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ABSTRACT
Both the ability to gain a high dominance
status and having an efficient immune
defence are favourable qualities that
typically increase fitness in social and hostparasite interactions. Individuals with a
high dominance status are predicted to gain
fitness-related benefits from prior access to
limited, defensible resources, such as food
and matings. Immune defence mechanisms,
on the other hand, have evolved to minimize
the fitness costs of parasitic infections. The
relative significance of a high dominance
status and strong immune defence for
individual fitness is, however, affected by the
quality of the environment.
The aim of this thesis is to improve
the understanding of environmentally
determined variation in dominance status,
immune defence and their consequences
for individual fitness. I use the native noble
crayfish (Astacus astacus), the invasive signal
crayfish (Pacifastacus leniusculus) and the
highly virulent, invasive Aphanomyces astaci,
the causative agent of the crayfish plague,
as my study models. I first experimentally
test theoretical predictions on how major
ecological factors, including food availability,
predation risk and population density,
influence behavioural decision-making
in fight contests, especially with regard to
the maintenance of dominance hierarchies
between size-matched crayfish males. Using
natural noble crayfish subpopulations with
different crayfish plague history, I then
explore whether variation in immune defence
and crayfish plague resistance is potentially
explained by local adaptation to the disease, or
alternatively by geographical divergence. By
keeping noble crayfish experimentally under
constant environmental conditions, I finally

determine whether seasonal variation in
immune defence is endogenously regulated.
The results of this thesis show that individuals
that had achieved dominant status in nonresource fight contests have an advantage
in monopolising a limited, defendable food
resource in a future contest. Furthermore,
I find evidence that as population density
increases, the division of the resource
between dominants and subdominants
becomes more unequal. Generally, my
results suggest that due to ecological factors
the dominance status of individuals can
be more dynamic than theory predicts,
especially when the contestants have similar
fighting ability. For example, in line with
the asset-protection principle, individuals
having achieved dominant status in a
non-predation risk contest increase their
submissive behaviours in the presence of
a predation threat, giving subdominants
the opportunity to win a larger percentage
of bouts in the predation risk contest. My
results also reveal evidence for geographical
variation in resistance to the crayfish plague
and immune defence that is, however,
independent of historical disease outbreaks
in the study subpopulations. Furthermore,
for the first time in invertebrates, my
results demonstrate reproduction-related
endogenous seasonal variation in the
immune defence of noble crayfish.
Overall, my results suggest that ecological
factors, such as population density,
predation risk and disease history, have to
be taken in to account to better understand
the causes and consequences of dominance
status and immune defence in any
individual species.

Summary
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Introduction
Various ecological stimuli are known to
influence the behaviour and physiology
of animals. Understanding the fitness
consequences of behavioural decisions in
response to ecological factors is a main
aim of behavioural ecology (Westneat and
Fox 2010). Recently the emerging field of
ecological immunology, or ecoimmunology,
has incorporated central ideas from
behavioural ecology and aims to improve the
understanding of the physiological, ecological
and evolutionary causes and consequences of
variation in immune defence (Martin et al.
2011, Brock et al. 2014, Downs et al. 2014).
In this thesis, I focus on two important
fitness components: dominance status and
immune defence. Both the ability to obtain
a high dominance status and the ability
to maintain an efficient immune defence
should generally be favoured by natural
selection in dense populations, which have
a high risk of parasitism. Still, the relative
significance of a high dominance status
and strong immune defence for individual
fitness depends on the specific environment.
In my thesis I aim to broaden the
understanding of the effect of ecological
and innate factors on dominance and
immune defence. I first investigate how
major ecological factors, such as food

availability, the presence of predation threat
and the intensity of competition, impact
the fighting behaviour of dominant and
subdominant individuals and potentially
impair hierarchy maintenance. Second,
I examine whether variation in immune
defence and disease resistance is explained
by potential local adaptation to an invasive
pathogen or, alternatively, by geographical
divergence. In the same study, I also address
potential associations between behavioural
and immunological traits. In order to
deepen the understanding of the underlying
mechanisms of temporal variation in
immune defence, I finally investigate the
effect of potential endogenous regulation on
seasonal variation in immune defence.

Dominance
Many animals engage in agonistic
interactions with their conspecifics to gain
access to limited resources, such as habitats,
shelters, mates, and food (Moore 2007, Hardy
and Briffa 2013). Agonistic interactions
include both aggressive behaviours towards
conspecifics, such as threat displays and
escalated fighting, as well as submissive
behaviours. In many species a sequential
series of interactions will lead to the
formation of dominance hierarchies (Moore
2007, Chase and Seitz 2011). Dominance
hierarchies can be seen as rank orders between
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conspecifics that reflect differences in the
fighting behaviour of individuals and their
ability to win interactions (Chase and Seitz
2011). The simplest form of these hierarchies
are dominance relationships between two
individuals, whereby the dominant one
usually performs aggressive behaviours (e.g.
chasing, pushing and biting) and consistently
wins interactions (Drews 1993, Chase and
Seitz 2011). The subdominant, on the other
hand, performs little or no aggressive reply
but mainly shows submissive and avoidance
behaviours after hierarchy formation (Drews
1993, Chase and Seitz 2011). In larger groups,
dominance relationships between individuals
are integrated and form the dominance
hierarchy in the group as a whole. These
hierarchies can be linear, so that one individual
is dominant towards all, another individual
dominates all except the top one, and the last
individual is subdominant towards all (Briffa
and Sneddon 2010, Chase and Seitz 2011).
Such linear hierarchies have been reported in
a wide range of species, including mammals
(e.g. Cote 2000), fish (e.g. Chase et al. 2002),
crustaceans (e.g. Goessmann et al. 2000) and
insects (e.g. Bretman et al. 2006). However,
our understanding of how hierarchies are
formed and maintained is still limited. Thus a
main aim of this thesis was to gain insight into
how ecological factors influence decisionmaking of individuals in fight contests, with
regard to the formation and maintenance of
dominance hierarchies.
Ultimate consequences of dominance
Agonistic interactions are costly in terms
of time and energy expenditure, potential
injuries, and increased predation risk
(Briffa and Sneddon 2010, Hardy and
Briffa 2013). For example, Hack (1997)
has demonstrated that in house crickets,
agonistic interactions incur significant

