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Summary

1. Pathogen transmission from open net-pen aquaculture facilities can depress sympatric wild fish
populations. However, little is known about the effects of pathogen transmission from farmed fish
on species interactions or other ecosystem components. Coho salmon Oncorhynchus kisutch smolts
are susceptible hosts to the parasitic salmon louse Lepeophtheirus salmonis as well as a primary
predator of juvenile pink Oncorhynchus gorbuscha salmon, a major host species for lice.

2. We used a hierarchical model of stock-recruit dynamics to compare coho salmon population
dynamics across a region that varies in salmon louse infestation of juvenile coho and their pink
salmon prey.

3. During a period of recurring salmon louse infestations in a region of open net-pen salmon
farms, coho salmon productivity (recruits per spawner at low spawner abundance) was depressed
approximately sevenfold relative to unexposed populations. Alternate hypotheses for the observed
difference in productivity, such as declines in coho prey, perturbations to freshwater habitat or
stochasticity, are unlikely to explain this pattern.

4. Lice parasitizing juvenile coho salmon were likely to be trophically transmitted during predation
on parasitized juvenile pink salmon as well as directly transmitted from salmon farms.

5. Synthesis and applications. The finding that species interactions may cause the effects of pathogen
transmission from farmed to wild fish to propagate up a marine food web has important conserva-
tion implications: (i) the management of salmon aquaculture should consider and account for spe-
cies interactions and the potential for these interactions to intensify pathogen transmission from
farmed to wild fish, (i) the ecosystem impact of louse transmission from farmed to wild salmon has
likely to have been previously underestimated and (iii) comprehensive monitoring of wild salmon
and their population dynamics in areas of intensive salmon aquaculture should be a priority to
determine if open net-pen salmon aquaculture is ecologically sustainable.
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Introduction

As a result of the extensive marine migrations of anadromous
salmonids, juveniles are spatially and temporally separated
from adults during early marine life. This serves as an allopat-
ric barrier to pathogen transmission between age classes until
they occur in sympatry either in the outer coastal environment
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or in the open ocean (Krkosek ez al. 2007b; Gottesfeld er al.
2009). A consequence of migratory allopatry is that during the
first few months of marine life, when they are most vulnerable,
juvenile salmonids are not subject to some pathogens common
to older and larger salmonids. Intensive open net-pen salmon
aquaculture can undermine this natural barrier to transmission
by providing a year-round host population in the nearshore
marine environment whose pathogens can spill over to
sympatric wild juvenile salmonids (Costello 2009). As global
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salmon aquaculture production continues to grow, many wild
salmon populations in areas of intensive aquaculture are in
decline as a result of pathogen transmission from farmed
salmon to wild juvenile salmon as well as from competition
and interbreeding (Ford & Myers 2008).

Pathogen transmission from farmed to wild salmon has
been particularly well studied in the Broughton Archipelago of
British Columbia, Canada, where salmon lice Lepeophtheirus
salmonis Kroyer from salmon farms can infect out-migrating
juvenile pink salmon Oncorhynchus gorbuscha (Krkosek,
Lewis & Volpe 2005) and elevate their early marine mortality
(Krkosek et al. 2006). Coincident with louse exposure, pink
salmon populations in the Broughton Archipelago have
sharply declined (Krkosek er al. 2007a). However, much
debate surrounds the role that louse infection from salmon
aquaculture has played in these declines (Costello 2009) as well
as the broader consequences of louse transmission for the
marine ecosystems in which it occurs.

Juvenile pink salmon are subject to intense predation from
other larger juvenile salmonids, including coho salmon smolts
Oncorhynchus kisutch Walbaum during the first few months of
marine life. Unlike pink salmon, which head to sea immedi-
ately after emergence from the gravel, coho spend 1 year or
more in freshwater before entering the marine environment.
The larger size of coho at marine entry may buffer juvenile
coho from the impact of louse infection early in marine life. In
coastal marine environments, coho smolts can be a major
predator of pink salmon (Parker 1968) and salmon lice have
the potential to alter this natural predator—prey dynamic
by increasing the susceptibility of pink salmon to predation
(Krkosek et al. in press), and through the trophic transmission
of lice during predation events (Connors, Krkosek & Dill
2008). This latter process increases infection on coho smolts
two- to threefold in areas where they rear and interact with

infected juvenile pink salmon prey (Connors et al. 2010).
Therefore, louse transmission from salmon farms may indi-
rectly influence the health of sympatric coho salmon smolts via
the accumulation of lice from the infected prey on coho. While
the trophic accumulation of lice may undermine the protection
from ectoparasites conferred by the larger body size of coho,
the effect of salmon louse infestation on coho at the population
level has not been evaluated.

