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Chapter 10
Lepeophtheirus salmonis on Salmonids in the
Northeast Pacific Ocean

Simon R.M. Jones and Richard J. Beamish

Introduction

Systematic, population level studies of salmon louse (Lepeophtheirus salmonis) infec-
tions on Pacific salmon (Oncorhynchus spp.) in the coastal waters of western North
America started in 2003. The earlier work in this region focused mainly on questions
of parasite taxonomy and on parasite interactions with individual salmon. While louse
infections on adult salmon migrating back to coastal waters are common and unre-
markable, there were virtually no reports of the infections on juvenile Pacific salmon
in the coastal areas of the ocean. It is not known whether this absence was related to
a generally lower surveillance effort directed at this life history stage, particularly of
pink (Oncorhynchus gorbuscha) and chum (Oncorhynchus keta) salmon, or whether it
reflected a naturally low prevalence of the parasite. Small abundances of sea lice have
always occurred on juvenile Pacific salmon (Z. Kabata, personal communication).

It was the association of sea lice with the developing salmon farming industry,
specifically that infections on farmed salmon were speculated to give rise to un-
naturally high levels of infection on wild juvenile salmon, which highlighted the
poor understanding of the population dynamics of sea lice. Various organizations
have opposed salmon farming on many fronts, but the possible negative impacts on
Pacific salmon have alarmed the general public. Critics of salmon farming maintain
that sea lice are spread from farms and kill juvenile Pacific salmon. Thus, when there
were observations of salmon lice on a large percentage of juvenile pink salmon in
the Broughton region of British Columbia in 2001 there was no way of assessing how
the infection started or its effect on juvenile Pacific salmon. The Broughton region
is an area of coastal British Columbia east of Queen Charlotte Strait that includes
Broughton Island and the islands that surround it (Figure 10.1). The observation of a
large infection with sea lice also preceded a large decline in the strength of the same
cohort that returned to the area to spawn in 2002. Inevitably, there was concern and
speculation that the louse infections were derived from farmed salmon and that they
played a significant role in the stock decline (Pacific Fisheries Resource Conservation
Council 2002). At the time, scientific literature consisted largely of European re-
ports documenting impacts of L. salmonis on coastal populations of juvenile Atlantic
salmon (Salmo salar) and sea-run brown trout (Salmo trutta). In Norway, Scotland,
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Figure 10.1. Map of British Columbia coast (A) and the Broughton region (B) showing
locations mentioned in the chapter. Black dots indicate location of three salmon farms used in
the study.
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and Ireland the farmed salmon vastly outnumber the wild salmonids and the negative
impacts of the parasite on wild salmon and trout populations in Norwegian fjords with
high densities of salmon farms were well documented. In British Columbia, given the
diversity and abundance of wild Pacific salmon, there was concern that the European
literature did not accurately reflect population level effects of the salmon louse.

Interactions between anadromous Pacific salmon and L. salmonis occur in two
broad ecological domains: the high seas, primarily involving subadult and adult
salmon; and in coastal or nearshore habitats, involving mature salmon returning to
spawn and juvenile salmon shortly after entry into the ocean (Beamish et al. 2005).
This chapter reviews salmon louse research conducted in each of these domains and
uses this information to assess the impacts of the salmon louse on pink salmon at the
population level.

The Population Biology of Pink Salmon

Pink salmon are the most abundant of all anadromous Pacific salmon. They enter the
ocean in the spring a few days to weeks after the eggs hatch in freshwater. Most juvenile
pink salmon die in the ocean and all pink salmon die after spawning. An estimate of
their average marine survival ranges from about 1.7 to 4.7% with a mean value of
about 3% (Heard 1991). In contrast to other Pacific salmon species, pink salmon have
a fixed, 2-year life history strategy that results in the complete isolation of populations
that spawn in adjacent years in the same river (Figure 10.2). Pink salmon spawn in
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Figure 10.2. The five main species of Pacific salmon found on the British Columbia coast and
their average age at maturity.
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consecutive years in some rivers, while in other rivers, they spawn in alternate years.
For example, the largest population of pink salmon in British Columbia spawns in the
Fraser River in alternate years that end in an odd number. By convention, these are
called odd-year pink salmon. Fish spawning in even-numbered years are called even-
year pink salmon. No one understands why some rivers have only one type or why there
are significant differences in the abundances of odd- and even-year types or brood
lines within the same river. To further complicate the understanding of the population
dynamics of pink salmon, there are examples of large and sudden collapses of one
type followed by a gradual increase in abundance of the other type in the same river
(Bugayev 2002; Gritsenko 2002). Again, there are no scientifically based explanations
for these changes, although there is speculation that when abundances of pink salmon
fry reach a high density, reduced carrying capacity in the early marine period can
result in massive mortalities (Gritsenko 2002).

Pink salmon are also produced in hatcheries and “enhanced” by creating more
spawning habitat in artificial spawning channels. Spawning channels greatly increase
the egg to fry survival rate compared to the survival rates in natural spawning areas.
There is a substantial literature that indicates that hatchery-produced or spawning
channel-produced Pacific salmon replace or reduce the productivity of wild Pacific
salmon (Hilborn 1992; Meffe 1992; Levin et al. 2001; Zaporozhets and Zaporozhets
2004) although this interpretation is not without challenge (Wertheimer et al. 2001).
The methodology used to determine how many Pacific salmon return from the high
seas as adults each year is also important to this discussion. The estimate of abundance
of spawning Pacific salmon used by all investigators is termed escapement. Escapement
numbers are mainly visual estimates of the abundance of fish of a particular species in
a particular river. In many cases, the visual estimate is for a species that is mixed into
schools of several species. The estimate is made by observers that are experienced
at recognizing a species from a distance and at estimating the number of individuals
in a school. The estimates are almost never verified by direct counts and virtually
never assigned error limits. Escapement estimates, therefore, are approximations of
the abundance of spawning fish. However, these estimates are the only numbers that
exist.