metabolic costs, e.g. elevated oxygen
consumption, and that the costs are much
higher during wrestling than during
displays, such as stridulation (Hack 1997).
Similarly, evidence in crabs has shown that
fighting increases both ventilation and
heartbeat (Rovero et al. 2000). Additionally
to injuries, escalated fighting in cichlid
fish is known to increase the accumulation
of metabolites, such as lactate, which
have a negative impact on muscle
function (Neat et al. 1998). Furthermore,
these costs often increase with fighting
duration and are higher in losers than
in winners (Neat et al. 1998). Lactic acid
accumulation after fighting has also been
reported in crustaceans (Sneddon et al.
1999). Additionally to the physiological
costs of fighting, fighting reduces the
vigilance of prey species, and conspicuous
fighting behaviours may additionally
draw the attention of predators, leading
to increased predation risk (Jakobsson et
al. 1995, Dunn et al. 2004). Theory hence
predicts that dominance hierarchies have
evolved in order to reduce the costs of
agonistic interactions when the outcome
is predictable (Wilson 1975). Due to the
submissive and avoidance behaviours of
subdominants after hierarchy formation,
interactions are shorter and less intense
as compared with interactions before the
formation of the hierarchy (Moore 2007).
Due to reduced fighting, subdominants
may gain a net benefit by avoiding possible
injuries and by saving time and energy
(Wilson 1975, Barnard and Burk 1979).
Another consequence of dominance
hierarchies is the regulation of access to limited
resources among the individuals. Dominant
individuals are predicted to have an advantage
in monopolising limited, defendable resources,
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such as food and matings, and will hence
receive fitness-related benefits (Wilson 1975,
Ellis 1995). Due to their ability to gain priority
access to food resources, dominants will have a
higher growth rate than subdominants, which
may reinforce smaller physiological differences
and eventually lead to notable size differences
among the contestants (Huntingford et al.
1987, Ranta and Lindström 1992). A review by
Ellis (1995), which included almost 700 studies
in various animal taxa, has also demonstrated
that dominance status is more often positively
related to reproductive success in males than in
females. Therefore, it has been suggested that
natural selection has favoured dominance to
enhance the reproductive success of males
but that it is less consequential for females
(Ellis 1995). A potential reason for that is
that the fitness of females is generally limited
by their ability to produce eggs, whereas the
fitness of males is largely determined, and
hence limited, by the number of matings
(Trivers 1972).
However, several studies across various
animal taxa, in both males and females,
have not found clear positive associations
between dominance status and reproductive
success (Ellis 1995). One reason for this
discrepancy may be that the benefits of
dominance status depend on ecological
factors, such as population density, (food)
resource abundance, and its distribution
(Ellis 1995). For example, when resources
are difficult to monopolize because they
are widely distributed, subdominants
might even have a higher fitness gain
than dominants that invest their time
and energy in fighting (Ellis 1995). Such
environmental variability would therefore
maintain a continuum of intrinsically
aggressive and less aggressive behavioural
types in populations.
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Hierarchy formation and maintenance
The dominance status is usually determined
by differences in the fighting ability between
contestants, which is also termed resource
holding potential (RHP, Parker 1974).
From an individual’s point of view this
should be the result of the resource value
minus the costs of fighting (Enquist and
Leimar 1987, Kokko 2013). Assumming
that the contestants place a similar value on
the resource, the fighting ability depends
on the ability to pay the costs of agonistic
interactions (Briffa and Sneddon 2010).
During interactions, decisions to increase
the fighting intensity or to give-up and
accept the subdominant position are often
based on either the relative difference
in RHP of the contestants (mutual
assessment) or an individual’s own RHP
(self-assessment, Arnott and Elwood 2009,
Briffa and Sneddon 2010, Hardy and Briffa
2013). Body size, weaponry, strength, and
previous fighting experience are the classical
correlates of fighting ability (Parker 1974).
Recently, empirical evidence indicates that
consistent between-individual variation in
behavioural traits may be additional RHP
correlates (Rudin and Briffa 2012, Briffa
2013, Briffa et al. 2015).
A large body of evidence in various
animal taxa demonstrates that pre-existing
differences in body size and weapon size
between the contestants are key determinants
of their dominance status (Barnard and
Burk 1979, Arnott and Elwood 2009, Earley
and Dugatkin 2010, Chase and Seitz 2011).
For example, results in fish and crustacean
species indicate that bigger individuals
reliably dominate smaller ones when the
size-difference between them is above 2030% (Beaugrand et al. 1996, Moore 2007).
Sometimes, an even smaller size-difference
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(over 5-10%) is sufficient to enable the
larger individual to gain a higher dominance
status (fish: Abbott et al. 1985, Rauch 1996;
crayfish: Pavey and Fielder 1996). A reason
why larger individuals dominate smaller
ones may be due to mechanical advantages,
greater strength and more extensive energy
reserves (Briffa and Sneddon 2010, Hardy
and Briffa 2013). However, it is important
to note that we still lack understanding
whether these size differences in natural
populations are really a cause rather than a
consequence of dominance.
Empirical evidence indicates that, compared
to contestants that differ in size, similarsized contestants fight longer and with
higher intensity in order to form the
dominance hierarchy (O’Connor et al. 1999,
2000, Ahvenharju and Ruohonen 2007). The
factors that determine the dominance status
in such situations are not well understood
but are likely multifaceted (Briffa and
Sneddon 2010). Asymmetries in other
intrinsic factors, such as age differences but
also constant physiological and behavioural
differences among individuals (Biro and
Stamps 2010, Dingemanse and Wolf 2010,
Briffa et al. 2015), may then determine
who wins the interactions and becomes
dominant (Earley and Dugatkin 2010,
Chase and Seitz 2011). For example, there
is evidence that dominant individuals are
often more active (Kortet and Hedrick 2007,
Favati et al. 2014), have a higher standard
metabolic rate (Metcalfe et al. 1995, Cutts et
al. 1998) and stronger immune defence (Zuk
and Johnsen 2000, Rantala and Kortet 2004,
Koskimäki et al. 2004, Ahtiainen et al. 2006).
These physiological correlates of dominance
have diverse and complex interactions, and
whether they are a cause or a consequence of
dominance will remain a centre of attention

in current and future research (Fairbanks
and Hawley 2012).
Dominance status may also be determined
by asymmetries in motivational state
between the contestants (Briffa 2013). The
motivation to fight can be largely influenced
by the value an individual places on the
resource (Briffa and Sneddon 2010, Kokko
2013). Motivational asymmetries may result
from differences in physiological variables,
including hunger level or reproductive state,
but may also be related to differences in
resource ownership or experience (Moore
2007, Earley and Dugatkin 2010, Briffa
2013).
Theory predicts that the previous social
experience of an individual, i.e. past
fighting experience (winner/loser effect)
and observing the outcome of agonistic
interaction between other individuals
(bystander effect or social eavesdropping),
can structure and fine-tune dominance
hierarchies (Briffa and Sneddon 2010,
Sherratt and Mesterton-Gibbons 2013).
Winning in past interactions is generally
predicted to increase future winning
probability against the same but also other
contestants (winner effect), whereas losing
in the past will decrease winning probability
in the future (loser effect; Hsu et al. 2006).
Fighting experience alters the RHP of an
individual either due to neuroendocrine
effects or due to a change in the perception
of their own fighting ability (Hsu et al.
2006). Furthermore, observing the outcome
of interactions among other individuals and
using this information to update the fighting
ability is termed social eavesdropping
(Dugatkin 2001). An individual that had the
opportunity to eavesdrop will often be less
willing to fight with and less probable to win
against the observed winner, but more likely
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to challenge the observed loser (Dugatkin
2001).
Theory predicts a lasting polarity in the
fighting behaviour and winning ability of
dominants and subdominants and, hence,
the maintenance of the dominance hierarchy
(Drews 1993). Additionally to the effects of
the previous winning and losing experience
of the contestants, dominance hierarchies
may be structured and maintained due
to the recognition of the contestant’s
dominance status, e.g. via chemical or visual
cues (Barnard and Burk 1979; “class-level”
individual recognition, Tibbetts and Dale
2007), true individual recognition (Tibbetts
and Dale 2007, Tibbetts et al. 2008) or
a combination of them (Gherardi et al.
2012). For example, empirical evidence in
crustaceans indicates status recognition via
urine-born chemical cues (Karavanich and
Atema 1998, Zulandt Schneider et al. 2001,
Moore 2007, Breithaupt 2011).
However, many of the above described
intrinsic and motivational factors possibly
related to an individual’s dominance status
are not constant throughout time. Temporal
dynamics in the hierarchy may hence occur.
A previous model also predicts that as the
fighting ability of the contestants becomes
more similar, their hierarchies will become
less stable and their statuses less distinct
(Hock and Huber 2007). An experiment in
size-matched groups of cichlid fish (Chase
et al. 2002) has shown that when groups
of four fish are allowed to re-form their
dominance hierarchy after two weeks of
separation, the dominance statuses/ranks
of all individuals are maintained in less
than 30% of the cases (Chase et al. 2002).
Furthermore, observations of groups of
four size-matched crayfish over five days
have revealed that the individuals, especially
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those with lower dominance status, do not
necessarily retain the same status during
the whole experimental period, i.e. five days
(Goessmann et al. 2000).
Previous evidence in crayfish also indicates
that changes in the social environment can
disrupt dominance hierarchies between
two size-matched individuals (Graham and
Herberholz 2009). After two crayfish formed
a dominance hierarchy, a third, larger
individual that was introduced dominated
both members of the initial pair. After
removing the third individual, the hierarchy
of the initial pair was reversed in 50% of cases,
indicating that the stability of hierarchies
can be context-dependent (Graham and
Herberholz 2009). Additionally to changes
in the social environment, other changes
in the environment may likely also impair
hierarchy maintenance (Sneddon et al.
2006). In the wild, major ecological factors,
including food availability, predation
pressure and population density, can vary
substantially both spatially and temporally.
Although there are some theoretical
considerations how cues from ecological
factors may influence decision-making in
fight contests, it remains unknown whether
and how changes in these factors impact the
maintenance of dominance hierarchies.
Effects of ecological factors
Many theoretical models predict that the
decision of an individual to initiate agonistic
interactions, to increase the fighting intensity
and to eventually give-up is predictably
dependent on the value of the contested
resource, the costs of the interaction (time,
energy, potential injuries, and increased
predation risk), and the probability of
winning (Enquist and Leimar 1987, Briffa
2013). As costs increase and become
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more likely to excel the value of winning,
individuals should become less willing
to fight (Briffa and Sneddon 2010, Briffa
2013). On the other hand, with increasing
resource value, individuals should become
more willing to pay higher costs and hence
fight longer and more intensely (Arnott and
Elwood 2009, Briffa and Sneddon 2010,
Briffa 2013).
However, it is possible that the individual
contestants perceive those costs and values
differently. For example, if the otherwise
similar contestants place a different value
on the resource, the individual with a higher
subjective resource value should be more
motivated to fight (Briffa and Sneddon
2010, Briffa 2013) and also more likely to
win the resource (Maynard Smith 1982,
Enquist 1985, Arnott and Elwood 2008).
Such a difference in subjective resource
value may result from differences in the
physiological state of the contestants, e.g.
hunger level (Stocker and Huber 2001, Nosil
2002), or due to the ownership of a resource
(theoretical: Enquist and Leimar 1987, Briffa
2013; empirical: Bergman et al. 2010). In an
established hierarchy, it is thus probable that
changes in resource value may cause changes
not only in fighting motivation but also in
RHP and consequently in the hierarchy.
One of the most important ecological
factors in the wild is food availability, since
it largely determines growth, survival rate,
and reproductive success (Adams and
Huntingford 1997, Metcalfe 1986). Fighting
in the presence of a food resource, compared
to its absence, is known to be longer, more
intense, and more frequent (e.g. Stocker
and Huber 2001, Gherardi and Cioni
2004, Smallegange et al. 2007). This can be
explained by the increased value of winning
in the presence of food (Briffa and Sneddon