Here, we examine time series data on coho salmon popula-
tions from the central coast of British Columbia (Fig. 1) that
have varied in their exposure to salmon louse infestations asso-
ciated with salmon aquaculture. We compared coho produc-
tivity (recruits per pawner at low spawner abundance) between
populations exposed and unexposed to salmon farms, both
before and during louse infestations. Our findings demonstrate
that coho populations had depressed productivity when
exposed to louse infestations associated with salmon farms,
suggesting that parasite transmission from farmed to wild
salmon can propagate up a salmonid food web with negative
consequences for predatory salmon populations and the
ecosystems in which they are embedded.

Materials and methods

We compiled Fisheries and Oceans Canada escapement data (number
of adult spawners) for 53 watersheds in four management areas from
1975 to 2007 (Fig. 1; see Appendix S1, Supporting Information). All
records of ‘none-observed” and ‘adults present’ as well as watersheds
subject to coho enhancement programmes (i.e. hatcheries) were
removed. Because of temporal and spatial autocorrelation, commer-
cial exploitation of coho ranging from 4% to 90% over the time
series, and within- and among-year environmental stochasticity, we
used a hierarchical model of stock-recruit dynamics with spatially
covarying productivity. This allowed us to control for commercial
exploitation, account for sources of environmental stochasticity, and
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Fig. 1. Coho salmon populations (see
Appendix S1, Supporting Information, for
corresponding names) from the midcoast of
British Columbia used to examine popula-
tion dynamics in exposed (open triangles,
1-13) and unexposed (open circles, 14-53)
populations before and during recurrent
salmon louse infestations associated with
salmon farms (solid black circles). Dashed
lines separate Fisheries and Oceans Canada
management areas. Locations of watersheds
and farms are approximate and farms outside
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of the region associated with recurrent
salmon louse infestations are not plotted.
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test for an influence of recurrent louse infestations on coho popula-
tion dynamics.

To incorporate commercial exploitation we obtained estimated
exploitation rates for the populations in each year of the time series
from Fisheries and Oceans Canada. These estimates are based on
coded-wire tags placed in out-migrating smolts and recovered by fish-
eries as adults return to their natal watersheds (Simpson et al. 2004).
Average exploitation based on estimates from three indicator streams
(Quinsam, Big Qualicum and Black Creek), when available, was used
from 1975 to 1998 for all populations. In 1998, coho fisheries became
selective for hatchery fish and so only estimates from Black Creek (a
wild indicator stock) were used subsequently. Big Qualicum exploita-
tion estimates from 1986 to 1989 were excluded because of concerns
with smolt quality (J. Irvine, Fisheries and Oceans Canada, pers.
comm.).

With the escapement records and exploitation estimates we calcu-
lated recruitment for each population in each year:

Ri, = N[l — ,u,]71 eqn 1

where R is the number of adult recruits, N is the coho escape-
ment estimate and p is the exploitation estimate for all popula-
tions in year t. The stock that produced the recruits in
population i and year ¢ is the escapement estimate for population
i in year ¢ — 3 assuming a 3-year life cycle for coho (Groot &
Margolis 1991). We then assumed stochastic Ricker population
dynamics (Ricker 1954) and incorporated recruitment from eqn.
(1) to build the stock recruit relationship:

Ri; = Niysexp[r — biNiy3 + &4 eqn 2

where r is productivity at low spawner abundance and b reflects
density dependence in relation to the carrying capacity of popula-
tion i. Eqn 2 can be log transformed to obtain the linear equation:

In[R;;/Nis—3] = r — biNi—3 + &, eqn 3

whose parameters can be estimated using linear mixed effects
models.

Salmon louse infestations on juvenile pink salmon have been docu-
mented in the Broughton Archipelago in the spring of 2001, 2002 and
from 2004 to 2006 (Morton & Williams 2003; Morton et al. 2004;
Krkosek, Lewis & Volpe 2005; Krkosek ez al. 2006; Jones & Harg-
reaves 2007), which correspond to adult coho that returned to spawn
in 2002, 2003 and from 2005 to 2007. Juvenile coho have been exam-
ined for lice in two of these years (spring of 2004 and 2005) and in
both years infestations on coho were positively correlated with infes-
tation on pinks (Connors ef al. 2010). We extended eqn 3, which
became the null model, to include variation in productivity among
populations exposed and unexposed to salmon farms before and dur-
ing salmon louse infestations:

ll’l[R,",/Ni,,,g] =1 — b,'N,',F} + &ir eqn 4

where j is one of six groups: exposed and unexposed populations
in years preceding salmon louse infestations (1975-2000), during
recurrent salmon louse infestations (2001-2002, 2004—2006) and
during a non-random fallowing management action (i.e. emptying
of salmon farms during the spring of 2003).