There are 27 rivers and streams in the Broughton region that produce pink salmon.
There are artificial spawning channels associated with two of these rivers (Figure
10.1B; Beamish et al. 2007). The spawning channel on the Glendale River was com-
pleted in 1988 and pink salmon have spawned in the channel since that date (Figure
10.3). Most pink salmon enter this river and the channel in August and spawn from
September to October. When the channel contains approximately 60,000–70,000 fish,
it is closed and the remaining pink salmon spawn in the Glendale River. It is interest-
ing that local residents report that the number of grizzly bears feeding on pink salmon
in the river and around the spawning channels increased from just a few before the
channel was built to about 40 in recent years, suggesting that there has been a substan-
tial change in the local population ecology of pink salmon (Figure 10.4). The other
spawning channel is on the Kakweiken River and was finished in 1989. Apparently, it
was not well populated with Pacific salmon and our inspection of the channel in the
spawning period in recent years did not detect any fish.

The pink salmon fry that are produced in the Glendale River and spawning channel
are an essential part of the population dynamics of all pink salmon populations in the
area. The average number of pink salmon fry produced each year between 1990 and
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Figure 10.3. Aerial view of Glendale spawning channels.

2007 in the Glendale River and spawning channel calculated according to the methods
in Beamish et al. (2006) is 37,639,000; 57,684,000 in odd-numbered years (1991–2007)
and 17,593,000 pink fry in even-numbered years (1990–2006; Table 10.1). Beamish
et al. (2006) estimated the marine survival for the six major populations of pink salmon
in the Broughton region because the numbers were reliable and represented 95% of all
pink salmon production in this area. In recent years (2003–2007), pink fry production
from the Glendale River and spawning channel has been a large percentage (85%
in odd-numbered years and 64% in even-numbered years) of total fry production
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Figure 10.4. Grizzly bear feeding in the Glendale River.

Table 10.1. Pink salmon (Oncorhynchus gorbuscha) fry production from the
Glendale River and spawning channel. Fry enter the ocean in the year after
the spawning year.

Number
Spawning year Year of ocean entry of fry

1990 1991 14,608,000
1991 1992 730,000
1992 1993 29,217,000
1993 1994 8,348,000
1994 1995 8014,000
1995 1996 3,339,000
1996 1997 17,947,000
1997 1998 13,356,000
1998 1999 20,869,000
1999 2000 409,929,000
2000 2001 31,721,000
2001 2002 56,347,000
2002 2003 760,000
2003 2004 6,756,000
2004 2005 27,612,000
2005 2006 9,326,000
2006 2007 7,589,000
2007 2008 11,028,000

Average (all years) 37,639,000
Average (odd-numbered years) 57,684,000
Average (even-numbered years) 17,593,000
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Figure 10.5. The percentage of pink salmon juveniles produced in the Glendale River and
spawning channel in relation to the total fry production from the six major populations in the
Broughton area. Data for 1999 are unreliable (Beamish et al. 2006) and are omitted. Juveniles
enter the ocean in the year following the spawning year and return to spawn in the next year.

from the six major rivers (Figure 10.5). Thus, the production of pink salmon fry from
the Glendale River and spawning channel is very substantial and is relevant to any
assessment of the population dynamics of pink salmon in the Broughton region.

There is a possibility that the production of pink salmon from the Glendale River
and spawning channel is gradually dominating all pink salmon production in the area
by reducing the marine survival of smaller populations. Hilborn (1992) and West
and Mason (1987) reported a 40% decline in the smaller populations of sockeye
salmon (Oncorhynchus nerka) as a consequence of the spawning channel enhance-
ment of Babine Lake sockeye salmon. The mechanism could be related to a lim-
ited capacity of the ocean to provide prey in the early marine period of the pink
salmon fry. Thus, the population dynamics of the pink salmon in other rivers in the
Broughton region is unlikely to be independent of the production from the spawning
channels.

L. salmonis on Juvenile Salmon in Nearshore Habitats

The fundamental dilemma faced by L. salmonis is the challenge of successful trans-
mission because of the anadromous behavior of the host. Parasite reproduction must
occur prior to host migration into a freshwater environment that is lethal to the par-
asite. Depending on the species, Pacific salmon spend 1–5 years in the ocean before
returning to spawn; however, ages of the parasites are not known and some reinfec-
tion occurs on the high seas (Nagasawa 1987, 2001; Nagasawa et al. 1993; Beamish
et al. 2005). Adult Pacific salmon were captured during their coastal migration and
examined for sea lice in two marine areas in the central coast area of British Columbia.
Virtually all salmon had sea lice. Pink, chum, and sockeye salmon had average intensi-
ties ranging from 41.5 to 52.0 sea lice. Chinook (Oncorhynchus tshawytscha) and coho
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(Oncorhynchus kisutch) salmon had average intensities ranging from 16.1 to 18.5 sea
lice. L. salmonis were about twice as numerous as Caligus clemensi. Most C. clemensi
were in the chalimus stage and most L. salmonis were in the mobile stage. Gravid
female L. salmonis represented 33.3% of all mobile stages. The similar intensities of
sea lice on Pacific salmon returning to the coastal areas of British Columbia is an
indication that large numbers of L. salmonis may be transported into all coastal areas
(Beamish et al. 2005).

