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Abstract

Human activities are drastically changing ecological conditions for living organisms and this
leads to evolutionary changes. One example is the appearance and spread of resistance against
drugs and antibiotics, but we also have evidence that new environmental conditions select for
changes in how living organisms allocate resources between growth, reproduction and
longevity. In parasites, such changes in life history traits could have several consequences,
since life history traits are often closely connected to transmission rates, epidemiology and

virulence.

Intensive farming of Atlantic salmon (Salmo salar) represents one such case of a
severe change in ecological conditions, both to salmon and its parasites. This industry has
increased rapidly during the last decades, and has caused an increase in the abundance of
salmon lice (Lepeophtheirus salmonis). Salmon farms represent new ecological conditions for
salmon lice, with year-round presence of a high number of susceptible hosts and reduced life
expectancy due regular exposure to anti-parasitic drugs and slaughtering of hosts. From life
history theory, we predicted that conditions in farms should select for higher investment into
early reproduction, because future prospects of survival and reproduction are reduced. An
increase in early reproductive investment could be manifested in several ways, for example by
faster development, higher fecundity or by investing more into each offspring. If an organism
increases its investment in reproduction it will need more resources and, for parasites, these
resources must be taken from the host. We therefore predicted that an increase in early

reproduction would also be associated with more virulent parasites.

The rapid increase of salmon farming in the last decades makes this a good model-
system to test how human activities might affect life history and virulence of parasites. In this
study we compared in the laboratory the life history traits and virulence of salmon lice
sampled from locations with salmon farms (Freya and Bergen) to those of lice sampled from

locations without farms (Oslo and Eastern Scotland).

Salmon lice life history traits suggest that they are adapted to low and unpredictable
host availability. Under natural conditions the sexually reproducing louse may therefore be
selected to increase aggregation (Paper I) in order to maximize the chance of finding a mating
partner. In accordance with this, we found that individual fish already infected with lice were
more susceptible to new infections (Paper I). However, in salmon farms the number and

density of susceptible hosts is much higher, which has increased lice intensities. Under such



conditions aggregation could result in too high parasite loads. High loads of salmon lice on
infected fish results in a reduction in lice fecundity, probably caused by increased resource
competition on the host (Paper II). There was no effect of parasite load on lice survival (Paper

).

We found differences in life history traits between lice from locations with farms
(Froya and Bergen) compared to lice from locations without farms (Eastern Scotland and
Oslo), suggesting that conditions in farms select for higher investment into early reproduction
(Paper III). In our study lice from farms had lower overall fecundity and survival after
infection, but higher fecundity at the first reproductive event (Paper III). Lice from farms also
had lower adult survival, but their offspring had higher infection success, suggesting that lice
in farms invest more in offspring quality (Paper III). Variation in these life history traits is
likely caused by ecological conditions in salmon farms selecting for accelerated life history
strategies, at the cost of a reduction in future survival and reproduction (Paper III). Lastly, lice
from locations with farms caused more harm to their hosts. We suggest that this could be
caused by conditions in farms such as reduced lifespan of hosts, the use of drugs to reduce

lice abundances and the high density of susceptible hosts available (Paper IV).



List of papers

Paper I: Mathias Stelen Ugelvik, Thor Mo, Adele Mennerat and Arne Skorping (2017).
Atlantic salmon infected with salmon lice are more susceptible to new lice infections. Journal

of Fish Diseases 40: 311-317.

Paper II: Mathias Stelen Ugelvik, Arne Skorping and Adele Mennerat (2017). Parasite
fecundity decreases with increasing parasite load in the salmon louse Lepeophtheirus

salmonis infecting Atlantic salmon Salmo salar. Journal of Fish Diseases 40: 671-678.

Paper III: Adele Mennerat, Mathias Stelen Ugelvik, Camilla H. Jensen and Arne Skorping
(2017). Invest more and die faster: the life history of a parasite on intensive farms.

Evolutionary Applications (in press): 10.1111/eva.12488.