We also extended the null and stratified models (eqn 4) to include
synchronous environmental variation at two spatial scales:

In[R;;/Ni—3] = (rj+ 0,4+ 0,4) — biNi—3 + &, eqn 5
resulting in three components of environmental stochasticity:

variation among years synchronously for all populations (0,),
variation among years synchronously for populations within each
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Fisheries and Oceans management area nested within 6, (0,
Fig. 1) and variation within populations that is independent
among years (g;,). Each of these components was normally dis-
tributed random variables with a mean of zero and variance that
is estimated. The null and stratified models as well as the compo-
nents of environmental stochasticity were fit using maximum like-
lihood and compared using AIC (Burnham & Anderson 2002)
and likelihood ratio tests (Hilborn & Mangel 1997) using R (R
Development Core Team 2010). The best-fit model was validated
graphically by plotting observed values vs. fitted values and resid-
uals against fitted values and explanatory variables to verify
homogeneity. A histogram of the residuals was generated to
check for normality.

To statistically compare parameter estimates (i.e. productivity
among exposed and unexposed populations before and during infes-
tations), we constructed 95% confidence intervals for r; by modifying
the bootstrapping algorithm of Dennis & Taper (1994) to account for
the hierarchical nature of the data, commercial exploitation and
changes in productivity. In each iteration of the algorithm, we fore-
casted recruitment for each N;, observation where there was a N;,
and N;,_; data pair using the r; corresponding to the estimate from
exposed and unexposed populations before and during infestations.
Stochasticity was included in the simulation by drawing a random
deviate from 6, for each year, 6, , for each management area in each
year and ¢;, for each population within each year. Once these stochas-
tic elements were generated, we used the untransformed version of
eqn 5 to simulate recruitment data for each N;, observation where
there was a N;, and N;,_; data pair. The same model (i.e. eqn 5) was
then fit to the simulated data, as described above with the original
data set, 1000 times and at each iteration values of r were recorded for
each population group (before infestations, during infestations, and
the fallow year for exposed and unexposed populations). Confidence
intervals were then calculated as the 2-5 and 97-5 percentiles of the
1000 bootstrap estimates of .

To examine the likelihood that the observed difference in popula-
tion growth rates between exposed and unexposed populations dur-
ing salmon louse infestations was spurious, we built on an approach
first described by Carpenter er al. (1989) to detect changes in a manip-
ulated ecosystem relative to an undisturbed reference system when
opportunities for randomization and replication are not available.
This involved fitting eqn 5 retaining the same exposed/unexposed
before/during infestation grouping structure (i.e. 2 years exposed to
sea lice followed by a fallow year and then 3 exposed years with the
remaining years of the time series as pre-exposed) in 1-year incre-
ments starting in 1975. At each of the 27 iterations we calculated the
difference in r between ‘exposed’ and ‘unexposed’ populations during
‘infestations’. This approach allowed us to compare the observed dif-
ference in productivity between exposed and unexposed populations
during the true infestations to the difference we would expect to see
based on chance alone given the natural variability in productivity
among populations and years in the data set. A normal distribution
was fit to the distribution of simulated differences in r and the proba-
bility of observing a difference as great as or greater than the one
observed was calculated.

Results

Excluding populations with years without escapement esti-
mates resulted in 636 stock-recruit data pairs (see Appendix
S1, Supporting Information). The best-supported model
included group-specific productivity and variation among
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years synchronously for all populations and populations
within each management area (Table 1). During recurrent sal-
mon louse infestations exposed populations were characterized
by generally negative survival (i.e. In recruits per spawner;
Table 2) and had significantly lower productivity than (i) unex-
posed populations during the recurrent infestations, and (ii)
exposed and unexposed populations prior to salmon louse
infestations (Fig. 2; Table S1, Supporting Information).
Exposed and unexposed productivity during the fallow year
was not significantly different from pre-salmon louse infesta-
tion productivity. However, given the paucity of stock recruit
pairs for coho that went to sea during the fallow (i.e. 2003 and
returned to spawn in 2004), our power to detect a difference
was weak. The point estimates of productivity translate into
approximately sevenfold decline in productivity for coho sal-
mon populations in the exposed region relative to those not
exposed to salmon aquaculture (i.e. ¢” for exposed populations
was ~0-75 recruits per spawner at low spawner abundance
while for control populations it was ~5-75 recruits per spawner
at low spawner abundance). The next best-supported model