The cues used by L. salmonis to initiate ovulation and optimize reproductive suc-
cess are poorly understood. Although the high proportion of adult parasites on the
returning salmon suggests that sexual maturity of the parasite may be coordinated with
that of the host, ovigerous lice are also observed on juvenile and immature salmon
suggesting it is unlikely that maturation of the host is an important trigger. It is more
likely that fertilized female lice continually produce egg strings (see the introductory
chapter contributed by Hayward et al.) and that reproductive success relies on maxi-
mizing larval output as host biomass increases in coastal waters during the spawning
migration, as recently proposed by Beamish et al. (2007). The working hypothesis con-
cerning continuity of L. salmonis populations on anadromous salmon is that larvae
produced from the infections on returning adult salmon form the basis, directly or
indirectly, of infections that occur on the succeeding host generation. According to the
life history strategy of Beamish et al. (2007), transmission of L. salmonis to the next
host generation is maximized in late summer or early autumn when outmigrating ju-
venile pink, chum, and sockeye salmon encounter returning adult salmon. L. salmonis
on younger juvenile coho and chinook salmon that remain in nearshore habitats after
adult salmon enter freshwater, help to carry the infections over the winter and into
the following year. This is important because of the relatively short developmental
time for infective copepodid production relative to the interval between host spawn-
ing and fry migration to the ocean. During this interval, which can range from 2 to
5 months depending on the locality, parasites must be sustained over winter on host
populations in coastal or nearshore waters. The term migratory allopatry was defined
as “a period of spatial separation between adults and juvenile hosts, which is caused by
host migration and which prevents parasite transmission from adult to juvenile hosts”
(Krkošek et al. 2007a). However, this is obviously a successful parasite and Beamish
et al. (2007) argued that there must be an advantage to the parasite to maintain a
life history strategy in which it is transported in high abundance into the coastal areas
immediately before the host entered freshwater. There has been considerable effort
in recent years to document biological, environmental, and anthropogenic factors in-
fluencing the winter abundance of L. salmonis populations in the nearshore of coastal
British Columbia. Two questions drive sea lice research in this region: (1) what are
the factors that influence the abundance of infective copepodids in coastal waters and
(2) what is the impact of L. salmonis on juvenile Pacific salmon?

Spatial and temporal patterns in the distribution of L. salmonis in western Canada
obtained to date are largely based on observations of infections on migratory (wild)
or stationary (farmed) populations of salmon. Parker and Margolis (1964) described
mixed infections with L. salmonis and another siphonostomoid copepod C. clemensi
on juvenile pink salmon shortly after they had entered the ocean on the central coast
of British Columbia, north of Vancouver Island. More recently, L. salmonis has been
documented on postemergent pink and chum salmon from two coastal regions of
British Columbia: (1) adjacent to the mouth of the Skeena River and Chatham Sound
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on the north coast of British Columbia and (2) in the Broughton region (Morton and
Williams 2004; Morton et al. 2004; Jones and Hargreaves 2007; Krkošek et al. 2007a,
2007b). Similarly, L. salmonis and C. clemensi were reported on juvenile sockeye
salmon in the Discovery Islands, east of Vancouver Island (Morton et al. 2008).
All studies documented differences in L. salmonis levels suggesting both spatial and
temporal patterns of abundance as well as significant interannual differences.

Fisheries and Oceans Canada monitored levels of L. salmonis and C. clemensi
on juvenile pink and chum salmon in the Broughton region of British Columbia
between 2003 and 2009. Several collections were made at monthly intervals after the
fish entered the ocean in late February to early March. Descriptions of the survey,
including gear used and sampling methodologies are reported in Jones and Nemec
(2004); Jones et al. (2006a); Jones and Hargreaves (2007).

Interannual Variation

Year-to-year differences in the prevalence and abundance of L. salmonis on juvenile
pink and chum salmon in spring samples were statistically significant. In the Broughton
region there was an increase in 2004 followed by consistently decreasing levels between
2005 and 2009 (Jones and Hargreaves 2007, 2009). Over 60% of pink salmon and over
70% of chum salmon were infected early in May 2004 whereas in 2008, only 3.8%
and 5.9% were infected (Table 10.2). An absence of salmon lice on the pink salmon
collected during March 2008, for the first time in the study, further reinforced the
decreasing trend (Jones and Hargreaves 2009). Interannual differences in the levels
of L. salmonis on juvenile pink and chum salmon have also been documented by
other workers in the Broughton region and further north along the British Columbia
coast. In Smith and Rivers inlets, an area with no fish farms, immediately north of the
Broughton region, Beamish et al. (2005, 2007) recorded relatively large abundances
of L. salmonis on adult Pacific salmon that were returning to their natal rivers. Using
only the chalimus stages, Beamish et al. (2007) recorded prevalences on juvenile
pink, chum, sockeye, coho, and chinook salmon of 33.3%, 22.0%, 60.7%, 14.3%, and
3.1%, respectively. Most of these juveniles were migrating into the open ocean and
most likely would carry these sea lice with them. The abundance of L. salmonis was
monitored on juvenile pink salmon collected from the ocean near the Skeena River
and Chatham Sound between 2004 and 2006 (Krkošek et al. 2007a). In contrast to the
Broughton region, approximately 450 km to the south, the abundance of L. salmonis
on the more northern pink salmon gradually increased between 2004 and 2006 (Figure
10.6). The abundance of the parasite on pink salmon in the Skeena and Nass rivers
region in 2006 was comparable to that observed in the Broughton region in 2007 and
2008 (Figure 10.7). Furthermore, although detailed prevalence data are not available
in Krkošek et al. (2007a), the authors reported that prevalence was “approximately
2–3% during the first three months of marine life of pink salmon.” This too is similar
to the prevalence of L. salmonis observed on juvenile pink salmon in the Broughton
region in 2008 (Jones and Hargreaves 2009), despite the absence of farmed salmon
in the northern region. In these localities, year-to-year differences are most likely
the result of interacting factors including the abundance of the overwintering louse
population, temperature, and salinity levels in surface seawaters during and preceding
the migration of juvenile salmon into the ocean. The rate of development and therefore
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(A) (B)

Figure 10.6. Abundance (lice/fish) of Lepeophtheirus salmonis on juvenile pink salmon
Oncorhynchus gorbuscha collected from the Broughton region (A) and the Skeena
Rivers—Chatham Sound region (B). Bars in each year represent samples collected in March,
April, May, June, and July of each year. In 2004, no samples were collected in March and April;
and in 2007, 2008, and 2009 no samples were collected in July. (Data in (A) are from Jones and
Hargreaves (2007, 2009). Data in (B) are from Krkošek et al. (2007a).)