Paper IV: Mathias Stelen Ugelvik, Arne Skorping, Olav Moberg and Adele Mennerat (2017).
Evolution of virulence under intensive farming: Salmon lice increase skin lesions and reduce

host growth in salmon farms. Journal of Evolutionary Biology (in press): 10.1111/jeb.13082.

“Reprints were made with permission from John Wiley and Sons Ltd”



Contents
Acknowledgement 2
Abstract 3
List of papers 5
Contents 6
1. Introduction 7
1.1 Life hiStOry thEOTY ...eeviiieiieieieei et 7
1.2 Parasites, life histories, and VITUIENCE ...........cccveevviiiiuieiieieieeeeeieeeeeee e e 8
1.3 Man-made evolution and intensive farming...........cccceeeeveeriererereeienieneseeiesennene 9
2. Study system 10
3. Summary of papers 11
4. Discussion 13
4.1 Short-term reSponses t0 farming ..........ccecceveririeieneneneeieeeneeeee e 14
4.2 Life hiStory in farmiS ........cccverieriieieieiesiece ettt be e see s nees 15
4.3 VIrulence in farms .........ocuevuerierieieienenienteente ettt sttt b 17
5. Conclusions and future research 18

6. References 20




1. Introduction
1.1 Life history theory

Organisms are selected based on their fitness (i.e. relative genetic contribution to the next
generation) which depends on underlying life history traits i.e. those characterizing the pace at
which organisms reproduce and die (Poulin, 1996; Stearns, 2000; Roff, 2002; Poulin, 2007,
Mennerat ef al., 2012). Everything else being kept equal, an increase in each particular life
history trait (e.g. maturation rate, fecundity, lifespan) results in higher fitness. Given how
closely life history traits are related to fitness, one could expect them to display little variation
in natural populations, but on the contrary they vary both within and between species.
Variation in life history traits could be maintained by spatial or temporal environmental
heterogeneity, because selection pressure might vary over time and from location to location

thus maintaining variation in these traits.

Moreover, not all fitness related traits can be maximized simultaneously, as organisms
have access to limited time and energy, and the number of possible combinations can be
further limited by physiological, phylogenetical or ecological constraints (Stearns, 1992;
Poulin, 1996; 2007). A change in one trait that is beneficial for the organism’s fitness might
therefore result in a change in another trait that is associated with reduced fitness, i.e. these
traits are involved in an evolutionary trade-off (Stearns, 1989; Roff, 2002). Organisms are
therefore under selection for the optimal strategy, which is the combination of traits that
results in highest fitness in a given environment.

Since an individual has limited amount of time and energy available, iteroparous
organisms that allocate more resources into current reproduction either by producing more
offspring or by investing more into each offspring, have less resources available for survival
and future reproduction (Minchella and Loverde, 1981; Stearns, 1989; Stearns, 1992; Roff,
2002). This prediction was confirmed in an experimental study on blue tits (Parus caeruleus)
infected with fleas, where increased investment into current reproduction to compensate for
the effect of the parasites reduced survival and future reproduction (Richner and Tripet,
1999). Another study on the common eider (Somateria mollissima) also supports this
expectation; birds with experimentally increased clutch size (increasing the cost of
incubation) had lower fecundity the subsequent year (Hanssen ef al., 2005). This therefore
represents an evolutionary trade-off between current and future reproduction and the optimal

strategy between these traits depends on life expectancy; a reduction in future life expectancy



should select for higher early reproductive effort, because prospects for future survival and

reproduction are reduced (Stearns, 2000; Roff, 2002)
1.2 Parasites, life-histories, and virulence

Parasites show a wide range of different life history strategies and are probably affected by
similar trade-offs as free-living organisms (Poulin, 1996; Trouvé et al., 1998). However, they
live on a host and therefore their life history is also affected by host traits such as longevity,
immune status and body size (Morand et al., 1996; Poulin, 1996; Sorci et al., 1997; Morand
and Sorci, 1998; Gandon et al., 2001; Viney and Cable, 2011). Parasites are expected to
rapidly respond to changes in host life history and due to larger population sizes, often higher
mutation rates and shorter generation times parasites evolve faster than most hosts (Anderson

and May, 1982; Crossan et al., 2007; Lebarbenchon et al., 2008; Cressler et al., 2016).

