 
heavily 
infected fi sh 

 Rees ( 1957 ) 

  D. spathaceum    Leuciscus 
leuciscus  

 Foraging  Frequently 
near surface, 
reduced 
feeding 
effi ciency 

 Crowden and 
Broom ( 1980 ) 

  D. spathaceum    Oncorhynchus 
mykiss  

 Indet.  Increased 
aggressiveness 
towards 
conspecifi cs 

 Mikheev et al. 
( 2010 ) 

  D. spathaceum    O. mykiss   Predator 
avoidance 

 Reduced 
escape 
behaviour in 
presence of 
predator 

 Seppälä et al. 
( 2004 ) 

(continued)
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Table 9.1 (continued)

 Parasite species  Host species 
 Form of 
manipulation 

 Phenotypic 
change  References 

  D. spathaceum    O. mykiss   Predator 
avoidance 

 Reduced 
shoaling 
behaviour in 
presence of 
predator 

 Seppälä et al. 
( 2008 ) 

  D. spathaceum    Poecilia 
reticulata  

 Motility  Sluggish 
movements 

 Brassard et al. 
( 1982 ) 

  Euhaplorchis 
californiensis  

  Fundulus 
parvipinnis  

 Motility  Erratic motion, 
surfacing 

 Lafferty ( 1997 ), 
Lafferty and 
Morris ( 1996 ) 

  Nanophyetus 
salmincola  

  Oncorhynchus 
kisutch  

 Motility  Reduced 
swimming 
performance 

 Butler and 
Milleman ( 1971 ) 

  N.salmincola    O. mykiss   Motility  Reduced 
swimming 
performance 

 Butler and 
Milleman ( 1971 ) 

  N. salmincola   Salmonidae  Motility  Reduced 
swimming 
performance 

 Butler and 
Milleman ( 1971 ) 

  Ornithodiplostomum 
ptychocheilus  

  Pimephales 
promelas  

 Motility  Reduced 
schooling, 
reduced 
optomotor 
performance 

 Radabaugh 
( 1980a ,  b ), 
Shirakashi and 
Goater ( 2002 ) 

  Psilostomum 
ondatrae  

  Perca fl avescens   Motility  Disorientation  Beaver  (1939)  

  Psilotrema 
spiculigerum  

  P. fl avescens   Motility  Disorientation  Beaver  (1939)  

  Telogaster 
opisthorchis  

  Galaxias 
vulgaris  

 Predator 
avoidance 

 Decreased 
antipredator 
response 

 Poulin ( 1993 ) 

  T. opisthorchis    Gobiomorphus 
breviceps  

 Predator 
avoidance 

 Decreased 
antipredator 
response 

 Poulin ( 1993 ) 

  Monogenea  
  Gyrodactylus 
bullatarudis  

  Poecilia 
reticulata  

 Motility  Abnormal 
swimming 
behaviour 

 Scott ( 1985 ) 

  Gyrodactylus  sp.   Micropterus 
salmoides  

 Motility  Sluggish 
movements 

 Herting and Witt 
( 1967 ) 

  G. turnbulli    Poecilia 
reticulata  

 Reproduction  Females less 
selective in 
mate choice 

 López ( 1999 ) 

  G. turnbulli    P. reticulata   Reproduction  Males less 
showy, 
reduced colour 
intensity 

 Houde and Torio 
( 1992 ) 

T. Kuhn et al.



129

Table 9.1 (continued)

 Parasite species  Host species 
 Form of 
manipulation 

 Phenotypic 
change  References 

  Cestoda  
  Diphyllobothrium 
dendriticum  

  Oncorhynchus 
nerka  

 Motility  Disorientation  Garnick and 
Margolis ( 1990 ) 

  Eubothrium salvelini    O. nerka   Motility  Reduced 
swimming 
speed, 
increased 
fatigue, 
disoriented 
migration 

 Boyce ( 1979 ) 

  Ligula intestinalis   Cyprinidae  Reproduction  Gonadal 
retardation 

 Arme and Owen 
( 1968 ) 

  L. intestinalis    Luxilus cornutus   Habitat 
selection 

 Occurrence in 
shallow water 

 Dence ( 1958 ) 

  L. intestinalis    L. cornutus   Indet.  Indet. (easy to 
catch) 

 Dence ( 1958 ) 

  L. intestinalis    Rutilus rutilus   Indet.  Indet. 
(increased 
predation risk) 

 Sweeting ( 1976 ) 

  L. intestinalis    R. rutilus   Reproduction  Gonadal 
retardation 

 Trubiroha et al. 
( 2010 ) 

  L. intestinalis    Scardinius 
erythropthalmus  

 Foraging  Reduced 
shoaling 
behaviour 

 Orr ( 1966 ) 

  Proteocephalus  sp.   Oncorhynchus 
nerka  

 Motility  Disorientation  Garnick and 
Margolis ( 1990 ) 