2010, Hardy and Briffa 2013). However,
whether and how food availability influences
the maintenance of dominance hierarchies,
and consequently the ultimate consequences
of dominance with regard to resource use has
received little attention. Few experimental
studies have tested the theoretical prediction
that individuals that achieve dominant status
in non-resource fight contests actually have
better access to limited, defendable food
resources than their subdominant rivals
(Herberholz et al. 2007).
Population density, in addition to food
availability, is another important ecological
factor that influences the intensity of
competition between conspecifics for
limited resources (Milinski and Parker
1991). As population density increases,
resource intake may predictably decline
due to exploitation (food depletion) and
interference competition (Sutherland 1996).
Interference is defined as a reversible and
immediate decrease in resource intake due
to an increase in the density of conspecifics,
and hence entails the effect of social
interactions, which likely increase with
density (Goss-Custard 1980, Ens and GossCustard 1984).
Generally, the intensity of competition
for limited resources increases with
population density and patchy distribution
of resources, such as food, even in the
absence of interference (Sutherland 1996).
When competitors have equal competitive
ability, the reduction in resource intake
will decline equally for all individuals as
density increases. When adding dominance
hierarchy into such a scenario, it is predicted
that with increasing density subdominants
will be outcompeted and their resource
intake will decline more steeply than the
intake of dominants (Sutherland 1996). As
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a consequence, with increasing density the
resource will be shared more unequally
between the contestants that differ in
dominance status (Sutherland 1996).
Although this theory is based on field
observations (Ens and Goss-Custard 1984),
empirical studies are still needed to test the
prediction that with increasing intensity
of competition the resource intake of
subdominants reduces steeper than that of
dominants (Sutherland 1996).
The costs of fighting increase under the threat
of predation, since fighting behaviours not
only draw the attention of predators but also
reduce the time and effort prey can allocate
to vigilance (Jakobsson et al. 1995, Dunn
et al. 2004). Therefore, individuals should
decide to give-up earlier and generally
reduce fighting in the presence, compared
to the absence, of predation risk (Briffa and
Sneddon 2010). However, individuals with a
different dominance status may vary in their
response to predation risk (Clark 1994).
According to the “asset-protection principle”,
individuals with larger current reproductive
value, e.g. dominant individuals, should be
more cautious in the presence of a predator
threat and try to reduce predation risk.
In contrast, subdominants may be more
willing to face the predation risk in order
to increase their current reproductive value
(Clark 1994), by winning interactions
and obtaining resources. These expected
behavioural differences of dominants and
subdominants in response to predation
risk may cause changes in the dominance
hierarchy.

Immune defence
Parasites, including microorganisms and
pathogens such as viruses and bacteria,
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by definition usually have negative effects
on the growth, reproductive success and
survival prospects of hosts. To reduce these
fitness costs, host defences have evolved
(Schmid-Hempel 2011). Host defences
can include behavioural changes and
physical barriers, such as insect cuticle,
to reduce the probability of exposure and
infection by parasites (Schmid-Hempel
2011). However, once an individual is
infected, the most important mechanisms
(i.e. resistance and tolerance) to reduce
the fitness costs of infection are provided
by the immune system. Immune defences
control and respond to infections and
minimize the fitness loss of hosts (Sheldon
and Verhulst 1996, Schmid-Hempel 2011).
Actual resistance mechanisms, which are
functions of the immune system, protect the
infected host by reducing its parasite burden
(Medzhitov et al. 2012). This can be achieved
by detecting, neutralizing, destructing, or
removing the infectious agents. Additionally,
tolerance mechanisms reduce the negative
impact of the infection on host fitness, e.g.
by decreasing the host susceptibility to
tissue damage, without directly affecting the
parasite burden (Medzhitov et al. 2012).
The immune system can generally be
classified according to its form and function.
The innate immune system is a non-specific,
first line of defence. It is based on both
cellular and humoral immune defences,
which are tightly interconnected (SchmidHempel 2011). Cellular defences involve a
large repertoire of different immune cells,
whereas humoral defences are based on
non-cellular, soluble components in body
fluids, e.g. lysozymes and other non-specific
antibacterial enzymes in invertebrates
(Schmid-Hempel 2011). Additionally to the
innate immune system, vertebrates also have
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an adaptive, antibody (immunoglobulin)based immune system, which is specific to
antigens and forms an immune memory
after exposure to pathogens and other nonself invaders (Schmid-Hempel 2011).
Since invertebrates lack specific antibodies,
it was long thought that invertebrates do
not show immune memory of previously
encountered threats (Schmid-Hempel
2011). However, emerging evidence in
several invertebrate taxa illustrates immune
priming, i.e. a response, where a primary
immune challenge induces a stronger and/
or faster immune defence response to a
secondary challenge (Moret and Siva-Jothy
2003, Schmid-Hempel 2005, Rowley and
Powell 2007, Roth et al. 2009, McTaggart
et al. 2012). Immune priming can be nonspecific, so that a previously activated
immune system by an infection provides
a non-specific protection against various
subsequent challenges (e.g. Moret and SivaJothy 2003). However, there is also evidence
for specific immune priming, where a
previous challenge with a pathogen results in
an increased host protection and enhanced
immune response to the secondary challenge
with the same pathogen in insects (e.g. Saad
and Schmid-Hempel 2006, Pham et al. 2007,
Roth et al. 2009), and crustaceans (Kurtz
and Franz 2003, Pope et al. 2011, McTaggart
et al. 2012). Still, the generality and adaptive
significance of immune priming remain
controversial due to contradictory empirical
evidence about the strength and specificity of
immune priming, e.g. when using different
host taxa or pathogen types (Hauton and
Smith 2007, Reber and Chapuisat 2012).
Effects of ecological factors
Although immunological research has long
been a centre of attention, studying immune

defence in an evolutionary ecological context
was neglected for decades. However, during
the last 25 years, the fast growing field of
ecological immunology, or ecoimmunology,
has aimed to improve the understanding
of the influence of ecological factors on
natural variation in immune defence and
its consequences for hosts with regard to
susceptibility to and survival from parasitic
infections (Rolff and Siva-Jothy 2003,
Schmid-Hempel 2011, Martin et al. 2011).
Integrating ecology into immunological
research and vice versa offers the
opportunity to gain a better understanding
of the evolution of diseases and the response
of host populations.
According to basic life-history theory,
high performance in one fitness-related
trait compromises investment in other
traits that are related to individual fitness
(Stearns 1989). A major assumption in
ecoimmunology stems from life-history
theory: immune defences are costly, and
therefore reduce other fitness components
due to resource (energy and nutrients)
allocating conflicts (Shelton and Verhulst
1996, Rolff and Siva-Jothy 2003, SchmidHempel 2011, Demas et al. 2012, Adelman
2015). Previously, Ardia et al. (2012)
have demonstrated specific energetic and
corresponding physiological costs when
immune defences are utilized. However,
there may also be evolutionary costs of
immune defences, e.g. due to antagonistic
pleiotropy, whereby a gene has a positive
effect on one component of fitness but a
negative effect on another (Rolff and SivaJothy 2003, Schmid-Hempel 2011, Demas et
al. 2012, Adelman 2015). Evidence for such
trade-offs has been found in fruit flies, where
genotypes with strong immune defence had
low fecundity in the absence of infection and
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when food was limited (McKean et al. 2008).
Furthermore, activating immune defences
can also have a direct, negative impact on
host fitness, so called self-reactivity costs
or immunopathology, due to the collateral
tissue damage of the host that often occurs
during the destruction and elimination of
non-self invaders (Sadd and Siva-Jothy 2006,
Schmid-Hempel 2011, Adelman 2015). Due
to all these costs, maximal immune defence
cannot be achieved. Instead the immune
defence of hosts should be optimised based
on the specific environmental conditions
and selection pressures (Bryan-Walker et
al. 2007). As a consequence, spatial and
temporal variation in the immune defence
of hosts is expected from individual to
species level (e.g. Kortet et al. 2003).
When parasites pose, due to their negative
effects on host survival and fecundity, strong
selection pressure on hosts, the evolution of
increased investment in immune defence and
resistance should be favoured (Duncan and
Little 2007, Duffy and Forde 2009). Recently,
experimental evidence has been found
that the evolution of resistance can occur
rather quickly (Ye et al. 2009). For example,
a laboratory experiment in Drosophila
melanogaster has shown that resistance
against a virulent, opportunistic pathogen
can evolve in less than ten generations (Ye et
al. 2009). The evolvability of host resistance
in the wild is especially interesting in the
light of non-native and invasive parasites.
Non-native, introduced species that sustain
self-replacing populations over several life
cycles, spread over considerable distance
and often reach very large numbers are
defined as invasive (Richardson et al. 2011).
When native hosts come into contact with
non-native parasites, e.g. due to their cotranslocation with invasive host species,
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there is a potential that these parasites
become invasive and, due to host-switching,
result in the emergence of diseases in a new
host (Peeler and Feist 2011). Emerging
diseases are a worldwide problem with huge
ecological and economic consequences, since
they often lead to heavy host mortality and
population crashes (Bakke and Harris 1998,
Bangyeekhun 2002, Edgerton et al. 2004).
A prominent example for the consequences
of such an emerging disease due to hostswitching are the declining European eel
populations, caused by the introduction of
the nematode Anguillicoloides crassus with
its original host the Asian eel (Peeler and
Feist 2011). Similarly, European crayfish
species face the threat of extinction due to
the invasive oomycete Aphanomyces astaci,
the cause of the crayfish plague (Edgerton et
al. 2004, Peeler and Feist 2011, Makkonen
et al. 2012). Although natural variation in
immune defence and the evolution of host
resistance has recently received growing
interest, we still lack knowledge about
the speed of adaptation to such emerging
diseases (Penczykowski et al. 2011, Jussila et
al. 2015).
Field and laboratory studies indicate
that variation in immune defence can be
influenced by many ecological factors,
including temperature and population density
(Le Moullac and Haffner 2000, Mydlarz et
al. 2006, Bailey et al. 2008). However, these
factors are not constant throughout time and
hence changes in ecological factors may be
reflected in the strength of immune defence.
Temporal variation in investment in immune
defence, especially with regard to the seasons,
has received growing interest (Kortet and
Vainikka 2008, Nelson 2002, Martin et al.
2008). It has been suggested that important
environmental cues, such as photoperiod,
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temperature, food availability and risk of
parasitism in the environment, may induce
seasonal variation in immunity both directly
and through adaptation (Nelson 2002, Kortet
and Vainikka 2008). Alternatively, these cues
may primarily induce resource allocation to
other behavioural and physiological activities,
e.g. reproduction, and only indirectly affect
investment in immunity due to energetic
trade-offs (Kortet and Vainikka 2008, Martin
et al. 2008). However, seasonal variation in
immune defence may also be independent
of current environmental cues, and instead
follow an endogenous rhythm, which is
genetically determined by biological clocks
(Kortet and Vainikka 2008, Paul et al. 2008,
Wikelsiki et al. 2008).
Since organisms are predicted to have genetic
adaptations to the environment, biological
clocks have likely evolved in order to help
anticipate important, periodic changes in the
environment, and time the behaviour and
physiology of an individual accordingly (Paul
et al. 2008, Wikelski et al. 2008). Empirical
evidence in laboratory mice suggests
such an endogenous seasonal regulation
of immune defence in vertebrates (Brock
1983, Kiank et al. 2007). The result (Brock
1983, Kiank et al. 2007) show a reoccurring
pattern in immune defence under constant
environmental conditions, indicating a
seasonal (circannual) rhythm that is likely
generated by a circannual clock, i.e. 12 month
periodicity (Paul et al. 2008). Similarly, recent
studies indicate that the immune defence
of both vertebrates and invertebrates can
be modulated by circadian clocks, i.e. 24 h
periodicity (Lee and Ederyl 2008, Keller et
al. 2009, Noonin et al. 2013). These studies
are important first steps in improving our
understanding of the underlying mechanisms
of temporal variation in immune defence and