By relying on resources from their host, parasites cause some degree of reduction in
host fitness and this is termed virulence (Read, 1994; Kennedy et al., 2016). Virulence theory
is based on the presence of a virulence-transmission trade-off, with virulence having both
fitness costs (reduced longevity) and benefits (current production of transmission stages) for
parasites (Anderson and May, 1982; Alizon ef al., 2009; Alizon and Michalakis, 2015).
Parasites are under selection for the virulence level that results in highest parasite fitness
(Ebert, 1994; Alizon et al., 2009; Cressler et al., 2016; Kennedy et al., 2016), which is
suggested to be at intermediate levels of virulence (Jensen et al., 2006; Fraser et al., 2007; de
Roode et al., 2008). The level of virulence is affected by ecological conditions, for instance
an increase in the density of susceptible hosts is predicted to select for parasites with
accelerated life histories and thus higher virulence (Bull, 1994; André and Hochberg, 2005;
Mennerat et al., 2010; Berngruber et al., 2013; Borovkov et al., 2013; Cressler et al., 2016;
Kennedy et al., 2016). Factors reducing host and parasite life expectancy are expected to
select for higher current reproduction and thereby increased virulence because the prospects
for future transmission and survival are reduced (Anderson and May, 1982; Gandon et al.,
2001; Ebert and Bull, 2008; Cressler et al., 2016; Kennedy et al., 2016; Rozins and Day,
2017). Furthermore, if the host is co-infected with other parasite genotypes or other parasite
species, increased within host competition reduce future life expectancy and select for
increased virulence (Nowak and May, 1994; May and Nowak, 1995; Ebert and Bull, 2008).
According to this theory, changes in one or several of these factors, for instance due to

anthropogenic activities, might select for more harmful parasites.



1.3 Man-made evolution and intensive farming

Human activities are drastically changing ecological and environmental conditions through
the effects of global warming, introduction of exotic species, harvesting of natural populations
and habitat destruction (Palumbi, 2001; Ashley et al., 2003; Stockwell et al., 2003; Renaud et
al., 2005; Hendry et al., 2011; Thrall ef al., 2011; Budria and Candolin, 2014; Cable ef al.,
2017). This alters the selection pressure on both free-living and parasitic organisms and might
lead to evolutionary changes (Palumbi, 2001; Carroll et al., 2007; Lebarbenchon et al., 2008;
Rogalski et al., 2017). Rapid evolutionary responses have been shown with the appearance
and spread of antibiotic resistance in bacteria (Hamilton-Miller, 2004), resistance against
commonly used drugs in agriculture (Thrall ez al., 2011; Aaen et al., 2015) and changes in life
history traits (Leignel and Cabaret, 2001; Jorgensen et al., 2007; Heino et al., 2015).

Intensive farming has increased globally and especially fish farming has expanded
rapidly during the last decades (FAO, 2016). Salmon farming in Norway has for instance
increased from 160 thousand metric tons in 1994 to more than 1300 thousand metric tons in
2015 (The Norwegian Directorate of Fisheries, 2016). Intensive food production systems are
characterized by a high density of hosts with little genetic variability that have been under
selection for increased growth rates (Nowak, 2007; Mennerat et al., 2010; Peeler and Feist,
2011; Kennedy et al., 2016). These conditions might select for changes in parasite life history
traits, for instance high host availability increases parasite transmission, leads to higher
parasite abundance and is expected to select for individuals that rapidly utilize these resources
by increasing early reproduction (Mennerat et al., 2010; Kennedy ef al., 2016). Hosts in farms
are also under artificial selection for increased growth rates and are regularly slaughtered.
Together with the use of anti-parasitic drugs this reduces the prospects for parasite survival.
This is expected to select for parasites that invest more into early reproduction and as
parasites rely on resources from their hosts this should increase virulence (Skorping and Read,