(A) (B)

(C) (D)

Figure 10.7. Lepeophtheirus salmonis: proportion of copepodid and motile developmental
stages on pink (A, C) and chum (B, D) salmon collected from the Broughton region of British
Columbia. Bars in each year represent samples collected in March, April, May, June, and July,
respectively. In 2004, no samples were collected in March and April; and in 2007, 2008, and
2009, no samples were collected in July. (Data from Jones and Hargreaves 2007, 2009.)
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the timing of emergence of salmon larvae are strongly influenced by temperature
during incubation in the gravel. Thus, interannual variation in the timing of pink and
chum salmon fry emergence and outmigration is driven by winter temperatures. In
addition, surface seawater in the Broughton region was warmer in 2004 compared
with either 2003 or 2005, and salinity was higher in 2005 compared with 2004 during
the outmigration of the juvenile salmon (Jones and Hargreaves 2007). Precisely how
these oceanographic variables interact to affect parasite prevalence and abundance
is not clear. Changes in salmon louse management practices on farmed salmon in
the Broughton region may have also influenced interannual trends in the levels of
L. salmonis observed on juvenile salmon (Jones 2009; Marty et al. 2010).

Temporal Variation

Juvenile pink and chum salmon migrate downstream immediately following emer-
gence from gravel spawning beds in late February to early March. At this time they
are ca. 35 mm in length and weigh 0.3 g or less. The juveniles occur first in nearshore
habitats in large schools and only move out of the nearshore areas once they have
attained weights of several grams. Juvenile pink and chum salmon can spend sev-
eral months in coastal areas before migrating off shore to open ocean (Beamish et al.
2006). During this nearshore residence, they grow rapidly, undergoing shifts in feeding
preference and associated changes in behavior and habitat utilization (Heard 1991;
Salo 1991). Infections with L. salmonis have been observed on individual salmon of
both species at weights less than 0.3 g, indicating that the initial exposure to infection
occurs very soon after the fish enter the ocean (Table 10.2; Jones and Nemec 2004;
Jones and Hargreaves 2009). Therefore, densities of infective copepodids sufficient
to cause measurable infections also occur in this shallow, nearshore habitat. With
few exceptions, infections with L. salmonis are similar on juvenile pink and chum
salmon during this early migratory phase. In the Broughton region, the prevalence of
L. salmonis tends to be low shortly after the salmon enter the ocean, peaks in April
to May and declines as the fish leave the study area. It was not clear why between
June and July, 2004, while the prevalence on chum salmon decreased from 61 to 24%,
prevalence remained from 59 to 69% on pink salmon (Jones and Hargreaves 2007).
In the Skeena River—Chatham Sound region of British Columbia, the abundance of
L. salmonis appears to spike in July, an effect attributed to new infections transmitted
from adult chinook salmon returning to spawn (Krkošek et al. 2007a; Gottesfeld et al.
2009).

Infections with L. salmonis on juvenile pink and chum salmon observed in late
March predominantly consist of copepodids and first stage chalimus, reflecting recent
exposures to the parasite (Figure 10.7). In the Broughton region, the number of these
early stages as a percent of all stages ranged from 39.1% (2005) to 95.2% (2007)
on pink salmon and from 44.5% (2005) to 83.0% (2006) on chum salmon. By late
June, these early stages on pink salmon had declined in abundance, ranging from
0.5% (2007) to 16.2% (2004). Similarly on chum salmon, the early stages in late June
ranged from 2.6% (2007) to 38.5% (2004). Conversely, the proportion of more fully
developed parasites (motile preadult and adult stages of both genders) was low in
March shortly after pink salmon (range: zero in 2007 to 6.7% in 2006) and chum
salmon (range: 0.9% in 2005 to 7.0% in 2007) entered the ocean. By June, virtually
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Table 10.2. Prevalence and mean intensity of Lepeophtheirus salmonis on juvenile chum
salmon (Oncorhynchus keta) from the Broughton Archipelago.

Year Month Number of fish Prevalence (95% CI) Mean intensity (max.)

2004 May 1,136a 71.8 (69.1–74.4)a 13.7 (132)
June 890a 60.9 (57.7–64.1)a 11.1 (175)
July 484a 23.6 (19.9–27.6)a 4.1 (58)

Annual total 2,510 58.6 (56.7–60.6) 12.0 (175)

2005 March 265 25.3 (20.4–30.9) 3.3 (11)
April 620 31.3 (27.7–35.1) 2.1 (10)
May 660a 29.7 (26.3–33.3)a 2.8 (30)
June 459a 23.7 (20.0–27.9)a 2.3 (12)
July 312a 8.0 (5.4–11.7)a 1.4 (6)

Annual total 2,316 25.5 (23.8–27.3) 2.4 (30)

2006 March 502 7.4 (5.4–10.0) 1.3 (4)
April 1,008 22.0 (19.6–24.7) 1.5 (5)
May 1,134 16.6 (14.5–18.9) 1.2 (5)
June 823 17.3 (14.8–20.0) 1.5 (6)
July 604 13.2 (10.8–16.2) 1.5 (10)