  Schistocephalus 
solidus  

  Gasterosteus 
aculeatus  

 Foraging  Reduced 
feeding 
effi ciency, 
reduced 
predator 
avoidance 

 Arme and Owen 
( 1967 ), Barber 
and Huntingford 
( 1995 ), Giles 
( 1983 ), Godin 
and Sproul 
( 1988 ), Lester 
( 1971 ), LoBue 
and Bell ( 1993 ), 
Milinski ( 1985 ), 
Ness and Foster 
( 1999 ), Tierney 
et al. ( 1993 ) 

  S. solidus    G. aculeatus   Habitat 
selection 

 Altered 
thermal 
preferences 

 MacNab and 
Barber ( 2012 ) 

  S. solidus    G. aculeatus   Reproduction  Reduced 
fecundity 

 Heins et al. 
( 2010 ) 

  S. solidus    Pungitius 
pungitius  

 Habitat 
selection 

 Occurrence in 
surface waters 

 Smith and 
Kramer ( 1987 ) 

(continued)
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9.3.1     Protozoa (Microsporidia, Sporozoa) 

 Protozoa have developed a great diversity in terrestrial as well as aquatic habitats, 
with over 100.000 species in more than 40 phyla, and many of them have a parasitic 
life strategy (O’Donoghue  2005 ). Some of the parasitic protozoa are suspected to 
cause changes in host behaviour. These include species, belonging to Mastigophora 
(e.g.  Cryptobia salmositica ) and Microsporidia (e.g.  Pleistophora ladogensis , 
 Glugea anomala ). In the division of Microsporidia more than 1300 species in 150 
genera are known, most of them parasitizing invertebrates, but approx. 100 species 
have been found in fi sh already. One shared characteristic is their reproduction 
being linked to host cells (Moodie  2005 ). The Microsporidia  Glugea anomala  uses 
three-spined sticklebacks,  Gasterosteus aculeatus  as a common host. Teleost hosts 

Table 9.1 (continued)

 Parasite species  Host species 
 Form of 
manipulation 

 Phenotypic 
change  References 

  Schistocephlaus  sp.   P. pungitius   Predator 
avoidance 

 Less time 
away from 
surface in 
presence of 
predator 

 Smith and 
Kramer ( 1987 ) 

  Nematoda  
  Anguillicoloides  
( Anguillicola ) 
 crassus  

  Anguilla anguilla   Motility  Reduced 
swimming 
speed, 
increased O2 
consumption 

 Palstra et al. 
( 2007 ), Sprengel 
and Lüchtenberg 
( 1991 ) 

  Philonema 
oncorhynchi  

  Oncorhynchus 
nerka  

 Motility  Disorientation  Garnick and 
Margolis ( 1990 ) 

  Pseudoterranova 
decipiens  

  Osmerus 
eperlanus  

 Motility  Reduced 
swimming 
speed 

 Sprengel and 
Lüchtenberg 
( 1991 ) 

  Crustacea  
  Anilocra apogonae    Cheilodipterus 

quinquelineatus  
 Motility  Reduced 

swimming 
performance 

 Östlund- Nilsson 
et al. ( 2005 ) 

  A. apogonae    C. 
quinquelineatus  

 Reproduction  Castration  Fogelman et al. 
( 2009 ) 

  Argulus canadensis    Gasterosteus  spp.  Predator 
avoidance 

 Seek surface 
to avoid 
parasites 

 Poulin and 
Fitzgerald ( 1989 ) 

  Lernaeocera 
branchialis  

  Gadus morhua   Predator 
avoidance 

 Occurrence 
near surface, 
reduced 
fecundity 

 Khan ( 1988 ) 

  Olencira 
praegustator  

  Brevoortia  sp.  Indet.  Indet. (easy to 
catch) 

 Guthrie and 
Kroger ( 1974 ) 
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of  G. anomala  become infected by ingesting spores directly from the water column 
or by preying on infected invertebrates. In the host tissue  G. anomala  forms xenoma 
by hypertrophic grows of the host cells accumulating millions of spores within them 
(Weissenberg  1968 ). Xenoma usually form in the head region of the fi sh as visible 
small white cysts, which burst open and release the containing spores (Ward et al. 
 2005 ). Moodie ( 2005 ) speculated that migratory movements are effected by cysts in 
muscle tissue. Ward et al. ( 2005 ) observed weight loss of naturally infected  G. acu-
leatus , compared to none infected. Therefore,  Glugea anomala  seems to infl uence 
the fi sh host energetic costs. It also seems to have an impact on predator avoidance 
and shoaling behaviour: Under experimental conditions infected specimens showed 
increased tendency to form shoals, presumably as a predator avoidance mechanism 
and to take leading positions, within it, which is probably a concession to the higher 
food supply as it increases their chance to prey more, compared to other positions in 
the shoal (Krause  1994 ; Milinski  1985 ; Ward et al.  2005 ). 