the potential consequences with regard to
susceptibility to and survival from parasitic
infections over time.

Crayfish as model organism
“Common and lowly as most
may think the crayfish, it is yet so
full of wonders that the greatest
naturalist may be puzzled to give
a clear account of it.”
- Roesel von Rosenhof
(Huxley 1884).

Nowadays, this statement is still true.
Crayfish are popular model organisms in
a vast area of research fields, including
animal behaviour and physiology (Moore
2007). Even though systematically different
from vertebrates, the relative simplicity
of the crayfish allows addressing many
fundamental research questions.
Crayfish have been popular model
organisms to study fighting behaviour
and dominance hierarchies, ever since
Bovbjerg (1953) highlighted the presence
of conspicuous visual displays during their
agonistic interactions. Crayfish, which are
generally aggressive and sometimes even
cannibalistic against conspecifics, fight in a
highly ritualized manner both in laboratory
environments (Issa et al. 1999, Goessmann
et al. 2000, Zulandt Schneider et al. 2001,
Edwards and Herberholz 2005, Moore
2007) as well as in the wild (Bergman and
Moore 2003, Davis and Huber 2007). After
approaching a contestant, crayfish typically
show conspicuous threat displays, such as
spreading the chelae (meral spread) and
heightening the body posture. When neither
individual withdraws, the interaction
continues with physical contact. Major
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chelae are used to push the contestant and
antennas are used for whipping. When
fighting continues, chelae are used to grasp
the chelae of the contestant (claw lock) in
order to flip the contestant over or to twist
its claw. The unrestrained use of chelae
represents the most intense level of fighting,
which includes using the chelae to grasp
body parts of the contestant in order to cause
injuries. However, such injuries occur rarely,
because one individual usually decides to
withdraw from the contestant by tailflipping
away or retreating (Moore 2007).
In the wild, crayfish are rather territorial
and usually stay in immediate vicinity to
their shelter during foraging (Westman
and Nylund 1984, Davis and Huber
2007). Therefore, it is not unusual that
they repeatedly encounter and fight with
the same individuals. Empirical evidence
indicates that crayfish establish dominance
hierarchies quickly, especially when the
relative differences in body or weapon size
among the contestants are large enough
(Pavey and Field 1996, Gherardi et al.
1999, Ahvenharju and Ruohonen 2007).
Laboratory studies have revealed that
crayfish can maintain their dominance
hierarchies for at least one to two weeks in
isolation (Hemsworth et al. 2007). Still, it is
unknown how stable these hierarchies are,
especially with regard to changing ecological
factors, such as the intensity of competition
and the level of predation risk.
Crayfish are omnivores and are considered
as keystone species due to their central role
in the food web (Moore 2007). However,
many European crayfish species are
nowadays endangered (Jussila et al. 2015).
For example, the native European noble
crayfish Astacus astacus is facing a high
risk of extinction in the wild (International
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Union for Conservation of Nature Red List
of threatened species, Red List Category
and Criteria: Vulnerable A2). Main factors
that have contributed to the decline of noble
crayfish populations are the introduction
of the invasive signal crayfish (Pacifastacus
leniusculus) and its parasite, the crayfish
plague causing Aphanomyces astaci. A
large body of research has been interested
in the interaction between noble crayfish,
its invasive competitive species and the
crayfish plague disease (Jussila et al 2015).
Experiments have revealed that signal
crayfish typically win agonistic interaction
against size-matched noble crayfish and
outcompete them for access to shelters,
which leads to an increased predation risk
of noble crayfish (Söderbäck 1991, 1994).
Furthermore, signal crayfish also grow faster
and reach maturity earlier than noble crayfish
(Söderbäck 1994). The combination of these
factors can lead to species replacement in
the wild (Westman et al. 2002) even without
the contributing effect of the crayfish plague.
The oomycete causing the crayfish plague,
Aphanomyces astaci, is being listed among
the 100 worst invasive species worldwide
(Lowe et al. 2004) and is one of the most
striking examples of emerging diseases,
as has largely contributed to the decline
of noble crayfish populations in Europe
(Edgerton et al. 2004, Peeler and Feist
2011, Makkonen et al. 2012). The assumed
original host species of A. astaci, the signal
crayfish P. leniusculus, is able to carry a
latent infection of this parasite (Nyhlén
and Unestam 1980, Bangyeekhun 2002). In
contrast, noble crayfish commonly die from
the crayfish plague a few days after infection,
probably due to the neurotoxic effects of the
oomycete (Nybelin 1934, Schäperclaus 1954,
Makkonen 2012, Jussila et al. 2013).
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The understanding of the dynamics of crayfish
plague epidemiology is still ambiguous (Fürst
1995, Edgerton et al. 2004). However, recent
studies have demonstrated that the noble
crayfish can actually carry certain, assumable
oldest European strains of the disease
without acute symptoms or mortality (Jussila
et al. 2011, Viljamaa-Dirks et al. 2011).
Furthermore, there are also recent reports on
population recoveries after crayfish plague
epidemics among the Turkish narrow clawed
crayfish populations (Harlioğlu 2008, Kokko
et al. 2012, Svoboda et al. 2012). However, the
underlying mechanisms of their survival, e.g.
due to evolved immune defence towards the
disease and/or other properties of the host or
pathogen populations, remain ambiguous so
far (Jussila et al. 2015).
Invasive species and emerging diseases pose
new selection pressures on native species,
which have to adapt to survive. Therefore,
this system with two competing host species
(A. astacus and P. leniusculus) and one
genetically variable pathogen species (A.
astaci) offers an opportunity to examine
the factors potentially contributing to the
adaptation to an invasive disease. Knowledge
about the underlying mechanisms is relevant
for the conservation of the noble crayfish, as
it would allow us to understand and forecast
population dynamics and epidemics.

