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19.1 Introduction

The global demand for seafood has outpaced wild fisheries and led to
a dramatic increase in aquaculture over the last 30 years (FAO, 2016). Fish
that are farmed in open-net pens can exchange parasites and pathogens with
wild fish populations (Bjgrn et al., 2001; KrkoSek et al., 2006), which can
change the structure of host populations in coastal seas (KrkoSek, 2016). The
potential implications of this change for the health and conservation of wild
fish populations has spurred research into the causes (Revie et al., 2003;
Bateman et al., 2016) and consequences (KrkoSek et al., 2011b; Thorstad
et al., 2015; Vollset et al., 2015) of parasite transmission between farmed and
wild fish, contributing to the general understanding of host-parasite ecology
in wild and domesticated animals. This chapter describes the new theoretical
insights that have been gleaned from the study of the factors influencing sea
louse parasites shared by farmed and wild salmon. We focus on research in
Pacific Canada, where wild salmon still outnumber their domesticated coun-
terparts and are an important ecological, economic, and cultural resource.

Host migration and species diversity jointly influence sea louse dynamics on
wild salmon. A natural separation of juvenile and adult wild salmon that
results from extensive host migration reduces transmission of parasites to
small, vulnerable juveniles (Krkosek et al., 2007b). However, the recent intro-
duction of a domestic reservoir host - farmed salmon - has undermined the
parasite-related benefits of migration for wild salmon (Krkosek et al., 2006). In
Section 19.2 we discuss the roles of host diversity, migration, and reservoir
hosts in parasite transmission, and how these factors have affected parasite
abundances - and survival - of wild Pacific salmon.

The impact of sea lice differs between farmed and wild salmon, and this has
fuelled controversy over how significant these parasites are to host survival
(Marty et al., 2010; Krkosek et al., 2011b; Vollset et al., 2015). For wild salmon,
ecological processes of the host - namely predation and competition -
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combine to influence parasite and host survival, sometimes in unexpected
ways. In Section 19.3 we describe how inter- and intraspecific competition and
predation mediate the effects of sea lice on wild salmon. Model analyses
suggest that the impact of parasites on host populations may be more or less
than previously thought, depending on the details of host ecology.

The impact of sea louse parasites on hosts has been the focus of the salmon-
farming controversy, but in the last section of this chapter we consider how
conditions in aquaculture and wild environments affect parasites. Farming
practices generally promote the evolution of pathogen virulence, with high
density, accelerated generation time, and low genetic variability in the host
population - and aquaculture is no exception (Kennedy et al., 2016). Sea lice
have also evolved resistance to chemotherapeutants in many regions, threa-
tening the sustainability the industry (Aaen et al., 2015). The selection pres-
sures for both virulence and drug resistance are influenced by the exchange of
parasites between farmed and wild salmon, providing a case study of potential
evolutionary ecosystem services that wild hosts may provide (Kreitzman et al.,
2018).

Finally, we conclude the chapter with some lousy lessons that have been
learned about the management of parasites for wildlife conservation. The
potential for sea lice to affect wild salmon ecology and survival seems clear,
but the relative importance of sea lice versus other environmental and human
factors continues to be debated (Vollset et al., 2018). Theory suggests that the
long-term coexistence of wild and farmed salmon hinges on our ability to
manage parasites proactively and limit transmission to wild salmon (Orobko,
2016), and a precautionary approach is required to ensure the sustainability of
wild salmon in perpetuity.

19.2 Anthropogenic changes to a host—parasite system
Pacific salmon (Oncorhynchus spp.) are anadromous fishes that hatch in fresh-
water rivers or lakes, migrate to spend most of their lives in the ocean, and
return to spawn in their natal freshwaters. While in the ocean, Pacific salmon
are susceptible to infection by sea lice (Lepeophtheirus salmonis and Caligus
clemensi), which are native marine ectoparasitic crustaceans that are unable
to survive in freshwater (Box 19.1). Nearly all Pacific salmon are semelparous
and die soon after spawning, long before juveniles hatch and migrate to the
open ocean. These life-history characteristics result in a natural separation
between adult and juvenile subpopulations, termed migratory allopatry
(Krkosek et al., 2007b), that limits transmission of sea lice from adults to
vulnerable juveniles during their period of sympatry in the nearshore marine
environment (Figure 19.1).

The parasite-avoidance benefits of migratory allopatry can be disrupted by
the year-round presence of hosts in nearshore environments (Figure 19.1).
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Figure 19.1 Spill-over and spill-back between wild and farmed salmon disrupts the
natural separation of adults and juveniles, termed migratory allopatry, which normally
minimises transmission of parasites such as sea lice to vulnerable juveniles. (A black
and white version of this figure will appear in some formats. For the colour version,
please refer to the plate section.)

Box 19.1: Natural history of sea louse parasites

Sea lice are naturally occurring marine ectoparasitic copepods that feed on the
epidermis, musculature, and blood of host fish (Pike & Wadsworth, 2000). Two
species of sea lice are common on Pacific salmon: Caligus clemensi is a generalist
parasite of many fish species, including salmon, herring, and stickleback
(Table 19.1). Lepeophtheirus salmonis (Figure 19.2d) is a salmon specialist and
tends to be larger and more pathogenic to hosts (Costello, 2006).

Adult wild salmon often have a low infection intensity but high preva-
lence of sea lice, with low pathogenicity for adult hosts at endemic levels
(Costello, 2006). High burdens of sea lice can cause host morbidity, and the
control of sea lice is costly for salmon farms (Costello, 2009). Pathogenicity
is highly dependent on the relative sizes of host and parasite, and even low
burdens of L. salmonis can cause morbidity and mortality of juvenile salmon
(Krkosek et al., 2006; Brauner et al., 2012).

As adults, sea lice are polygynous and mobile on the surface of their hosts
and move among hosts to find mating opportunities or evade predation
(Connors et al., 2011). Sea lice reproduce sexually, and male and female
adult sea lice are easily distinguished (Johnson & Albright, 1991a). Males
will also form pre-copulatory pairs with pre-adult females, waiting until
they reach sexual maturity and are able to mate (Ritchie et al., 1996). These
mate-searching and mate-guarding behaviours may increase the probability
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Box 19.1: (cont.)

of finding a suitable mate at low parasite densities, and potentially offset
Allee effects in the parasite population (KrkoSek et al., 2012).