 An example for decreased foraging behaviour is  Cryptobia salmositica  and its 
host, the rainbow trout ( Oncorhynchus mykiss ).  Cryptobia salmositica  is a parasitic 
fl agellate (class Kinetoplastea) that has been categorized as haemotozoic (Woo 
 2011 ). Rainbow trout get infected either when  C. salmositica  multiplies in the crop 
of infected blood-sucking leech ( Pisciola salmositica ) that transmit the kinetoplast 
with the following blood meals (Woo  1994 ), or from fi sh to fi sh (Woo  2011 ). 
Clinical signs of infections are high amounts of mucus on the body surface, leth-
argy, and less movement of the fi sh. During the acute phase of the infection, the host 
has obvious lesions in haemopoietic tissues, and up to fi ve weeks after the infection 

Protozoa

20

18

16

14

12

10

O
cc

ur
re

nc
e

8

6

4

2

0
Myxozoa

Reproduction

Motility

Foraging

Habitat selection

Predator avoidance

Digenea Monogenea Cestoda Nematoda Crustacea

  Fig. 9.6    Occurrences of different types of host manipulation found for each parasite group       
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the fi sh shows anorexia causing an energetic drain (Woo  2011 ). On the one hand, 
this can lead to immune-depression, which often facilitates secondary diseases 
(Jones et al.  1986 ; Thomas and Woo  1992 ). On the other hand, anorexia has been 
shown to be benefi cial because it lowers the plasma protein level and consequently 
reduces the severity of the infection (Li and Woo  1991 ). Anorexia and anaemia are 
most consistent clinical signs of the parasite infection (Woo  2011 ).  

9.3.2     Myxozoa 

 Myxozoa are economically important spore-forming metazoan endoparasites, 
occurring predominantly in fi sh (MacKenzie and Kalavati  2014 ; Yokoyama et al. 
 2012 ). Hitherto more than 1350 species, belonging to 52 different genera are 
described, occurring in freshwater and marine habitats. For a long time it was con-
troversially discussed whether they belong to the proto- or metazoan just as long 
they were assumed to perform a monoxenous life cycle, until 1986 the alternation 
of  Myxobolus cerebralis  between  Oncorhynchus mykiss  and  Tubifex tubifex  was 
proven (Smothers et al.  1994 ; Wolf et al.  1986 ). Today, the heteroxenous life cycle, 
including invertebrates and vertebrates, is common knowledge (Hedrick et al.  1998 ; 
Kent et al.  2001 ). The life cycle of Myxosporea alternates mostly between annelids 
and teleost. The life cycle includes an actinosporea-spore as infectious stadium in 
the invertebrate and a myxosporea-spore in the vertebrate host. Previously these 
spores had been classifi ed as different species. While oligochaetes serve mostly as 
invertebrate hosts in freshwater waters, in marine waters only polychaetes are 
known (see review MacKenzie and Kalavati  2014 ). The vertebrate host gets infected 
by consuming myxosporea-spores, which anchor themselves in the host gut epithe-
lium using polar fi laments and inject an infectious sporoplasm (El-Matbouli and 
Hoffmann  1998 ). The sporoplasm then develops into a species-specifi c actinosporea- 
spore (e.g. tricatinomyxon ( Myxobolus cerebralis ), hexactinomyxon ( Myxobolus 
pavlovskii ), or aurantiactinomyxon ( Hofferellus carassii ) (El-Matbouli and 
Hoffmann  1998 ; Kent et al.  2001 ). These spores are released with the faeces into the 
water column, where they attach themselves to the teleost host skin and release 
again a sporoplasm into mucous cells which develop into myxosporea-spores. Later 
again, these are, depending on the species, released with the faeces into the water 
column or are otherwise set free after death of the teleost host (Kent et al.  2001 ). 
Spores, e.g. of  Myxobolus cerebralis , can be set free, after digestion of predatory 
fi sh or birds with their faeces (Gilbert and Granath  2001 ; Hedrick et al.  1998 ). 
 Myxobolus cerebralis  is the known agent of the whirling disease and is mainly 
infecting different economically important salmonids in freshwater (Hedrick et al. 
 1998 ). Particularly young fi sh seem to be very susceptible to the effects of the dis-
ease and heavy infections often result in their death (Gilbert and Granath  2001 ). 
Beside morphological changes such as a black-ended tail and deformations, 
 Myxobolus cerebralis  causes specifi c behavioural changes in its teleost host (Gilbert 
and Granath  2001 ; Hedrick et al.  1998 ). Rose et al. ( 2000 ) observed three specifi c 
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behaviours associated with whirling disease in  Oncorhynchus mykiss , (a) a repeated 
rapid circular swimming, a kind of startle response, (b) lack of corrective movement 
while in a static position in the water, resulting in a tail-up head-down posture, (c) 
discontinued swimming movement and sinking to the bottom. The whirling move-
ment is probably caused by a constriction of the spinal cord, repeatedly triggering 
impulses for tight turns until the signals are interrupted by competing sensory 
 stimuli (Rose et al.  2000 ). It can be assumed that those changes, caused by 
 M. cerebralis , increase the risk of predation, hence accelerating the release of the 
myxosporea-spores back into the water column.  

