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when males of two biotypes were present with a
female of a given biotype in the same arena, the B
male and female responded by increasing their
frequency of courtships, leading to more copula-
tion events, whereas the ZHJ1 male and female
did not do so. Moreover, although courtships be-
tween the two biotypes occurred, copulation nev-
er resulted; this confirmed that both B and ZHJ1
share incompletely isolated mate recognition
systems. Further, B males not only courted females
of either biotype more frequently than did ZHJ1
males, they also interfered more frequently with
the courtships initiated by ZHJ1 males than did
ZHJ1 males with courtships initiated by B males
(tables S2 and S3). The mating behavior and in-
teractions between B and AN differed in ways
similar to what we found for B and ZHJ1, al-
though details varied between the two combina-
tions (/8) (tables S4 and S5).

These results help to explain the underlying
basis of the B biotype’s capacity to invade and
displace indigenous populations. The strong com-
petitive ability of B results partly from its ca-
pacity to adjust sex ratio in favor of its population
increase, and partly from its capacity to interfere
with the mating of indigenous individuals. When
the proportion of males is increased, B adults
respond by increasing the frequency of copula-
tion and consequently increasing the proportion
of female progeny. Critical to this is that B re-
sponds independently of whether the males are
all B or a mix. This interaction is extraordinary
because the indigenous males actually help to
promote copulation among the invaders and con-
sequently increase the invaders’ competitive ca-
pacity. In contrast, the indigenous females do not
respond to increased numbers of adult males.
Moreover, copulation by indigenous individuals
is partly blocked by B males that readily attempt
to court with females of either biotype—a behavior
not reciprocated by the indigenous males. These
asymmetric mating interactions have obvious
population-level implications because the increase
in the proportion of B females and the concomitant
decrease in the proportion of indigenous females
results in an immediate higher population growth
rate for B and a lower growth rate for the indig-
enous population. As the abundance of B increases
relative to the indigenous individuals, the increased
allocation of eggs to female progeny and the active
interference of mating of indigenous males by B
males combine to drive the indigenous population
to local extinction.

Mating interactions between closely related but
reproductively isolated genetic groups are likely
a common phenomenon (3, 22—24) and are ex-
pected given the widespread existence of hybrid-
ization and introgression (25). Although examples
of asymmetric competition are well known (26-28),
asymmetric mating interactions are less well de-
scribed (28). The rarity of examples may be, as
illustrated by this study, the consequence of such
interactions leading to the rapid displacement of the
disadvantaged organisms. Biological invasions of-
fer opportunities to gauge and characterize the po-

tential magnitude and form of asymmetric mating
interactions before species are lost through com-
petitive exclusion or before the importance of com-
petition is reduced over evolutionary time through
niche partitioning and character displacement.
Allopatric species often demonstrate greater
similarity in mating signals than do sympatric spe-
cies, even when they have been diverging for a
similar length of time (3). As a consequence of
biological invasions, previously allopatric species
are brought together and their partially similar mate
recognition systems may promote asymmetric
mating interactions between them. As we have
shown, these interactions may play a critical role in
determining the capacity of the invader to establish
itself and the consequences for indigenous species.
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Declining Wild Salmon
Populations in Relation to
Parasites from Farm Salmon

Martin Krkosek, 1 Jennifer S. Ford,® Alexandra Morton,* Subhash Lele,*

Ransom A. Myers,>* Mark A. Lewis™?

Rather than benefiting wild fish, industrial aquaculture may contribute to declines in ocean
fisheries and ecosystems. Farm salmon are commonly infected with salmon lice (Lepeophtheirus
salmonis), which are native ectoparasitic copepods. We show that recurrent louse infestations of
wild juvenile pink salmon (Oncorhynchus gorbuscha), all associated with salmon farms, have
depressed wild pink salmon populations and placed them on a trajectory toward rapid local
extinction. The louse-induced mortality of pink salmon is commonly over 80% and exceeds
previous fishing mortality. If outbreaks continue, then local extinction is certain, and a 99%
collapse in pink salmon population abundance is expected in four salmon generations. These
results suggest that salmon farms can cause parasite outbreaks that erode the capacity of a coastal

ecosystem to support wild salmon populations.

he decline in ocean fisheries (/, 2) and

I rise in global demand for fish have driven
the rapid growth of aquaculture (3, 4).
Although aquaculture may augment fish supply

(3), there are ecological risks, including compe-
tition and interbreeding of escaped farm fish
with wild fish (3, 6), depletion of wild fish caught
to feed farm fish (3, 4), and the spread of infec-
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tion from farm fish to wild fish (7, 8). Disease
threats of aquaculture to wild fish populations
have long been contentious because of the un-
certainty in impacts on those populations (9—12).
We assess the impact of recurrent aquaculture-
induced salmon lice (L. salmonis) infestations on
wild pink salmon (O. gorbuscha) populations.