Once mated, gravid females extrude eggstrings from which free-living
nauplii hatch. Nauplii have the potential to disperse tens of kilometres with
ocean currents before moulting into infectious copepodites. The develop-
ment time is highly temperature-dependent (Johnson & Albright, 1991b),
and thus the dispersal potential of nauplii may vary (Groner et al., 2014).
Copepodites must attach to a host before moulting through two chalimus
stages that are attached to the host by a central filament (Hamre et al,,
2013), and two pre-adult stages that are mobile on the host. The generation
time is highly temperapture-dependent, ranging from 16 weeks at 7°C to
< 8 weeks at 12°C (Heuch et al., 2000).

Because L. salmonis are a salmon-specific parasite and the majority of salmonids
in Pacific Canada are semelparous, there are few alternate hosts for L. salmonis
over winter near river mouths (although cutthroat trout and winter-run
Chinook may be present, their densities are typically very low; Krkosek
et al,, 2007b; Table 19.1). The generalist sea louse C. clemensi can have higher
prevalence on young juvenile salmon than L. salmonis because C. clemensi has
a broader range of hosts, including herring and stickleback (Table 19.1), which
can be abundant in nearshore environments over winter and when juvenile
salmon emerge from rivers in early spring (Jones et al., 2006; Krkosek et al.,
2007a). However, C. clemensi tends to be less pathogenic than L. salmonis
(Costello, 2006), and thus juvenile salmon mortality due to C. clemensi is gen-
erally low in natural systems (Krkosek et al., 2007b, 2011b).

In recent decades, reductions in the growth of fisheries coupled with aqua-
culture expansion (FAO, 2016) have led to large numbers of domesticated
salmonids now inhabiting some coastal ecosystems, altering the dynamics of
sea lice on wild salmonids (Thorstad et al., 2015; KrkoSek, 2016). Farmed
Atlantic salmon (Salmo salar) raised in open-net pens (Figure 19.2a,b) can act
as reservoir hosts that acquire sea lice from returning adult salmon in the fall
(spill-over), harbour and amplify sea louse populations over the winter, and
then transmit sea lice to out-migrating juvenile salmon in the spring (spill-
back, Figure 19.1; Daszak et al., 2000). The presence of farmed salmon thereby
disrupts migratory allopatry and can lead to L. salmonis infestations of vulner-
able juvenile salmon (KrkosSek et al., 2007b). Indeed, sea louse infestations of
wild juvenile salmon along their migration tend to intensify once these sal-
mon have passed salmon farms (Figure 19.2c,d; Krkosek et al., 2006), suggest-
ing that farms can act as infestation hotspots. Fewer sea lice have been
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Table 19.1 Host species for sea lice.*

Hosts of Caligus clemensi and Lepeophtheirus salmonis

Chum salmon  Migrate to sea immediately after hatching
Oncorhynchus  Generation time of 3-6 years
keta Direct mortality due to sea lice'-?
No evidence of population-level declines correlated with sea louse
infestations®
Pink salmon Migrate to sea immediately after hatching
O. gorbuscha Generation time of 2 years
Direct mortality’? and increased predation* due to sea lice
Population-level declines correlated with sea louse infestations®®”
Coho salmon Spend 1 year in freshwater before migrating to sea
O. kisutch Generation time of 3-5 years
Major predators of juvenile pink and chum salmon in freshwater and
near-shore marine
Show selective predation on pink salmon®® and parasitised prey*°
Incur trophic amplification of sea lice'®
Population-level declines correlated with sea louse infestations® '
Sockeye salmon Spend 1-2 years in freshwater before migrating to sea
O. nerka Generation time of 3-5 years
Mainly infested with C. clemensi
Impact of C. clemensi on competitive foraging' and growth
Negative population-level impact of aquaculture production,
mediated by competition with pink salmon'®
Chinook salmon Ocean-type may migrate to sea immediately; stream-type spend
O. tshawytscha one year in freshwater
Most spend 3—-4 years in the ocean, but as few as one year and as
many as 8 years
Return to spawn relatively early, in June-July (hence the term ‘spring
salmon’), and may be the first adult salmon to transmit lice to
juveniles in the absence of farms
Cutthroat trout Do not migrate to the open ocean but reside in streams and brackish
O. clarkii clarkii bays year-round
Periodic forays into freshwater likely regulate infestations
Predators of juvenile pink and chum salmon
Farmed Atlantic Non-native species in Pacific Canada
salmon Housed in open-net pens over an 18-month production cycle
Salmo salar Can acquire sea lice from returning adult salmon, and transmit back
to out-migrating juveniles in the spring
Sea lice are managed above a threshold parasite burden by harvest
and treatment with chemotherapeutants”'4

Hosts of Caligus clemensi only

Pacific herring  Predominant forage fish in Pacific Northwest
Clupea pallasii  Aggregate nearshore for mass spawning in late winter/early spring,
pallasii but migration patterns are not well described

https://doi.org/10.1017/9781316479964.019 Published online by Cambridge University Press


https://doi.org/10.1017/9781316479964.019

ECOLOGY OF A MARINE ECTOPARASITE 549

Table 19.1 (cont.)

Large source population for C. clemensi during initial period of juve-

nile pink and chum out-migration
Three-spined Year-round residents of nearshore and brackish waters

stickleback Low abundance relative to herring and salmon
Gasterosteus Suitable hosts for C. clemensi
aculeatus Reported to have infestations of L. salmonis'® but no evidence that
the latter can complete its life cycle on stickleback'®

* Not an exhaustive list of all host species, but covers the most common hosts mentioned in the
chapter. Literature cited: (1) Morton and Routledge, 2005, (2) KrkoSek et al., 2006, (3) Peacock
et al., 2014, (4) Krkosek et al., 2011a, (5) Krkosek et al., 2007a, (6) Krkosek et al., 2011b, (7)
Peacock et al., 2013, (8) Hargreaves and LeBrasseur, 1985, (9) Peacock et al., 2015, (10)
Connors et al., 2010a, (11) Connors et al., 2010b, (12) Godwin et al., 2015, (13) Connors et al.,
2012, (14) Saksida et al., 2010, (15) Jones et al., 2006, (16) Losos et al., 2010.
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Figure 19.2 (a) An open-net salmon farm on the coast of British Columbia, Canada. (b) The
migration route of juvenile salmon (black line; A to B) in the Broughton Archipelago, British
Columbia, passes by several salmon farms (filled triangles). Black points are locations where
juvenile pink salmon were captured and assessed for sea louse parasites (KrkoSek et al., 2006). (c)
The mean number of copepodid sea lice (+95% bootstrapped confidence intervals) per juvenile
pink salmon sampled at black points in (b) from 18 to 28 April 2004 (KrkoSek et al., 2006). (d) An
infestation of motile sea lice on a juvenile pink salmon can have dramatic effects due to the large
size of parasites relative to their host, while infections of adult salmon (inset) are much less
pathogenic because hosts are larger and have developed protective scales. Photos: S Peacock,
inset: C Miller. (A black and white version of this figure will appear in some formats. For the colour
version, please refer to the plate section.)
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observed on out-migrating wild salmon in regions without salmon farming
(Krkosek et al., 2007b) and in years when farms are fallow (Morton et al., 2005).
Similarly, in Europe, sea louse numbers on wild trout are higher in regions of
intensive salmon aquaculture than in areas without farms (reviewed by
Thorstad et al., 2015).