9.3.3     Digenea 

 Digenean trematodes are endoparasites with complex life cycles that vary consider-
ably between the taxa. These parasites commonly occur in the alimentary tract of 
their defi nitive host, which is, in most cases, a vertebrate (Cribb  2005 ). A typical life 
cycle includes the motile miracidium stage that hatches from an egg dispersed 
within the host’s faeces. Molluscs are the fi rst obligate intermediate hosts in which 
the miracidium develops into an asexually reproducing sporocyst that may either 
produce further generations of sporocysts or alternatively one or more generations 
of rediae which themselves release infectious stages known as cercariae. Cercariae 
leave the mollusc and will be either encysted (metacercariae) in or on a second 
intermediate host (e.g. crustaceans, plants) or directly infect the fi nal host and grow 
into the adult stage (Cribb  2005 ; Möller and Anders  1986 ). Additional intermediate 
hosts may be incorporated before infecting the defi nitive host. Digenea typical for 
fi sh are represented by the families Derogenidae, Hemiuridae, Lecithasteridae and 
Lepocreadiidae (Klimpel et al.  2009 ). 

 Most behavioural changes in marine and freshwater fi sh can be attributed to par-
asites belonging to the group of Digenea, with 13 species in at least 13 different host 
species. Whether these numbers are the result of a high sampling effort due to their 
enormous medical relevance or are simply refl ecting their complex life and thus the 
various possibilities for host alterations to occur, is not clear. Whilst changes in 
foraging behaviour of infected fi sh hosts ( Leuciscus leuciscus ) as well as avoidance 
of predators (e.g.  Galaxias vulgaris ,  Oncorhynchus mykiss ) have been documented 
six times, alterations in locomotion and/or motility of fi sh are by far the most docu-
mented changes associated with Digenean infections (Table  9.1 ). 

 A popular and very well documented example of motility implications caused by 
the presence of digenean trematodes in fi sh is  Euhaplorchis californiensis  infecting 
killifi sh,  Fundulus parvipinnis  (Lafferty and Morris  1996 ). The authors provided 
probably the best example for a case of increased predation on infected intermediate 
hosts by defi nitive hosts.  Euhaplorchis californiensis  is a common trematode in salt 
marshes of southern California. It has a three-host life cycle, which includes a num-
ber of birds as defi nitive and horn snails  Cerithidea californica  as fi rst intermediate 
hosts (Lafferty and Morris  1996 ). When killifi sh  F. parvipinnis , the second 
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 intermediate host, becomes infected with cercariae, they show “conspicuous 
 behaviour”, i.e., abrupt dashes up to the surface (surfacing), turning laterally so that 
one side of the body is faced up (fl ashing), dorsal-ventral bending (contorting) and 
vibrating for a few seconds (Lafferty and Morris  1996 ). These behavioural changes 
have been associated with the parasites encysting the brain case. In experiments, the 
authors demonstrated that infected specimens had a 10-fold increase susceptibility 
to be eaten by the defi nitive hosts than their non-infected conspecifi cs. 

 An increased likelihood of detection and attack by predators of hosts has also 
been associated with infections of  Diplostomum spathaceum  (Fig.  9.7a ). After their 
development in lymnaeid snails (e.g.  Lymnea  sp.,  Radix  sp.), the free-swimming 
cercariae of  D. spathaceum  penetrate the fi sh skin and migrate into the crystalline 
lense of the fi sh (Lyholt and Buchmann  1996 ). Adult parasites live in the intestines 
of piscivorously feeding birds (mainly from the family Laridae). The presence of 
large numbers of parasites in the eye of their host can cause the lense to become 
opaque which results in a complete lack of responsiveness to visual stimuli as shown 
for heavily infected trout (Crowden and Broom  1980 ; Ferguson and Hayford  1941 ). 
Generally, reduced visual acuity seems to diminish the host’s ability to locate and 
capture food with the consequence that the feeding effi ciency is signifi cantly 
reduced. Infected fi sh, e.g.  Leuciscus leuciscus , compensate this by increasing the 
net amount of time devoted to feeding and also by foraging in better-illuminated 
surface waters where they are more prone to predation (Crowden and Broom  1980 ; 
Dobson  1988 ).

   In a recent experimental study, rainbow trout ( Onchorhynchus mykiss ) infected 
with  D. spathaceum  showed increased aggressiveness and altered territorial behav-
iour (Mikheev et al.  2010 ). After an initial decrease, the aggression rates of infected 
 O. mykiss  exceeded that of uninfected control fi sh, yet, quite surprisingly, they 
seemed to face reduced “contest ability” in territorial fi ghts. Similarly, Seppälä et al. 
( 2004 ,  2008 ) reported reduced escape behaviour as well as shoaling of experimen-
tally infected, juvenile  O. mykiss  in the presence of artifi cial aerial predators. The 
authors argued that the reduction in vision is the defi nitive mechanism that causes 
the altered fi sh behaviour and increased susceptibility to predators. 