1998; Mennerat et al., 2010; Atkins et al., 2012; Kennedy et al., 2016).
In this thesis we explored the following hypotheses:

I: We predicted that the high density of susceptible hosts that are present throughout the year,
together with shorter life expectancy due to regular slaughtering of hosts and the use of anti-
louse drugs in farms should select for lice that utilize this large resource either by an increase
in early fecundity or by producing offspring of higher quality (or both). However, organisms

have limited amounts of resources available, higher allocation to one fitness trait (early
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reproduction), should therefore come at a fitness cost. We therefore expected that higher
investment into early reproduction should result in a reduction in future reproduction and

survival.

II: Salmon lice rely on resources from their host to grow and reproduce, so changes in
ecological conditions in farms could also affect virulence. We expected that high density of
susceptible hosts and shorter life expectancy in farms should increase the fitness benefit of
virulence (i.e. increased transmission), while the cost of virulence is unaffected or reduced.
Thus conditions in salmon farms should increase fitness of lice that exploit their host more

intensively and this is predicted to lead to increased virulence in farms.
2. Study system

We investigated these predictions by infecting salmon smolts with lice originating from
locations either with or without farms. We compared infection success, fecundity, adult
survival and virulence of lice sampled from “wild” and “farmed” locations under the same

ecological conditions in the laboratory.

The host, the Atlantic salmon, is naturally found throughout the northern Atlantic and
is anadromous with genetically distinct populations in different rivers (Glover et al., 2012).
Salmon are experiencing altered conditions after the introduction of salmon farms, where high
densities of salmon are kept stationary for the duration of the production cycle (about 18
months). Under natural conditions salmon are migratory with smolts migrating out of the river
to the sea in the spring or early summer, while mature adults return to their natal river to

spawn in the autumn after spending one to four years at sea (Forseth ez al., 2017).

The expansion of salmon farming has also drastically changed ecological conditions
for salmon lice and has been associated with increasing lice abundances (Morton ef al., 2004;
Krkosek et al., 2006; Torrissen et al., 2013). The salmon louse (Lepeophtheirus salmonis) is
an ectoparasitic copepod (family Caligidae) browsing on the skin of salmonids and thereby
causing skin damage, osmoregulatory stress and increasing the host's susceptibility to
secondary infections (Grimnes and Jakobsen, 1996; Pike and Wadsworth, 2000; Costello,
2006). Furthermore, this parasite seems able to suppress the host’s immune response (Fast et
al., 2007; Skugor et al., 2008; Holm et al., 2015), might affect the age of returning salmon
(Vollset et al., 2014) and is even suggested to affect host behavior (@verli et al., 2014; Bui et

al., 2016). Salmon lice are naturally occurring in the Northern Atlantic mostly infecting wild
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Atlantic salmon (Salmo salar) and sea trout (Sal/mo trutta) (Johnson and Albright, 1991; Pike
and Wadsworth, 2000). They are iteroparous and can produce up to 11 clutches (i.e. egg
strings) (Heuch ef al., 2000; Whelan, 2010; Mennerat et al., 2012). They have a direct life-
cycle and developmental time is temperature dependent (Hamre et al., 2013). The life cycle
consists of eight development stages separated by molting and of these, three stages are free-
living, with larvae drifting in the water relying on nutrients stored in the yolk sac. The life
cycle starts when planktonic nauplius larvae are released and spread with water currents. A
few days later, these larvae further develop into infectious copepodites. The copepodites that
find and infect a suitable host later develop through two chalimus stages while remaining
attached to the fish (especially on the fins), before molting into the first of two motile pre-
adult stages (Bjorn and Finstad, 1998; Pike and Wadsworth, 2000; Costello, 2006). The life
cycle is completed with the final molt to the adult stage, when males and females mate to

produce the next generation of eggs (Pike and Wadsworth, 2000).
3. Summary of papers
Paper 1

