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SUMMARY 

 

Parasites are often depicted as harmful antagonists in an ecosystem, hindering the fitness of those 

they rely on for survival, reproduction and dispersal. Even though this may be the case for a number 

of cases, parasites and parasitic associations are, and have been crucial in the evolutionary 

diversification and survival of species. In fact, parasitism is such a highly successful life strategy, 

that almost half of all multicellular species exhibit some degree of parasitism throughout its 

lifecycle. In addition, parasites play an essential evolutionary role in the health and sustainability 

of an ecosystem. By understanding their effects, ecological roles and development, we are able to 

better manage and describe parasitic interactions and their evolutionary trends. In this dissertation, 

isopod crustaceans are used as an example group to study the evolution of parasitism in a historical 

context. This group serves as the ideal ‘model’ group as they are quite well-known; abundant in 

almost all habitats on earth; have complex and varying ontogenetic developmental patterns; and 

exhibit extraordinary parasitic life and feeding strategies. 

 

Comparative morphometric analyses of attachment structures of groups exhibiting various parasitic 

life strategies and ecological roles through development, can provide insight into the evolutionary 

diversification and specialisation of structures for a specific parasitic lifestyle. Including both 

extant and fossil specimen material from various ingroups and ontogenetic stages, allows for a 

more comprehensive analysis of differentiation in these structures over time and through 

development. As adult and immature stages often have varying ecological functions (usually 

correlated with feeding behaviour and level of maturity) the inclusion of the often overlooked and 

highly underrepresented immature stages are essential in this study. 

 

This study aimed to provide data that can substantiate if and how attachment structure 

morphologies and changes in these morphologies, are derived from the specific parasitic strategies 

and ecological functions among ingroups of Cymothoida. The results present and discuss in 

particular the morphological variation and differentiation in morphology of the distalmost part of 

the thoracopod, the dactylus, used to attach to a host. The variation in shape is compared between 

representatives of non-parasitic- temporary parasitic and permanent parasitic ingroups 

morphological change resulting from ecological function and feeding habit.  

 

The results have shown that parasitic strategy and ontogeny play a role in the shape of attachment 

structures, with most variation seen in the curvature and thickness of the dactylus. The evolution 

of dactylus shape through parasitic strategies is proposed as a stepwise process where: 1. the 

posterior dactyli of representatives of temporary parasitic ingroups retain its resemblance to the 

plesiomorphic condition as seen in the non-parasitic representatives, while the anterior dactyli 

shapes become specialised for temporary attachment to a host. Finally, 2. the posterior dactyli of 

representatives of permanent parasitic groups deviate from the plesiomophic condition and 

diversify along with the anterior dactyli, specialised for permanent association with a host using all 

attachment structures. The results additionally suggest that the attachment structures of 

representatives of the permanent parasitic ingroup, Epicaridea follow a similar pattern to 

representatives of the temporary parasitic ingroup, Aegidae, rather than that of the remaining 

permanent parasitic representatives of Cymothoidae.  
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1. INTRODUCTION 
 

1.1. Types of parasitic associations 

 

Parasitism is a specific association between organisms, but like most terms for ecological concepts, 

the use of the term parasitism and the various terms for types of parasitism, are not completely 

unambiguous. Leung & Poulin (2008) also mentioned that the ‘labels’ we assign to symbionts may 

not necessarily be accurate descriptions of the association. Descriptions of parasitism are often 

based on informed, but subjective, view of a scientist or researcher, which is in turn is based on 

their field of study; the phylogenetic group of organisms of their interest; and the circumstance in 

which the association was observed. Associations among organisms are ever changing and 

evolving, rarely exhibiting textbook behaviour that can be defined and categorised based on 

established concepts and terms (Leung & Poulin 2008). The terminology we have to our disposal 

need to be challenged and/or refined as we discover more intricate and complex organism 

interactions and expand our understanding of ecological, and more specifically to this study, 

parasitic interactions. 

 

Terminology relating to types of parasites and parasitism, are given throughout a myriad of 

publications and textbooks, with most providing simple, but often ambiguous examples and 

characteristics. Most of these terms have been proposed by early ecologists and biologists in an 

attempt to group and/ or classify observations and organisms, a human-based strategy to better 

understand and comprehend our environment and nature. Most of these established terms for types 

of parasitism and types of parasites are well-understood and can be used to describe basic, well-

known examples. However, the challenge of categorising these concepts, lie in the use of 

specialised terms of more complex, more recently discovered or evolved associations that do not 

quite fall into the currently established categories. Other challenges lie in the accurate interpretation 

of terms and/ or interactions; accurately describing observations; and accurate use of terminology 

with clearly outlined criteria regarding parasitic associations and types of parasites. 

 

Perhaps the most basic and broad conceptualisation of ‘parasitism’ is the association between 

organisms where one organism benefits from the association (the ‘parasite’), at the expense of the 

other (the ‘host’) (Paracer & Ahmadjian 2000, Leung & Poulin 2008, Roberts & Janovy 2009). 

This association can either be between individuals of different species (interspecific) or between 

individuals of the same species (intraspecific). As with many other inter- or intraspecies 

associations, parasitism is primarily driven, but not limited to, nutrition and reproduction. The 

benefitting organism (the parasite) usually relies on its host’s body as a nutritional source, but can 

additionally depend on the host for an array of other biological or physiological needs such as 

optimal environmental conditions; shelter and safety from the environment and threats; transfer to 

a final host via an intermediate host; as well as reproduction and distribution. The degree of 

dependency on the host varies, as does the degree of harm done to the host. In many cases, the cost 

of the association to the host extends beyond pathological effects or disease (1.1.5. The cost to the 

host). 
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A host organism can be categorised by its role in the development and life cycle of its parasites 

(Toft & Karter 1990). Some parasites depend on two or more host species for the completion of 

their life cycles. Intermediate hosts are those that are the initial hosts for the parasite before sexual 

maturity is reached (Bush et al. 2001, Roberts & Janovy 2009, Cheng 2012). These hosts aid in the 

development of the parasite to the life stage where it can be released to reach the final host. 

Definitive (final) hosts are those in or on which the parasitic organism reaches sexual maturity 

(Bush et al. 2001, Roberts & Janovy 2009, Cheng 2012) and would spend the remainder of its life 

cycle, unless disturbed or removed by external factors.  

 

In some cases, an intermediate host is not affected by the parasite(s) or shows no signs of damage 

or illness due to the presence of the parasite. These hosts merely serve as a transport and transfer 

mechanism for the parasite to reach the next host and are referred to as reservoir hosts, transport 

hosts or vectors (Bush et al. 2001, Roberts & Janovy 2009, Cheng 2012) depending on the type of 

pathogenic organism it carries. Various publications have proposed and revised the terminology 

for the categorisation of parasites. A common strategy persists, whereby parasites are grouped 

based on the following aspects: 

 

1.1.1. The location of the parasite relative to the hosts’ body 

The location of the parasite relative to the host is perhaps the simplest and most widely used for 

categorising parasitic organisms.  Bush et al. (2001) and Cheng (2012) defines an ectoparasite as 

a parasite that resides on the outside of a host’s body and an endoparasite is a parasite that resides 

inside the body of a host. The ambiguity with these definitions is that they lack criteria that specify 

what constitutes the outside and inside of a host organism. While it might seem obvious, it is 

important to distinguish that ectoparasites reside on, and are most likely attached to, either the 

epidermis of a host, or any other outer layer of tissue i.e., hair, fur, scales etc. These include 

parasites that reside in a body cavity that is lined with epidermis, or is superficially embedded in 

the body i.e., inside the mouth, inside the gills, superficially embedded in the body surface. 

Endoparasites are therefore those parasites that reside within the body tissue of a host i.e., intestinal 

and inter-cellular inhabiting organisms or inside the organs of a host.   

 

1.1.2. The duration of the association 

Due to their location within a final host, endoparasites are usually the most persistent (Paracer & 

Ahmadjian 2000), spending the entire duration of its life cycle in association with the same host 

organism. Although not exclusive to endoparasites, these are categorised as permanent parasites 

(Roberts & Janovy 2009), as they are ‘permanently’ associated with, and dependant on the host, 

without the need to be transferred to another. Ectoparasites are usually more mobile and able to 

move more freely between hosts or between hosts and the environment. Some ectoparasites persist 

in their association with a single host, until the host dies, or external conditions causes the parasitic 

organism to release/ detach from the host, in which case the parasite would immediately search for 

another host. Other ectoparasites are intermittent in their association with a host, only attaching to 

a host when nutrition is needed and release into the environment once fed. Such parasites that only 

attach or interact with a host in intervals and are able to survive for some periods of time away 

from a host, are referred to as temporary parasites.  
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Temporary parasites are sometimes referred to as ‘micropredators’ and these terms are often used 

interchangeably. In fact, ‘micro’ in ‘micropredators’ are often viewed with different criteria 

depending on the author’s point of reference. Roberts & Janovy (2009) defines a micropredator as 

a predator that is small in body size, typically requiring a microscope to be visible to the human 

eye. In this definition, the prefix ‘micro’ is used in the same manner as ‘micro’ in for example, 

‘microplankton’, referring to the small size of organisms.  

 

In contrast, Bush et al. (2001) distinguish between a predator and an micropredator on the bases of 

whether or not the prey is always killed by the predator. In the latter publication, authors define a 

micropredator as an aggressor that attacks prey, but typically does not kill it, while a predator is an 

aggressor that attacks prey and always kills it. Thus, in this instance, the prefix ‘micro’ refers to 

the ‘less fatal’ nature of the interaction between the predator and the prey. The term micropredator 

has caused much confusion and disagreement as its definition is rather ambiguous and unspecific, 

hindering the accurate description of the lifestyle of the organism observed, leading to larger 

ecological implications. Roberts & Janovy (2009) provides a distinction between these concepts, 

stating that parasites are typically not directly fatal to a host; has only a single host at a time (at 

least during each stage of its life cycle); and is dependent on the association with a compatible host. 