Aims of the thesis
The main aim of this thesis is to gain insights
into innately and environmentally determined
variation in dominance and immune defence,
using crayfish as model organism.
In Chapter I, I investigate how and why major
ecological factors, such as the availability of
food resource and the presence of predation

threat, influence fighting behaviour and
potentially impair the maintenance of
dominance hierarchies of size-matched
contestants. I mainly focus on the potential
effects of sequentially introducing a limited,
defendable food resource and a predation
threat on fighting behaviour of dominant and
subdominant individuals and the stability of
their dominance hierarchies. I test directly
if the established dominance status in nonresource contests materializes in the relative
access to the food resource in a future contest.
Furthermore, according to the predictions
of the asset-protection principle, I examine
differences in the fighting behaviour of
dominants and subdominants in response to
the predation threat.
In Chapter II, I study how intensity of
competition, in terms of population density
and consequently group size, affects the
fighting behaviour of size-matched dominant
and subdominant individuals, the division of
a limited food resource between them, and the
maintenance of their dominance hierarchy
with regard to (food) resource availability and
manipulated owner’s advantage. I especially
aim to test whether with increasing intensity
of competition the resource use between
dominants and subdominants becomes
more unequal due to the steeper decline in
the resource use of subdominants. I also
examine whether providing subdominants
with an owner’s advantage can increase their
motivation to fight for the food resource, and
hence improve their dominance status and
resource use.
In Chapter III, I investigate whether variation
in crayfish plague resistance and immune
defence among subpopulations of noble
crayfish is explained by differences in crayfish
plague history and hence potential local
adaptation to the disease, or alternatively by
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geographical divergence in a large watershed.
Additionally, I explore the associations
between the strength of immune defence,
resistance to experimental crayfish plague
infection and exploration behaviour on
individual level.
In Chapter IV, I aim to test whether crayfish
show endogenous seasonal variation in
immune defence when kept under constant
environmental conditions. Additionally I
examine whether a general immune insult
in a previous season results in immune
priming, i.e. a stronger immune defence
to the secondary insult in the subsequent
season.

Material and Methods
The following presents an overview of the
material and methods used throughout the
thesis. More detailed descriptions can be
found in each specific chapter.
I generally used the native noble crayfish
(A. astacus), the invasive signal crayfish
(P. leniusculus) and the highly virulent,
invasive A. astaci, the cause of the crayfish
plague, as my study systems (Table 1).
In Chapter I, repeated fight contests with
different manipulations between sizematched, male noble crayfish pairs were
conducted with the main aim to determine
the effect of resource availability (resource
contest) and predation risk (predation threat
contest) on the fighting behaviour of dominant
and subdominant individuals as well as the
maintenance of their dominance hierarchy
compared to prior non-manipulated contests
(Table 1). In the resource contests a piece of
high protein food (Baltic herring, Clupea
harengus membras) was attached to a metal

19

plate and fixed in the middle of the arena.
In the predation threat contest, crayfish
were confronted with the chemical cues of a
natural predator, i.e. eel (Anguilla anguilla).
In Chapter II, using size-matched signal
crayfish males, I examined how the presence
of food resource (resource contest) and
the owner’s advantage of the subdominant
(owner’s advantage contest) affect the
fighting behaviour, the dominance hierarchy
and the resource intake (i.e. time on food) of
the crayfish (Table 1). I mainly aimed to test
how increasing the intensity of competition,
in terms of increased population density
(group size), influences fighting behaviour,
resource intake and possible changes in
dominance hierarchy. Therefore, all four
contests were run in parallel pairs (lower
competitor density) and triplets (higher
competitor density) (Table 1). To induce
owner’s advantage, subdominants in the first
non-manipulated fight contest were allowed
to spend time in the arena without any
contestant present.
In Chapter III, natural noble crayfish
subpopulation that differed in crayfish plague
disease history (pristine vs. documented
epidemics in the past) but otherwise came
from the same large Oulujoki watershed
(Fig. 1) were included in a large-scale,
comparative phenotypic study to determine
whether variation in crayfish plague
resistance and immune defence is explained
by past disease history or by geographical
differences within the watershed (Table 1).
To examine endogenous seasonal variation
in immunity, the noble crayfish in Chapter
IV were experimentally kept under constant
environmental conditions. Independent
measurements of immune defence were
sampled at four times during a year that
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Table 1. Summary of the materials, experimental designs and main measurements of the four substudies in the thesis.

Chapter

Material

I
How do ecological
factors, such as food
resource availability
and predation risk,
impact fighting
behaviour and
dominance?

Noble crayfish
males:
farmed population
from semi natural
ponds,
originated from a
natural population

II
How do ecological
factors, such as
population density
and ownership of
a resource, impact
fighting behaviour,
dominance and
resource use?
III
Is variation
in resistance,
immune defence
and exploration
behaviour explained
by potential
local adaptation
or geographical
variation?

Signal crayfish
males:
farmed population
from semi natural
ponds

Noble crayfish:
four wild
subpopulations
and one farmed
population

Crayfish plague,
Aphanomyces astaci:
strain UEF88662 (PsI-genotype)
isolated from signal
crayfish
IV
Noble crayfish:
Is there endogenous farmed population
seasonal variation in from semi natural
immune defence or ponds
immune priming?

Experimental
design

Main
measurements

Repeated fight contests between sizematched males in pairs
On subsequent days:
- two non-manipulated contests
- two resource contests
- one predation threat contest
After extended separation (three
weeks):
- one non-manipulated contest
Repeated fight contests between
size-matched males in pairs and
triplets in a ten day interval:
- one non-manipulated contest
- one resource contest
- one owner’s advantage contest
- one non-manipulated contest

*Dominance
status (index
aggressiveness
and index won)
*Fighting intensity
*Fighting duration
*Number of
fighting bouts
*Time on resource
*Dominance
status (index
aggressiveness)
*Fighting intensity
*Fighting duration
*Time on resource

Four geographically separated
subpopulations from a large
watershed that differed in crayfish
plague history (pristine vs.
epidemics in the past).

* Mortality after
crayfish plague
infection
* Immune defence
parameters:
- phenoloxidase
activity
- encapsulation
response
- lytic activity
* Exploration
distance
* Encapsulation
response

Large scale study, including
assessment of immune defence
parameters, a behavioural
experiment, and an infection
experiment
Constant laboratory conditions
(light-dark rhythm and water
temperature) during a one-year
experiment.
Independent assessment of immune
defence at four times that best
represent the seasons in the wild
(October, February, May and July).
Secondary immune challenge in
subsequent seasons (February,
May and July, September) to test
for potential long-lasting immune
priming.
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Figure 1. Map of the River Oulujoki watershed and the origin of the subpopulations that are included
in Chapter III: 1) Vaala (Oulujärvi), 2) Kaivannonsalmi (Oulujärvi), 3) Luvanjärvi and 4) Pajakkakoski
(Pajakkajoki). The arrows indicate the direction of the water flow. Crayfish plague infections and
subsequent recoveries have occurred in Vaala and Kaivannonsalmi. Prior to our study, the two
upstream subpopulations of Lake Luvanjärvi and Pajakkakoski (River Pajakkajoki) were pristine
without recorded crayfish plague outbreaks.

in the wild best represent the four seasons
in Finland (Table 1). In addition, I studied
whether a previous immune insult to
measure immune defence would have caused
immune priming to a second measurement
in a subsequent season, using the strength
of encapsulation response in response to a
standard implant (Table 1).
Maintenance
The crayfish were generally held
individually in randomly assigned
compartments that were built in 56 x 75 cm
tanks. Each tank was equipped with a water
flow-through system. The 24 individuals in
a tank were physically separated by walls,
which however did not provide chemical

isolation. The environmental conditions in
the laboratory were kept stable during each
experiment.

Behavioural and dominance
measurements
Fighting behaviours
During each fight contest in Chapter I and
II, video analyses were used to record the
detailed fighting behaviour of the crayfish.
For each contestant, the intensity of fighting
was scored every five seconds according to
a well-established scoring system (Table
2). (1) The sum of the intensity levels for
each individual during the entire contest
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Table 2. Definitions used to classify the fighting intensity levels of the crayfish in dyadic contests,
modified from Karavanich and Atema (1998), Bergmann and Moore (2003) and Moore (2007).

Aggressive
behaviours

Submissive
behaviours

Fighting
intensity
Category level
Behaviour

Description of behaviour

-2

Fleeing

Escaping the contestant via tail flip or quick
movement (e.g. walking speed greater than one body
length/5 s)

-1

Avoidance

Walking away slowly (speed less than one body
length/5 s) or turning away from the contestant

0

Separate

Crayfish is at least one body length apart from
contestant

1

No visual response
(no activity)

Crayfish is not facing the contestant or does not
show a visual response to a threat display or physical
contact

2

Approaching
(no contact)

Crayfish is facing, approaching, following or turning
towards the contestant

3

Threat display
(no contact)

The antenna is pointing towards the contestant;
chelae are spread (meral spread) and body posture is
heightened

4

Physical contact

Antenna or claws are used to touch, whip, tap, box or
push the contestant

5

Physical contact with Claw lock: Claws are used to grasp contestant’s body,
claw grasping
commonly the contestant’s chela(e)