In order to better understand how intensive farming practices affect salmon lice life history
and virulence, we first needed to know more about their general ecology and how lice life
history traits might have evolved under natural conditions. Parasites have been shown to
affect host susceptibility to new infections, either by increasing or reducing susceptibility to
subsequent infections. Surprisingly, considering the negative impact salmon lice have in
farms, no study has so far explored this. We therefore experimentally tested whether previous
exposure to salmon lice affects susceptibility to new lice infections, and found that fish
already infected with adult salmon lice are more susceptible to lice than naive fish. Making
infected hosts more susceptible to new infections might be a mechanism to increase
aggregation for the lice. Under natural conditions wild hosts are often found in low densities
over vast areas at sea, thereby making it difficult for the small, short lived salmon lice
copepodites to find and infect a host. Higher aggregation might be adaptive for the parasite, as
it increases the probability that individuals of both sexes infect the same host, and hence the

likelihood of reproduction for this dioecious parasite.
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Paper 11

Salmon farming has drastically increased the number of available hosts for salmon lice and
this has led to higher lice abundances in coastal waters. We therefore needed to know how
these increased infra-population densities might affect fitness-related traits of the louse. We
studied the effect of parasite load (i.e. number of adult female lice on the host) on lice
fecundity and survival for the five first clutches using lice from four different localities
(Froya, Bergen, Eastern Scotland and Oslo). We found that the fecundity of salmon lice
decreased significantly with increasing parasite loads for the first three clutches, while the
correlation disappeared later in the infection. There was no effect of parasite load on lice
survival in our study. We interpret this as an indication that the negative effect of density on
fecundity found in our study may be due to higher on-host competition with increasing

parasite loads.
Paper 111

The life of a salmon louse in a farm is very different from natural conditions. Here, the
parasite has access to an abundance of susceptible hosts, but the adult stage has a higher
mortality due to shorter host lifespan combined with the use of anti-parasitic drugs. We
predicted that lice from locations with farms should invest more into early reproduction, at the
expense of future reproduction and survival. To explore this we compared fecundity, infection
success, and adult survival of lice collected from locations with salmon farms (Freya and
Bergen) to that of lice from locations without farms (Eastern Scotland and Oslo). We found
that lice from farms have both lower overall fecundity and higher infection success than those
from locations with no farms. Lice from unfarmed areas had lower fecundity at the first clutch
and had higher adult survival. In agreement with our prediction there seems to be a shift over
to investment in early reproduction on lice from farmed locations, at the cost of a reduction in
future reproduction and survival. This suggests that conditions in salmon farms select for

changes in salmon lice life history.
Paper IV

According to virulence theory conditions in farms are expected to select for increased
virulence. To investigate this we therefore infected Atlantic salmon smolts with lice either
from locations with farms (Freya or Bergen) or from locations without farms (Eastern

Scotland or Oslo), and compared how virulent they were on their hosts. We used two proxies
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for virulence; skin damage as short-term effect and growth (weight and length gain) as long-
term effect on host fitness. We found that lice sampled from locations with salmon farms
(Freya and Bergen) created bigger lesions and had a more negative impact on host growth
than those from locations without farms. This suggests that higher virulence in lice from

locations with farms might be caused by ecological conditions in salmon farms.
4. Discussion

If salmon lice have responded to changes in selection regimes associated with salmon
farming, we predicted that by comparing the life history of lice from locations that have been
farmed for > 40 years (i.e. about 240 lice generations) to that of lice from locations without
farms, we should be able to determine how, and to what extent, their life history traits have
evolved. In addition, because salmon lice are parasites where life history seems to correlate
with virulence (Mennerat et al., 2012), we predicted that these changes should also be

reflected in higher levels of virulence.

We found that lice from farms started to reproduce slightly later and produced more
eggs in their first clutch; they had lower fecundity later in the infections than those from
locations without farms (Paper III). They also displayed higher infection success (i.e. ability
to infect hosts and develop until maturity) and higher adult mortality (Paper III). Lastly lice
from farms inflicted more skin damage to their hosts and reduced host weight gain more
(Paper 1V), suggesting that ecological conditions in farms selects for consistent changes in

both life history traits and virulence.