A predator is typically the direct killer of its prey; has numerous sources and instances of prey; and 

is not dependant on a ‘compatible’ species of prey.  

 

1.1.3. Specificity 

Parasites have evolved diverse strategies to ensure a successful parasitic association and 

reproduction, to compensate for the availability and abundance of host species. Some parasites only 

infest a small range or specific groups of species, while others are only found to infest a single host 

species. The latter are referred to as specialists that have the advantage of highly specialised 

physiology, pathology and morphology that enable a consistently successful association with a 

specific host species. Generalists are less picky and would feed on a wide range of species or groups 

of species. Parasitic associations in which the host is a parasite of another organism, is referred to 

as hyperparasitism (Cheng 2012). 

 

1.1.4. The degree of dependence on the association  

Most parasitic organisms can be categorised as obligate parasites – highly specialised organisms 

that are completely dependent on the association with a host species for its survival and/ or 

reproduction (Paracer & Ahmadjian 2000, Cheng 2012). Without the association, at least for some 

duration of time, the species cannot survive. Obligate parasites can include all types of parasites 

mentioned above, even temporary parasites – as these still need a temporary association to a host 

for the benefit of nutrition for some duration of time.  

 

Facultative parasites are individuals or populations of species that may, or may not, exhibit 

parasitic behaviour depending on the circumstantial contact with a host. In other words, some 

individuals or populations depend on another species for survival or reproduction, while other 

individuals or populations do not form any such association throughout its life cycle (Paracer & 

Ahmadjian 2000, Roberts & Janovy 2009, Cheng 2012). For example, some amoebas and 
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nematodes are non-parasitic, but can form a highly pathogenic parasitic association with humans 

if ingested or entered through a wound (Roberts & Janovy 2009). Similarly, some species of 

algae form a parasitic association with lichens, even though some colonies have been found to 

live separate, without such an association (Paracer & Ahmadjian 2000). 

 

1.1.5. The cost to the host  

In most parasitic associations, species have been able to co-evolve in a way that the host is not 

severely damaged by the presence of the parasite and will survive with minimal damage, for a long 

period of time (Ebert & Herre 1996, Paracer & Ahmadjian 2000). Such an association is beneficial 

to both the host and the parasite in the evolutionary sense, and is favoured by selection. This 

hypothesis of evolution through competitive interactions between species was coined by Van Valen 

(1973) as the Red Queen hypothesis – proposing that interacting species will individually evolve 

to minimise their ‘disadvantage’, but that the overall fitness of the interacting species will not 

change relative to each other (Pearson 2001). However, the Red Queen hypothesis is in essence 

nothing more than Darwin’s theory of evolution by competition (Pearson 2001). 

 

Pathogenic parasites cause serious disease and illness to their hosts shortly after infestation 

(Roberts & Janovy 2009, Cheng 2012), effecting the overall fitness and longevity of the host. The 

duration of longevity of the host depends on various factors such as the host health; the degree of 

parasitic infestation; the severity of disease caused by the parasite etc. (Sikkel & Welicky 2019). 

The serious disease and illness caused by pathogenic parasites are usually fatal to their hosts, as 

the host in the association has not developed mechanisms to overcome these effects through time. 

Such parasites that directly cause the death of their hosts are referred to as obligate parasitoids. 

 

As mentioned, parasites can have numerous negative effects on a host, which are not limited to 

pathogenetic effects and disease. Other commonly observed and studied fitness decreasing effects 

of parasites include: wounds and damage to host tissue (Baker 1976, Avenant‐Oldewage 1994, 

Cheng 2012); impaired mobility, dispersal and ability to avoid predators (Östlund-Nilsson et al. 

2005, Fellous et al. 2011); an increase or limitation in growth and development (Poulin 1995, Ebert 

et al. 2004, Cheng 2012); metabolic and immunologic effects (Li et al. 2018, Nadler et al. 2021); 

and effects on reproductive success, including host castration and sex reversals (Callan 1940, 

Hamilton & Zuk 1982, Worden et al. 2000, Marzal et al. 2005, Lafferty & Kuris 2009, Cheng 

2012). Parasites that cause host castration are referred to as parasitic castrators. These parasites 

have the ability to consequently inhibit the continued existence of a species in an evolutionary 

sense.  

 

1.2. The loss and evolution of parasitism 

 

Inter-and intraspecies associations and types of lifestyles may change and evolve over time, either 

as a result of environmental changes or changes in the physiology or development of either the 

parasite or host organism (Paracer & Ahmadjian 2000, Leung & Poulin 2008). To be able to discuss 

the loss or evolution of parasitic associations and the loss or evolution of parasitic lifestyles, it is 

important to distinguish between the two concepts. A parasitic association involves both species, 
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the parasite and the host, and refers to the essential dependency of the parasite on the host. A 

parasitic lifestyle involves only the organism that exhibits parasitic feeding behaviour, the parasite.  

 

Parasitic associations can (and have) evolve into neutral associations (Paracer & Ahmadjian 2000, 

Miller et al. 2006, Canestrari et al. 2014), where one or both species benefit from the association 

(‘mutualism’), or no harm is done to either species (‘commensalism’). In these cases, the host 

becomes less effected by the presence of the parasitic organism, by developing mechanisms or 

strategies for overcoming the damage done by the parasite, or by developing the ability to terminate 

the association in response to damage or exploitation. Eventually the host becomes unaffected by 

the association (Paracer & Ahmadjian 2000, Johnstone & Bshary 2002, Miller et al. 2006). Thus, 

changes in the host’s tolerance for the parasite, and/ or the parasites response to the host changes, 

brings about the change in the association. For example, Jansen et al. (2015) demonstrated how a 

‘commensalistic’ association between a bacterium and a metazoan host can evolve from an initial 

pathogenic association. Similarly, Shapiro & & Turner (2018) empirically observed the conditions 

under which a parasitic association between selected viruses and bacteria evolved into a 

‘mutualistic’ (mutually beneficial) association over time.  

 

Organisms that have a parasitic lifestyle at least during some stage of its life cycle, rarely evolve 

to become less parasitic or adopt a new lifestyle. This might be because only a few examples of 

such cases exist and are known, or more likely, because the specialisation and complexity of a 

parasitic lifestyle enable organisms to be more successful through evolution. Even so, some 

examples exist where a parasitic, ‘exploitive’ lifestyle is lost through evolution. In an attempt to 

test the ‘reversibility’ of parasitism, Klimov & O’Connor (2013) applied a multigene topology; an 

ancestral character state reconstruction; and a test for irreversible evolution that showed that the 

common, non-parasitic house dust mites (Acari) evolved from permanent parasitic ancestral forms, 

that parasitised vertebrate hosts. In another example, some Hymenopterans, notably species of 

Aculeata, are suggested to have evolved from being parasitoids (killing the host), to having a less 

fatal parasitic association with a host/prey, including resorting to a kleptoparasitic lifestyle; egg 

predation; provisioning predation and omnivory, or phytophagy (herbivory) (see Eggleton & 

Belshaw 1992) Alternative strategies in the loss of a parasitic lifestyle is, are either through a 

heterogonic lifecycle –alternating between parasitic and non-parasitic generations within a single 

species, for example the parasitic nematode group Strongyloides (Dorris et al. 2002) – or through 

a heterogonic lifecycle. Weinstein & Kuris (2016) explain that the loss in parasitic lifestyle is most 

often due to the loss of a specific life stage in a complex life cycle, rather than a morphological or 

physiological change to a non-parasitic lifestyle.   

 

The more likely theory is that parasitic lifestyles have evolved from an ancestral, non-parasitic 

lifestyle. This theory is widely accepted, studied and well-documented for various groups 

(Littlewoord 1999, Paracer & Ahmadjian 2000, Ebert 2005, Cheng 2012, Poulin & Randhawa 

2013, Blaxter & Koutsovoulos 2015, Lukeš et al. 2014, Janouskovec & Keeling 2016, Nagler et 

al. 2017), especially those that contain the overwhelming majority of groups with at least one 

parasitic life stage as well as those that are of commercial and medical importance. 
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1.3. The evolutionary role and importance of parasitism 

 

Parasites are commonly perceived and presented as antagonists, likely due to a selected few, well-

known organisms that cause severe disease or death to humans and livestock, such as intestinal 

worms, malaria, ticks and lice. A parasitic lifestyle has proven to be highly successful, with 

approximately half of all metazoans exhibiting a parasitic lifestyle during some stage of 

development (Price 1980, Windsor 1998, De Meeûs & Renaud 2002, Roberts & Janovy 2009, 

Weinstein & Kuris 2016).  

 

The study of parasites, including their life cycles and morphologies, are usually done with the aim 

to understand and mitigate their distribution, pathogenic effects, and to develop preventative 

measures against them. One important, but often overlooked or limited topic is the ecological, and 

eventual evolutionary role and impact of parasites and parasitism: 

 

1.3.1. Speciation and biodiversity 

A loss or evolution of parasitic associations, or the loss or evolution of a parasitic lifestyles within 

individual groups or species, all contribute to speciation and diversity (Poulin & Morand 2000, 

Marcogliese 2004, Hudson et al. 2006, Weinstein & Kuris 2016). Through co-evolution, inter-

species interactions can result in genetic changes (mutations and specialisations) in either or both 

associates, or create a genetic separation and reproductive isolation between populations (Tripathy 

& Pradhan 2018, Groussin et al. 2020). Parasites and parasitic associations can therefore be a 

valuable tool or model for studying the origins, evolution and other key aspects of biodiversity 

(Meeûs et al. 1998, Poulin & Morand 2000, Hoberg & Klassen 2002). Understanding host transfers 

and switches between hosts, contribute to our understanding and management of parasites that are 

of commercial and medical importance (Poulin & Morand 2000, Gandon 2004). 