The population-level impacts of parasites on wildlife can be exacerbated by
the presence of reservoir hosts, such as domestic animal populations, because
the usual density-dependent mechanisms that regulate epizootics do not
apply (De Castro & Bolker, 2005). There is empirical evidence from other
host-parasite systems that, in the absence of reservoir hosts, parasites may
be at least as important as predation in regulating wild population dynamics
(Watson, 2013). Theory predicts that this control of wild populations will cause
the parasite populations to self-regulate: high parasite burdens result in para-
site-induced host mortality, and for parasites with density-dependent trans-
mission like sea lice (Frazer et al., 2012; Jansen et al., 2012), lower host
population density leads to less transmission (De Castro & Bolker, 2005).
However, in the presence of reservoir hosts, infestation pressure can remain
high, even at low densities of wildlife hosts, potentially leading to host extinc-
tion (De Castro & Bolker, 2005; Krkosek et al., 2013a). Evolutionary similarity
to domesticated animals has also been identified as an important factor
increasing the potential risk of parasites to wildlife (Pedersen et al., 2007).
Together, these factors highlight the potential for parasite-mediated declines
of exposed wild salmon populations and heighten the conservation concern
about sea louse transmission from farmed salmon to migrating wild juvenile
salmon (KrkosSek et al., 2007a).

The impact of farm-origin sea lice on wild Pacific salmon differs among host
species, in part due to interspecific variation in life-history traits (Table 19.1).
While some salmon species, including coho salmon and sockeye salmon,
spend a year or two in freshwater before migrating to sea, pink salmon and
chum salmon enter the marine environment immediately after hatching
(Groot & Margolis, 1991). Pink and chum salmon are small and lack protective
scales when entering the marine environment and are therefore expected to
be the Pacific salmon species most vulnerable to farm-origin sea lice. Indeed,
field-based experiments with wild-caught pink and chum salmon have
demonstrated significant direct louse-induced individual mortality for both
species (Krkosek et al., 2009; Figure 19.3a). Other salmonids, such as cutthroat
trout and Dolly Varden, migrate in and out of coastal seas and estuaries on an
annual basis and may moderate the impact of sea lice by periodically returning
to freshwater, thereby reducing their louse loads. In Europe, where there is
a longer history of sea louse transmission from salmon farms, heavily infested
Atlantic sea trout (Salmo trutta) have been found to return early to freshwater
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Figure 19.3 (a) The individual parasite-induced mortality (per sea louse per day) of
captive pink and chum salmon estimated from field-based experiments (coho salmon
estimate was not available) (KrkoSek et al., 2009). (b) The population-level effect of farm-
origin sea lice on wild salmon survival for pink and coho salmon (KrkosSek et al., 2011a)
and chum salmon (Peacock et al., 2014), shown as the parameter for louse-induced
mortality (c) in an adapted Ricker population model for spawner-recruit data (Krkosek
et al,, 2011b). In both panels, bars are 95% confidence intervals on the estimates and
stars indicate effects that are significantly different from zero.

(Thorstad et al., 2015), suggesting that life history and behaviour not only
moderate the effects of sea lice, but may also be adaptive in response to them.

In Pacific Canada, much research has focused on whether direct parasite-
induced mortality of host individuals results in reduced overall survival and
recruitment for host populations. Studies in Europe have used an experimen-
tal approach to answering this question by tracking the oceanic survival of
individual smolts that have been treated with anti-louse chemotherapeutants
to that of untreated conspecifics. These studies have shown a significant
decline in survival due to sea louse infection (Krkosek et al., 2013b; Vollset
et al,, 2015), but such an approach is more challenging for Pacific salmon due
to their small size as juveniles (limiting marking options), variable age at
maturity, and high natural mortality at sea. However, long-term data on
spawner abundance in coastal British Columbia, Canada, allow for spatial
and temporal comparisons of survival for populations exposed and unexposed
to salmon farming, thus providing the opportunity for correlative examina-
tions of the effect of sea lice from farmed salmon on wild salmon population
dynamics. These comparisons have revealed a negative correlation between
sea louse outbreaks on farmed salmon and survival of pink and coho salmon
(Krkosek et al., 2007a, 2011b; Connors et al., 2010b). Similar analyses have
identified aquaculture production, together with ocean climate and interspe-
cific competition at sea, as factors associated with decline of sockeye salmon
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populations (Connors et al., 2012). Chum salmon populations, however, show
no correlation between their survival rates and the magnitude of sea louse
outbreaks on sympatric farmed salmon (Peacock et al., 2014; Figure 19.3b),
despite estimates of direct parasite-induced mortality that are similar to pink
salmon at the individual level. The data for chum salmon suggest that direct
parasite-induced mortality (Figure 19.3a) is not the only factor determining the
population-level impacts of parasites (Figure 19.3b). The discrepancy between
individual- and population-level effects of sea lice has spurred further research
into the ecological interactions of hosts that might mediate population-level
effects.

19.3 Ecological factors mediating the impact of parasites

The true impact of parasites on wildlife populations can be difficult to esti-
mate because animals rarely die from parasites alone. Before parasite burdens
reach intensities that result in parasite-induced mortality, the ecological effects
of parasites - that is, the ways in which parasites affect a host’s ability to
compete for food or avoid predators - become apparent. Thus, indirect ecolo-
gical effects of parasites may determine how parasitism affects wildlife popu-
lations more than direct parasite-induced mortality (Ives & Murray, 1997;
Hatcher et al.,, 2012).

19.3.1 Competition

Competition for resources is a fundamental challenge for all wildlife. Chief
among these resources is food, as feeding determines the nutrients and energy
an individual can put towards movement, growth, reproduction, and immune
responses. For Pacific salmon, which migrate in large aggregations through
variable prey densities, competition for food likely plays a large role in deter-
mining growth and survival (Groot & Margolis, 1991).