Annual total 4,071 16.4 (15.3–17.6) 1.4 (10)

2007 March 791 7.2 (5.6–9.2) 1.3 (3)
April 1,489 14.6 (12.9–16.5) 1.5 (7)
May 907 36.6 (33.5–39.8) 1.8 (8)
June 1,456 8.4 (7.1–9.9) 1.6 (7)

Annual total 4,643 15.7 (14.7–16.8) 1.6 (8)

2008 March 277 0.7 (0.1–2.6) 1.0 (1)
April 583 1.7 (0.9–3.1) 1.0 (1)
May 1,692 5.9 (4.9–7.2) 1.6 (8)
June 1,126 8.8 (7.3–10.6) 1.3 (4)

Annual total 3,678 5.7 (5.0–6.5) 1.4 (8)

2009 March 253 0 0
April 1,005 2.4 (1.6–3.6) 1.0 (1)
May 1,036 4.4 (3.3–5.9) 1.1 (2)
June 997 3.3 (2.4–4.6) 1.1 (3)

Annual total 3,291 3.1 (2.6–3.8) 1.1 (3)

aData previously reported in Jones and Hargreaves (2007).

all parasites on pink salmon had matured to motile stages (range: 82.3% in 2004 to
97.0% in 2007), whereas the proportion of mature stages on chum salmon at this
time was significantly lower (range: 34.0% in 2004 to 71.0% in 2007) (Figure 10.7). In
the Skeena River—Chatham Sound region, no consistent trend in the proportion of
immature parasite stages (copepodid and chalimus 1) was evident in 2004 and 2005,
probably due to the overall low abundance of the parasite. In 2006, immature lice
accounted for 56% of all stages in May, decreasing to 19.4% in July. The proportion
of motile stages in 2006 increased from zero in May to approximately 70% in July
(Krkošek et al. 2007a). In coastal British Columbia, infections with L. salmonis were
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acquired shortly after juvenile pink and chum salmon enter the ocean. On the pink
salmon, there was evidence that relatively few subsequent new infections occur and
that the development of the parasite parallels the rapid growth of the host during the
following 3 or 4 months. Chum salmon also grew very quickly during this interval;
however, the proportion of immature parasites remained relatively elevated and that
of the mature stages relatively depressed. This suggested either that chum salmon
continued to acquire new infections during the coastal migration or that a measurable
proportion of chum salmon with mature parasites were no longer available for capture.
These observations may reflect the difference in susceptibility to L. salmonis between
these salmon species (Jones et al. 2007).

Spatial Variation

Infections with L. salmonis on juvenile salmon display significant patterns of spatial
variation. In the Broughton region, these patterns occur on scales ranging from kilo-
meters to tens of kilometers and appear to be similar on migrating juvenile pink and
chum salmon and on resident three-spine sticklebacks (Gasterosteus aculeatus). Jones
et al. (2006a) and Jones and Hargreaves (2007) reported that on all three host species,
the abundance of L. salmonis was consistently higher in Tribune Channel than in
adjacent water bodies in the Broughton region. In addition, in all years of the survey
the overall abundance of L. salmonis and that of C. clemensi was higher in the western
portion of the region. Generally, spatial trends in L. salmonis infections will reflect
differences in the distribution and abundance of ovigerous lice, in the capacity of the
water to support the survival, development and advection of planktonic stages, and
in the migratory behavior of the juvenile salmon hosts. In addition, salmon farms in
well-established locations within the Broughton region are known to support popula-
tions of salmon lice (Beamish et al. 2006; Saksida et al. 2007). Some authors argued
that spatial patterns of L. salmonis infection were explainable solely by the proximity
or recent proximity of host fish to one or more salmon farms (Morton et al. 2004;
Krkošek et al. 2005, 2006, 2007b). The challenge faced when interpreting the spatial
trends is to reconcile the concurrent effects of proximity to a source of unknown
magnitude, along with salinity and temperature gradients and local water currents in
the vicinity of the source. Recent evidence indicates that in the Broughton region the
number of female L. salmonis on farmed salmon accounts for 98% of the variation in
prevalence of the parasite on outmigrating juvenile salmon (Marty et al. 2010).

Overwintering Hosts of L. salmonis

The occurrence of a population of ovigerous lice must exist coincident with or shortly
before pink and chum salmon are infected with L. salmonis in shallow nearshore
waters of the Broughton shortly after entering the ocean in late February and early
March. The ovigerous lice, the result of infections sustained in the area since the re-
turn of adult salmon the previous autumn fall into three categories: those occurring on
wild resident salmonids; on nonsalmonid species, particularly three-spine sticklebacks;
and those occurring on farmed Atlantic salmon. Most migratory anadromous Pacific
salmon have already spawned by mid- to late-November and surveys of the abundance
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and distribution of resident salmonids over the winter months in the Broughton re-
gion did not catch any Pacific salmon (Beamish et al. 2011). Infections with motile
L. salmonis were observed on approximately 80% of juvenile coho and chinook salmon
collected from Queen Charlotte Strait, west of the Broughton region between Novem-
ber 30 and December 5, 2004 (Beamish et al. 2007). In another study, Trudel et al.
(2006) documented the occurrence of L. salmonis on ocean age 1 pink salmon and on
ocean age 1 and 1+ chum, coho, and chinook salmon resident in coastal waters from
Oregon to Alaska during the winter months. The prevalence and abundance were sig-
nificantly higher on the larger size class salmon of all species. Together, these studies
indicate insufficient evidence to support a role of wild salmonids as a major host pop-
ulation capable of supporting overwintering L. salmonis infections in the Broughton
region.