 

1.3.2. Animal personalities 

Only very recently, have evolutionary ecologists begun to study the effects and role of parasitism 

in the evolution of animal personalities. Barber & Dingemanse (2010) suggested that parasitism 

likely plays an important role in the evolution of animal personalities. Curious, risk-taking potential 

host individuals are more likely to be exposed to previously un-encountered parasites and 

pathogens that may come as a cost to their explorative behaviour and risk-taking (also reported by 

Wilson et al. 1993). Similarly, social behaviour of potential host individuals may influence the 

likelihood of them being infested through contact to parasites present in/ on other individuals of 

the population. Parasite strategies may favour these types of ‘outgoing’, risk-taking individuals for 

better success of transmission and infestation. The internal state or wellbeing of a host individual 

influences the behaviour and personality traits of that individual. As parasites my alter the 

wellbeing of hosts, evolution will likely favour infestation of individuals that can and do take risks 

and that can withstand the negative effects parasites and ensure compatible hosts (Barber & 

Dingemanse 2010, Kortet et al. 2010). 
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1.3.3. Behavioural changes 

As the term suggests, behaviour-altering parasites have the ability to directly alter the behaviour or 

behavioural patterns of its host (Huebner & Chadwick 2012, Sato et al. 2012). These are usually, 

but not limited to, parasitic species or groups or species that depend on an intermediate host in 

order to complete its life cycle. This intermediate host is subject to behavioural change directly 

induced by the parasite to ‘force’ the host into a specific physical or physiological state that is 

favourable for the parasite to be dispersed or transferred to the next host (Poulin 1994, Schwanz 

2006, Heil 2016). Well-known examples include the “Zombie ants” (Poulin 2010), “lighthouse 

snails” (Hughes 2014) and “fatal attraction” (Poulin 2010, Poirotte et al. 2016). The latter example 

includes the protozoan parasite Toxoplasma gondii, that alters the cognitive perception of its 

intermediate host (primarily rodents). An increase in activity and a decrease its fear of predation 

by the definitive host (felines), increases the rodent’s exposure and accessibility to the feline to 

ensure the transmission of T. gondii (Webster & McConkey 2010, Heil 2016). This phenomenon 

where parasitic organisms induce a behavioural change in its host to increase its own success and 

fitness, is referred to as the adaptive manipulation hypothesis (Poulin 1995, Lagrue et al. 2007) and 

is suggested to have evolved as a result of natural selection.  

 

1.3.4. Indicators of ecosystem health  

The study of parasite populations and communities have received increasing interest as potential 

bioindicators of ecosystem health with regards to community structure and environmental stress 

degradation (Lafferty 1997, Jameson et al. 1998, Marcogliese 2004, 2005. Howells et al. 2011). 

Organisms from virtually all animal groups and from all trophic levels, have parasites. As many 

parasites depend on an intermediate host for the completion of its life cycle, they are transferred 

through trophic levels. This interaction of a single organism with species from one or multiple 

ecosystems, have the potential to provide important ecological information about food webs and 

about the host and the interactions of the host with its environment (Marcogliese 2005, Hudson 

2006, Amundsen et al. 2009). Additional information about host feeding behaviour and diet can 

also be acquired through the study of its parasites. Parasites can potentially also provide useful 

information regarding climate change, as the latter is predicted to affect entire ecosystems and 

species compositions (Marcogliese 2005, Polley & Thompson 2009). Pollution and 

anthropogenically induced environmental stress may affect the non-parasitic life stages of 

temporary parasites through the change in abundance or availability of compatible intermediate 

hosts (Lee 1977, Overstreet 1993, Sures 2004, Marcogliese 2005, Mehana 2020). Additionally, 

these non-parasitic stages can, and have been used in standardised toxicity tests to provide insight 

into ecosystem health (Morley et al. 2003).  

 

1.4. Isopoda 

 

1.4.1. Morphology & distribution 

Isopoda is a species rich ingroup of Eucrustacea, and arguably one of the better-known ingroups 

of Peracarida (WoRMS database available at https://www.marinespecies.org, Del Carmen 

Espinosa-Pérez & Hendrickx 2001, Wilson 2009, Kazmi & Yousuf 2013). They are widely 

recognised by researchers and the public as pill bugs, wood lice, slaters, snow bugs, potato bugs, 
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woodlice and roly-polies (Hampton & Hampton 1975, Jass & Klausineier 1987, Bruce 2001, 

Snyder & Hendrix 2008, Hornung et al. 2018).  

Isopods are diverse in their morphology, body shapes and sizes (Dreyer & Wägele 2002, Hickman 

et al. 2006, Kazmi & Yousuf 2013, Boyko & Wolff 2014), ranging from wide, rounded, dorso-

ventrally flattened bodies (e.g., Bathynataliidae, Serolidae); disc-shaped forms (e.g., 

Sphaeromatidae); to long, slender, almost cylindrical body shapes (e.g., Anthuroidea and 

Phreatoicidea) (see Wägele 1981, Brusca & Wilson 1991, Brandt & Poore 2003, Schädel et al. 

2021). Eggs and immatures of representatives of Isopoda can be smaller than 1 mm (Holdich 1968, 

Johnson, 2001, Wolff 2009, Milatovic 2010). Adult body sizes range between 1–7 mm in total 

length for small species, such as Mothocya powelli (see Van der Wal et al. 2021b) and many species 

of Cirolanidae (see Bruce 1986); with the largest species, the giant isopod Bathynomus giganteus 

(Cirolanidae) reaching total body lengths of nearly 40 cm, (see Briones-Fourzán & Lozano-Alvarez 

1991), with an adult male specimen holding the record at 42 cm (Soto & Mincarone 2001).  

 

It is generally accepted that Isopoda forms a monophyletic group (Wägele 1989, Brusca & Wilson 

1991, Wilson 2009), most often distinguished from other groups by the conjoined posterior trunk 

(pleon) segment 5 with the telson, forming the ‘pleotelson’ (Wägele 1989, Brusca & Wilson 1991, 

Poore 2001); and maxillulae without a palp, although these features are not exclusive to Isopoda. 

The only undisputed feature unique to Isopoda (autapomorphy) is the biphasic moulting cycle (see 

1.4.2 Life Cycles and Development) where the posterior half of the exoskeleton is moulted some 

time before the anterior part of the exoskeleton (Whiteley & El Haj 1997, Wilson 2009). Brusca & 

Wilson (1991) mentioned further autapomorphies for Isopoda, which are largely internal and not 

easily accessible in all specimen material, especially fossil material. These features include striated 

muscles with unique myofibril ultrastructure; a gut tube without a midgut region; and respiration 

via respiratory structures in the posterior trunk appendages (pleopods).  

 

Isopods are also hugely diverse in terms of distribution and ecological role (Brusca & Wilson 1991, 

Dreyer & Wägele 2002, Bruce, 2001, Hadfield, 2012; Kazmi and Yousuf 2013, Smit et al. 2014). 

Isopods are found in virtually all ecological niches on earth, ranging from moist to arid terrestrial 

habitats, including caves (predominantly Oniscidea, see Schmidt 2008, Schmalfuss 2003) and high 

altitudes reaching just below 4800 m (Beron 1997); freshwater (e.g., some species of Phreatocoidea 

and Asellota see Wilson 2008); and brackish water sources (e.g., some species of Valvifera and 

Sphaeromatidae, see Jansen 1971). Most species are however, live in marine environments ranging 

from the seashore (Kensley 1978, Keskinen et al. 2002) to the deepest depths of the ocean (e.g., 

some species of Asellota and Cymothoida, see Svavarsson et al. 1993, Lowry & Dempsey 2006) 

and even the icy water of Antarctica (Brandt 1992, Held 2003). 

 

1.4.2. Life cycles and Development 

Ingroups of Isopoda are equally divers in their life cycles and developmental patterns, but as an 

ingroup of Peracarida, they all share the feature of bearing their eggs in a brood pouch, a specialised 

ventral cavity formed by the ‘oostegites’ (thoracopod epipods) of a mature female, referred to as 

an ovigerous female (Kensley 2001). Spermatophores are transferred during copulation from a 

male individual, with the aid of specialised copulatory structures such as the pleon appendage 2 

epipod or ‘stylet’, referred to as the appendix masculina.  
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The life cycles of many ingroups of Isopoda are well-described. Most are however, based on a 

single species or ingroups of closely related species, making individual species’ life cycle 

descriptions quite scarce. In many instances, a life cycle is described without morphological 

descriptions of immature stages and without inter-species and developmental stage comparisons 

and differentiations. Perhaps the most restrictive factor in the study of life cycles of representative 

ingroups of Isopoda, is the lack of descriptions, illustrations or photographs of immature stages in 

literature. Even more, many species only have a single ontogenetic stage described, usually an adult 

female or adult male. Immature stages and additional developmental stages are usually excluded 

from works due to the widely accepted notion that Isopoda are ‘direct developers’ (Kensley 2001, 

see Haug, 2019 for challenges of the concept), which means that the eggs develop into an immature 

stage which resembles the adult in most aspects. Yet, many ingroups have a distinct differentiation 

between immature stages and adult stages, both in terms of morphology and ecological role. The 

immatures of these ingroups are referred to as larvae (Boyko and Wolff 2014, Haug 2020).  