19.3.1.1 Intraspecific competition
Parasites can change the outcome of competitive interactions between indivi-
duals within a group, and these changes can have implications for host
survival. Juvenile salmon may be particularly susceptible to parasite effects
on competition, as they migrate in large schools to swamp and evade preda-
tors (Eggers, 1978; Furey et al., 2016). In environments with limited resources,
parasitism can shift the competitive balance between individuals over food.
The influence of sea louse parasites on foraging in salmon has been best-
studied in sockeye salmon (Table 19.1). Juvenile sockeye salmon feed primarily
on zooplankton, which are spatially and temporally patchy (Chittenden et al,,
2010; McKinnell et al., 2014). Some populations of juvenile sockeye salmon
experience over 99% prevalence of C. clemensi sea lice while migrating through
these patchy and food-limited environments (Price et al., 2011; Godwin et al.,
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Figure 19.4 (a) The relationship between sea louse parasites, competitive ability, and
body size for juvenile sockeye salmon has been investigated in field-based experiments,
but the net impact on the host population may depend on whether susceptibility to
infestation is biased towards individuals of a certain body size or competitive ability. (b)
Comparison of body size and wet stomach content weigh between heavily infested (top
~10% of sample infection intensity) and lightly infested (bottom ~10% of sample
infection intensity) juvenile sockeye salmon. Heavy infestation has been related to
reduced competitive ability, but the competitive ability is also strongly related to body
size. (c) Examination of growth increments for heavily infested and uninfested fish
suggest that the percent daily reduction in body growth per sea louse (i.e. heavily
infested - uninfested [ uninfested) is a decreasing function of body size (line = mean,
shaded region = +95% CI). See Godwin et al. (2015, 2017) for details.

2015). Caligus clemensi tend to be less pathogenic than L. salmonis to juvenile fish
because C. clemensi are smaller and more mobile and hence spend less time on
individual hosts (Table 19.1; Costello, 2006), but high parasite burdens may
nonetheless have ecological effects on host fitness (Figure 19.4a).

Field experiments suggest that heavily infested juvenile sockeye salmon
have lower competitive foraging abilities than lightly infested or uninfested
individuals (Figure 19.4b; Godwin et al., 2015), leading to reduced foraging
success (Godwin et al., 2017) and body growth (Figure 19.4c; Godwin et al.,
2017). Studies in Europe corroborate this finding, with scale analyses of sea
trout showing reduced growth associated with intensive salmon farming and

https://doi.org/10.1017/9781316479964.019 Published online by Cambridge University Press


https://doi.org/10.1017/9781316479964.019

554  S.J. PEACOCKET AL.

sea louse infestations (Thorstad et al.,, 2015). Furthermore, larger juvenile
sockeye salmon also have higher rates of feeding (as measured by stomach
content weight) than smaller conspecifics (Figure 19.4b), and daily growth
increments on otoliths (ear bones) indicate larger fish have faster growth
rates that are less-affected by parasites, thereby potentially amplifying diver-
gent growth between infested and uninfested fish. Growth is a key component
of fitness for many organisms, especially salmon, whose early marine growth
is a determinant of overall survival (Beamish et al., 2004; Moss et al., 2005).
Over time, these louse-associated growth effects may therefore ultimately
affect survival.

While competitive outcomes can be understood at the level of individuals,
ecologists are typically interested in population-level impacts. The net effect of
parasite-modified competition on host populations may depend on whether
the susceptibility to infestation is independent of both body size and compe-
titive foraging ability of individuals (Figure 19.4a). If infestation is non-random
such that individuals that are either smaller or less competitive are also more
susceptible to infestation, then the impact of parasite-modified competition
will reinforce existing differences in growth potential. In this case, population-
level effects of reduced growth and survival due to sea lice may be compensa-
tory, as those individuals would have been ‘lost’ from the population even in
the absence of sea lice. However, if infestation is independent of body size or
competitive ability, then ‘healthier’ individuals may also suffer infestations
and a reduction in competitive ability, resulting in fewer highly competitive
individuals. This may result in less equal resource allocation within the host
population, and overall lower population health.

19.3.1.2 Interspecific competition

The previous section indicates that parasite-modified intraspecific resource
competition occurs for juvenile sockeye salmon, but the influence of parasites
can also include interspecific competition for resources (Hatcher et al., 2006).
How parasite-modified competition affects communities depends on whether
the parasite is shared among competitors, and whether the stronger or the
weaker competitor is more affected by the parasite (Hudson & Greenman,
1998). If the stronger competitor is affected, then parasite-modified competi-
tion can promote coexistence, whereas if the weaker competitor is affected,
then parasites may result in exclusion of the weaker competitor.

For Pacific salmon, interspecific competition can influence the growth, age-
at-maturity, and survival of individuals as well as recruitment (Ruggerone &
Connors, 2015). The number of recruits per spawner in sockeye salmon from
the Fraser River, for instance, is negatively correlated with pink salmon
abundance at oceanic scales due to competitive interactions between sockeye
and pink salmon as adults in the Pacific Ocean (Figure 19.5; Connors et al.,
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Figure 19.5 The impact of resource competition with pink salmon in the open Pacific
Ocean on sockeye salmon survival may be amplified when farmed salmon (and their
associated sea lice and other pathogens) are abundant (Connors et al., 2012). This
indirect effect of parasite-modified competition is stronger than the direct effect of
parasites alone. Sea lice also affect pink salmon survival at local scales (dashed light
arrow), but competitive interactions with adult sockeye salmon occur at oceanic scales
and thus the pink salmon competitors do not share the same infestation pressure as
their sockeye salmon competitors.

2012). Aquaculture production occurring on wild juvenile sockeye migration
routes, which is correlated with increased transmission of sea lice to juvenile
salmon (Price et al., 2010, 2011), appears to amplify the negative impact of
competition with pink salmon later in marine life (Connors et al., 2012). Thus,
the reduced competitive foraging ability observed in small-scale, individual-
level experiments (Figure 19.4b) may translate to lower survival of sockeye
salmon populations. The interactive effect of pink salmon competition and
aquaculture production is stronger than the effect of aquaculture production
alone suggesting that in this case, the indirect effect of parasites via parasite-
modified competition is more important than direct effects on sockeye sal-
mon survival (Figure 19.5).

19.3.2 Predation

For most wildlife, predation affects individual survival and shapes the char-
acteristics, including parasite loads, of surviving populations. For juvenile
salmon, predation is the primary source of mortality, causing up to 90%
mortality of pink salmon populations during the first three months of marine
life (Parker, 1968). Mounting theory and evidence suggest that sea louse effects
on predation may be a key determinant of the population-level impacts of
epizootics.
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19.3.2.1 Parasite-mediated predation with a single prey species

The effect of predation on host-parasite dynamics depends on whether para-
sites make prey more or less susceptible to predation (Packer et al., 2003). In
many species, infected prey are easier for predators to identify and catch,
making those prey more susceptible to predation than uninfected conspecifics
(Hudson et al., 1992; Johnson et al., 2006). However, if predators incur a cost
for consuming infested prey, as is the case with trophically transmitted para-
sites (Lafferty, 1992), they may avoid parasitised prey.

