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Using a Ricker (1975) model and escapement data for a subset of Broughton Archipelago, British Columbia watersheds,
Krkošek et al. (2007a) predicted that sea lice infections originating on Atlantic salmon (Salmo salar)farms will cause the
extinction of pink salmon (Oncorhynchus gorbuscha) in the archipelago by 2010. The purpose of this article is to examine
this issue in the context of all of the escapement data available for the archipelago and to review additional scientific reports
and information not discussed by Krkošek et al. (2007a). Additional research during the last five years is not consistent with
the Krkošek et al. (2007a) conclusion that sea lice routinely cause in excess of 80% mortality of fry. Rather, the literature
reviewed herein indicates that pink salmon fry mount an effective immune response at sizes as small as 0.7 g, resulting in the
rapid shedding of lice within two weeks. Pink salmon returns are shown to be highly variable throughout the Northeast Pacific
in areas without salmon farms. Following periods of high abundance, pink salmon populations typically fall to low levels,
and they may remain depressed for several generations. However, in most cases, the populations then gradually increase to
begin the cycle anew. An examination of returns to all of the documented Broughton Archipelago watersheds indicates that
following exceptionally high returns in 2000 and 2001, the populations declined to very low numbers in 2002 and 2003.
Contrary to the conclusions reached by Krkošek et al. (2007a), Broughton pink salmon returns have steadily increased since
then, with no indication that they are threatened with extinction. Other unsubstantiated assumptions used in Krkošek et al.
(2007a) are also discussed in light of additional scientific reports and theoretical considerations.

Keywords Atlantic salmon, aquaculture, netpens, pink salmon fry, sea lice

INTRODUCTION

Following the release in 2002 of the Pacific Fisheries Re-
source Conservation Council Advisory document (PFRCC,
2002), intensive research on sea lice and their interaction with
wild and farmed fish in the Broughton Archipelago of British
Columbia has been underway. A series of studies claiming that
salmon farms are the cause of sea lice (Lepeophtheirus salmonis
and Caligus clemensi) infections on pink salmon (Oncorhynchus
gorbuscha) fry in the archipelago have been published (Morton
et al., 2004; Krkošek et al., 2005, 2006, 2007b). Krkošek et al.
(2007a) now claim that sea lice originating on salmon farms

Address correspondence to Kenneth M. Brooks, Aquatic Environmen-
tal Sciences, 644 Old Eaglemount Road, Port Townsend, Washington, USA.
E-mail: brooks@olympus.net

will result in the extinction of Broughton pink salmon stocks
in the near future. This review, which is intended to expand the
discussion by describing other peer-reviewed papers and public
information important to understanding the interaction between
pink salmon, farmed fish, and sea lice, includes the following
considerations:
1. The variability of pink salmon returns throughout the

North Pacific with particular emphasis on the Broughton
Archipelago.

2. The general absence of mortality among juvenile pink salmon
following controlled laboratory exposure to Lepeophtheirus
salmonis.

3. The absence of a cause-and-effect relationship between sea
lice infecting pink salmon fry and larval lice released from
salmon farms.

4. A reevaluation of trends in pink salmon abundance.
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Figure 1 Odd-year pink salmon (Oncorhynchus gorbuscha) returns to the Kakweiken River, tributary to Knight Inlet, British Columbia, between 1953 and 2001
(Fisheries and Oceans Canada, 2007).