6

Unrestrained use of
claws

Snapping, ripping, movement (pushing/swimming)
while in claw lock; Crayfish grasps the legs or rostrum
of the contestant

was used to determine the individual
fighting intensity (Karavanich and Atema
1998, Ayres-Peres et al. 2011). (2) Fighting
duration was defined as the time the
contestants spent within one body length
of each other. In chapter I, I additionally
recorded (3) the total number of fighting
bouts, which started when one crayfish
approached the other and ended with one
or both of them retreating and staying one
body length apart for at least ten seconds
(Gherardi and Cioni 2004). The retreating
crayfish was identified as (4) the loser, the
individual that did not retreat as (5) the
winner of a bout (Gherardi and Cioni 2004),
and when the bouts ended but neither or

both of the individuals clearly retreated (6)
the outcome was recorded as a tie.
Dominance index
Since crayfish and other crustacean display
distinctive behaviours when interacting
with conspecifics (Table 2), a common
method to assess the dominance status is
to employ the behavioural scoring system
(Karavanich and Atema 1998, Herberholz et
al. 2007, Graham and Herberholz 2009). In
Chapter I and II, the dominance hierarchy
was determined using a dominance index
(DI aggressiveness) that was based on the
ratio between the aggressive and submissive
behaviours of an individual (Herberholz
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et al. 2007). Aggressive behaviours are
represented by the fighting intensity
levels 2-6 in the scoring system (Table 2),
whereas submissive behaviours represent
fighting intensity levels -1 and -2. The total
number of recorded aggressive behaviours
was divided by the total number of both
aggressive and submissive behaviours and
then multiplied with 100 (Herberholz
et al. 2007). Consequently, individuals
that showed no submissive behaviour
will receive a DI aggressiveness of 100%,
whereas a low percentage indicates a
higher amount of submissive behaviours
during the contest. The individual with the
highest DI aggressiveness within a contest
group was determined dominant, and the
one with the lowest DI was determined
subdominant.
In Chapter I, I additionally employed another
common method to assess the dominance
status, which is based on the proportion of
bouts won (DI won) by the focal individual.
My results in Chapter I demonstrate that
the resulting dominance statuses of both DI
methods are strongly correlated.
Access to the resource
In Chapter I and II, additionally to the
fighting behaviours, time on the food
resource was recorded as the total time
the tip of the rostrum and the feeding
appendages of a crayfish were over the food
(Fero et al. 2007).
Exploration behaviour
In Chapter III, the exploration behaviour
of the crayfish was assessed during an
open-field exploration test. The individual
exploration distance, measured using a
computer-assisted video analysis (AV Bio-
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Statistics 4.9), represented the total distance
moved during the test.

Immunological measurements
Encapsulation response
In Chapter III and IV, encapsulation
response to an artificial, standard nylon
implant was used as a proxy for cellular
immune defence (Boughton et al. 2011). As
in other invertebrates, the encapsulation
is one of the most important nonspecific,
cellular defence mechanisms of crayfish
(Cerenius et al. 2003, Vazquez et al. 2009).
The proPhenoloxidase-cascade has a
central role in the encapsulation response.
After recognition of a parasite by binding
proteins the proPhenoloxidase enzyme
is activated into the Phenoloxidase
(PO) enzyme. The main role of PO is to
convert phenols to quinones, which finally
form melanin (Cerenius and Söderhall
2004, Schmid-Hempel 2011). During
the encapsulation response, haemocytes
aggregate and finally form a multi-layered
capsule around the parasite that becomes
then melanised. This restricts the growth
of the parasite and eventually kills it, e.g.
due to asphyxiation or toxic intermediates
produced during the proPhenoloxidasecascade (Cerenius et al. 2003, Vazquez et
al. 2009, Gonzalez-Santoyo and CordobaAguilar 2012). To obtain a standardized
measure of the strength of the encapsulation
response, the crayfish were implanted with
a nylon monofilament. This method is an
easy and informative way to quantify the
strength of immune defence (Boughton et
al. 2011). Furthermore, evidence in insect
demonstrates that the strength of the
encapsulation response to the implant is
strongly related to the ability to encapsulate
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natural parasites (Rantala and Roff 2007,
Smilanich et al. 2009).
The nylon monofilament implant (6 mm
long and 0.20 (Chapter IV) or 0.30 mm
(Chapter III) in diameter) was inserted into
the haemocoel through a small puncture in
the first joint of the chela. This location was
chosen because the crayfish plague often
causes visible melanisation in the joints of
infected signal crayfish (Unestam and Weiss
1970, Nyhlén and Unestam 1980). The
implants were removed after 48 hours and
stored in -20°C for later analysis. In order
to quantify the degree of melanisation,
I photographed the implants from three
different angles using a light microscope
and an attached digital camera. Using the
ImageJ program (version 1.43u, http://
rsbweb.nih.gov/ij/), I determined the grey
values of reflecting light for each picture.
The strength of the encapsulation response
was then determined by calculating the
grey value of a clear implant minus the
mean of the three grey value measures (see
Rantala and Kortet 2004, Chapter III and
IV).
Phenoloxidase activity and lytic activity
In Chapter III, protein specific PO and lytic
activity were used as humoral immune
defence proxies (Vazquez et al. 2009,
Boughton et al. 2011).
In Chapter III, for the PO assay 10 μL of the
solution (haemolymph mixed with crayfish
saline) and 200 µl of 10 mM l-DOPA were
thawed and then pipetted into the wells of a
96-well plastic microplate. Absorbance at 492
nm was measured spectrophotometrically
with a plate reader at 20°C during 1-min
intervals for 30 minutes. Protein contents of
samples were determined with the BioRad
protein assay method with a standard curve

created from a bovine serum albumin
standard. PO activities were expressed as
protein specific activities (U mg-1 protein).
One unit (U) was the amount of enzyme
required to increase the absorbance by 0.001
min-1 (Ruuhola et al. 2010).
Lytic activity describes the haemolymph
concentration of the antimicrobial enzyme,
lysozyme, which can provide defence against
bacteria, viruses and fungi (Gillespie et al.
2000, Yang and Cox-Foster 2005, reviewed
Bule et al. 2004). In Chapter III, lytic
activity of haemolymph was determined
turbidometrically, using a method modified
from Rantala and Kortet (2004). Hereby,
200 μL of 0.35 mg mL-1 freeze-dried
Micrococcus lysoideikticus buffered (pH
6.4) solution was mixed with 50 μL of the
solution (haemolymph mixed with crayfish
saline) and pipetted into the wells of a 96well plastic microplate. Absorbance was
measured at 492 nm at 20°C and during
1-min intervals for 30 min using a plate
reader. Lytic activity was then quantified as
protein specific, total change in absorbance
(U mg-1 protein).
Resistance to the crayfish plague
In Chapter III, an experimental infection
experiment was used to measure mortality
after crayfish plague infection in a
standardized way. The zoospore of the A.
astaci strain UEF8866-2 (PsI-genotype),
isolated from Lake Puujärvi (Karjalohja,
coordinates: N 6683791, E 317391) signal
crayfish (P. leniusculus), were used for
infection. The spore density in the infection
tank system was 23 200 spores mL-1.
Survival time after experimental crayfish
plague infection was used as a proxy for
resistance.
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Main results and discussion
1. Effects of ecological factors on
dominance and its consequences in
crayfish
Access to a limited resource depends on
dominance status and population density.
According to theory, once a dominance
hierarchy among individuals is established
it will predict their relative access to
defendable resources (Wilson 1975, Ellis
1995). The results in Chapter I are one of
the first in Decapoda to support empirically
the theoretical prediction that individuals
achieving dominant status in non-resource
contests gain longer access to a limited,
defendable food resource in a future contest
than their subdominant rivals.
Previously, the formation and maintenance
of dominance hierarchies in featureless
environment has drawn considerable
attention in size-matched Decapoda (e.g.
Karavanich and Atema 1998, Goessmann
et al. 2000, Gherardi and Atema 2005,
Hemsworth et al. 2007). Whether the
dominance status in such non-resource
contests will determine access to resources
and hence will have fitness consequences
has, however, rarely been tested before
(Herberholz et al. 2007). A previous
study on another crayfish species has
demonstrated that the dominance hierarchy
between three contestants before a food
resource became available can determine
access to a future food resource, so that
dominants spent longer on the resource
than their intermediate and subdominant
rivals (Herberholz et al. 2007). The results
in Chapter I together with previous findings
hence indicate that the dominance status of
contestants in a featureless environment can
predict the relative resource monopolisation,
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and that dominants likely gain fitnessrelated benefits from the better resource
access. Similar evidence of fitness-related
benefits has been found in other animals,
for example in Willow Tits, where dominant
first-year males gain better access to food
resources in dominance-structured flocks,
which lead to a higher winter survival rates
and an increased reproductive success of
dominants as compared with subdominants
(see Koivula et al. 1996).
In populations with dominance hierarchies,
an increase in population density will result
in a decrease in food resource intake, but the
steepness of the reduction may vary among
individuals with different dominance status
(Sutherland 1996). Dominants are predicted
to suffer the least from intake reduction,
whereas subdominants would suffer the
most (Sutherland 1996). As a result, the
difference in the resource intake between
the dominants and subdominants will
become bigger with increasing number of
competitors (Sutherland 1996). In line with
these predictions, the results of the resource
contest in Chapter II reveal novel empirical
evidence, indicating that the difference
in resource intake (indirectly measured
as time on food) between the dominant
and subdominant males increases with
competitor density. Furthermore, in line
with theory (Ellis 1995), my results indicate
that dominant individuals monopolize the
resource longer than their subdominant
rivals.
However, contrary to the predictions
(Sutherland 1996), I find that dominants
in contest groups with higher competitor
density (triplets) spend more time on the
resource than dominants in groups with lower
density (pairs), while the resource intake of
the subdominants remains unaffected by
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competitor density. These surprising results
may be due to two reasons. First, I observe
a longer fighting duration of dominants in
groups with higher competitor density than
lower density. However, my results indicate
that, in contrast to lower density groups, in
higher density groups the fighting duration
does not compromise the time dominants
are able to monopolize the resource. Second,
a potential explanation why the resource
monopolisation of subdominants in
Chapter II does not decrease with increasing
competitor density may be that already in
the lower density groups subdominants are
often completely outcompeted from the
resource. Their resource monopolization in
the lower density groups was generally very
short (median 0.67 min) and in 50% of the
cases subdominants did not monopolize
the resource at all. In the wild, the ability of
dominants to monopolise the food resource
and exclude subdominants from it, may
have consequences in terms of growth and
spatial distribution of the individuals, so
that subdominants may have a lower growth
rate and are restricted to less optimal areas
than dominants (Ranta and Lindström
1992, Fero and Moore 2008).
Fighting behaviour and dynamics in
dominance hierarchy depend on ecological
factors
The results in Chapter I and II, are in line
with theoretical predictions, showing that
ecological factors impact animal decisionmaking (Enquist and Leimar 1987, Briffa
and Sneddon 2010, Hardy and Briffa 2013),
and have the potential to cause dynamics
in dominance hierarchies. For example, in
Chapter I and II, noble and signal crayfish
that are subdominant in non-manipulated
contests reduce their submissive behaviour
in the presence of a food resource. With