 

The modes of reproduction within Isopoda are just as diverse and can possibly provide insight into 

the evolution of sexual systems (Juchault 1999, Allsop & West 2004) and possible correlation to 

specific lifestyles. Gonochorism (dioecy), is the sexual system where individuals develop as 

separate sexes (i.e., functional females and functional males). This is a common sexual system 

within Isopoda, but many species, especially parasitic isopods, have evolved more specialised 

systems, such as Sequential hermaphroditism. The transition between sexes is regulated by a 

hormone produced by the androgenic gland (Chang & Sagi 2008, Benvenuto & Weeks 2020) and 

depends on a variety of factors including sex ratios, abundance and presence of the opposite sex 

etc. (Brook et al. 1994, Allsop & West 2004). Two types of sequential hermaphroditism exist, both 

of which are found within ingroups of Isopoda:  

 

Protogyny or protogynic hermaphroditism refers to species in which all offspring initially develop 

as females and are able to transition into males under specific conditions (Brook et al. 1994, 

Benvenuto & Weeks 2020). The transition is not necessarily required, and some females may never 

transition into males. Examples of protogyny are usually found in non-parasitic, aquatic species 

and has been described for species of Anthuroidae  (Bamber 1985, Brook et al. 1994, Tsai et al. 

1999). The more commonly observed sexual system in isopods, protandry or protandric 

hermaphroditism, refers to species in which all offspring initially develop as males and are able to 

transition into females under specific conditions (Bullar 1876, Mayer 1879, Benvenuto & Weeks 

2020). This transition is also not necessarily required, and some males never transition into females. 

Examples of protandry are found in some species of Epicaridea and all species of Cymothoidae 

(Brook et al. 1994. Jacobsen & Collins 2008, Kottarathil & Kappalli 2019).  

 

Sexual dimorphism well-known within Isopoda, where separate sexes (i.e., functional females and 

functional males), are phenotypically, morphologically and physiologically distinct (Bertin et al. 

2002). Sexual dimorphism is usually most obvious by comparing the body sizes of adult male and 

adult female specimens, where one sex is notably larger than the other, with distinct morphological 

features (usually external sexual structures). In some cases, the male is larger than the female (as 

in the freshwater detritivores Asellota, see Bertin et al. 2002), while in other cases the female is 

larger than the male (as in the marine temporary ectoparasites, Gnathiidae, see Hispano et al. 2014). 
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The duration of the lifespan of isopods are not well recorded due to the difficulties of accessing 

rare species and keeping these animals in laboratory conditions. Even so, the general lifespan is 

estimated between one to two years (Brusca 1981), while some survive for up to nine years 

(Maxwell 1982). 

 

1.4.3. Lifestyles & feeding habits 

The lifestyle and feeding habits of ingroups of Isopoda are as diverse. Most groups are 

predominantly terrestrial and aquatic detritivores, feeding on and breaking down dead plant or 

animal matter, such as most representatives of Sphaeromatidae (Constantini & Rossi 1998, Lester 

2005, Snyder & Hendrix 2008, Poore & Bruce 2012). Others are strict herbivores, grazing on 

seaweed and other plant material (Paris & Sikora 1965, Salemaa 1987). Many species are 

carnivorous predators, actively hunting prey, such as representatives of Cirolanidae (Holdich 

1981), including the well-known giant marine isopod Bathynomus giganteus. Scavenging 

individuals usually feed on debris and dead organic material. Various species of Cirolanidae 

scavenge on and clean shark carcass (Wong & Moore 1996, Poore & Bruce 2012). A few ingroups 

of Isopoda have evolved to form parasitic associations with other marine animals during a specific 

life stage or for a specific duration of time. These ingroups serve as example groups and are main 

focus groups within this thesis.   

 

1.5. The focus groups: parasitic representatives of Cymothoida sensu Wägele 

(1989) 

 

In Isopoda, parasitism only evolved in the predominantly marine inhabiting group, Cymothoida 

sensu Wägele (1989) (Brandt & Poore 2003, Nagler et al. 2017). An apomorphy of Cymothoida 

sensu Wägele (1989) is a triangular uropod basipod with the median angle of the uropod basipod 

ventral to the pleotelson. Parasitic representatives of Cymothoida are grouped within Aegidae, 

Cymothoidae, Gnathiidae, Epicaridea and the fossil group Urda (see 1.5.1 Parasitic strategies). All 

representatives from these ingroups are characterised by a hook-like dactylus (distal-most article) 

on the anterior trunk appendage 2 (thoracopod 3/ leg 2), a specialisation (autapomorphy) for 

attaching to a host (Nagler et al. 2017). A few questionable ‘parasitic’ association instances have 

been reported for species of Corallanidae and Tridentellidae, but these associations are likely only 

accidental interactions of species from these ingroups with other marine animals, or due to 

misidentifications of the species. Due to the lack of conclusive indication of parasitism and the lack 

of a hook-like dactylus on trunk appendage 2, these groups are herein treated as non-parasitic 

ingroups of Cymothoida.  

 

Even before the phylogenetic debates regarding Cymothoida and its ingroups, the relatedness of 

parasitic groups has been widely accepted and they are often treated as an “ecological and 

phylogenetic lineage” (Delaney 1989), based on the theory that parasitic forms evolved from non-

parasitic forms (1.2 The loss and evolution of parasitism). The evolution of parasitic forms from 

non-parasitic forms suggests that scavenging and predatory individuals (such as from Cirolanidae 

and Corallanidae) are ancestral to the groups containing parasitic individuals (such as from 

Aegidae, Cymothoidae, Gnathiidae, Epicaridea, Urda).  
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1.5.1. Parasitic strategies  

Representatives of Aegidae form a temporary ectoparasitic association typically with fish species, 

comparable to that of a mosquito, where an individual would attach to, and feed on host tissue until 

satiated (Bruce 2009, Van der Wal & Haug 2022). Non-feeding individuals (usually adult females 

and brooding females) are usually found inactive and hiding on the seabed (Wägele 1989, Wägele 

1990, Wing & Moles 1995) as discovered with in vivo laboratory studies. A few species are known 

to inhabit and feed on sponges (Stebbing 1893, Nunomura 1988), while some have been recorded 

in association with cartilaginous fishes, sea squirts (Wetzer 1990) and squids (Bruce 1996). Some 

records also suggest that representatives of Aegidae may scavenge and feed on debris and carcasses 

on the benthos (Bruce 1983, Brusca & Iverson 1985). Once fed, the individual detached from the 

host and continue to live un-associated until the next feeding. All ontogenetic and developmental 

studies suggest that representatives of Aegidae develop as separate sexes (gonochoric) and are not 

hermaphroditic (Wägele 1990, Ramdane & Trilles 2008, Van der Wal & Haug 2022). This type of 

sexual system is common for non-parasitic marine representatives of Isopoda (Johnson 2001). 

Furthermore, the sexual dimorphism between adult male and female aegids are quite subtle (Brusca 

& Iverson 1985, Van der Wal & Haug 2022).  

 

Due to their feeding strategy, these animals are often described as predators (Ramdane & Trilles 

2008, Öktener et al. 2020), ‘micro-predators’ (Lafferty & Kuris 2002, Bruce 2009) and scavengers 

(Stebbing 1893, Brusca & Iverson 1985). The temporary association of representatives of Aegidae 

with hosts are not fatal, and only lasts for the time of feeding (Haug et al. 2021) and are therefore 

more accurately described as temporary parasites. The complete life cycle and most immature 

ontogenetic stages of Aegidae were unknown prior to a publication incorporated in this thesis 

(Publication V: Van der Wal & Haug 2023). 

 

All representatives of Cymothoidae are permanent, obligate ectoparasites of various 

(predominantly marine teleost) fish species. Once immatures are released from the brood pouch of 

the female, they immediately swim and search for a compatible host to attach to. Once attached, 

the association is permanent for the completion of the individual’s  life cycle, unless successfully 

removed by the host or the death of the host (Adlard & Lester 1995, Bakenhaster et al. 2006, 

Aneesh et al. 2018). Cymothoiids exhibit clear protandric hermaphrodism which is well-described 

for many species (for example in Bakenhaster et al 2006, Kottarathil & Kappalli 2019, Aneesh et 

al. 2020) as well as strong sexual dimorphism, which affects body size, appendage dimorphism 

and primary sexual characters (Bunkley-Williams & Williams 1998, Bruce 2002, Poore & Bruce 

2012). 

 

Four major site attachment strategies have evolved in ingroups of Cymthoidae, whereby 

representatives of some ingroups attach to the external surface of a fish host (Nagler et al. 2016, 

Welicky et al. 2017); some infest the host through the gill cavities and attach to the inside the 

mouth (González et al. 2019, Vigneshwaran et al. 2019); others attach to the inside the gill chamber 

(De Souza et al. 2019, Van der Wal et al. 2019); and a small number of species burrow superficially 

into the muscle tissue of the host (Tsai et al. 1999, Azevedo et al. 2006). The site of attachment, 

positioning, and orientation after attachment to a host is usually species specific and often used as 

indication to characterise genera. Some species (or groups of species) of Cymothoidae are highly 

specific, attaching only to a single host species, while others are generalists, attaching to an array 
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of fish hosts (Smit et al. 2014). Some instances have been reported where single individuals of 

Cymothoidae have been found attached to unusual hosts such as cephalopods, sponges, jellyfish, 

other crustaceans, chondrichthyans, amphibians and even humans (Trilles & Öktener 2004 and 

references therein). These instances are uncommon and most likely accidental (Williams et al. 

2010).  