Yearling coho salmon are one of the main predators of juvenile pink and
chum salmon during their early marine life (Hargreaves & LeBrasseur,
1986). Experiments have shown that predators, including coho salmon
smolts and cutthroat trout, preferentially target juvenile pink and
chum salmon that are infested with sea lice (KrkoSek et al., 2011a).
Whether this selective predation results in increased mortality in the prey
population depends on whether predation on parasitised prey is
compensatory or additive to predation that would occur in the absence of
parasites. If predators preferentially target parasitised prey but do not
increase overall consumption, predation is compensatory and also leads
to lower average parasite burdens among prey as heavily infested indivi-
duals are consumed.

Theory that merges host-macroparasite models with predator-prey models
has helped to shed light on the conditions under which compensatory para-
site-mediated predation occurs. Classical host-macroparasite models track the
abundance of hosts (H) and the mean parasite burden (M; Box 19.2). These
models have been adapted for juvenile salmon and sea lice to track a cohort of
juvenile salmon that becomes infected and whose survival declines due to
direct parasite-induced mortality and predation following a type II functional
response (Figure 19.6a; Krkosek et al., 2011a).

The type II functional response describes a predation rate that increases
with prey density until predators are limited by the time it takes to handle and
digest prey. The predation rate is described by two parameters: a capture rate
and a handling time (Holling, 1959). For juvenile salmon, experiments suggest
that the capture rate increases with the prey’s parasite burden (KrkoSek et al.,
2011a; Peacock et al., 2014). The type II functional response often applied to
fish predation can be adapted to incorporate an increase in the capture rate
with increasing mean parasite burden, M, such that the average predation rate
within the prey population is:

capture rate

(040 M) H
- o) B 19.1
S 1+ Ty(0+ oM)H (19.1)
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Figure 19.6 (a) Graphical description of a host-macroparasite model adapted to juvenile

salmon and sea lice to include predation. The parasite load M increases due to attachment
of free-living larvae and decreases due to natural parasite mortality. Juvenile salmon hosts
H suffer mortality during their first few months of marine life due to parasites and parasite-
mediated predation. (b) The rate of parasite-mediated predation is assumed to follow a type
II functional response, with capture rates increasing with the mean parasite burden, M. As
prey abundance increases, predators are limited by the time it takes to handle and digest
prey, and the three lines eventually converge.

Box 19.2: Modelling host-parasite population dynamics

Mathematical models describing the growth and spread of infectious patho-
gens through a host population have been integral to the understanding of
disease dynamics in both human and wildlife populations (May & Anderson,
1991; Hudson et al.,, 2002). In contrast to SIR models (Anderson & May, 1979),
macroparasite models track the intensity of infection and the degree of
parasite aggregation among hosts. Parasite aggregation is common (Shaw
et al,, 1998) and can fundamentally change how parasites influence host
populations because mortality of heavily infected hosts will result in dispro-
portionate mortality in the parasite population (Anderson & May, 1978).
Explicitly considering the parasite burden and distribution among hosts is
therefore important when the impact on hosts is proportional to parasite
burden, as is the case of sea louse infestations of salmon.

Anderson and May (1978) developed a mathematical model for under-
standing host-macroparasite dynamics that consisted of two equations.
The first equation describes the change in the host population, H:

host mortality

[oe]

dH L
il BT b - «a E iqi) |H (19.2)
t birth natural i=0
mortality

=0
parasite-induced

mortality
where a is the rate of host birth and b is the rate of natural (background)
host mortality. The rate of parasite-induced host mortality depends on the
number of parasites per host, and is equal to oi for a host infected with
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Box 19.2: (cont.)

i parasites. The parasite-induced mortality of the host population is derived
by considering the mortality of hosts with i parasites multiplied by the
proportion of hosts that harbour i parasites, q(i) and summed over all
possible numbers of parasites. This term can be simplified to the expected
parasite-induced mortality from the mean parasite burden, M = P/H:

%I: (a—b—aM)H (19.3)

The total parasite population changes according to:

dpP oo
== BLH — pp - Z b+ ai) i q(0)
t transmission natural =0 (19.4)
mortality mortality due to

host mortality

where f is the transmission coefficient, L(t) is the density of infectious parasite
larvae in the environment, x is the mortality rate of parasites. The model
assumes that parasites die when their host dies due to (1) natural mortality at
rate b, and (2) parasite-induced host mortality at per-parasite rate a. The second
component of this term depends on the aggregation of parasites among hosts;
when parasites are highly aggregated, host mortality due to parasites will tend
to result in higher rates of parasite death as many parasites die along with
their heavily infested hosts. A negative binomial distribution, which is com-
mon for macroparasites (Shaw et al., 1998) is assumed.

Finally, to complete the parasite life cycle, the pool of infectious parasite
larvae in the environment changes according to:

%:KP—)}L—IBLH (19.5)

where « is the rate of shedding of parasite larvae by attached parasites and y is
the per-capita mortality of parasite larvae in the environment. Often, the
larval stage is short relative to the host and parasite dynamics, and
a common assumption is that parasite larvae are at equilibrium (dL/dt = 0).
This assumption simplifies the model to just two equations: one for the host
population and one for the attached parasite population. In other cases, the
density of infectious larvae is influenced by external forces and may be
modelled separately. For example, the densities of larvae produced by sea
lice on farmed salmon are much greater than the reproduction of lice on
juvenile salmon themselves (Krkosek et al., 2005). Thus, models of sea louse
dynamics on juvenile salmon have either included salmon farms as external
sources of parasite larvae (e.g. KrkosSek et al., 2005, 2006) or assumed that the
density of larvae is constant (e.g. KrkoSek et al., 2011a; Peacock et al., 2014).
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Figure B19.2.1 Model diagram for a host-macroparasite population model with
three dynamic variables: the host population H, mean parasite burden M, and
density of infectious larvae in the environment L. The model assumes that
parasites die when their host dies (dashed line).

where H is the abundance of prey (i.e. hosts), § is the baseline capture rate in
the absence of parasites, o is the per-parasite increase in the capture rate, and
Ty is the handling time (KrkoSek et al.,, 2011a, Peacock et al.,, 2014). The
predation rate increases with the number of parasites at low prey abundance
but not at high prey densities, where predators are limited by their handling
time (Figure 19.6b). When predators are limited by prey handling time para-
sites alter who gets eaten, but not the overall number of prey consumed, and
parasite-mediated predation is said to be compensatory. Analysis of the host-
parasite population model (Figure 19.6a) also indicates that predation can
amplify host mortality due to parasitism while simultaneously decreasing
parasite burdens, creating a paradox that parasite-induced mortality may be
high when observed parasite burdens are low (Krkosek et al., 2011a).