Table 1. Relative fit of models predicting productivity of coho
salmon populations

Model AAIC No. parameters
S~P +D; + ¢ 724-1 55
S~P, +D;+ ¢ 6871 60
S~P+ Dy + (1Y) + ¢ 347 56
S~P, +D;+ (1Y) + ¢ 55 61
S~P + D; + (1IY/A) + ¢ 284 56
S~Pn+ D; + (1Y/A) + & 0 62

Models relate survival (S; In[recruits/spawner]) to productivity of
all populations (P) or populations within each louse exposure
group (subscript m) while accounting for population specific (sub-
script 1) density dependence (D) and residual variation (g). Varia-
tion among years synchronously for all populations (1]Y) and
variation among years synchronously for populations within each
management area nested within year (1|Y/A) are also included.
AAIC is the AIC difference between the model in question and
the best-supported model in bold.

Table 2. Observed survival (In[R,/N,_;]) for exposed coho salmon
populations in the Broughton Archipelago during salmon lice
infestation years and the fallow treatment (i.e. the cohort that went to
sea in 2003 and returned in 2004). Exposed watersheds without stock-
recruit pairs from 2002 to 2007 (i.e. Ahta Valley, Embley, Gilford and
Glendale) are not presented

Population 2002 2003 2004 2005 2006 2007
Ahnuhati 052 -090 - -1-14  -1-18 -346
Ahta -122 =269 - 1-45 034 -322
Kakweiken 1:30 -132 - -33 0-36 0-24
Kingcome -0-54 - - -024 - -192
Klinaklini 0-77 017 - - - -
Kwlate -1221 -070 - 168 - -
Shoal Harbour — -1-57 =001 - 042 -
Viner 019 -1-64 341 — - -
Wakeman - -134 - 1-27 042 =374
Average -0-03 -125 17 -0-05 007 -242

Productivity (r)
0
—o

)

Infestations Fallow
(31/39) (2/4)

Pre-infestations
(225/344)

Fig. 2. Productivity (+95% bootstrapped confidence intervals) of
coho salmon populations from exposed (black circles) and unexposed
regions (grey circles) prior to and during years when salmon lice
epizootics were observed in exposed populations as well as during the
fallow treatment year. Values given in parentheses below groups
represent the number of stock recruit pairs used to estimate produc-
tivity for exposed and unexposed populations respectively.

(AAIC of 5-5; Table 1) did not include variation among years
synchronously for populations within each management area.
Productivity estimates based on the next best-supported model
did not differ substantially from the best-supported model [i.e.
A in productivity between control and exposed populations
during louse infestations changes by 003 (from —-199 to
—-1:96)].

The observed difference in productivity between exposed
and control groups during louse infestations was unprece-
dented in the time series (see Fig. S3, Supporting Information).
The probability of observing a difference in productivity as
great as or greater than the one observed, given the distribution
of differences in the rest of the time-series, was 0-000017
(b = =0-12,6 = 045; Z-score = —4-14).

Discussion

Our results indicate that relative to unexposed populations
coho salmon productivity in an area of intensive salmon aqua-
culture was depressed approximately sevenfold during a period
of salmon louse infestations. These declines are consistent with
known louse exposure. Declines in productivity coincide with
the first documented salmon louse epizootics in the Broughton
Archipelago (Morton & Williams 2003). When farms were
fallowed, lice abundance on out-migrating salmonids declined
(Morton, Routledge & Williams 2005) and coho productivity
appeared to rebound to pre-infestation levels, although we had
low power to detect a difference if one did exist. Estimated
productivity for populations in years and regions not exposed
to lice are consistent with those estimated for salmonids else-
where (Myers, Bowen & Barrowman 1999).

Coho from the unexposed rivers were unlikely to interact
with farmed salmon and infected pink salmon during early
marine life because of the assumed direction of their migration.
However, some unexposed populations may pass by salmon
farms at a considerable distance later in marine life, and are
therefore only relatively unexposed compared with our
exposed populations. Nonetheless, this would tend towards
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conservative estimates of an influence of farms because our
analysis would then be trying to detect a localized effect in
addition to any broader effects.