an increased value of winning due to the
presence of an actual resource compared
to its absence, subdominants hence likely
became more motivated to fight (Briffa
and Sneddon 2010, Briffa 2013) in the
hope of raising their status and gaining
the resource. Additionally, the results in
Chapter I demonstrate that, compared to a
non-resource contest, resource availability
can reduce the number of bouts and
hence likely increase the time until one
contestant decides to give up and withdraw.
The increase in the percentage of bouts
won by subdominants in the resource
contest as compared with the non-resource
contest, and the consequent reversals in
the dominance hierarchy in 23% of the
pairs may be due to the higher subjective
resource value and hence higher fighting
motivation of subdominants as compared
with their dominant rivals (Maynard Smith
1982, Enquist 1985, Arnott and Elwood
2008, Briffa and Sneddon 2010).
In Chapter I, I also find the first supporting
evidence that individuals achieving
dominance in the preceding non-predation
risk contest increase their submissive
behaviour in the presence of a predation
threat, potentially to reduce predation risk.
This gave subdominants the chance to win
a larger percentage of bouts in the predation
risk contest than in the non-predation
risk one. These findings are in accordance
to the predictions of the asset-protection
principle (Clark 1994), indicating that,
due to the higher current reproductive
value of dominants as compared with the
value of subdominants, dominants are
more cautious in the presence of a threat
than in its absence. In order to rise in the
dominance hierarchy, subdominants, on the
contrary, may be more prone to take risks
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in the presence of predation threat than in
its absence (Clark 1994). These differences
in the behaviour in response to a predation
threat may enable subdominants to rise in
the hierarchy and gain resources that would
be monopolised by dominant individuals in
less risky situations (Reinhardt 1999).
In line with the prediction that dynamics
in dominance hierarchies increase with
competitor density (Goessmann et al.
2000, Ang and Manica 2010), Chapter
II demonstrates that reversals in the
dominance statuses are more frequent in
higher density groups than in lower density
ones. My results generally also demonstrate
that hierarchy reversals may also occur due
to a smaller relative difference in the DI
aggressiveness between the contestants,
indicating smaller differences in RHP
and hence dominance status between the
contestants (Chapter I and II). This finding
is in line with the prediction of a theoretical
model by Hock and Huber (2007), stating
that hierarchies are less stable when the
difference in RHP between the contestants
becomes smaller. In Chapter I and II, pairs
with smaller relative difference in RHP
are then more sensitive to the effects of
ecological factors on fighting behavior and
hierarchy maintenance than groups with
larger RHP differences.
In my studies, the main correlates of RHP, i.e.
body size and weapon size, did not determine
the dominance status of the contestants, as
they were closely size-matched (Chapter I
and II). Still, it is interesting that in Chapter
I and II approximately one half of the pairs
maintain a stable dominance hierarchy
throughout all the conducted fight contests
that included various manipulations.
Further research is needed to uncover the
factors potentially influencing the formation
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and maintenance of dominance hierarchies
in such situations, especially with regard to
consistent among-individual differences in
behaviour of the individuals (Briffa et al.
2015).
In Chapter II, contrary to theory (Arnott
and Elwood 2008, Briffa 2013, Kokko
2013), I find no evidence that the provided
opportunity to establish an owner’s
advantage in the absence of contestant(s)
would increase the fighting behaviour or
resource monopolisation of owners from
a prior resource contest to the owner’s
advantage contest. Previously, evidence
for the effects of owner’s advantage has
mainly been found in a territory or shelter
context (e.g. Lopez and Martin 2001,
Bergman et al. 2010). Both territories and
shelters often offer mechanical advantages
during fight contests. For example, the
possibility to retreat into a shelter can
provide owners with greater leverage
during fight contests (e.g. Funakoshi 2005,
Fayed et al. 2008). Holding high quality
territories may also provide owners with
physiological advantages, e.g. in butterflies
the ownership of a sunny territory will
increase the body temperature of owners,
which consequently increase their ability
to win against intruding conspecifics
(Stutt and Willmer 1998). In a crab species
Fayed et al. (2008) have demonstrated that
owners are more successful in defending
a resource due to mechanical advantages
but not due to the owner’s knowledge
of territory quality or established
relationships with neighbours. Similarly,
my results indicate that the owner’s
knowledge of the food item and the arena
are not enough to provide an advantage
for owners and increase their fighting
motivation and fighting ability.
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2. Variation in resistance to the invasive
crayfish plague and immune defence
The results in Chapter III indicate
geographical phenotypic variation in
the resistance to the crayfish plague and
the immune defence of noble crayfish
within a watershed. However, against the
prediction that crayfish plague epidemics
in the past should favour the evolution of
enhanced immune defence and increased
resistance (Duncan and Little 2007, Duffy
and Forde 2009), I found no difference
in the resistance and immune defence of
pristine subpopulation and subpopulations
that experienced crayfish plague epidemics
in the past (Chapter III). Consequently,
my results hence do not provide evidence
for disease-induced adaptation to the
crayfish plague. Furthermore, at the time of
sampling, both the pristine subpopulations
and the subpopulations that experienced
crayfish plague epidemics over the last
decades were free of latent crayfish plague
infection. There are two, mutually nonexclusive explanations for these results.
First, it is possible that the descendants
of individuals that had encountered and
survived crayfish plague outbreaks in the
past had high scope for resistance, but did
not utilize that scope in the disease-free
environment (e.g. McPhee 2004). Second, it
may also be possible that the crayfish from
the subpopulations with disease history
were not descendants of individuals that had
encountered and survived crayfish plague
outbreaks in the past. Instead, they or their
ancestors may have migrated from noninfected areas to the study sites at a time
these were disease-free.
Independent of the differences in crayfish
plague history, the results in Chapter III
reveal geographical variation in survival

after crayfish plague infection, whereby the
survival time of one of the subpopulation
with disease history (Kaivannonsalmi) is
surprisingly lower than the survival time
of all the other subpopulation. A potential
explanation may be that a different A.
astaci genotype caused the past epidemics
as compared with the genotype that was
used in the infection experiment. For
example, as a result of strong parasitemediated directional selection leading to
the evolution of resistance (Duffy and Forde
2009) towards one genotype, the crayfish
may have been less resistant towards
the novel genotype than crayfish from
the other subpopulations. Geographical
separation and variation in environmental
factors among subpopulation may also be
a potential mechanism that explains the
lower resistance in Kaivannonsalmi and the
lower immune defence in one of the pristine
subpopulations
(Luvanjärvi).
Future
research should use direct population
genetic markers, and examine potential
inter-population variation in resistance of
noble crayfish to the two A. astaci genotypes
using a common garden approach, with
emphasis on immunological mechanisms
and the significance of epidemic size.