 

Representatives of Gnathiidae are temporary ectoparasites of various fish species, but only during 

their larval stages, with non-feeding, non-parasitic adults (Sikkel et al. 2006, Artim et al. 2015), 

thus having a similar feeding strategy to that of Aegidae and immature stages of Cymothoidae 

(Haug et al. 2021). The life cycle of various species is well-recorded (Upton 1987, Smit et al. 2003, 

Chong et al. 2015), including the morphology and development of larval stages (Smit et al. 2003, 

Smit & Davies 2004, Boyko & Wolff 2014). Representatives of Gnathiidae are not protandric 

hermaphrodites and separate sexes can be distinguished as early as within the Zuphea 3 (Z3) larval 

stage (Smit et al. 2003). 

 

Sexual dimorphism between adult males and adult females of Gnathiidae are quite striking, not 

necessarily in terms of body size as seen in representatives of Cymothoidae, but notably in terms 

of morphology – males have large, protruding mandibles, absent in females (Upton 1987). Some 

representatives of Gnathiidae are known to form ‘harems’ of females, collected and guarded by 

males during breeding season (Upton 1987, Wägele 1988). In an interesting case reported by 

Shodipo et al. (2018), an unfed gnathiid was found in association with a fed gnathiid, feeding on 

the ingested blood of the fed gnathiid. The type of association was described as kleptoparasitism, 

but is more accurately described as hyperparasitism in a publication incorporated in this thesis 

(Publication I: Van der Wal & Haug 2019).  

 

Representatives of Epicaridea, including ingroups Bopyridae, Cryptoniscidae, Entoniscidae and 

Dajidae are somewhat unique among the parasitic cymothoidans in terms of their parasitic strategy 

and lifestyle. Representatives of Epicaridea are parasites of crustaceans – typically decapods – with 

an intermediate- and definitive crustacean host. Individuals of Bopyridae and Dajidae are (nearly 

all) ectoparasitic, while those of Cryptoniscidae and Entoniscidae are endoparasitic (Williams & 

Boyko 2012). Hyperparasitism has quite often reported for some individuals of Cryptoniscidae 

(Peresan & Roccatagliata 2005) and Bopyridae (Williams & Boyko 2004). Parasitic castration has 

been reported for a few individuals of Bopyridae and Dajidae (Blower & Roughgarden 1988). 

 

With true larvae (epicaridium, microniscium and cryptoniscium larvae), these permanent parasitic 

individuals infest crustaceans during their larval and adult stages (Williams & Boyko 2012, Boyko 

& Wolff 2014, Haug et al. 2021). Hatched immatures, the planktic epicaridium larva, infest an 

intermediate crustacean host, typically a copepod, and develop into the least known of the larval 

stages, the microniscium (Schädel et al. 2019). The microniscium larva grows and develops into a 

planktic cryptoniscium larva, which infest the final decapod host where it reaches sexual maturity 

(Anderson & Dale 1981). Representatives of Epicaridea are protandric hermaphrodites (Jacobsen 

& Collins 2008) and clear sexual dimorphism (Harnoll 1966) with adult females larger than males 

(Williams & Boyko 2012). 

 

13 



Urda is an ingroup comprised exclusively of fossils and are closely related to modern ingroups of 

Cymothoida, especially to Gnathiidae and Cymothoidae (see Nagler et al. 2017, Schädel et al. 

2021). This phylogenetic position inference, along with extensive functional morphological 

examination of mouthparts and appendages, suggest that individuals of Urda were parasitic, with 

the oldest known case of parasitism within Cymothoida reported at 168 mya (Nagler et al. 2017).  

  

1.5.2. The fossil record  

The large number of species and the morphological diversity of extant representatives of 

Cymothoida is unfortunately not yet reflected in the fossil record (Hyžný et al. 2013, Smit et al. 

2014). A large number of fossil specimens that have been interpreted as representatives of 

Cymothoida, seem to be predatory or scavenging forms, most of which have been interpreted as 

representatives of Cirolanidae (Wieder & Feldmann 1992, Hyžný et al. 2013, Etter 2014, Robin et 

al. 2019). Even more scarce, is the fossil record of possible parasitic representatives. This sparsity 

is likely due to a number of factors including the limited preservation potential of individuals of 

these groups (Klompmaker et al. 2017) or the fragmented preservation (usually only the dorsal 

sclerites) attributed to the characteristic biphasic moulting of ingroup representatives of Isopoda 

(Wieder & Feldmann 1992, Feldmann & Goolaerts 2005, Hansen & Hansen 2010, Hyžný et al. 

2013, Etter 2014). Additionally in many cases, the position and orientation in which the specimen 

is preserved make appendages and other essential morphological structures inaccessible for further 

systematic interpretation and/ or comparative analyses (Hyžný et al. 2013, Smit et al. 2014, 

Maguire et al. 2018). 

 

Direct indications of parasitic behaviour or associations (i.e., body fossils) are rare in the fossil 

records. In most cases of fossil specimens, a parasitic lifestyle or association can be indirectly 

inferred (Nagler et al. 2016, Haug et al. 2021). These inferences can be made from the resulting 

deformations of the host (such as body swellings) caused by representatives of Epicaridea; the 

reconstructed functional morphology as possible indication of a parasitic lifestyle; the preservation 

of a unique or distinct life stage that is only known in parasitic species of the modern fauna; and 

an interpreted phylogenetic position of exclusively parasitic representatives (supported by 

accessible morphological characters). Nagler et al. (2016) described and presented a direct parasite-

host interaction from 150 million years old fossils, containing both the host and the interpreted 

parasitic representatives of Cymothoida attached to it.  

 

The current fossil record of parasitic representatives of Cymothoida consist of: 1. A specimen 

interpreted as Urda from the Early Jurassic (168 mya), the oldest fossil parasitic representatives of 

Cymothoida (Nagler et al. 2017); 2. A collection of specimens preserved in association with fishes 

from the Jurassic (150 mya), that have been interpreted as closely related to Cymothoidae (Nagler 

et al. 2016, Haug et al. 2021); 3. A collection of specimens from the late Eocene (40 mya) 

interpreted as representatives of Cymothoidae or at least closely related (Publication IV: Van der 

Wal et al. 2021a); 4. A single specimen interpreted as representative of Aegidae from the Late 

Miocene (20mya, see Hansen & Hansen 2010); 5.Body fossils of infective larval stages of 

representatives of Epicaridea from the Cretaceous (100 mya) as well as indirect, questionable 

interpretations of representatives of Epicaridea from Early to Late Jurassic (Haug et al. 2021 and 

references therein).  
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2. AIMS OF THE STUDY 

 

The role of parasites and parasitic interactions are of economic, ecological and evolutionary 

importance (1.3 The evolutionary role and importance of parasitism). Representatives of 

Cymothoida is an interesting group for studying the evolution of parasitism, parasitic strategies and 

specialisations for a parasitic lifestyle (1.5. The focus groups: parasitic representatives of 

Cymothoida sensu Wägele (1989)). Representatives of Tanaidacea are closely related to those of 

Isopoda and are therefore herein used as an outgroup taxon to Isopoda. Unlike some representatives 

of Isopoda, those of Tanaidacea are primarily tube-dwelling and exclusively non-parasitic, and are 

morphologically differentiated from representatives of Isopoda. Parasitic representatives of 

Cymothoida are used as ‘model parasites’ and they are especially ideal candidates to study deep-

time aspects of parasitic strategies and specialisations as: 

 

• Quite a few fossil collections are available to study these deep-time aspects and be able to 

compare parasitic strategies and specialisations through time.  

• They are abundant in marine habitats and quite abundant in museum collections as 

preserved material 

• They are highly diverse in morphology, ecological roles and ontogeny 

• They are relatively large and therefore more easily observed and studied  

 

Adult and immature stages of parasitic forms have different ecological functions, with mobile 

immature stages being essential for dispersal and host infestation, with reproducing adults 

(especially females) often becoming less mobile and/ or non-feeding. The aim of this dissertation 

is to study if and how morphological states and changes in morphological states are derived from 

ecological functions and parasitic strategies, as it relates to the evolutionary history of parasitism 

within Cymothoida. With the set aim, the following hypotheses are tested: 

 

1. There is an increase in morphological differentiation of thoracopod attachment structures, from 

non-parasitic forms to more parasitic and permanent parasitic forms.  

2. Immature stages among more parasitic forms retain plesiomorphic morphologies in comparison 

to their adults, while the differentiation is more subtle between immatures and adults of non-

parasitic or less parasitic forms.  

 

In order to test the hypotheses, the objectives are to examine, document and describe the 

morphological differentiation, especially regarding the anterior and posterior thoracopod 

attachment structures, between adult and immature stages and among parasitic forms from non-

parasitic forms to temporary parasitic forms and permanent parasitic forms. Morphospace analyses 

will be done to compare morphologies between parasitic forms and between adult and immature 

stage individuals.  
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3. RESULTS 

 

3.1.  Publication I 

 

Van der Wal S & Haug JT. 2019. Letter to the editor referencing “The apparent kleptoparasitism 

in fish-parasitic gnathiid isopods” 10.1007/s00436-018-6152-8. Parasitology Research, 118(5), 

1679–1682. https://doi.org/10.1007/s00436-019-06281-2 
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3.2.  Publication II 

 

Schädel M, Pazinato, PG, Van der Wal, S & Haug JT. 2019. A fossil tanaidacean crustacean from 

the Middle Jurassic of southern Germany. Palaeodiversity, 12(1), 13–30. 

https://doi.org/10.18476/pale.v12.a2  
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3.3.  Publication III 

 

Van der Wal S & Haug JT. 2020. Shape of attachment structures in parasitic isopodan crustaceans: 

the influence of attachment site and ontogeny. PeerJ, 8:e9181. https://doi.org/10.7717/peerj.9181   
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3.4.  Publication IV 

 

Van der Wal S, Schädel M, Ekrt B & Haug JT. 2021a. Description and ontogeny of a 40-million-

year-old parasitic isopodan crustacean: Parvucymoides dvorakorum gen. et sp. nov. PeerJ, 

9:e12317. https://doi.org/10.7717%2Fpeerj.12317 
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3.5.  Publication V 

 

Van der Wal S, Haug JT. 2023. Reconstructing the life cycle of the isopodan group Aegidae with 

morphological descriptions and the importance of immature stages. Nauplius, 31. 

https://doi.org/10.1590/2358-2936e2023007 
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4. DISCUSSION 

 

4.1.  Importance and ecological function of immature stages 

 

Some ingroups of Cymothoida have well-defined and described immature stages, specifically those 

that are morphologically well-distinguished from adult stages, i.e., those that have true larvae, such 

as Epicaridea and Gnathiidae. The larval stages of the latter groups are not only morphologically 

distinguished from adults, but their morphological differences also support their differences in 

ecological function. With the inclusion of immature (larval) stages in studies of these groups, 

complete life cycles, developmental patterns and behavioural studies have been presented, which 

would not have been possible without the inclusion of these larval stages. 