Pink salmon populations in the Broughton Archipelago
have also declined over the same time period (Krkosek ez al.
2007a). As juvenile pink salmon can be an important early
marine resource for coho smolts, declines in pink salmon could
in theory contribute to, or even drive, the observed decline in
coho productivity. However, evidence of a relationship
between pink and coho salmon abundance in areas not
exposed to aquaculture is equivocal (e.g. Briscoe et al. 2005;
Beamish er al. 2008) suggesting that coho populations are not
limited by the abundance of pink salmon fry during early mar-
ine life. We also cannot rule out the possibility that another fac-
tor specific to the Broughton Archipelago, such as a sudden
coincident change in early marine productivity or degradation
of freshwater habitat, drives both pink and coho productivity
during exposed years. However, despite millions of dollars
invested into government, industry and academic research pro-
grammes a non-louse factor has yet to be identified (Fraser
et al. 2009).

Salmon louse transmission from farmed to wild pink sal-
mon compromises the ability of juvenile pink salmon to
escape predation, resulting in selective predation of infected
pinks by coho (Krkosek ez al. in press) and the accumulation
of motile (pre-adult and adult) lice on coho from their prey
(Connors, Krkosek & Dill 2008; Connors et al. 2010). Our
findings suggest that coho populations are depressed, at least
in part, because of this indirect transmission of lice from sal-
mon aquaculture. While the direct transmission of infective
stage lice from farmed salmon to sympatric coho salmon
undoubtedly contributes to salmon louse abundance on coho,
the indirect accumulation of motile stage lice as a result of
consuming infected prey may increase motile louse on coho
by two to three times (Connors ez al. 2010). As motile stage
sea lice are the most pathogenic to host fish (Costello 2006;
Wagner, Fast & Johnson 2008), the role of trophic transmis-
sion in the observed declines in coho productivity may be con-
siderable.

High abundance of motile stage lice can cause host morbid-
ity, and mortality and louse burdens at lower levels can lead to
changes in host physiology (reviewed by Wagner, Fast &
Johnson 2008), which may underlie observed changes in host
behaviour and fitness with infection (Wagner et al. 2003;
Webster, Dill & Butterworth 2007; Krkosek et al. in press).
Our understanding of the influence of salmon louse infection
on coho smolts is limited to the latter’s physiology, immunol-
ogy and histopathology following a single exposure of infective
stage sea lice (Johnson & Albright 1992; Fast et al. 2002) at
abundances lower than those observed in the field (Connors
et al. 2010). Small changes in early marine growth in coho can
strongly influence early marine survival and resulting spawner
abundance (Beamish, Mahnken & Neville 2004) suggesting
that if sub-lethal exposure to lice during the critical early
marine period reduces coho smolt growth there could be
consequences for coho population dynamics. The lack of data
on salmon louse-coho interactions under controlled condi-
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tions precludes drawing definitive links between louse abun-
dance in the field and coho health, and highlights the need for
future work on coho—salmon louse interactions. Demonstrat-
ing causal linkages would require an ecosystem-scale experi-
ment with randomization and replication of coho salmon
populations exposed to manipulated abundances of sea lice on
salmon farms. Such a study would be expensive, logistically
difficult, socially contentious and may raise ethical issues.
However, it is important to note a coordinated management
plan has recently been implemented in the Broughton Archi-
pelago, the success of which for salmon population dynamics
has yet to be evaluated.

Pacific salmon link marine and terrestrial ecosystems, and
can strongly influence the productivity of coastal environ-
ments (Gresh, Lichatowich & Schoonmaker 2000; Schindler
et al. 2003). Our findings provide evidence to suggest that the
transmission of salmon lice, directly and indirectly, from
farmed salmon to coho salmon can depress coho salmon pro-
ductivity. This may have important consequences for the
structure and function of the coastal ecosystems in which
farmed and wild salmon occur. That coho salmon popula-
tions are depressed in concert with louse exposure from sal-
mon farms has a number of important implications for the
management of intensive open net-pen aquaculture in regions
with wild salmon populations. The transmission of parasites
from farmed to wild fish does not occur in an ecological
vacuum; rather, interactions among species may intensify or
mitigate transmission and its consequences. We suggest there
is an urgent need to consider the broader ecosystem conse-
quences of pathogen transmission from farmed to wild
salmon and to tailor monitoring and management accord-
ingly. This should include monitoring the health of all salmo-
nids during early marine life in areas of intensive salmon
aquaculture in concert with management actions aimed at
eliminating the transmission of lice from farmed to wild
salmon. Only through monitoring and rigorous assessment
of the health of salmon at both the individual and population
levels can managers and conservationists begin to determine
if wild and farmed salmon can co-exist in coastal marine
environments.
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