1. The Variability of Pink Salmon Returns Throughout
the North Pacific with Particular Emphasis
on the Broughton Archipelago

a. Understanding the variability of pink salmon returns in the
North Pacific is important to predicting future escapement. As
an example, pink salmon returns to the Kakweiken River in the
Broughton Archipelago from 1953 through 1999 (Figure 1) have
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Figure 2 Historical pink salmon (Oncorhynchus gorbuscha) returns to the Klinaklini River, tributary to Knight Inlet, British Columbia in even years (Fisheries
and Oceans Canada, 2007).

been characterized by repeated fluctuations from 800,000 fish
in 1975 and 1983, to <100,000 fish in most years (Fisheries and
Oceans Canada, 2007). Fluctuations in the abundance of return-
ing pink salmon are also characteristic of another Broughton
river, the Klinaklini (Figure 2). Even-year pink salmon virtu-
ally disappeared from this river between 1974 and 1992. The
population suddenly rebounded in 1998, which was 11 years
after salmon farming began in the archipelago. The variability

reviews in fisheries science vol. 16 no. 4 2008
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SEA LICE EXTINCTION HYPOTHESIS 405

Number of pink salmon returning to the Duckabush River
tributary to Hood Canal in Washington State

-

20,000

40,000

60,000

80,000

100,000

120,000

195
9

196
1

196
3

196
5

196
7

196
9

197
1

197
3

197
5

19
77

197
9

198
1

198
3

198
5

198
7

198
9

199
1

199
3

Year of return

N
um

be
r 

of
 p

in
k 

sa
lm

on

Figure 3 Historic pink salmon returns to the Duckabush River, tributary to Hood Canal in Washington State, USA. Only odd-year runs are present in this river
(National Marine Fisheries Service, 1996).

in returns of pink salmon fry is not unique to the Broughton
Archipelago. Figure 3 describes pink salmon returns to the
Duckabush River tributary to Hood Canal in Washington State,
where there have never been any salmon farms. Returns there
have varied between 100,000 in 1963 and a very few thousand
in 1975, 1981, and 1993. The point in this discussion is that
extreme fluctuations in pink salmon returns are common, mak-
ing assessments difficult. This point was emphasized by W. R.
Heard (NOAA Fisheries, Auke Bay, Alaska, personal communi-
cation) who noted that there was a “coast-wide collapse (at least
in much of North America) of pink salmon returns in 2006. The
2006 forecast was for a harvest of around 40 million pinks (in
Alaska), while the actual harvest was only 11 million due to the
unusual low returns.” Haeseker et al. (2005), Heard (1991), and
Hard et al. (1996) provide reviews describing the extreme vari-

a)  Even year returns b)  Odd year returns 
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Figure 4 (a) Even-year and (b) odd-year pink salmon returns to Glendale Creek, the major pink salmon-producing watershed in the Broughton Archipelago
(Fisheries and Oceans Canada 2007).

ability in pink salmon returns in the Northeast Pacific generally,
and the difficulty in forecasting future returns.

b. Exclusion of Glendale Creek data is inappropriate Krkošek
et al. (2007a) excluded Glendale Creek escapement data be-
cause the watershed includes a spawning channel. However, they
did include escapement from the Kakweiken River, which also
has a spawning channel. This is important because Glendale
is the major pink salmon-producing system in the archipelago.
Between 1999 and 2005, it produced 89% of the Broughton
pink salmon returns in odd years and 39% of the returns in
even years. In addition, Krkošek et al. (2007a) deals with
marine survival, not freshwater survival, and recruits from
Glendale affect marine population dynamics in all circum-
stances. Figure 4 describes the historic variability of pink salmon
returns to Glendale Creek. The main difference in Glendale

reviews in fisheries science vol. 16 no. 4 2008
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406 K. M. BROOKS AND S. R. M. JONES

returns has been their increase after the initiation of salmon
aquaculture in 1987 and the exceptionally high returns in 1992,
2000, 2001, and 2004. Returns since the sharp 2000 decline have
been within the range of values seen before aquaculture began
in 1987. Glendale returns are important to understanding pink
salmon returns to the Broughton, and exclusion of these data
by Krkošek et al. (2007a) is not justified by the presence of a
spawning channel.