19.3.2.2 Multi-host food webs

Additional complexity may arise in multi-host systems if generalist para-
sites alter food web dynamics, for example by shifting predator pressure
among prey species. Juvenile pink and chum salmon have similar early life
histories (Table 19.1) and both are susceptible to sea louse infestations
(Figure 19.3a) and experience high levels of predation during early marine
life (Parker, 1969); however, coho predators seem to selectively consume
pink salmon over chum salmon (Hargreaves & LeBrasseur, 1985; Peacock
et al,, 2015). The reasons for this prey preference are unknown, but it may
be that preference increases when prey are infested and easier to catch
(Peacock et al., 2014). This shift in predation would not only affect mortality
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infestation

Preferred prey :
pink salmon
/

Predator
coho salmon

Alternate prey
chum salmon

Figure 19.7 Sea lice make juvenile pink and chum salmon more vulnerable to
predation by coho salmon, resulting in selective predation on infested prey. However,
in this multi-prey system, predators preferentially consume pink salmon over chum
salmon. Thus, when prey are infested and easier to catch, predation may focus on
preferred prey (pink), which can result in a parasite-mediated release from predation
for alternate prey (chum). Here, the thickness of the arrows represents the relative
predation rates in this conceptual model.

of pink salmon, but could relieve mortality of the less-desirable prey, chum
salmon (Figure 19.7).

Once again, formalising these ideas in a mathematical model helps to clarify
assumptions and mechanisms, and allows for an exploration of the possible
outcomes in the multi-prey scenario. The type II functional response in equa-
tion (19.1) can be adapted to allow for predation on multiple species with both
selective predation on parasitised prey and preferential capture of one prey
species over another (Figure 19.8a). The average predation rate on prey of
species 1 with M; parasites, in the presence of an alternate prey, type 2, can
be written:

(61 + 01M1)Hq

Hy,Hy, My, My) — 19.6
Ji(Ha, Ha, M, My) 1+ Tp[(61 + 01M1)H1 + (02 + 02M3)Hy] ( )

The definitions of parameters are as given for equation (19.1), but with
subscripts 1 and 2 referring to the species-specific parameters and variables.
The key difference from equation (19.1) is that the denominator in the multi-
prey functional response considers the total time that each predator spends
catching and consuming prey of both species.
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Figure 19.8 (a) Graphical description of a host-macroparasite model for parasite-
mediated predation on two host species, H; and H,, that interact via a shared predator
(dashed lines; equation (19.5)). Predation rates on the two hosts may differ due to

a predator preference. (b) Predation rates on preferred prey will tend to increase with
parasite burden (Figure 19.6). (c) Predation rates on alternate prey will decline with
parasite burden, but this decline depends on the abundance of prey (d,e; shown here
for M, = M, =10). Notably, if the abundance of preferred prey is low, predation rates on
alternate prey will remain high (d). The lines in (d) and (e) correspond to the solid curves
in (b) and (c), respectively, where H; = H,.

In the case of juvenile salmon, the two prey species of interest are
pink salmon (denoted by subscript 1) and chum salmon (denoted by
subscript 2). Because coho salmon preferentially consume pink salmon
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over chum salmon, it can be assumed that 6; > 6,. If predators not only
show a base preference for pink salmon, but also increase that prefer-
ence when prey is parasitised (Figure 19.8b,c), then o; > 0,. In this case,
the capture rate of pink salmon increases with parasites more quickly
than the capture rate of chum salmon increases with parasites. This
model reveals that chum salmon may experience a ‘parasite-mediated
release’ from predation (Peacock et al., 2014), whereas predation rates on
preferred pink salmon increase with parasites regardless of prey density
(Figure 19.8b,c). If the shift in predation pressure towards preferred prey
is extreme and pink salmon are abundant enough to satiate predators
(Figure 19.8d,e), then reduced predation on chum salmon may offset the
direct effects of sea lice, or even result in a predation-mediated benefit of
infestation. This may explain why there is no evidence of a population-
level effect of sea lice on chum salmon, despite the significant declines
in pink salmon correlated with the same sealouse epizootics (Figure
19.3D).

19.3.2.3 Parasites that escape predation

Although some parasites with complex life cycles rely on their hosts being
eaten in order to complete their life cycle (Lafferty, 1999), other parasites -
including sea lice - find the gut of a predator to be an inhospitable place. Sea
lice have been observed to abandon their hosts during predation events
(Connors et al., 2008); a substantial proportion of those that escape end up
on predators (Connors et al., 2008). Trophic transmission of sea lice from prey
to predators can amplify parasites on predators that are suitable hosts, such as
coho salmon (Connors et al., 2010a). This trophic transmission may explain
why coho salmon, although older, larger, and therefore less-vulnerable to the
effects of sea lice when they enter the marine environment, seem to show
reduced survival associated with sea louse epizootics (Figure 19.3b; Connors
et al., 2010Db).

19.4 Evolution of virulence and drug resistance

Host-parasite dynamics in wildlife are complicated by the ecological effects
that parasites can have, but parasites of domesticated animals are subject to
very different conditions. Domesticated hosts are often held in relatively
high densities, and normally do not need to evade predators or compete
for food to the same extent as their wild counterparts. They are often
treated with drugs to reduce or eliminate parasite burdens (Van Boeckel
et al.,, 2015). These conditions change the potential impact of parasites on
hosts, but also affect the parasite traits - particularly virulence and drug
resistance - selected for in agriculture and aquaculture (Mennerat et al.,
2010).
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19.4.1 Virulence

When hosts are abundant and at high density, parasites may invest in repro-
duction rather than survival, heavily exploiting individual hosts with little
consequence for parasite fitness since the chance of infecting other hosts is
high (Mennerat et al., 2010). Infestation with multiple species or strains of
parasite can also lead to competition among parasites and select for virulent
parasite strains (May & Nowak, 1995; van Baalen & Sabelis, 1995). Further, low
genetic diversity typical of domesticated hosts may facilitate the spread and
rapid evolution of parasites (Altizer et al., 2003). As described earlier in this
chapter, farming practices serve to free parasites from natural regulation,
a feature of natural systems that would normally reduce virulence (Lenski &
May, 1994). Finally, a number of disease-management practices employed in
aquaculture may themselves select for increased virulence (Kennedy et al.,
2016).