In our study lice from both locations with and without farms were raised in the
laboratory for at least three generations prior to the start of the study, which makes it unlikely
that the observed differences reflect environmental variation at the sites of origin. This is
further supported by the fact the distances between “farmed” and “wild” locations are about
the same, so differences in traits between locations with and without farms could not be
explained by geographical distance alone. For locations without salmon farms distance to the
nearest farm was at least 200 km at the time of sampling and they were located outwards in
relation to water currents. This should make them sufficiently separated from locations with
farms for life history traits to reflect selection pressure in that area. Moreover, farmed
locations used in our study have been intensively farmed for more than four decades and in

these areas the number of farmed hosts far outweighs the number of wild conspecifics. The
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selection pressure in these areas should therefore mostly be driven by ecological conditions in

farms.

There has been a discussion on the degree of gene flow in salmon lice using neutral
genetic markers, with some studies report no genetic differentiation (Todd et al., 2004), while
other found a weak, but significant differentiation between sites (Glover ef al., 2011).
Nevertheless, small or no differentiation measured from neutral genetic markers does not
necessarily prevent traits under selection from varying between locations (Kirk and Freeland,
2011). We therefore interpret these differences as genetically-based, adaptive responses of
lice to farming conditions (Paper III and IV). However, our data are only correlative, and
would now require experimental confirmation (e.g. selection experiments) to better
understand how lice life history and virulence respond to changes in ecological conditions.
Additionally, our study only involved two locations with farms and two without farms; since
salmon is now also farmed on other continents where salmon lice also are present (North
America), it would be interesting to explore how general our findings are worldwide, and how
these differences are expressed in countries where salmon farming has more recently been

established.
4.1 Short-term responses to farming

Salmon lice are extensively studied due to the negative impact on production in salmon farms,
but much about the ecology of this marine parasite remains unknown. To be better able to
predict how farming practices might affect life history and virulence we needed more
information on how short-term ecological changes in farms affects this parasite (i.e. how high
parasite loads affects fitness and aggregation in this host-parasite system). We therefore
infected salmon with different infection histories in the same infection tank and found that
already infected salmon are more susceptible to new lice infections than naive fish (Paper I),
which could be caused by the ability of salmon lice to modulate the host’s immune response
(Fast et al., 2007; Skugor et al., 2008; Tadiso et al., 2011). This may increase the probability
of both sexes infecting the same host and thereby ensure reproduction for the sexually
reproducing salmon lice (Paper I). Modulating the host’s immune response might be a
mechanism used by salmon lice to increase aggregation, which under natural conditions with
low host and parasite densities probably is adaptive for the parasite (Paper I). However,
aggregation likely has both fitness costs and benefits for parasites, as it may not only increase

the probability of reproduction, but also result in negative density-dependent fitness effects
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(Shaw and Dobson, 1995). Salmon farms has increased louse densities and lice from farms
also have higher infection success (Paper III), resulting in higher parasite loads. Under these
conditions mechanisms increasing aggregation might no longer be adaptive for the lice as it
could result in too high parasites loads. There seems to be a cost of high infra-population
densities in salmon louse as we found negative density-dependence in fecundity with
increasing parasite loads for the first three clutches (Paper II). However, we found no effect of
parasite load on the survival of adult lice (Paper II). We suggest that decreasing fecundity
with higher parasite loads is caused by increased resource competition on the host (Paper II).
Furthermore the lack of an efficient host immune response, together with the tendency of lice
to make infected hosts more susceptible to new lice infections and negative density-
dependence in fecundity suggests that neither hosts nor lice are adapted to high lice densities

(Paper I and II).
4.2 Life history in farms

Organisms have limited amount of time and resources available for reproduction. Life history
theory therefore predicts an evolutionary trade-off between current and future reproduction
for iteroparous organisms (Stearns, 1992; Roff, 2002). The optimal strategy between these
two traits that results in highest fitness will depend on ecological conditions such as the
probability of future survival.