2. Claims that Pink Salmon Fry Will Suffer up to 97%
Mortality Following Infection with Sea Lice Are Not
Substantiated

Krkošek et al.’s (2007) claim that sea lice-induced mortality
was commonly 80% in fry and ranged from 16% to over 97%.
Their assessment is based, in part, on earlier studies (Morton
and Routledge, 2005; Krkošek et al., 2006), in which mortal-
ity among captive, naturally infected pink and chum salmon
led the authors to conclude that “Farm-origin lice induced 9–
95 percent mortality in juvenile pink and chum salmon.” The
latter studies used wild-caught fish of unknown size and failed
to control for alternative sources of mortality. In contrast, no
evidence of mortality was observed among naı̈ve pink salmon
juveniles in controlled laboratory trials following exposure to
L. salmonis copepodids (Jones et al., 2006b, 2007; Webster et
al., 2007). Furthermore, patterns of gene expression showed that
pink salmon mount an effective defense that accelerates the re-
jection of lice from their skin (Jones et al., 2007). Recently, this
innate resistance to sea lice was found to first develop in pink
salmon between 0.3 g and 0.7 g and was associated with changes
in skin development, including the formation of scales (Jones
et al., in press, a ). In another study, the innate resistance to L.
salmonis was retained in 3-g to 13-g pink salmon despite feed
deprivation (Jones et al., in press, b ). These observations are
consistent with numerous earlier studies demonstrating a gen-
eral resistance to sea lice infections among species of Pacific
salmon (Oncorhynchus spp.) (Johnson, 1993; Johnson and Al-
bright, 1992a, 1992b; Fast et al.,2002a, 2002b). More research
is required to characterize the risk associated with L. salmonis
infection before migrating, post-emergent pink salmon reach 0.7
g (Jones et al.,in press, a ). A significant reduction in the risk
of death associated with sea lice due to innate resistance has a
negative influence on the capacity of the model used by Krkošek
et al. (2007a) to predict population extinction.

3. No Cause-and-Effect Relationship Has Been
Demonstrated Between Sea Lice Infecting Pink Salmon
Fry and Larval Lice Released from Salmon Farms

Krkošek et al. (2007a) assert that larval lice released from
cultured Atlantic salmon are responsible for increased infec-
tions on pink salmon fry collected near the farms. This assertion
is based in part on correlation analysis and in part on an as-

sumption that there are no other significant sources of sea lice
in the Archipelago. These assumptions ignore several important
factors that are well documented in the literature.

a. The “Fallow Route” Described in Krkošek et al. (2007a)
Was Not Entirely Fallow in 2003. No empirical evidence of a
“primary migration route” has been obtained in the Broughton,
and the migration of pink salmon fry is likely dependent on a
number of fry density-dependent factors. Atlantic salmon pro-
duction in the Broughton Archipelago between 1998 and 2005
varied between 14,323,634 and 20,840,867 kg, with a mean and
95% confidence interval of 17,360,469 ± 1,836,984. Produc-
tion in 2003 (BC PSF, 2008) was 16,438,333 kg, which was not
significantly different from the mean for the eight-year period
(single sample t-test, t = 1.19, p = 0.28). A portion of the
pink salmon fry migrating westward down Knight Inlet from
Glendale Creek and the Klinakini River encounter the Doctor
Islet, Sargeaunt Pass, and Humphrey Rocks salmon farms as they
turn north into Tribune Channel, where they join fry from the
Kakweiken River (Figure 5). Doctor Islets produced 1,929,554
kg of marketable salmon in 2003, and the farm was not fal-
low until after May 19, 2003. Sargeaunt Pass and Humphrey
Rock, located in the same area, were stocked in March and
April of 2003. The presence of these stocked farms and the
normal production levels in the Broughton Archipelago during
2003 jeopardizes a claim that the Tribune Channel migration
path was fallow or that farm-derived larval lice were reduced in
2003 compared with other years. In 2003, when Krkošek et al.
(2007a) saw significant reductions in sea lice infections, nau-
plii released from these three farms were competent to infect
wild fish from Kumlah Island to the vicinity of the Glacier Falls
farm. These fry continued migrating around Tribune Channel,
including the area reported by Krkošek et al. (2007a). There-
fore, reductions in sea lice infections on pink salmon fry oc-
curred in the Tribune Channel despite the continued operation
of salmon farms and consistent production of farmed salmon
in the archipelago. The year 2003 is emphasized because these
fry migrated to sea through the archipelago during a year when
Atlantic salmon production was 16,438,333 kg, and they expe-
rienced exceptional marine survival with good returns (950,288
pink salmon) in 2004 (Beamish et al., 2006). Atlantic salmon
production in the Broughton Archipelago was actually lower in
2000 (15,575,808 kg), when the fish returning in the year of the
2002 decline migrated to sea.