The salmon louse is a native marine ecto-
parasitic copepod of salmonids that feeds on
surface tissues and causes stress, osmotic failure,
viral or bacterial infection, and ultimately death
(13). Lice are directly transmitted via planktonic
nauplii and copepodids that can persist for sev-
eral days. In areas without salmon farms, the
prevalence of L. salmonis on juvenile pink salm-
on 2 to 3 months after marine emergence is low
(<5%) (14-16), because returning adult salmon
are mostly offshore when juvenile salmon enter
the sea (16, 17). Louse infestations of wild juvenile
salmon have occurred throughout the Broughton
Archipelago in Pacific Canada (Fig. 1) from
2001 to 2005 (7, 8, 14, 18, 19). There, salmon
farms situated in inlets and channels near rivers
can increase copepodid densities above back-
ground levels for more than 80 km of wild
salmon migration routes or, equivalently, for the
first 2.5 months of the wild salmon’s marine life
(8). In response to a pink salmon population col-
lapse in 2002, a primary migration corridor was
fallowed in 2003 (i.e., farm salmon were re-
moved from aquaculture facilities in Tribune
Channel through Fife Sound, but farms periph-
eral to this route remained active) (Fig. 1). For
that salmon cohort, L. salmonis abundance de-
clined (/9), and pink salmon marine survival
increased (20).

To test for effects of lice on salmon population
dynamics, we compiled Fisheries and Oceans
Canada escapement data (the number of salmon
per river), from 1970 to the present, for all pink
salmon populations from rivers in the central
coast of British Columbia, Canada (Fig. 1). There
were 64 rivers whose salmon populations were
not exposed to salmon farms and 7 rivers whose
salmon populations must migrate past at least one
salmon farm. Because pink salmon have a 2-year
life cycle, there are distinct odd- and even-year
lineages (27), which amount to 128 unexposed
populations and 14 exposed populations. Rivers
with substantial enhancement (e.g., spawning chan-
nels) were excluded because any increased salmon
abundances in these rivers confound our estimates
of natural changes in abundance. Unexposed pop-
ulations had been and continue to be commercially
fished. Exposed populations were commercially
fished before the infestations, but the fishery
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remains closed since the onset of the infesta-
tions, when the data show a marked decline in
productivity (Fig. 2 and fig. S1).

The analysis was based on the Ricker
model (22), which is commonly used to mod-
el time-series data from density-dependent
populations (23-26), including pink salmon
(24, 26), and provides robust estimates of pop-
ulation growth rates (24). The model is n;(z) =
n;(t — 2)exp[r — bn;(t — 2)], where ng{) is the
abundance of population 7 in year ¢, r is the pop-
ulation growth rate, and b determines density-
dependent mortality. Upon log transformation to
log[n;(¢)/ni(t — 2)] = r — bn;(t — 2), the Ricker
equation becomes a linear model with intercept
r and slope b that can be estimated by linear
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regression and hierarchical mixed-effects model-
ing (23, 24, 27, 28). A preliminary model se-
lection analysis did not support including random
effects on 7 or b (fig. S2 and tables S1 and S2)
(27). We therefore pooled data from multiple
populations (27) and used linear regression to
estimate parameters and parametric bootstrapping
to construct 95% confidence intervals (Cls) on
the parameter estimates (23). This allowed us to
statistically compare parameters from pooled
populations subjected to infestations, which is
not possible with hierarchical mixed-effects
models because there are only two data points
per population during infestation years.

We compared parameter estimates among
three groups: unexposed populations, exposed
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Fig. 1. Study area in the Broughton Archipelago (boxed area in inset), depicting pink salmon populations
from unexposed rivers (numbered circles) and exposed rivers (directly labeled within the lower rectangular
frame). Inferred migration routes in the Broughton Archipelago are shown by the small arrows. Salmon
farms are shown by black dots and sample sites by stars. Salmon farms south of Knight Inlet are not
shown. Identities of the numbered (unexposed) rivers are provided in data set S1 (28).
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