The high abundance of sea lice on three-spine sticklebacks was one of the most
surprising observations made during the 7-year surveillance of juvenile salmon in the
Broughton region. Sticklebacks are common in the shallow nearshore waters of lower
Knight Inlet and Tribune Channel during the time that these channels are occupied
by migrating juvenile pink and chum salmon. In the Broughton region, infections with
L. salmonis and C. clemensi occur on as many as 90% of sticklebacks at intensities that
are five- to tenfold higher than occur on the juvenile salmon (Jones and Nemec 2004;
Jones et al. 2006a; Jones and Prosperi-Porta 2011). The salmon louse was subsequently
reported from sticklebacks in the Skeena River—Chatham Sound region (Krkošek
et al. 2007a). More recently, sea lice belonging to another species, Lepeophtheirus
cuneifer, were found to be common parasites of the stickleback in the region (Jones
and Prosperi-Porta 2011). While finding L. salmonis on sticklebacks was novel, the
ecological significance of the finding is not well understood because adult parasites,
regardless of species, are rarely found on this host, either in nature or in laboratory
infections (Jones et al. 2006b). Thus, it is unlikely that sticklebacks are a significant
source of infective copepodids. However, the possibility that motile stages of the
parasite are able to relocate from sticklebacks to a more competent host was previously
discussed (Jones et al. 2006a). Motile stages of L. salmonis, particularly males, move
among hosts (Ritchie 1997) and the recently discovered flipping behavior displayed
by motile L. salmonis as it moves from prey to predator host species (Connors et al.
2008) appears to further define conditions under which host transfer occurs. It has
been suggested that sticklebacks may be valuable sentinels for the abundance of sea
lice that are parasites of commercially valuable species (Jones et al. 2006a; Jones and
Prosperi-Porta 2011).

Farmed salmon represent the third category, serving as possible overwinter hosts
of L. salmonis infections in the Broughton region. The levels of L. salmonis on farmed
fish during the time that juvenile pink and chum migrate through the Broughton region
can be both high and variable (Beamish et al. 2006; Saksida et al. 2007). Beamish et al.
(2011) followed the developing lice infection on three farms that are the farthest up
an inlet and the first farms encountered by most of the juvenile pink salmon that are
migrating to the open ocean (Figure 10.1B).

While sea lice may be observed on the farmed salmon throughout the year, an
increase in the infection of the chalimus stage at a rate of 0.03 lice/day occurred in
late November at a surface salinity of 30� and a temperature of 7◦C. An increase
in the development of mobile stages followed about 4 weeks later. The timing of
the increase in the abundance of gravid lice probably started in late January but
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Figure 10.8. The combined abundances of all species of all stages of sea lice from the DFO
study (squares) and the farm staff estimates (circles) at the Sargeaunt Pass farm, compared to
the temperature (thick line) and salinity (thin line) readings in the net pen area. The dashed
vertical line indicates when the fish were treated with SLICE R©. Note that temperature and
salinity have the identical scale.

was difficult to precisely document because the farms were treated with SLICE R©
in early February (Figure 10.8). Increased infection of the farms in the winter has
been associated by some authors with the increased salinity (Brooks 2005). A salinity
higher than 30� may be associated with increased survival of larval and early parasitic
stages during the winter, but the hosts of the infections contributing the relatively
large numbers of copepodids needed to start the winter infections on the farms had
not been identified (Beamish et al. 2011). As mentioned above, sticklebacks carry
heavy louse burdens coincident with juvenile salmon migration; however, levels of
overwintering infections were not known. Thus, sticklebacks appeared to be a key to
identifying the source and timing of the infection. Sticklebacks captured in the trawl
surveys in the area in the winter of 2007/2008 were heavily infected with juvenile lice
belonging to L. salmonis and C. clemensi, indicating a continuous source of infection.
Sticklebacks were also the most abundant species in the trawl catch even though
they were small and could easily move through the meshes of most of the net. The
farmed fish were treated with SLICE R© in early January and in March a sample of
412 three-spine sticklebacks collected nearby included 248 that were infected. The
prevalence, intensity, and abundance of all stages of both species of lice were 60.2%,
2.1, and 1.3, respectively. There were 115 L. salmonis of which 94.8% were in the
chalimus stage. From these observations, it was concluded that there was a persistent
source of infection over the winter that continued after the farms were treated with
SLICE R©.

The ocean circulation in the area is known as an estuarine-type circulation. As
freshwater from the rivers flowing into the inlet leave on the surface, there is a com-
pensating in-flowing current below the surface (Freeland and Farmer 1980; Foreman
et al. 2006; see Chapter 4 contributed by Stucchi et al.). Beamish et al. (2011) pro-
posed two, but not mutually exclusive, hypotheses to explain the origin of the lice that
were infecting the farmed fish in early winter. In the first, the distance and surface
flow characteristics of Knight Inlet predicted a source of infection up-inlet. Fall chum
salmon return to spawn at Glendale River from mid-October to early-November.
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At this time, surface seawater is approximately 7◦C and L. salmonis larvae hatched
at this temperature require approximately 6.4 days to mature to infective copepodids
(Brooks 2005), which then remain viable for approximately 7 days (Tucker et al. 2000).
Given a mean westerly surface flow of 10 cm s−1, particles released at the Glendale
River would take ca. 7 days to reach the first salmon farm. Thus, larvae released from
L. salmonis infecting chum salmon that are preparing to enter the Glendale River
will have an opportunity to molt to copepodids during early November as they drift
toward the salmon farm. Annual variation in the temperature, salinity, and estuarine
flow characteristics and in the timing, abundance, and infection status of returning fall
chum salmon will all influence the size, viability, and timing of the drifting population
of L. salmonis larvae. The second hypothesis predicts that larvae were coming into
the area in deeper water representing the returning estuarine flow. The deeper water
moves up the inlet, past the farms and up encounters a sill that rises to 63 m from the
surface. It is well known that this sill results in the deeper water finding its way to the
surface and thus can be transported back down the inlet and into the farm area. If this
proposed explanation is correct, the source of the lice could be farms farther down
the inlet and wild Pacific salmon that were outside of the survey area. Movement into
the deeper water may occur during the vertical diurnal behavior displayed by larval
L. salmonis. If this is the process that is responsible for the winter infection, it may
be important in the spring when juvenile pink salmon are passing the farms and when
the estuarine circulation is the strongest. It is interesting that there was a very poor
relationship between the number of gravid L. salmonis on the three farms in March,
April, and May of 2005, 2006, and 2007, and the number of chalimus stages of
L. salmonis on the juvenile pink salmon in the farm area. This surprising lack of
correlation indicates that there is considerable variation in the factors affecting the
infection of the juvenile pink salmon, that sources additional to the immediate farms
are important, or both (Figure 10.9).