 

This is unfortunately not the case for many of the other ingroups of Cymothoida, especially those 

that are considered to be ‘direct developers’ that do not have true larval stages. The immatures of 

these ingroups, including the non-parasitic representatives of  Cirolanidae, Corallanidae; the 

temporary parasitic representatives of Aegidae; and the permanent parasitic representatives of 

Cymothoidae, are typically considered as ‘young adults’ upon hatching and that they are 

morphologically indistinguishable among species and from their adult stages. The results from 

morphological comparative analyses in Publication III: Van der Wal & Haug (2020) suggest that 

with proper data available, immature stages of species of Cymothoidae can be well distinguished 

from each other and that developmental morphological variation can provide a basis for species 

identification. The quantitative analysis for the latter publication further indicates that ontogenetic 

development in Cymothoidae plays a role in the shape of the dactyli as attaching structures.  

 

The lack in availability of immature stage individuals in literature has become evident, with 

immature stages often mentioned without morphological descriptions, or with only a few noted 

regarding a single immature stage. Other publications, typically the early pioneering works, have 

inclusions of immature stage morphological structures. More recent works tend to exclude the 

descriptions and presentations of these immature stages altogether unless the species is only known 

from a single immature stage specimen as holotype. Even though the immature stages of these 

ingroups might seem morphologically similar to adult stages, the inclusion of these stages in 

especially taxonomic and phylogenetic works are essential for further research and studies such as 

comparative morphological and developmental differentiation analyses as conducted here. The 

lack of descriptions and morphological illustrations of immature stage individuals in literature also 

hinder evolutionary studies, as fossil material can often only be compared to extant material of 

adult representatives in the case of Cymothoida, making it even more challenging to compare and 

interpret fossil finds. 

 

Without the availability of immature stages in literature, any further research on the ecology, 

development and ecological function of species of these groups are hindered and limited. This has 

been made evident with the study of the ontogenetic development of Aegidae, with the first 

representation of a life cycle for individuals of this group being presented in  Publication V: Van 

der Wal & Haug (2023). The latter study included the morphological comparison between the 
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scarcely represented immature stages of Aegidae through ontogenetic development. The results 

from this study would not have been possible without the inclusion of the examined immature and 

embryonic stages of Aegidae, as these are almost completely lacking in literature. This study also 

presents the first substantiation that representatives of Aegidae are not hermaphroditic, but develop 

as separate sexes. A major challenge in improving the understanding of ecology and evolution of 

the group Cymothoidae, is the very imperfect knowledge about the ontogeny. Approximately 22% 

of all species of Cymothoidae have at least some information on immature stages. Even so, for 

most of these records, there is only single illustrations and a short description. Regardless of 

parasitic strategy, the results suggest that immature stages, including larvae of all parasitic forms 

within Cymothoida are the dispersal and infective stages, ensuring an association with a host, 

whether temporary or permanent. The ecological role of these immature and larval stages is to find 

a suitable host, ensure attachment to the host, to feed and to grow. Adult females are almost 

exclusively sedentary, non-feeding and breeding.  

 

Representatives of Gnathiidae and Epicaridea have well-defined and described true larval stages, 

in contrast to representatives of Cymothoidae, Aegidae and non-parasitic ingroups of Cymothoida. 

Non-adult individuals of the former and latter groups are in literature usually collectively (and 

interchangeably) referred to under the umbrella terms of ‘manca’, ‘juvenile’ or ‘larva’ (Pillai 1964, 

Williams & Bunkley-Williams 1980, Bakenhaster 2004, Trilles & Justine 2006, Čolak et al. 2019). 

The term larva refers to non-adult individuals with specific morphological characters and 

ecological functions that cannot be applied to any non-adult individual and have proven to be highly 

problematic in many groups (Haug 2020). Within Isopoda, the use of the term ‘larva’ has also 

caused some discussion (Boyko & Wolff 2014). To address these inconsistencies in terminology, 

the term ‘immature’ is used herein and proposed to be used in future studies, to neutrally refer to 

the non-adult life stages of representatives of Aegidae and Cymothoidae, thus those in the ‘post-

hatched’ developmental stages before maturation is reached (Publication III: Van der Wal & Haug 

2020).  

 

For groups that do not have true larvae (i.e., the ‘direct developers’), the proposed terminology for 

immature stage individuals is based on the presence or absence of morphological structures, in 

particular the development of the anterior trunk appendage 7 (thoracopod 7), which seems to be 

consistent among ingroup representatives of Aegidae, Cymothoidae and the newly described fossil 

species Parvucymoides dvorakorum (Publications III – V). To date, there is no record of a possible 

immature stage individual of Urda. Additional stage specific characters can show variation among 

ingroups and should be recorded in ontogenetic stage descriptions and life cycle descriptions. The 

following terminology is proposed and contributed to the works of this dissertation. Immature stage 

1 individuals are those often referred to in literature as ‘pre-manca’, ‘pre-hatch II’, ‘first mancal 

stage’, manca-I or ‘pullus I’. This stage is identifiable as the first stage after the individual has 

hatched from the egg membranes inside the brood pouch of the female, which will be release from 

the brood pouch and start further post-hatch development. These individuals completely lack the 

pair of thoracopods 7. Immature stage 2 individuals are those often referred to in literature as 

‘manca’, manca-II or ‘pullus II’. Individuals during this stage of development start to develop the 

posterior most pair of thoracopods, and may be at an early stage (without visible indication of 

thoracopods 7) or during a later stage (with visible underdeveloped thoracopods 7). Immature stage 

3 individuals are those often referred to in literature as ‘natatory-stage’, ‘juvenile’ or ‘aegathoid’. 
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These individuals have a fully developed  pair of thoracopods 7, but still lack adult sexual structures 

or have underdeveloped adult sexual structures. Additional developmental stage and species or 

group specific characters may be observed, such as the presence or absence of yolk, eyes, setae, 

body shape and/ or swimming ability. These characters are variable among groups and should 

rather serve as additional stage specific characters in specimen descriptions and comparative 

analyses.     

 

Adult stages are usually more clearly defined and categorised based on internal or external sexual 

structures as male or female individual. As an ingroup of Peracarida, adult female individuals 

develop a brood pouch by forming oostegites, originating from the coxae, which are epipod-like 

structures arising from anterior trunk appendages. The presence or absence of a brood pouch and/ 

or eggs in the brood pouch is indicative of developmental stages of adult female individuals. The 

formation of oostegites (oostegital moult) seem to occur after copulation, as a facilitation before 

the brood pouch is completely formed and hardened (Holdich, 1968; Johnson, 2001). Females with 

such developed oostegites are referred to as ovigerous females. Non-ovigerous females are adults 

that do not have developed external male structures and also no developed brood pouch. Once 

fertilisation has occurred and the brood pouch has developed, the eggs are deposited in the pouch 

and the individual is now referred to as a gravid female. The transfer of sperm to the female seems 

to be facilitated by the appendix masculina, a type of modified endite arising from the base of the 

endopod of the 2nd pleon appendage (Wilson 1991, Johnson 2001, Messana 2004).  

 

4.2.  Character evolution: dactylus differentiation among parasitic strategies 

 

The complete dataset of analysed dactyli, including the data imported to R, species names, Principal 

Component values and references of digital illustrations, is provided in Table S2. The RStudio 

script used to run the analysis and generate the plots, is available in Doc S3. A total of 150 dactyli 

were analysed together, which consisted of: 7 species of Aegidae (6 adult and 7 immature stage 

individuals); 5 species of Cirolanidae (4 adult and 1 immature stage individuals); 1 species of 

Corallanidae (1 immature stage individual); 15 species of Cymothoidae (15 adult and 15 immature 

stage individuals); 1 species of the fossil group Parvucymoides (1 adult and 1 immature stage 

individuals); 5 species of Gnathiidae (4 adult and 5 immature stage individuals); 14 species of 

Epicaridea (6 adult and 9 immature stage individuals). Aligned and scaled digital illustrations of 

all dactyli outlines used in the PCA, are provided in Figure S4, colour coded by ingroup. 

 

The variation in the first 5 Principal Components (PC1–PC5) are visualised in a boxplot in Figure 

S5. The dactylus shape along PC axes (PC1–PC5) are visualised in Figure S6. Examining the 

eigenvalues from the scree plot (Figure S7), PC1 and PC2 account almost equally for most of the 

total variation in shape and will be used to present the results. Principal Component 1 accounts for 

45.4% of the total variation and Principal Component 2 accounts for 40.0% of the total variation. 

Cumulatively, PC1–PC2 accounts for 85.5% of the total variation and share the proportion of 

variation almost equally (Figure S7). PC3–PC5 accounts for a further approximate 10% of the total 

variation, resulting in PC1–PC5 cumulatively accounting for 95.9% of the total variation.  