 Motility is another trait that can be affected by parasites infesting the cardio- 
visceral system and therefore compromising the endurance and swimming perfor-
mance of the fi sh host (Barber  2007 ; Coleman  1993 ). One parasite inducing those 
changes is  Ascocotyle pachycystis , usually parasitizing in the bulbus of the sheeps-
head minnow  Cyprinodon variegatus . Especially during cold conditions, the nega-
tive effect of decreased oxygen transport, caused by increased blood fl ow resistance 
by the cysts of  A. pachycystis , leads to faster exhaustion of parasitized specimens 
compared to unparasitized specimens (Coleman  1993 ).  
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a b

c d

  Fig. 9.7    Examples of host manipulating parasites. ( a )  Diplostomum spathaceum  (Digenea). ( b ) 
 Anguillicoloides crassus  (Nematoda) in eel swim bladder. ( c )  Lernaeocera branchiails  (Crustacea) 
in cod gills. ( d )  Argulus  sp. (Crustacea) (Photo (a): Emde)       
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9.3.4     Monogenea 

 The taxon Monogenea is one of the largest groups of parasitic fl atworms. A vast 
majority is ectoparasitic on the external surfaces (fi ns, gills, skin) of marine and 
freshwater fi sh while some are secondarily endoparasitic in body orifi ces (e.g. 
mouth cavity, urinary bladder) (Hayward  2005 ). A few additional species live on 
aquatic invertebrates and higher vertebrates such as cephalopods, turtles and 
amphibians (Möller and Anders  1986 ). The taxon consists of two sister groups 
(Monoopisthocotylea, Polyopisthocotylea) that can easily be distinguished by the 
morphology of their posterior attachment organ (opisthaptor) (Whittington  2005 ). 
The development of the monogenean species is direct (i.e. they infect only a single 
host) and they usually show high degrees of host specifi city. The eggs of most spe-
cies have long appendages used for attachment to the gill fi laments of their hosts or 
to bottom substrates. They can also be found on artifi cial substrates like e.g. the net 
caging of aquaculture facilities where mass infections can cause enormous ecologi-
cal losses (e.g. mass mortality of aquaculture specimens) due to the serious patho-
logical effects on their attachment sites (e.g. skin) caused by their opisthaptor 
(Hayward  2005 ). Ciliated larvae (=Oncomiracidium) hatch from eggs, infect the 
vertebrate host and develop into a single adult parasite. 

 The role of Monogenea as inducer of phenotypic changes of fi sh can be consid-
ered rather insignifi cant. Among all the literature, only four descriptions of species 
were found which all belong to the same genus,  Gyrodactylus  (Table  9.1 ). 

 Infections with viviparous  Gyrodactylus bullatarudis  have been associated with 
the occurrence of an abnormal swimming behaviour of guppys  Poecilia reticulata  
(Scott  1985 ). Heavily infected guppies became lethargic and their fi ns often sticked 
together. It is suggested that the abnormal swimming behaviour attracts the atten-
tion of conspecifi cs which, in turn, increases the number of contacts between 
infected and uninfected hosts (Dobson  1988 ; Scott  1985 ). 

 López ( 1999 ) examined the effects on mate choice behaviour of female  P. reticu-
lata  experimentally infected with  Gyrodactylus turnbulli . The author observed that 
infected females were signifi cantly less discriminatory than healthy ones when they 
were exposed to attractive (showy: higher “individual display rate”, higher “orange 
brightness”) and unattractive (less showy: lower “individual display rate”, lower 
“orange brightness”) males in a simultaneous choice test. López ( 1999 ) pointed out 
that although the results point towards an indirect effect of parasitic infections, 
where females are probably weakened by infection and, as a result, energetically 
constrained in their mate choice behaviour (i.e. costs for actively resisting sneaky, 
less attractive males or cooperation in copulation), a direct manipulation by the 
parasite, thus a selective advantage, could also be the case. Regardless whether a 
direct or indirect effect of the infection, parasite transmission and reproduction 
should be enhanced as infected females come into contact with male conspecifi cs 
more often than uninfected ones. In an earlier study, Houde and Torio ( 1992 ) 
reported that male guppies infected with  G. turnbulli  appear to reduce the degree of 
expression of carotenoid colours (cf. showiness) and that female guppies may be 
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able to avoid becoming infected themselves by discriminating against these infected 
males. However, avoidance behaviour of females against infected males would 
result in a decreased transmission probability and thus putting selective pressure on 
the parasites.  