Occurrence of C. clemensi on Juvenile Pacific Salmon

The body of water separating Vancouver Island from mainland British Columbia is
called the Strait of Georgia. The Fraser River is the most significant source of juvenile
salmon that migrate into the Strait of Georgia in the spring, including chinook, coho,
sockeye, chum, and as mentioned above, pink salmon in even-numbered years. The
Gulf Islands form an archipelago in the Strait of Georgia adjacent to the southeast
coast of Vancouver Island opposite the mouth of the Fraser River (Figure 10.1A).
Several species of juvenile salmon inhabit the waterways surrounding the Gulf Islands
in the spring and early summer. Other species of fish occur here coincidentally with
the salmon including Pacific herring (Clupea pallasi) and three-spine sticklebacks.
The nearest salmon farms are located in Puget Sound, Washington State (U.S.A.),
approximately 100 km to the south. A recent study identified infections with C. clemensi
on juvenile salmon that had only recently entered the ocean (Beamish et al. 2009). The
prevalence (greater than 70%) and abundance of the C. clemensi infections (2.9 lice per
fish) were higher than previously reported for this species on salmon. The abundance
of C. clemensi exceeded that of L. salmonis on all fish species by approximately 60-fold.
Virtually all young-of-the-year and spawning herring concurrently sampled from this
area were infected with C. clemensi at abundances almost twice those measured for
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Figure 10.9. The number of gravid L. salmonis on farms in the Broughton region in March,
April, and May of 2005, 2006, 2007, and the number of chalimus stages of L. salmonis on the
juvenile pink and chum salmon captured within a 30- km radius of these farms. The expected
relationship (dashed line) would occur if the lice on the salmon only came from the three
farms. The deviation from the expected relationship indicates that there is either considerable
variation in the factors affecting the infection of juvenile Pacific salmon or that sources of sea
lice, additional to the immediate farms, are important, or both.

the infections on salmon. A study in the Discovery Passage region to the northwest of
the Strait of Georgia (Figure 10.1A), found the abundance of C. clemensi on juvenile
sockeye salmon exceeded that of L. salmonis by approximately threefold (Morton
et al. 2008). These data suggest that C. clemensi is a common parasite of juvenile
sockeye salmon in the Strait of Georgia and that herring are a source of this infection.
Herring are also a source of C. clemensi in the Broughton Region as they move into
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the area in the winter as adults and rear in the area as juveniles (Beamish et al. 2011).
It is possible that these herring are a major source of sea lice.

Impacts of L. salmonis on Juvenile Pacific Salmon

Infections on Pacific salmon generally display patterns consistent with enhanced host
resistance relative to those observed on salmonids (Salmo spp.) in the Atlantic Ocean
(see also the introductory chapter contributed by Hayward et al. for a review of
impacts to species of salmonids in the Atlantic Ocean (Salmo spp., Salvelinus alpinus),
see Chapter 9 contributed by Finstad and Bjørn). Resistance is defined as the capacity
of the host to limit the intensity of sea lice infections. However, controlled laboratory
studies have documented significant variation in resistance among salmon species such
that coho salmon were found to be most resistant followed by chinook then Atlantic
salmon (Johnson and Albright 1992a). Fast et al. (2002) also found coho salmon
to be more resistant to L. salmonis than either Atlantic salmon or rainbow trout
(Oncorhynchus mykiss) and pink salmon were more resistant than chum salmon (Jones
et al. 2006b, 2007). Comparative resistance among host species has been inferred from
the number of lice per fish shortly after laboratory exposure, from louse rejection rates
on different hosts, from comparative histopathological changes at or near the site of
louse attachment, or from measurements of immunological parameters including
the expression of proinflammatory genes. It is evident that resistance among some
Oncorhynchus spp. is associated with the ability to mount a rapid cutaneous and
systemic inflammatory response following exposure (Johnson and Albright 1992b;
Fast et al. 2006; Jones et al. 2007). Conversely, susceptible species such as Atlantic
salmon appear unable to mount a vigorous cutaneous inflammatory response, possibly
because they are sensitive to immunosuppressive factors present in salivary secretions
of the parasite (Fast et al. 2006). Furthermore, there was evidence of a stress response
in the susceptible chum and Atlantic salmon but not in the more resistant pink salmon,
suggesting the possibility of immunosuppression in the former two species (Jones et al.
2007). More recent work has shown that the resistance to L. salmonis is first manifested
in pink salmon at a weight of 0.7 g and these small pink salmon remain resistant despite
deprivation of food (Jones et al. 2008a, 2008b).