 

The variation in shape of the analysed dactyli, is presented as a multidimensional morphospace, 

where each included dactylus is represented by a point (Figs. 1–4). The variation among all 150 
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shapes included in the analysis, grouped by ingroup, is provided in Figure 1A–B. The same results 

are visualised based on variation in anterior and posterior dactyli of all ingroups, in Figure 2A and 

based on the parasitic strategy of all ingroups, in Figure 2B. The variation in dactyli shapes is 

additionally visualised for adult specimens (Fig. 3) and for immature specimens (Fig. 4). The first 

dimension in these plots, (PC1, represented on the x-axis), is strongly influenced by the degree of 

curvature of the dactylus. Dactyli are more curved toward negative values and less curved 

(straighter) towards the positive values. The second dimension, (PC2, represented on the y-axis), 

is influenced by the thickness of the dactylus. Dactyli curves are thicker toward negative values 

and thinner towards positive values.  

 

The differentiation in dactyli shapes among adult and immature specimens, as well as between 

anterior and posterior dactyli, based on the values of the Principal Components that describe the 

most variation (PC1–PC2), are visualised in Figure 5. Mean shapes, standard deviations and mean 

plesiomorphic conditions indicate how dactyli shapes among the groups are differentiated and how 

these resemble or deviate from the general plesiomorphic condition. Due to the lack of available 

data for the second non-parasitic ingroup, Corallanidae, this group was not included in Figure 5. 

 

The results from the combined morphometric analysis substantiate and visualise the variation in 

dactylus morphology among the selected ingroups of Cymothoida. Some overall trends and 

clustering of dactyli morphologies between ingroups are notable (Figs. 1–5). It is worth noting that 

some of these trends may be attributed to the uneven (or not especially high) number of species per 

group included in the analysis, which was due to the lack of availability of dactyli illustrations in 

literature. For the non-parasitic ingroups Cirolanidae and Corallanidae, immature stage depictions 

in literature are almost non-existent. The same is true for Aegidae, of which all dactyli shapes for 

the analysis were generated from this study (Publication V: Van der Wal & Haug 2023). In the case 

of species from the remaining ingroups included in the analysis, literature often only contains only 

a single thoracopod depiction, or an illustration/ photograph at an angle which influences the 

perspective of the morphology of the structure, making it unusable in a comparative morphometric 

analysis. Therefore, these discussions are solely based on the available data and the trends observed 

from the data generated in this study. 

 

When considering the three overarching parasitic strategies (non-parasitic, temporary parasitic and 

permanent parasitic), the morphometric results (Fig. 2) show that representatives with permanent 

parasitic strategies occupy the majority of the total morphospace, indicating that dactyli from these 

ingroups (Cymothoidae and Epicaridea) are the most diverse and can range from slender, straight 

outlines, to thick, strongly curved outlines, followed by representatives of Aegidae, the ingroup 

with temporary parasitic strategies. Epicaridea and Cymothoidae show the most variation in 

dactylus curvature (PC1), but this variation extends in different directions (Figs. 1–5). The dactyli 

seen in Cymothoidae range from moderately curved, resembling the plesiomorphic condition in 

some cases, to some of the most strongly curved dactyli shapes included in the analysis. On the 

other hand, the dactyli seen in Epicaridea range from a curved and moderately curved, to straight, 

uncurved dactyli shapes. Epicaridea show the largest variation in dactyli thickness (PC2), ranging 

from slender and straight (needle-like) shapes to thick (balloon-like) shapes.  
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Representatives of non-parasitic ingroups (Cirolanidae and Corallanidae) occupy the smallest total 

morphospace with no, to only slight variation dactyli shapes. A larger availability of dactyli 

illustrations in future publications may provide more accuracy in the trends of variation in ingroups 

with non-parasitic strategies. The morphometric results (specifically Fig. 1) further substantiate the 

interpretation of the fossil species Parvucymoides dvorakorum (Van der Wal, Schädel, Ekrt & 

Haug (2021)), as ingroup representative of Cymothoidae, as all the dactyli shapes of P. dvorakorum 

fall well within the morphospace of extant representatives of Cymothoidae. 

 

Considering the anterior dactyli shapes of the adults only (Fig. 5A), a complete separation is seen 

between: Cymothoidae and all other groups except Aegidae; Aegidae and all other groups except 

Cymothoidae; Epicaridea and all other groups; and between Gnathiidae and Cirolanidae 

(combined) with all other groups. The latter two groups overlap only very slightly in anterior 

dactyli curvature. No data points for adult stage Corallanidae representatives were available. 

Notably, the anterior dactyli of representatives of Aegidae and P. dvorakorum are similar in 

thickness and curvature to those of Cymothoidae. This is indicated by these dactyli shapes 

occupying the same morphospace area – strongly curved, hook-like dactyli shapes. Posterior 

dactyli shapes of adult specimens show separation to a lesser extent, with all extent groups 

overlapping at a moderately curved (PC1 values between  0 to 0.1), moderately thick (PC2 values 

between  -0 to -0.05) dactylus shape. 

 

Similarly, more separation is seen in the anterior dactyli shapes of the immatures only (Fig. 5B), 

compared to those of posterior dactyli shapes. A complete separation is seen between the anterior 

dactyli shapes of the immatures of: Cymothoidae and Epicaridea; Cymothoidae and Gnathiidae; 

Aegidae and Epicaridea; and Aegidae and Gnathiidae. As with the adult comparison, the anterior 

dactyli of immature representatives of Aegidae and P. dvorakorum are similar in thickness and 

curvature to those of Cymothoidae. The anterior dactyli shapes of Epicaridea encompass the entire 

morphospace of anterior dactyli shapes of Gnathiidae. The posterior dactyli shapes of immature 

specimens show separation to a lesser extent than the anterior counterparts, with all posterior 

dactyli of extant groups at moderately curved (PC1 values between  0 to 0.05) and moderately thick 

(PC2 values between  -0 to -0.075). A clear separation is seen in the posterior dactyli shapes 

between: Cymothoidae and Epicaridea; and Cymothoidae and Gnathiidae. 

 

Based on the parasitic strategy of adult and immature stages (Fig. 4), the following trends become 

visible. As expected, adult representatives of ingroups with permanent parasitic strategies have 

anterior dactyli that are distinct from those of non-parasitic lifestyle adults (Fig. 4A). Adult 

representatives of Cymothoidae and Epicaridea show significantly more variation in the thickness 

of dactyli, than adults of Cirolanidae and are always more strongly curved. The posterior dactyli of 

Aegidae and Cirolanidae are similar (straight to slightly curved). From Fig. 4B, no clear separation 

can be seen in the anterior and posterior dactyli shapes of immature representatives.  

 

 

 

25 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Principal Component Analysis representation of the dactylus outline variation of all 

150 analysed specimens of various ingroups of Cymothoida included in the elliptical Fourier 

analysis. A. PCA plot of all specimens. B. PCA plot of all specimens, with species names.   
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Figure 2. Principal Component Analysis representation of the dactylus outline variation of all 150 

analysed specimens of various ingroups of Cymothoida included in the elliptical Fourier analysis. 

A. PCA plot of all specimens, grouped by dactylus location. B. PCA plot of all specimens, grouped 

by parasitic strategy. 
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Figure 3. Principal Component Analysis representation of the anterior and posterior dactyli outline 

variation A. Adult stage specimens only. B. Immature stage specimens only.  
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Figure 4. Principal Component Analysis representation of the anterior and posterior dactyli outline 

variation, grouped by parasitic strategy A. Adult stage specimens only. B. Immature stage 

specimens only. 
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Figure 5. Visual representation of dactyli shape variation and differentiation based on A. Principal 

Component 1 (PC1) values. B. Principal Component 2 (PC2) values.  
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The differentiation of anterior and posterior dactylus shapes among adult and immature stages of 

the ingroups are best visualised by comparing the values of Principal Components 1–2 (Fig. 5). 

These results show a few interesting signals regarding character evolution of dactylus shape, which 

can be discussed in correlation with the feeding habits and ontogenetic development of the groups 

included in the analysis. 

 

4.2.1. Representatives of non-parasitic ingroups 

It is known that representatives of Cirolanidae and Corallanidae are non-parasitic, carnivorous, 

active swimming and hunting predators, while others scavenge on debris and dead organic material 

on the benthos. The dactyli of representatives of Cirolanidae represent the plesiomorphic condition 

of dactyli shapes for ingroups of Cymothoida as rather straight (Fig. 5A) and relatively uniform in 

thickness (Fig. 5B), with a low anterior-posterior differentiation. The anterior and posterior dactyli 

curves of the only immature representative of Cirolanidae (S. atrox) strongly resemble the mean 

shapes of those of the adult specimens (Fig. 5A) and are slightly thinner than those of the adults 

(Fig. 5B). Likely due to the underdevelopment of these structures in immature specimens. The 

relative similarity in dactylus morphology through ontogenetic stages correspond to the 

specialisation of these structures for the life habit of non-parasitic representatives of Cymothoida, 

including swimming, grasping and scavenging, rather than attachment to, or tearing through, the 

tissue of a host.  

 

Even though species of Cirolanidae and Corallanidae are well-known and documented, specimen 

and species descriptions and illustrations are typically exclusively provided for adult stage 

specimens, with the motivation that immature stage specimens are identical to adult stages in 

morphology and are therefore not included. The future inclusion of immature stage individuals in 

species descriptions, illustrations and photographs can have far-reaching positive implications, not 

only for taxonomy but also for additional studies such as this morphometric analyses. 