b. There is no evidence that a “pre-infestation period” actu-
ally existed. Comparison of “pre-infestation” growth rates with
“fallow growth rates” or “exposed population” growth rates by
Krkošek et al. (2007a) is not valid, because there are no inven-
tories of sea lice on other species of fish or on salmon fry in the
Broughton prior to 2001, and thus, there is no basis for assuming
that a “pre-infestation period” actually existed.

c. Farmed salmon are not the only source of either. C.
clemensi or L. salmonis in the Broughton Archipelago. Caligus
clemensi has many wild hosts, and farmed salmon are not the

reviews in fisheries science vol. 16 no. 4 2008
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SEA LICE EXTINCTION HYPOTHESIS 407

Figure 5 Broughton Archipelago showing two possible migration paths taken by pink salmon fry (dashed lines) and the location of three active salmon farms
(Doctor Islets, Sargeaunt Pass, and Humphrey Rocks), together with three inactive farms (Glacier Falls, Burdwood, and Wicklow).

only source of larval L. salmonis in the archipelago. The authors
ignore the work of Jones et al. (2006a), who reported significant
abundance and intensity of both C. clemensi and L. salmonis
on abundant populations of three-spine sticklebacks (Gasteros-
teus aculeatus) in the Broughton, and the work of Trudel et al.
(2006), who reported that approximately 25% of 284 juvenile
pink salmon examined in the Eastern Bering Sea were infected
with one to six sea lice, with a mean intensity of 1.5 lice per
infected fish. Trudel et al. (2006) concluded that, “This study
demonstrated that salmon infested with lice remained in coastal
waters throughout the year. We suggest that lice on salmon that
overwinter in coastal waters will contribute to the infestation of
salmon smolts migrating to sea in the spring through the release
of lice nauplii in the water column.” The point in this discus-
sion is that we do not know what the relative contributions of L.
salmonis or C. clemensi larvae are from farmed salmon in com-
parison with wild sources, and it is misleading to assume that sea
lice infections are associated primarily with nauplii released at
salmon farms. Repeated attempts to collect significant numbers
of nauplii or infective copepodids at or near salmon farms have
failed. Salmon farms may contribute 99% of the larvae or they
may contribute 1%, and the answer eludes us. What is clear is
that sea lice are found on juvenile salmon wherever we look in
the Northeast Pacific, and there are numerous wild sources of
these lice in addition to those contributed by salmon farms.

d. The effects of salinity and temperature on development and
survival of sea lice larvae are poorly documented. Krokošek et
al. (2005, 2006, 2007), Krokošek and Lewis (2005), and Morton