Under natural conditions adult salmon lice have good prospects for future survival on
the host, but the potential for transmission at a given time is low, because there is a low
density of susceptible hosts available. The iteroparous reproductive strategy and long
reproductive period of salmon lice could therefore be an adaptation to increase the probability
of some offspring coming into contact with a host under conditions of low host densities.
Moreover, due to the migratory behavior of salmon, host densities also varies throughout the
year, the long reproductive period of salmon lice could be a seen as a bet-hedging strategy
towards and unpredictable resource (Stearns, 1992; Beaumont et al., 2009). However, in
salmon farms large numbers of susceptible hosts are available throughout the year and the
expected lifespan is lower. We therefore predicted that conditions in farms should select for
increased investment into early reproduction in salmon lice.

We found that lice from locations with farms produced more eggs in their first clutch
than lice from locations without farms (Paper III). This suggests that lice from farms invest
more into early reproduction and this in agreement with our prediction (Paper III). Investment

into increased early reproduction is probably adaptive in farms, as large numbers of
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susceptible hosts are kept at high densities. These conditions should select for lice that rapidly
utilize this large available resource, a resource that has been constantly expanding the last
decades, to increase transmission and thus infect many new hosts. Additionally, reduced
prospects for future reproduction and survival should select for higher early reproduction.
There seem to be a fitness cost of high early reproduction in salmon lice, as we found that lice
from farms had both lower future reproduction and also lower adult survival (Paper III).
However, the cost of high intrinsic mortality is likely to be low in farms, because the extrinsic
mortality due to slaughtering of hosts and the use of drugs is higher than under natural
conditions. Higher investment into current reproduction should then increase fitness even at
the cost of reduced survival and future reproduction.

Furthermore, lice from locations with farms had higher infection success (Paper III),
suggesting that lice from farms have a higher investment into each offspring than those from
“wild” locations. In farms the probability of a copepodite coming into contact with a host is
much higher than under natural conditions; fitness should thus increase more by investing
more resources into each offspring, than producing a high number of low quality offspring. In
addition, farming has increased lice abundances, resulting in higher lice loads on the fish, and
therefore competition for resources is likely to be harder in farms. This could select for lice
that invest more into each offspring, hence increasing the offspring’s ability to compete

against conspecifics for resources on the host (Paper II).

We expected that salmon lice from locations with farms should compensate for higher
adult mortality by maturing faster and starting reproducing earlier than those from locations
without farms, but this prediction was not supported by our data (Paper III). On the contrary,
those from farms started to reproduce slightly later than lice from unfarmed locations (Paper
IIT). This might seem surprising, however even though the difference was significant, the
effect was small; in addition, the fact that copepodites from farmed lice had higher ability to
infect a host (Paper III), suggests that the differences in the onset of reproduction may be
driven by a trade-off between the start of reproduction and the offspring’s ability to infect
hosts. If such a trade-off exists it would prevent lice from combining high ability to infect a

host with short maturation time.

All in all our findings are in agreement with a trade-off between early and future
reproduction in salmon lice and suggests that farming have selected for accelerated life

history of salmon lice and this might also have implications for virulence.
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4.3 Virulence in farms

Increased density of susceptible hosts, shorter lifespan, and higher rates of multiple infections
in farms due to higher lice abundance have probably selected for increased virulence in
salmon farms, as suggested by our observations that salmon lice from farmed locations both
reduced growth more and inflicted larger wounds on their hosts than “wild” lice (Paper IV).
Unfortunately, the effect of each of these factors on the evolution of virulence in salmon lice
cannot be assessed, because our findings are correlative. Furthermore, higher lice abundances
in farms (Morton et al., 2004; Krkosek et al., 2006; Torrissen et al., 2013) and higher
infection success of lice from farms (Paper III) together with the ability of salmon lice to
increase aggregation (Paper I) leads to higher parasite loads. This further increases the harm
done to infected hosts by such macroparasites, for whic