 

4.2.2. Representatives of temporary parasitic ingroups 

Representatives of Gnathiidae are ectoparasites of fish during their immature/larval stages. The 

results (Fig. 5) for representatives of Gnathiidae are overall not especially informative, but show 

that the dactyli of these specimens are similarly rather straight (all PC1 values above 0) and similar 

in thickness. There does not seem to be a differentiation between the dactylus morphologies of the 

non-feeding adults versus the temporary parasitic immature individuals’ dactyli, or between the 

morphology of anterior versus posterior dactyli. The mean shapes for both anterior and posterior 

dactyli of adult and immature stages of Gnathiidae closely resemble the plesiomorphic states. The 

results suggest that the immature dactylus morphology of Gnathiidae is kept though development 

into adulthood, even though the ecological role of adults differ from that of the larval stages. 
 

In a study published by Shodipo et al. (2018), authors describe on an interesting interspecific 

interaction between representatives of Gnathiidae, in which some larval individuals feed on the 

blood meal of other larval individuals. This interaction was verified and monitored in vivo and is 

unique as larval representatives of Gnathiidae typically feed on blood from various fish species, 

while adults are non-feeding. The interaction is described as kleptoparasitism; the act of one 

organism stealing food from another. Even though the concept is accurately described, the 
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interaction can also be characterised as hyperparasitism, which is the parasitic associations in which 

the host (unfed gnathiid larva) is a parasite of another organism (fed gnathiid larva). In essence, 

both concepts apply to the observed interaction, which substantiates the importance of considering 

a wide variety of descriptions and characteristics of specific animal associations before categorising 

an interaction. 

 

The dactyli of the other temporary parasitic representatives, Aegidae, have an overall wide range 

of morphologies due to the prominent differentiation between anterior and posterior dactylus 

shapes. Dactyli of anterior thoracopods (thoracopods 2–4) are strongly curved and hook-like, 

resembling those of Cymothoidae, and vary in thickness. Dactyli of the posterior thoracopods 

(thoracopods 5–8) are rather straight and resemble the plesiomorphic condition (and significantly 

smaller overall; not visible from these results, see Publication V: Van der Wal & Haug 2023). This 

morphology corresponds to the temporary parasitic feeding habit of representatives of Aegidae, 

using the anterior thoracopods for attaching and maintaining attachment to a host (as immature and 

adult male stages) for the duration of a feeding, while being able to swim and/ or walk on the 

benthos using posterior thoracopods after detaching from a host after a feeding.  
 

The gap in knowledge and understanding of Aegidae life cycles and development has caused some 

variation in the description of lifestyle and feeding habit for representatives of Aegidae. Many 

specimens are collected from the surfaces of sponges, cartilaginous fishes, sea squirts and squids, 

leading to the assumption that individuals of Aegidae feed on these animals while in association/ 

attached to them. Consequently, literature often describes representatives of Aegidae as ‘micro-

predators’, predators, scavengers and/ or temporary parasites. In fact, no study has provided 

sufficient indication of consumption of these marine organism by representatives of Aegidae. 

Observations of Aegidae in association with these marine organisms can only definitively indicate 

a possible habitat, hiding place or mode of transport for non-feeding individuals rather than being 

an actual food source. Such individuals have likely detached from the host after a feeding, and 

continues to live un-associated to a host until the next feeding.  

 

Additionally, representatives of Aegidae are often collected by means of trawl and sledging of the 

ocean benthos by a Research Vessel. The occurrences often lead to the conclusion that 

representatives of Aegidae feed on debris and carcasses on the ocean benthos. Such feeding 

behaviour is unconfirmed and merely speculative without in vivo study or the examination of the  

gut contents of these individuals. It is, however, not surprising that representatives of Aegidae 

collected in this manner from the ocean benthos, are exclusively female individuals, which 

correlate with the life cycle of Aegidae, as described as part of this dissertation (Publication V: Van 

der Wal & Haug 2023). The collection of only female individuals substantiates the non-feeding, 

bottom dwelling habit of adult females and brooding female individuals of Aegidae. Previous in 

vivo studies recorded the non-feeding, inactive behaviour of females, usually found hiding on the 

seabed (Wägele 1989, Wägele 1990, Wing & Moles 1995). Furthermore, the temporary association 

of representatives of Aegidae with confirmed fish hosts are not fatal, and only lasts for the time of 

feeding (Haug et al. 2021) and are therefore more accurately described as temporary parasites. 
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4.2.3. Representatives of permanent parasitic ingroups 

The results for the group of representatives that permanently parasitises on crustaceans as adults 

and larvae, Epicaridea show the widest range in dactylus thickness (Fig. 7B), from straight, needle-

like dactyli shapes to some of the thickest, curved dactyli of the specimens included in the analysis. 

Immature (larval) and adult dactyli shapes are well differentiated, both in curvature and in 

thickness. Adult dactyli tend to be thick with a short curved distal end, but surprisingly, larval 

stages tend to have thinner, straight dactyli. A striking differentiation is seen between anterior and 

posterior dactyli of especially the larval stages. Anterior dactyli tend to be more curved than 

posterior dactyli. The pattern of dactyli differentiation in Epicaridea is surprisingly similar the 

pattern shown by the temporary parasitic representatives of Aegidae. This high differentiation 

between anterior and posterior dactyli shapes in Epicaridea challenges the idea that Epicaridea are 

more closely related to Cymothoidae based on the character evolution of attachment structures 

proposed by Nagler et al. (2017), that all pairs of functional legs of Epicaridea and Cymothoidae 

are strongly curved and specialised for attaching to a host. The differentiation between anterior and 

posterior dactyli shapes may represent a plesiomorphic state at the node with groups containing 

Aegidae + (Cymothoidae + Epicaridea + Gnathiidae). 

 

The dataset of dactyli shapes for Cymothoidae consists of those used in Publication III: Van der 

Wal & Haug (2020) and supplemented with dactyli shapes used in Publication IV: Van der Wal et 

al. (2021a) for P. dvorakorum. All dactyli of both adult and immature representatives are strongly 

curved and hook-like, similar in shape to the anterior dactyli of Aegidae. A low differentiation is 

seen between the anterior and posterior dactyli shapes. This corresponding to their parasitic strategy 

where immature stages attached to a fish host where it will remain in the gill cavity, buccal cavity 

or attached to the body surface, using all 7 pairs of anterior trunk appendages to dig into the tissue 

of the host to remain fixed.  
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5. CONCLUSIONS & OUTLOOK 

 

Incorporating fossil material in comparative analyses of morphological character states of parasitic 

ingroups of Cymothoida, provides a more informative overview of changes or consistencies in 

morphological and developmental specialisation over time. The examination and description of the 

fossil species, Parvucymoides dvorakorum gen. et sp. nov., revealed the group’s close affinity to 

the permanent parasitic representatives of Cymothoidae, based on their similarities in 

morphological specialisations for a parasitic lifestyle. The fossil material examined in this study 

additionally provide insight into the early origin and shifts in habitat especially for species of 

Cymothoidae, from freshwater to marine. 

 

One of aims of this dissertation was to examine the morphological variation in dactylus shape, 

between adult and immature stage specimens of groups exhibiting varying parasitic strategies and 

ultimately, distinct ecological roles. The comparative analyses indicate considerable thoracopod 

attachment structures (dactyli) shape variation among the groups examined, as well as an increase 

in variation of dactyli shapes, from non-parasitic forms to more parasitic and permanent parasitic 

forms. Furthermore, dactyli morphologies vary predominantly and almost equally, in curvature and 

width.  

 

Another aim was to examine the differentiation in dactylus shape through ontogeny and between 

those of anterior and posterior thoracopods. The results herein indicate that ontogenetic stage, 

parasitic strategy and location of the attachment appendage (anterior/ posterior) play a role in the 

shape of the dactylus. All of the examined groups show a low differentiation in anterior- posterior 

dactyli shapes, except Aegidae. The latter group shows a significant and clear differentiation 

between anterior and posterior thoracopod dactyli, corresponding to their temporary parasitic life 

strategy. The plesiomorphic condition of the dactylus morphology is represented by the non-

parasitic species of Cirolanidae. The analysis of the first Principal Component, the dactylus 

curvature, suggest a character evolution on two steps: 

 

1. The posterior dactyli of representatives of temporary parasitic ingroups retain its 

resemblance to the plesiomorphic condition, while the anterior dactyli shapes diversify as 

specialisation for temporary attachment to a host. This first step is especially evident within 

Aegidae. 

2. The posterior dactyli of representatives of permanent parasitic groups (Epicaridea and 

Cymothoidae) deviate from the plesiomophic condition (diversify), but in the opposite 

directions. While the posterior dactyli of Cymothoidae have diversified with the anterior 

dactyli to strongly curved, the posterior dactyli of Epicaridea surprisingly diversified to 

straight, needle-like structures. The differentiation of posterior dactyli of representatives of 

permanent parasitic groups from the plesiomorphic condition is as a result of specialisation 

for permanently attaching to a host using all thoracopod appendages. 

 

These results challenge the previously proposed character evolution and therefore the relatedness 

of Cymothoidae and Epicaridea. The similarity in the differentiation between anterior and posterior 

dactyli shapes of Aegidae and Epicaridea may suggest that this character state is a plesiomorphic 

state for at the node of Aegidae + (Cymothoidae + Epicaridea + Gnathiidae).  
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Examining and comparing individual specimens and species with different parasitic strategies to 

that available in literature, substantiated and emphasised the importance of accurate descriptions 

of parasitic associations and observations. The variation in uses of terms demonstrate that many 

obstacles can be overcome by providing clear criteria for terms used (also suggested by Haug 

2018). This study provides new knowledge on the ontogenetic development and post-embryonic 

developmental stages of various groups and species examined. Well-documented immature stages 

and comparative notes amend a previously scarce dataset on immature stages, and improve our 

understanding of the ecological roles and importance of the lesser-known immature and larval 

stages of ingroups of Cymothoida. 
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