Some subsequent researchers estimated impacts to juvenile pink and chum salmon
by documenting the proportion of infections that exceeded 1.6 lice per gram. Over
90% of the pink salmon were found to have been at risk when the threshold developed
for Salmo spp. was used (Morton and Williams 2004; Morton et al. 2004). Later work
compared the mortality of naturally infected pink salmon that had been partitioned
into barrels according to level of infection (Morton and Routledge 2005). In the
latter study, the majority of fish infected with motile louse stages died and it was
concluded that short-term mortality of juvenile pink and chum salmon was increased
by infections with one to three lice (Morton and Routledge 2005). Although the
latter study provided neither data on fish size nor controls for alternative causes of
mortality, this and a related study (Krkošek et al. 2006) concluded a high proportion
of the juvenile salmon were at risk of sea lice associated mortality (Krkošek
et al. 2007b).

Subsequent research has found that host size plays an important role in the resis-
tance of pink salmon to L. salmonis infection. Postemergent pink salmon fry derived
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from two separate stocks were exposed to a range of copepodid concentrations in a
controlled laboratory environment when they weighed 0.3 g, 0.7 g, and 2.5 g (Jones
et al. 2008b). Following the heaviest exposure, approximately 33% of the 0.3 g fish
died, 5% of the 0.7 g fish died, and none of the 2.5 g fish died. In contrast to the studies
cited in Chapter 9 contributed by Finstad and Bjorn, over 80% of the lice on the dead
pink salmon were chalimus stages. It is evident that susceptibility was greatest in pink
salmon weighing less than 0.7 g and that mortality was influenced by the severity of the
copepodid challenge. The requirement to consider both size and exposure dose led
to a recommendation of 7.5 lice per gram to estimate the threshold of lethal infection
density on wild pink salmon weighing less than 0.7 g. In the Broughton region, the
percent of these smallest pink salmon with L. salmonis infections that exceeded the
threshold was 4.5% in 2005 (n = 956), 0.8% in 2006 (n = 1,097), 0.4% in 2007 (n =
2,079), and 0% in 2008 (n = 1,447) (Jones and Hargreaves 2009). From these data
it was possible to conclude that pink salmon were at greatest risk of exceeding the
lethal threshold within a month of entering the ocean, but only in those years when
the copepodid challenge was sufficiently high.

Impacts of L. salmonis on Populations of Pacific Salmon

Morton et al. (2004) reported that a pronounced reduction in adult pink salmon
returns to the Broughton region was caused by an infection of sea lice that
originated from salmon farms. Krkošek et al. (2007b) went further with a predic-
tion that there could be a 99% collapse of pink salmon populations in the same area
in four generations (8 years) due to the mortalities caused by sea lice. These were
alarming statements that were taken seriously by the reviewers and editors of the two
respected journals that published the papers.

The paper by Krkošek et al. (2007b) that modeled a 99% collapse in pink salmon
population abundance in four salmon generations excluded the pink salmon produc-
tion from the Glendale River and spawning channel “because any increased salmon
abundances in these rivers confound our estimates of natural changes in abundance.”
The inclusion of the salmon produced in the Glendale River and spawning channel is
important because they also have to swim by the salmon farms in the area, depending
on their migration route, and thus are an excellent indicator of the impacts of sea lice.
How the juveniles were produced is not relevant to the impacts of their exposure to
the farms and there is laboratory evidence that the effect of sea lice on juvenile pink
salmon from the Glendale River and spawning channel is similar to that on Quinsam
River pink salmon (Jones et al. 2008b). There is no reason to expect that pink salmon
from the populations included in the Krkošek et al. (2007b) paper would be affected
differently.

The paper by Krkošek et al. (2007b) excluded the “fallow year” 2003 from their
analysis. Beamish et al. (2006) was cited to support their decision that the high marine
survival of the juvenile pink salmon in 2003 resulted from the fallowing of farms and
the creation of a migration corridor that appears to have been interpreted as a safe
refuge. Beamish et al. (2006) reported that the levels of sea lice on juvenile pink
salmon in 2003 ranged from a prevalence of 13.1% in March to 30.3% in June, with an
intensity ranging from 1.6 to 1.9. This level of infection could not have been harmful
at the population level for the exceptionally high pink salmon marine survivals to have
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been achieved. Furthermore, Jones and Hargreaves (2007) showed that abundances
of L. salmonis on juvenile pink and chum salmon in the Broughton region in 2005 were
significantly lower than in 2004, in the absence of prescribed fallowing. Thus, it was
not the fallowing of four of 20 farms that was most relevant to the report of the very
high marine survival; rather it was the sea lice infection levels. Marty et al. (2010) have
examined the relationship between pink salmon escapement in the Broughton region,
lice levels on farmed Atlantic and juvenile wild salmon and production biomass of the
farmed salmon. They were unable to find a relationship between lice levels, whether
on farmed or juvenile wild salmon and the strength of the spawning population.

Understanding the impact of sea lice on the dynamics of pink salmon at the pop-
ulation level is difficult because of the poor understanding of the natural dynam-
ics of this species and because of the construction of the spawning channel in the
Glendale River. Thus, all information needs to be considered, especially the pink
salmon produced in the Glendale River and spawning channel, when attempting to
assess the impact of sea lice infections at the population level. The interpretations
of current observations are limited by this lack of knowledge. However, in the mean-
time, fish farming and aquaculture are important industries for British Columbia. An
approach of monitoring wild Pacific salmon escapements and continuing to carry out
the research that will identify the sources of marine mortalities of Pacific salmon,
including the impacts of man-made interventions such as open net-pen aquaculture,
hatcheries, spawning channels, and fishing, will help ensure that wild Pacific salmon
are managed sustainably at the population level.
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Krkošek, M., Lewis, M.A., and Volpe, J.P. 2005. Transmission dynamics of parasitic sea lice
from farm to wild salmon. Proceedings of the Royal Society B 272: 689–696.
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