et al. (2004, 2005) have repeatedly asserted that their observa-
tions of increased sea lice abundance on pink salmon fry in
the vicinity of salmon farms, in comparison with their control
sites, indicates that the farms are the source of the infecting
lice. Their control samples have been collected in areas of low
salinity, and they contend that L. salmonis larvae are not af-
fected by salinities as low as 15 PSU (Morton et al., 2005).
That assertion is contrary to our current understanding of the
life history of sea lice and hydrodynamics in the Broughton
Archipelago (Brooks, 2005; Brooks and Stucchi, 2006). Sci-
ence proceeds as other researchers attempt to duplicate the re-
sults of published work. Consistent with the seminal work of
Johnson and Albright (1991), who observed almost no develop-
ment to the L. salmonis copepodid stage at salinities <30 PSU,
Bricknell et al. (2006) found that survival of free-swimming
copepodids was “severely compromised” at salinity <29 PSU,
and Tucker et al. (2000) found reduced settlement of copepo-
dids at 24 PSU in comparison with 34 PSU. Winter salinity
in the Broughton approaches 30 PSU. However, salinity falls
rapidly after April and is typically in the range of 15–25 PSU
during late spring and summer in the eastern portions of the
archipelago, where these studies have been undertaken. This is
another facet of the epizootiology of sea lice that Krkošek et al.
(2007a) fail to address in their model, making their control data
questionable.

e. The dispersion of sea lice between hatching and molting to
the infective copepodid stage are not considered in the models of
Krkošek et al. (2007a). In response to the assertions of Krkošek

reviews in fisheries science vol. 16 no. 4 2008
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408 K. M. BROOKS AND S. R. M. JONES

and Lewis (2005) that increased infection of pink salmon fry in
the vicinity of salmon farms was caused by sea lice larvae origi-
nating on salmon farms, Brooks (2005) and Brooks and Stucchi
(2006) used a Broughton specific hydrodynamic model (Fore-
man et al.,2006) to show that larvae would be advected at least
10–12 km from the farms during development to the infective
stage and that, in some cases, they were likely advected out of
the estuary. The model used in their study did not include the
influence of wind on resting current vectors. However, an anal-
ysis of empirical current data that does include the effects of
wind from 15 farms in the archipelago indicated that maximum
current speeds at every farm were between 50 and 75 cm/sec,
and that resting currents vectors integrated over full lunar cycles
carried imbedded particles toward Queen Charlotte Strait at a
mean speed of 1.99 cm/sec or 6.8–10.3 km during development
to the copepodid stage. Gillibrand and Willis (2007) have de-
veloped a model to predict the dispersion of larvae from salmon
farms or other sources of nauplii. Their model includes sea lice
behavior, mortality as a function of salinity, development time as
a function of temperature, and wind, river discharge, and tidal
currents. Consistent with Brooks (2005), their model predicts
that larvae will molt to an infective stage at distances of 7–12
km from the point where they hatched. Gillibrand and Willis
(2007) note that their predictions are consistent with field ob-
servations of copepodids. None of this contradictory evidence is
discussed by Krkošek et al. (2007a), nor do they describe how
it affects their model. Basic considerations of sea lice life his-
tory and currents suggest a very small likelihood that sea lice
larvae are retained in the area where they hatch for four to six
days while they develop to an infective stage. This conclusion
has now been reached by several other researchers in various
parts of the world. Krokošek and colleagues have refused to ac-
knowledge criticisms of their model (Brooks, 2005; Gillibrand
and Willis, 2007) or to demonstrate any cause-and-effect rela-
tionship between their identified zones of infection and sea lice
originating on salmon farms.

f. There is no consideration by Krkošek et al. (2007a) that
salmon farms have been using prophylactic applications of
emamectin benzoate to manage sea lice infestations since 2004.
These prophylactic treatments have resulted in farm lice infes-
tation decreasing during the migration season. Krkošek et al.
(2007a) assume a steady state lice dispersion model. This as-
sumption cannot be validated and the model should have been
relaxed to accommodate the temporal dynamics of sea lice popu-
lations available for salmon farms in the Broughton. As a result,
Krkošek et al. (2007a) have overestimated the production of sea
lice nauplii on farms.