9.3.5     Cestoda 

 Cestodes (subclass Eucestoda, true tapeworms) are exclusively endoparasitic with 
more than 5000 known species (Caira and Reyda  2005 ). Marine cestodes encom-
pass the four orders Diphyllobothriidea, Bothriocephalidea (the latter formerly 
known as Pseudophyllidea), Trypanorhyncha and Tetraphyllidea (Caira and Reyda 
 2005 ; Kuchta et al.  2008 ), which are characterized by the morphology of the scolex 
(Möller and Anders  1983 ). The life cycles of marine cestodes are complex and 
require three hosts for completion. In the following section,  Schistocephalus solidus  
will be presented as an example for an indirect life cycle. Eggs of  S. solidus  enter 
the aquatic system with the faeces of infected birds and hatch and develop to a cora-
cidium, i.e. a motile embryo. After ingestion by cycloid copepods they develop into 
procercoids, which are then eaten by three-spined sticklebacks. In the fi sh they 
develop into plerocercoids. The parasite larvae penetrate through the gut wall and 
grow in the peritoneal cavity until they reach infectivity at a weight of 50 mg 
(Tierney et al.  1993 ). Piscivorous birds feeding on infected sticklebacks serve as 
fi nal hosts (LoBue and Bell  1993 ). 

 A well-studied example for host behavioural changes is the host-parasite interac-
tion between the pseudophyllidean cestode  Schistocephalus solidus  and his inter-
mediate host, the three-spined stickleback  Gasterosteus aculeatus . The rapidly 
growing parasite induces swelling of the abdomen (Arme and Owen  1967 ) and 
places high energy demands on the fi sh host during the time of parasite growth 
(Barber and Huntingford  1995 ). Similar to the effect of a gastric banding the large 
cestode constricts the stomach and inhibits greater distension (Wright et al.  2006 ). 
As a consequence, infected fi sh prefer smaller, less profi table prey species (Milinski 
 1984 ). Furthermore, it has been suggested that the competitive ability might be 
decreased due to the reduced streamlined shape and smaller energy reserves (Lester 
 1971 ; Milinski  1984 ). In an experiment, Arnott et al. ( 2000 ) showed that although 
energetic demands increased, infected sticklebacks grew faster and had the same or 
better body condition when being exposed to abundant food resources. Another 
alteration of behaviour is the willingness to take higher risk under threat of preda-
tion (Giles  1983 ; Godin and Sproul  1988 ; Milinski  1985 ). Such ‘boldness’ could be 
experimentally shown in parasitized  G. aculeatus  that returned more quickly to 
feeding behaviour after a stimulated predator attack (Giles  1983 ; Godin and Sproul 
 1988 ). 

 Another result from energy theft caused by  S. solidus  is an alteration of fecundity 
in three-spined sticklebacks revealed by a reduction in clutch size, egg mass, and 
clutch mass (Heins et al.  2010 ). As shown by Heins et al. ( 2010 ) infected and 

9 Remote Control: Parasite Induced Phenotypic Changes in Fish



138

 uninfected female sticklebacks produced egg clutches at the same body size and 
age, however, their egg masses and egg numbers differed. 

 Reduced fecundity was also found in cyprinids infected with plerocercoids of 
 Ligula intestinalis  (Arme and Owen  1968 ; Trubiroha et al.  2010 ). Although both  S. 
solidus  and  Ligula intestinalis  are considered to be castrators with similar life 
cycles, they differ in the way of altering the host reproduction. In roach ( Rutilus 
rutilus ) gonad development can be retarded in males and females at an early stage 
of gametogenesis, which may constitute an inhibition of host reproduction through 
endocrine disruption (Trubiroha et al.  2010 ). This seems to be a parasite strategy 
which allocates the host’s energy from reproduction to parasitic growth without 
decreasing host viability (Hurd  2001 ; Lafferty and Kuris  2009 ).  

9.3.6     Nematoda 

 The phylum Nematoda represents one of the most species diverse phyla within the 
Metazoa (Anderson  2000 ; McClelland  2005 ). The general nematode life cycle 
includes four moults and four larval stages. Heteroxeny and paratenesis are com-
mon phenomena in the transmission pathways of parasitic species and include inter-
mediate and defi nitive hosts in nearly every trophic level (McClelland  2005 ). 
Because of the dilute nature of aquatic habitats, parasitic nematodes have evolved 
numerous elaborate means of maintaining themselves in an environment where con-
tact between successive hosts within a life cycle may be periodic or even rare. The 
use of paratenic hosts, a low host specifi city, free living stages that actively search 
for susceptible hosts as well as the infection of short-lived organisms (e.g. small 
invertebrates) that occur in vast numbers are only a few examples how nematodes 
support their temporal and spatial dispersal and increase the likelihood to encounter 
a successive host (Marcogliese  2005 ; McClelland  2005 ). Despite these elaborate 
means, documentation on parasite induced phenotypic changes of hosts caused by 
nematode species in aquatic habitats is fairly scarce (Table  9.1 ). The physical pres-
ence of the nematode, e.g. in the musculature of the fi sh, often results in an impair-
ment of the musculoskeletal system. 