Evidence from salmon farming indicates that predictions of increased viru-
lence have been borne out, at least in part. For example, salmon aquaculture
has been implicated in selecting for more virulent Flavobacterium columnare
bacteria (Pulkkinen et al., 2010; Sundberg et al., 2016). Also, sea lice associated
with salmon farms in Norway produce eggs faster than wild-type sea lice
(Mennerat et al., 2010). Little work has been carried out in general on virulence
evolution in macroparasites, however, and salmon farming may present
a good test case. Unfortunately, the potential for pathogen transmission to
wild fish species carries grave implications for populations unequipped to deal
with pathogens that evolved in a domestic environment (Daszak et al., 2000).

19.4.2 Drug resistance
Salmon farmers have relied heavily on chemical treatments to manage sea lice
at substantial annual cost (Costello, 2009), for example up to 23% of total
production costs in Norway (Nilsen et al., 2017). A number of chemotherapeu-
tants are used, the most common of which is emamectin benzoate (EB, trade
name SLICE; Burridge et al., 2010). In most salmon farming regions of the
world, sea lice have evolved resistance to EB due to strong selection pressure
for mutations that confer resistance to chemotherapeutants and the relatively
short generation time of sea lice that allows these mutations to spread quickly
in the parasite population (Aaen et al., 2015). However, resistance has failed to
emerge in the Pacific despite a similar duration of chemotherapeutant use
(Saksida et al., 2010). Recent theory suggests this is because the large abun-
dance of wild Pacific salmon provides a refuge from selection for drug resis-
tance (Kreitzman et al., 2018).

Pest resistance to chemical treatment is a problem in agriculture gener-
ally, and avoiding its evolution has been the subject of much study. Theory
suggests that the maintenance of an untreated ‘refuge’ pest population,
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connected to a treated population via migration, can serve as a source of wild-
type susceptible genes and avoid or delay treatment resistance (Comins,
1977). With aggressive treatment to ensure remaining resistance alleles are
recessive, wild-type resistant hybrids that result from mating with immi-
grants are removed (the ‘high-dose/refuge’ strategy; Gould, 1998; Tabashnik
et al,, 2013).

Several models have explored how sea lice exchange between wild and
farmed salmon may affect EB resistance (Ashander, 2010; Murray, 2011;
McEwan et al., 2015; Kreitzman et al., 2018). Consistent with agricultural
theory, these models indicate that a large untreated refuge population, con-
nectivity between wild and domesticated hosts, and aggressive treatment
oppose the evolution of resistance. A small refuge (e.g. North Atlantic salmon
farming regions) appears to produce resistance in sea lice, whereas a large
wild-host refuge (e.g. British Columbia) can preclude resistance (McEwan et al.,
2015). Wild- and farmed-host populations of sea lice in British Columbia
appear to be genetically connected (Messmer et al., 2011), and wild salmon
spawning in the vicinity of salmon farms likely serve as an important link
between these populations (Ashander, 2010). Thus, wild salmon may provide
an ecosystem service by helping to maintain treatment susceptibility in sea
lice on salmon farms (Ashander, 2010; Kreitzman et al., 2018).

19.5 Implications for conservation and management

The potential impact of parasites on wildlife species may be most pronounced
in systems where wildlife are sympatric with domestic reservoir hosts
(Tompkins et al., 2015). Evolution in domesticated species and the indirect
ecological effects of parasites on host predation and competition may be the
primary mode by which parasites affect wildlife populations in these situa-
tions (Hatcher et al., 2006; KrkosSek et al., 2011a; Godwin et al., 2015). Further,
indirect effects of parasites in multi-host communities may result in unex-
pected outcomes that are not obvious from pairwise interactions (Connors
et al., 2012; Peacock et al., 2014).

Advice for conservation management can arise from host ecology such as
migration timing (KrkoSek et al., 2007b). Delousing can be effective for con-
serving wild salmon when treatment is coordinated to reduce parasite num-
bers during the migration of wild juvenile salmon (Peacock et al., 2013;
Bateman et al., 2016). Not only has this strategy proven effective, it does not
necessarily require additional treatment during a production cycle (Peacock
et al., 2013), and so it does not lead to additional financial costs or elevated
selection for drug resistance. However, environmental variability, such as
anomalous ocean temperatures, can alter both the timing of wild salmon
migrations and parasite development, leading to failure to control parasites
(Bateman et al., 2016). These lessons may be increasingly applicable in other
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systems as environmental change results in species range shifts, changes in
parasite and host phenology (Kutz et al., 2014), and emerging infectious dis-
ease (Jones et al., 2008; Tompkins et al., 2015).

The timing of delousing treatments not only affects transmission of sea lice
to juvenile wild salmon, but also transmission among farms. Coordinated area
management involves the synchronised timing of treatments among farms at
a regional scale, which may require cooperation of multiple aquaculture
companies. Coordinated area management reduces reinfection from nearby
farms (Murray & Salama, 2016; Peacock et al., 2016) and may also slow the
evolution of drug resistance by reducing the chance that surviving lice can
find mates (KrkosSek et al., 2012; Groner et al.,, 2014). Other measures to
minimise transmission among farms include stocking single age classes and
fallowing to avoid perpetuating infection (Costello, 2004).

Global trends in salmon production from wild and farmed fish populations
indicate fisheries stagnation and rapid expansion of domesticated fish will
likely intensify sea louse spill-over and spill-back dynamics (KrkoSek, 2016).
Host density thresholds that arise due to density-dependent transmission
occur at regional scales (Frazer et al., 2012; Jansen et al., 2012), and maintain-
ing regional salmon aquaculture production below such thresholds may pro-
vide a means for avoiding costs of sea louse outbreaks. Alternatively, closed
containment production of farmed fish is one way to eliminate the spill-over
and spill-back dynamics of sea lice between wild and farmed salmon. The
economic viability of such production systems is not clear (Liu et al., 2016),
but trends are towards affordability as losses due to sea louse infestation of
both wild and farmed fish continue to escalate and consideration of the
external costs of open-net pen aquaculture are more fully deliberated.

Bioeconomic models that include the costs (e.g. parasite transmission) and
benefits (reduced commercial harvest) of aquaculture for wild fish populations
suggest stable coexistence of productive wild fisheries and aquaculture only if
negative ecological feedbacks of domesticated animals on wildlife are kept
below a threshold (Orobko, 2016). The definition of the threshold itself must
include the reciprocal economic interactions between domesticated animals
and wildlife, as well as the ecological effects of parasites on wildlife. The case
study of sea louse parasites on farmed and wild salmon illustrates that the
sustainability of both domesticated animals and wildlife depends on the
broader anthropogenic and biological context of host-parasite interactions.