4. Analysis of the Entire Pink Salmon Database Supports
Conclusions Opposite to Those Reached by Krkošek et
al. (2007)

a. Misleading regression analysis. Krkošek et al. (2007a)
used linear regression to fit a log-transformed subset of normal-

ized escapement data to the Ricker model. Populations of pink
salmon were grouped by assuming they had experienced vari-
ous levels of sea lice exposure. Even a cursory examination of
the data in Figure 3 of their study suggests that a non-linear re-
gression would have been more appropriate, and that a properly
fitted response would asymptotically approach values that are
near zero but slightly negative for all of the modeled popula-
tions. In addition, the authors did not provide coefficients of de-
termination for the regressions. The scatter in Figure 3 suggests
that the linear solution explained very little of the variability
in the database. In addition, the data in Figure S1, describing
escapement since 1970, should have been analyzed using an ap-
propriate regression model to determine if the coefficients on
time were significantly positive or negative or not significantly
different from zero.

b. Incomplete model. Krkošek et al. (2007a) evaluated pink
salmon population dynamics over time using the Ricker (1975)
model. In their model ni (t) = ni (t – 2) exp[r – bni (t – 2)],
where ni is the number of pink salmon in cohort i , t is the
time at which the estimate is made, (t – 2) is the spawning co-
hort producing the generation in question, r is the population
growth rate, and bni (t – 2) represents losses in cohort n due
to density-dependent mortality. To be biologically meaningful,
the density-dependent mortality should have been expressed as
!b j ni (t – 2). There are numerous factors affecting freshwater
and marine survival of pink salmon (Heard,1991; Friedland et
al., 2003). Freshwater survival includes random mortality ef-
fects and density-dependent effects (number of spawners, etc.).
Mortality factors affecting pink salmon fry during their near-
shore marine residence include both fresh and marine water
quality (bwq ), predation, and several density-dependent factors
such as food availability (b f ), horizontally transmitted disease
agents (bd ), and random disease effects, such as sea lice infec-
tions (bsl). Collectively, these factors contribute to the 55–77%
mortality expected during the early marine life of pink salmon
(Heard, 1991). A more appropriate model would be of the form
ni (t) = ni (t – 2) exp[r – !b j ni (t – 2)], where the b j include
at least the density-dependent factors cited above. There is no
doubt that the historic return of 3,600,000 pink salmon to the
Broughton Archipelago in 2000 collapsed in 2002. Since every
system has a carrying capacity, it is reasonable to hypothesize
that the unprecedented return of 3.6 million pink salmon to the
Broughton Archipelago in 2000 exceeded the available spawn-
ing habitat in freshwater and the carrying capacity of the ma-
rine environment during the 2001 out-migration of fry. Bugayev
(2002) noted a similar collapse in an area of Russia, where there
were no salmon farms, and concluded that, “Due to overflow
of the spawning grounds, almost the whole generation of pink
salmon of the Western Kamchatka of 1983 died.” The conclusion
by Krkošek et al. (2007a) that sea lice infections derived from
farmed salmon caused the reduced population growth rates (r ),
observed during the “exposed period,” is not substantiated in the
study by any cause-and-effect relationship, and there could have
been many causes of the low returns in 2002. A serious error

reviews in fisheries science vol. 16 no. 4 2008
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Pink salmon returns to the Broughton Archipelago between 1953 and 2006
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Figure 6 Even- and odd-year pink salmon returns to Broughton Archipelago watersheds between 1953 and 2006. Arrows indicate periodic declines that, when
analyzed over short periods of time, could be used to predict the extinction of pink salmon stocks (Fisheries and Oceans Canada, 2003).

of omission is failure to include and discuss these other causes
of mortality, resulting in an incomplete model and misleading
results.