 The occurrence of certain nematodes (e.g. Anisakidae:  Pseudoterranova , 
 Anisakis ) in the musculature or internal organs of their (paratenic) intermediate 
hosts is well documented and has been extensively investigated on a variety of fi sh, 
especially those with high commercial value (for recent studies see e.g. Karl et al. 
 2011 :  Anisakis ; Klapper et al.  2015 :  Anisakis ,  Hysterothylacium ; Kuhn et al.  2013 : 
 Pseudoterranova ). Anisakid nematodes have a heteroxenous, aquatic life cycle with 
vertebrate hosts (pinnipeds, cetaceans, piscivorous birds) as defi nitive hosts. A 
broad spectrum of micro- and macroinvertebrates as well as teleost fi sh serve as 
intermediate/transport hosts (Mattiucci and Nascetti  2008 ). Möller and Klatt ( 1990 ) 
found that an infection of smelt  Osmerus eperlanus  with larvae of the sealworm 
 Pseudoterranova decipiens  reduces overall condition of the host and proposed an 
increasing susceptibility to predation by their defi nitive hosts, pinnipeds of the 
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 families Otariidae and Phocidae. Sprengel and Lüchtenberg ( 1991 ) demonstrated 
that a single sealworm in the musculature of a smelt reduced the swimming speed 
in a circular experimental chamber by 14.7 % compared to uninfected individuals. 
Infections with more than three nematodes reduced the average speed by up to 
32.2 % and co-infections with the microsporidian  Pleistophora ladogensis  led to a 
decrease of 29.9 %, a higher reduction than that in smelt infected by two nematodes 
or by microsporidians only (Sprengel and Lüchtenberg  1991 ). The same test was 
performed for the swim bladder nematode  Anguillicoides  ( Anguillicola )  crassus  
(Fig.  9.7b ) which revealed a reduction of swimming speed by 2.9 % (single nema-
tode) to 18.6 % (more than ten nematodes). In this context, Boon et al. ( 1990 ) 
reported decreased quantities of plasma proteins and a lower haematocrit value in 
experimentally, heavily infected  A. anguilla . Sanguivorous activities of the L4 and 
pre-adult stages decrease the number of circulating erythrocytes and therefore the 
O 2  carrying capacities. The resulting decreased aerobic performance (energy drain) 
as well as the mechanical damage of the swim bladder caused by the direct invasion 
of the pre-adult stages impair the swimming performance of the host and increase 
overall energy consumption (Palstra et al.  2007 ). 

 Parasites can also infl uence migratory behaviour of their hosts as shown by 
Garnick and Margolis ( 1990 ). The authors measured the interference of three ces-
todes ( Eubothrium salvelini ,  Diphyllobothrium dendriticum ,  Proteocephalus  sp.) 
and the nematode  Philonema oncorhynchi  with the orientation of seaward migrat-
ing sockeye salmon ( Onchorynchus nerka ) smolts and suggested that parasite infec-
tions may account, at least to some extent, for the variability observed in migratory 
behaviour of smolts (Garnick and Margolis  1990 ). 

 Whilst a reduced swimming speed of the intermediate host is advantageous for 
the transmission of  P. decipiens  into the next host, there seems to be no such benefi t 
for  A. crassus  and  P. onchorhynchi  as both are infecting their fi nal hosts.  

9.3.7     Crustacea 

 Crustaceans comprise a species-rich taxon of metazoan parasites that parasitize a 
wide range of fi shes and invertebrate hosts (Fig.  9.7c, d ) (Busch et al.  2012 ). There 
are seven groups of crustaceans in which parasitic forms occur: Copepoda (infect-
ing sponges, cnidarians, echinoderms, fi shes and mammals), Isopoda (mostly ecto-
parasitic on crustaceans and fi sh), Branchiura (only fi sh lice of the genus  Argulus  in 
the marine environment), Tantulocarida (ectoparasites of other crustaceans), 
Cirripedia including Thoracica (parasitic on dogfi sh and polychaetes) and 
Rhizocephala (infecting other crustaceans, mainly Decapoda), Ascothoracida (para-
sitizing echinoderms and cnidarians), and Amphipoda (suborder Hyperiidea on 
gelatinous zooplankton and Caprellidea on whales). The different groups are 
described in detail in Rohde ( 2005 ) and only life cycles of the main fi sh parasite 
groups, namely copepods, isopods, and branchiurans are summarized in the 
 following section. 
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 The life cycle of copepods, a species-rich group of metazoan ectoparasites, is 
mostly direct and comprises two phases, a naupliar stage with a maximum of six 
stages and the copepodid stage with a maximum of fi ve stages (Boxshall  2005a ). 
Most parasitic copepods extrude their eggs into paired egg sacs or uniseriate 
egg strings. Sexual dimorphism is common with females typically larger and 
more transformed bodies compared to dwarf males (e.g. Chondracanthidae, 
Lernaeopodidae) (Boxshall  2005a ). Eggs of Isopoda hatch in a brood pouch called 
‘marsipium’ where they moult to the ‘manca’ or ‘pullus II’ stage (Lester  2005 ). 
Mancae larvae are then released to fi nd an intermediate fi sh host to take their fi rst 
meal. In the isopod genus  Anilocra  the mancae leave the optional intermediate host, 
has to fi nd a new fi sh host, moults, and this is repeated until they settle on the fi nal 
(fi sh) host, while the mancae of other species e.g. gill-inhabiting forms or tong- 
biters and tissue dwellers attach only to one fi nal host (Fogelman and Grutter  2008 ; 
Lester  2005 ). Cymothoids are protandrous hermaphrodites, i.e. the fi rst male that 
infects a host changes its sex into female, whereas all following males remain males 
(Lester  2005 ). In the life-cycle of the branchiuran  Argulus  (Fig.  9.7d ), a mature 
female leaves its host after taking a meal, lays eggs on any hard submerged surface, 
these eggs hatch, and the free-swimming larvae moult into the second stage which 
is parasitic as all other subsequent stages (Boxshall  2005b ). They change their host 
at intervals throughout the development until they reach maturation at the fi fth lar-
val stage (Boxshall  2005b ). 