19.6 Conclusions

The ecological processes by which parasites affect domesticated versus wild
animals differ, and the ecological context of host-parasite interactions can
yield unexpected outcomes for wildlife health. For example, parasites can
mediate food web dynamics of hosts, resulting in host resilience to epidemics

https://doi.org/10.1017/9781316479964.019 Published online by Cambridge University Press


https://doi.org/10.1017/9781316479964.019

s1soy JlonJasal se Buijoe (susosaynu (npossyorio (O19-SMW) wsiuebip

‘wnueloeq ay) 01 Juelsisal S10I[eH) SHOIEH) vsn OMIT-eIspeMoIY
9 alow auojege olisawo auojeqge pay 8uolede Yoe|g ‘eluioyllen)  |WOJPUAS-BuLByipn
winLIv10Beq Ul UoijeleA di1eusb [eiodwal
pue [eljeds [eljuelsgns ‘eduswy YUOoN Ajunwiwoo 1soy-inw
uJa)Ses Ul 8ous|nJIA Buisealoul — UoiNjoAs ul Buiynsa. ‘sauliessed (snueoixaw
[esiadsip pJiq p|IM BIA BOLBWY YLON Jay1o 01 peauds Aq (sswuoyl|en)  snoylowseH) wnoidssijeb
G UIS1SaM 0] uJaises wod peasdg — uonesblyy Pamo||o) Sayouly 0} Jono-|idg Annod youl} 8SNOH BOBWY YHON ewse|dooApy
uress |NGH spJigieiem
ojuabouyyed Ajybiy ojul uonen|y — uonnjorg PIIM UHM JOBIUOD Ul
BISY Ul LNGH J0 peaids ay1 o} 9|q  spjey Apped 8ou uo pazeib
¥ -1suodsai aq Aew spJiq Aioyelbip — uoneibiyy U0 SpPJIgIaIeM dlIsewoq Ainod spJiqiaiem plipn BISY  SNJIA BZUSN|JUI UBIAY
10849 uonn|ip, e
pa10ajul 8q 01 A|9¥1] 810w ybnouys Yo ouredwAs (eubew
Ajueoyubis ase spaay AiorelBiw-uou |9 ul @ousjenaid Bulonpal (snuney (snydeje epeue) $8p10J010SE)
¢ Aqadeoss AiojeiBiw Jo 8oUBpINg — uonBIbIYY ‘S1SOY pus-pesp aJe 9|11e) sog) s|en snae)) M3 ‘eyaqy ayN|} JaA]| JUBID
Ajunwuwoo ((ooy BIBYIUEY)
1soy xa|dwoo spjalh (suelwe) suol|
sel0ads mau 0} so10ads p|Im pue 2O11SaWop sndny '6°9) spije} (snaiAlIg4ow) snJIA
Z Ppeaids seiey|ioe) Buiydoums 1soH — uonnjorg djdiynw Buowe uoissiwsuel | siuen) sboq  ‘saulued plipa BOUYY VSN Jadwaisip aujue)
uolssiwsue.]
pue depano Jeligey saonpal saloads
a1e|nbun Buowe uoiedwo) — uonedwo) (snydeje
SeaJe 9pISINo 0O} ¥[8 pue uosiq SISO||9oN.Q dUINO] JO snaBY) VSN ‘ealy
JO uoneJBiw JsjuIm [eJnjeu 8onpaJ 0} Swie uoleolpeJd 8y} passpuly (snunep M@ {(UOSIG  BUOISMO|IBA (snuoge
I ed sy ul uonelusws|ddns poo- — uoneibiyy sey »oeq-/1ono-||iIdg sog) a|en uosig) uosig Jarealn)  gjjaon.g) siso|j@onig
1oy S108}40 [e0160]003 yoeq-|jids/eno-|idg  1soy ansawoq 1S0y plIM (s)uoneoon uaboyred

‘(eL02 ‘uloH
-usg ® Aeye, ‘eL0Z “[e 18 Ipuoyd, ‘SLOZ “e 18 UBLL, ‘9L0Z ‘¥ LOZ “[B 18 J0ANId, (G LOZ “[B 18 BUBIA ‘€ L0 /94eWNYOS  :S80U8J8j8l) SUOISN|oU0D g'6L dlqel

https://doi.org/10.1017/9781316479964.019 Published online by Cambridge University Press


https://doi.org/10.1017/9781316479964.019

ECOLOGY OF A MARINE ECTOPARASITE 567

or high parasite-induced host mortality at low measured parasite burden.
Untangling these indirect effects of parasites in ecosystems is critical to the
conservation and sustainable management of wildlife, where parasites are
a growing threat.

The spill-over and spill-back of parasites and pathogens between wild and
domestic hosts is not limited to salmon aquaculture, nor is it a new phenom-
enon. There are other examples of pathogen transmission between domesti-
cated hosts and wildlife that touch on the themes discussed in this chapter
(Table 19.2). Studying these systems requires integrating information on both
direct and indirect effects from multiple sources. Controlled laboratory experi-
ments are well suited to determining the direct physiological effects of parasit-
ism on individuals in an isolated and stable environment. Field-based
behavioural studies can look at how parasites mediate isolated interactions
such as predation or competition. Together, these sources can identify the
range of possible effects, and inform broader analysis, but the specifics of any
interaction can be heavily influenced by the black box of ecology. Which path-
way is most important? As the case study of salmon and sea lice has exemplified,
it depends: the highly contingent nature of the interactions means that it’s
important to assess net effects through large-scale manipulative experiments, if
possible, or data on long-term population dynamics and health (e.g. parasite
loads) in correlative analysis. Long-term ecological data are critical for untan-
gling how and why parasites are maintained in cases where multiple domes-
ticated and wild host species interact, such as with canine distemper in
Tanzania’s Serengeti ecosystem (Viana et al., 2015).

As the global human population grows, and with it the demand for protein,
disease transmission between domesticated animals and wildlife is likely to
increase. Emerging infectious diseases are limiting production in agriculture
and aquaculture, threatening pollinator communities and the crops that
depend on them, and bringing into question the sustainability of wildlife
populations (Table 19.2; Tompkins et al., 2015). Finding solutions that mini-
mise disease transmission and allow for sustainable coexistence of wildlife
and domesticated animals is necessary both for the conservation of imperilled
wildlife (such as Pacific salmon) and for feeding a growing human population.
The theory and models inspired by the case of sea louse parasites on farmed
and wild salmon may help understand and predict threats in other systems.
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