3. Endogenous regulation of seasonal
variation in immune defence
One of the main findings of this thesis is
the previously undetected endogenous
seasonal
variation
in
invertebrate
immunity (Chapter IV). When keeping
the environmental condition stable during
the experimental period, the results in
Chapter IV indicate a weaker encapsulation
responses in autumn compared to the other
seasons. Since the weaker encapsulation
response is observed in two subsequent
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autumns, my results suggest an endogenous
seasonal (circannual) rhythm in the
immune defence of crayfish that likely is
generated by a circannual clock (Paul et al.
2008). Evidence for endogenous seasonal
variation and rhythms in immune defence
has previously only been reported in
vertebrates (Brock 1983, Kiank et al. 2007).
However, recent studies have indicated
an endogenous regulation of the immune
defence of invertebrates for shorter time
periods, e.g. circadian rhythms (Lee and
Ederyl 2008, Noonin et al. 2013).
It is predicted that seasonal variation in
immune defence may be mediated by
physiological trade-offs with other seasonal
varying behavioural or physiological
activities (Martin et al. 2008). A downregulation of immunity due to energetic
trade-offs between immune defence and
other competing physiological processes
during specific times, such as during the
breeding or reproductive season, have
been highlighted (Schmid-Hempel 2011,
Martin et al. 2008). As crayfish reproduce
during autumn (Kilpinen 2003), the
observed decrease in the strength of
the encapsulation response in the two
autumns may be related to reproduction. A
genetically programmed and self-sustained
circannual clock may have either indirectly
influenced the strength of immune defence
by primarily controlling the processes that
are related to reproduction. Alternatively,
the circannual clock may have directly
regulated the nervous, endocrine and
immune systems, independent of the
energetic trade-off with reproduction.
Demas et al. (2011) recently highlighted
that the nervous, endocrine and immune
systems are not independent of each other;
instead they are highly connected in both
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vertebrates and invertebrates. Additionally,
it has been hypothesised that hormonal
changes, e.g. during the reproductive
period, can mediate seasonal variation in
immune defence in vertebrates (Martin et
al. 2008) and invertebrates (Rolff and SivaJothy 2003). Future studies should hence
consider measuring endogenous changes
in both hormones and immune defence.
The endogenous variation in encapsulation
response is especially interesting, since in
Chapter III it is the only immune defence
parameter that is related to the survival
time after crayfish plague infection.
Contrary to prediction (Wilson et al.
2001, see Rolff and Siva-Jothy 2003), the
strength of the encapsulation response
was, however, negatively associated with
survived time after the infection. This
negative association is probably caused by
the self-reactivity costs of a strong immune
defence (see Sadd and Siva-Jothy 2006). It
is known that cytotoxic intermediates that
are released during the prophenoloxidase
(proPO) enzyme cascade can cause serious
tissue damage of the host (Schmid-Hempel
2011). As a consequence of the results
in Chapter III and IV, survival time after
crayfish plague infection may likely depend
on the specific time (season) of infection.
Future studies are needed to test this
prediction.
In contrast to previous findings, indicating
long-lasting immune priming (Moret and
Siva-Jothy 2003, Schmid-Hempel 2005,
Sadd and Schmid-Hempel 2006, Roth et
al. 2009, Rodrigues et al. 2010), I found
no evidence that an immune insult (i.e.
immune challenge with an implant) in a
previous season would result in a stronger
immune response to the secondary insult
(Chapter IV). Potential reasons for the
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finding may be that a challenge with
an implant only caused a temporary
activation of the immune system (Hauton
and Smith 2007) or that it was not strong
enough to induce the immune priming
mechanisms. The generality and adaptive
significance of immune priming generally
remain controversial due to contradictory
empirical evidence, e.g. when using
different host taxa or pathogen types
(Hauton and Smith 2007, Reber and
Chapuisat 2012). Therefore, to draw final
conclusions about whether an immune
challenge in a previous season could
enhance immune defence, further studies
should investigate immune priming with
regard to other immune challenges and
measure additional immune responses.

4. Connecting dominance and immune
defence
In Chapter III, I additionally address
potential associations between behavioural
and immunological traits. I found a negative
association between exploration behaviour,
a potential RHP correlate (Briffa 2013, Favati
et al. 2014), and a humoral immune defence
parameter in noble crayfish. The result
may be explained by potential life history
trade-offs or resource allocating conflicts
between the traits (Schmid-Hempel 2011).
However, a high immune defence value and
low activity could also represent a sickness
response (Schmid-Hempel 2011, Fairbanks
and Hawley 2012).
In this thesis, I did not focus on examining
the link between dominance and investment
in immune defence experimentally.
However, the dominance status of an
individual is predicted to largely influence
immune defence, susceptibility and

exposure to parasites (review in Kortet et al.
2010, Fairbanks and Hawley 2012)
Compared to dominants, subdominants
may have less efficient immune defence
due to several, potentially interconnected
reasons (Fairbanks and Hawley 2012). First,
as shown in Chapter I and II, subdominants
have lower access to food resources than
their dominant rivals. Less access to food
will likely have negative consequences in
terms of growth and body condition (Ranta
and Lindström 1992, Fairbanks and Hawley
2012). Furthermore, subdominants may
have less energy available to invest in other
fitness-related traits, such as immunity
(Fairbanks and Hawley 2012). Generally,
body size and condition are not only main
correlates of RHP and dominance (Parker
1974, Moore 2007) but are also often
positively correlated with the strength of
immune defence (Schmid-Hempel 2011, in
noble crayfish: Chapter III, IV). Moreover,
when dominants monopolise resources,
subdominants may be forced to make
use of non-optimal locations and habitats
(Ranta and Lindström 1992, Fero and
Moore 2008, Tattersall et al. 2012), which
could additionally increase the exposure
rates to parasites (Fairbanks and Hawley
2012). Second, aggression during agonistic
interaction and losing fights can also alter
the strength of immune defence due to
neuroendocrine effects, e.g. with regard to
glucocorticoid, steroid or juvenile hormone
levels (Demas et al. 2011, Fairbanks and
Hawley 2012). Examples for such immune
suppression after losing fights are often
found in mammals (Bartolomucci 2007).
Empirical evidence in vertebrates and
invertebrates often demonstrates that
dominant individuals have stronger
immune defence, lower susceptibility to
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and faster recovery from infections than
subdominants (e.g. Zuk and Johnsen 2000,
Lindström 2004, Rantala and Kortet 2004,
Koskimäki et al. 2004, Ahtianen et al. 2006,
Fairbanks and Hawley 2012). Therefore,
in line with the parasite-mediated sexual
selection hypothesis (Hamilton and Zuk
1982, Schmid-Hempel 2011), many of these
studies propose that dominance may serve
as an honest indicator of male health and
hence could be equivalent to a sexually
selected ornament, as only males in good
condition may have the ability to pay the
costs of maintaining a high dominance
status and efficient immune defence.
However, healthy individuals with effective
immune defences may be more likely to
gain a high dominance status in the first
place. Furthermore, dominance status
may then influence immune function,
due to the increased access to resources
or due to differences in neuroendocrine
physiology. What is the cause and what is
the consequence? Recently, some studies
have aimed to disentangle the cause and
consequence of dominance status and
investment in immunity. For example, an
experiment in birds has shown that forcing
previously dominant individuals into a
lower dominance status can reduce their
antibody-based immunity (Hawley 2006).
In contrast, reversal in dominance status
had no effect on immunity of initially
subdominants (Hawley 2006). Furthermore,
Steiger et al. (2012) aimed to disentangle the
cause and consequence of dominance status
and investment in immunity in beetles,
by investigating intrasexual contests on
carcasses and comparing the nutritional
state and immunity of dominants and
subdominants with beetles that were
alone on a carcass. Their results show no
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significant difference in nutritional state
and immune defence between dominant
beetles and beetles that were alone on the
carcass. However, subdominants, which
were mainly excluded from the resource,
both exhibit lower weight gain and reduced
encapsulation response compared to beetles
that were alone. Hence, access to the resource
likely has an important role in mediating the
difference in immunity.
Disentangling the causes and consequences
of dominance and immune defence
will require further attention, especially
because we still lack knowledge about the
diverse and complex interactions between
dominance, immune defence, metabolic
rate and hormones, which can be proximate
mediators of life-history traits and trade-offs
between them (Rolff and Siva-Jothy 2003,
Demas et al. 2011, Fairbanks and Hawley
2012). Furthermore, attention should be
given to the previously suggested possibility
that dominants and subdominants may differ
in their defence strategies, so that dominants
may be able to allocate resources towards a
quick clearance, whereas subdominants may
invest in tolerance strategies (see Fairbanks
and Hawley 2012).

Conclusions and further prospects
This thesis set out to improve the
understanding of how decision-making in
fight contests, and consequent dominance
status, as well as the investment in immune
defence interplay with different ecological
factors, using crayfishes as model organisms.
Using an experimental approach, I have tried
to incorporate different ecological factors
and an increase in the complexity of the
social environment (i.e. fighting in groups of
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more than two contestants) to better mimic
natural situations during fight contests. In
line with theoretical predictions, the results
of this thesis demonstrate that dominant
individuals are better able to monopolise a
limited food resource than subdominants,
and consequently can likely gain fitnessbenefits from holding a dominant position
in the dominance hierarchy. Furthermore,
my results indicate that ecological factors
influence the decision-making of individuals
in fight contests, which can impair the
maintenance of a previously established
dominance hierarchy. For example, when a
food resource was available, subdominants
became less likely to submit and withdraw
from the dominant but more likely to
win bouts. In contrast, in the presence of
predation risk dominants increased their
submissive behaviours, giving subdominants
the opportunity to win a higher percentage
of bouts and rise in the hierarchy. Generally,
reversals of the dominance status became more
likely with increasing similarity of the fighting
ability of individuals. My results suggest
that to better understand the evolutionary
mechanisms and ecological consequences
involved in the formation of dominance
hierarchies and potential dynamics in natural
populations, future research should focus on
other factors than body or weapon size that
potentially determine the dominance status
of an individual, and continue to examine
the effects of major ecological factors on
hierarchy dynamics.
My results also reveal geographical variation
in resistance to the crayfish plague and
endogenous seasonal variation in the
immune defence of noble crayfish. Infection
experiments using different A. astaci
genotypes may further deepen our knowledge
about the evolution of resistance to emerging

diseases. To improve our understanding of
the underlying mechanisms that regulate
temporal investment in immune defence
and the significance of an endogenous
regulation, continuation studies are needed
to directly compare the endogenous
variation in immune defence with the
patterns observed in the wild. Furthermore,
examining the relationship between
investment in immunity through time
and the susceptibility to or survival from
infections would be especially important to
understand emerging diseases. Based on my
findings it can be predicted that timing of
infections may be crucially relevant for host
reproductive success and survival.
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