  Lernaeocera branchialis  (Fig.  9.7c ) is a parasitic copepod that infects the gills 
or mantle cavity of various gadoid species in its adult phase (Kabata  1970 ). The 
two- host life cycle involves two nauplius stages, after them copepod larvae para-
sitize an intermediate fi sh host on which they mature and mate. The mated adult 
female leaves the host and has to fi nd a second fi sh or sometimes a marine mam-
mal as defi nitive host (Boxshall  2005a ). Parasitisation of cod  Gadus morhua  with 
 L. branchialis  impacts on growth and mortality (Khan  1988 ). In an experiment 
young fi sh infected with  L. branchialis  fed less, were smaller, had a lower weight, 
and showed reduced fecundity. Additionally, they frequently swam close to the 
surface probably due to an excess of air in the swim bladder and displayed 
 hyperactivity (Khan  1988 ). 

 Parasite-induced alterations in swimming behaviour were detected in brook trout 
fry  Salvelinus fonatlis  infected with the copepod  Salmincola edwardsii  (Poulin 
et al.  1991 ). In an experiment brook trout stayed more time motionless when 
exposed to  Salmincola edwardsii , and this decreases the chance to be attacked by 
the parasite because the parasites reacts to stimuli such as passing shadows. After an 
initial parasite infection, the time spent motionless in the water is diminished and 
the fi sh increases the risk of acquiring further parasite infections. 

 Sticklebacks ( Gasterosteus  spp.) are parasitized by the branchiuran ectoparasite 
 Argulus canadensis , which is a free-living, blood-sucking parasite (Poulin and 
FitzGerald  1989 ). Three-spined and black-spotted sticklebacks form larger shoals 
when the parasite is present in the water and this behaviour was attributed to be 
selective by lowering the risk for an individual fi sh to become a target of the branchi-
uran parasite waiting for suitable hosts to pass (Poulin and FitzGerald  1989 ). 
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 Cymothoid isopods are usually ectoparasites attached to the skin, gills, or oral 
cavity (Bunkley-Williams and Williams  1998 ). Cymothoids have been found to 
reduce growth, motility, and reproduction (Adlard and Lester  1995 ; Fogelman et al. 
 2009 ; Östlund-Nilsson et al.  2005 ). In the Great Barrier Reef, cardinal fi sh 
 Cheilodipterus quinquelineatus  is regularly parasitized with  Anilocra apogonae , a 
large, asymmetrically cymothoid isopod attached on the skin of its host. Besides the 
need to increase food intake, a decreased swimming speed and endurance of the fi sh 
host was noted which might be have been a consequence of the relative increase in 
size and asymmetric attachment of the parasite negatively impacting the host’s 
hydrodynamics (Östlund-Nilsson et al.  2005 ). The authors concluded that the ener-
getic stress must be compensated for by increasing foraging, which may at the same 
time lead to decreased predator avoidance behaviour. Additionally,  A. apogonae  
may act as a parasitic castrator parasitized fi sh were observed to have smaller 
gonads, fail to mouth-brood (males), or have fewer and smaller ova (female) 
(Fogelman et al.  2009 ). 

 A further example of a cymothoid isopod as parasitic castrator is  Riggia para-
nensis . After burrowing into the fl esh of freshwater fi sh  Cyphocharax gilbert , infec-
tions lead to increased growth, but inhibition of the gonadal development through 
affection of the endocrine system (Azevedo et al.  2006 ; Lima et al.  2007 ).   

9.4     Concluding Remarks 

 Regardless of whether caused directly or indirectly, and whether adaptive or a by- 
product, parasites have a great capability of manipulating host behaviour. 
Considering only fi sh as hosts, most examples of parasites altering fi sh host behav-
iour are known from the group Digenea and the most common manipulation 
involves host motility. However, a differentiation of manipulative behavioural 
changes (direct and indirect) as well as the isolation of specifi c mechanisms has 
proven to be diffi cult. Another problem is that lab studies with freshwater speci-
mens are largely overrepresented refl ecting the diffi culty of undertaking research in 
this subject with marine and fi eld studies clearly being much less feasible. Similarly, 
results might only be valid under controlled conditions and their relevance in the 
fi eld needs to be considered carefully.     
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