c. Selective use of data. Figure 6 describes pink salmon re-
turns to Broughton Archipelago watersheds between 1953 and
2006. Salmon farming began in 1987, and pink salmon returns
increased during the next 13 years. The solid arrows indicate his-
toric periods of even-year pink salmon declines, and the dashed
arrows indicate odd-year declines. An analysis that is restricted
to any of these periods, for instance, between 1976 and 1984 or
between 1983 and 1991, could be interpreted as evidence that
the stocks were headed for extinction. However, in each case,
pink salmon returns to the Broughton Archipelago bottomed and
then increased to at least their long-term average number, just
as they are now increasing since the low returns of 2002 and
2003.

d. Incomplete analysis. Figure 7 describes total returns to
the 11 Broughton watersheds included in the Fisheries and
Oceans Canada escapement database for Area 12 (Broughton
Archipelago) from 1999 (before the 2002 decline) through 2006
(Fisheries and Oceans Canada, 2007). For this analysis, the
independent variable year was converted to years since 1998
and log10(N+ 1) transformed to normalize the residuals. The
data was then analyzed using non-linear regression (Statistica,
Version 6). A linear model, such as that used in Krkošek et
al. (2007a), is included in Figure 7. Note that the non-linear
polynomial has a coefficient of determination of 0.55. Krkošek
et al. (2007a) did not provide details describing their regres-
sion analyses, but the linear regression for this un-normalized
but log-transformed data resulted in r2 = 0.29, and the co-

efficient on time was not significant (p = 0.18). Of greater
importance in Figure 7 is the shape of the curves. The lin-
ear regression approach, similar to that used by Krkošek et
al. (2007a), suggests that pink salmon populations are declin-
ing, and the trend would predict their eventual extinction. The
polynomial fit suggests a very different scenario, in which
the unprecedented returns in 2000 and 2001 were followed
by significant reductions in 2002 and 2003. However, as has
been seen repeatedly in pink salmon populations, the trend
since 2003 has been positive, with increasing returns suggesting
that Broughton populations are recovering from the unknown
causes of the 2002 and 2003 lows. A scholarly manuscript
would have discussed these alternate analyses, and the authors
would have justified their conclusions in light of all of the
evidence.

a. Current trends in pink salmon returns. The Broughton
data for both odd and even years between 2002 and 2006 is
summarized in Figure 8. Consistent with total returns, data for
the highest-producing pink salmon watershed in the archipelago
demonstrates a trend to increasing returns after 2002. The excep-
tionally high return in 2004 resulted in a poor fit, with r2

a = 0.04
and a non-significant coefficient on the independent variable
year. If the exceptionally high returns in 2004 are excluded as
an outlier (Beamish et al., 2006), a significant (p < 0.05) pos-
itive trend is demonstrated with a predicted increase of 49,818
pink salmon each year and a coefficient of determination of r2

a
= 0.98. Marine survival of pink salmon returning to Broughton
watersheds has been 1.0–23% (2004 = 23%; 2005 = 3.4%;
2006 = 1.0%, and 2007 = 2.6%). Pink salmon marine survival
for Fraser River pink salmon is typically 1.2%, and it aver-
ages 2–3% coastwise (R. Beamish, personal communication).

reviews in fisheries science vol. 16 no. 4 2008
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Figure 7 Log10 (Broughton pink salmon escapement) since from 1999 through 2006 as a function of time. Values have been Log10 transformed. The coefficient
of determination for the polynomial is R2

a = 0.55, whereas R2
a for the linear regression is 0.29. However, other than the constant, none of the regression coefficients

were significant, suggesting no significant trends.

Figure 8 Linear regression describing trends in pink salmon returns to Broughton watersheds from 2002 through 2006. Note that the exceptionally high 2004
returns are included in this figure.
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Therefore, survival has been equal to or better than observed for
the Fraser River and the rest of the British Columbia coast dur-
ing the last four years. It has been six years (2002–2007) since
Broughton Archipelago pink salmon stocks declined sharply in
2002. By examining a subset of the pink salmon watersheds in
the archipelago, Krkošek et al. (2007a) claim that louse-induced
mortality of pink salmon is commonly over 80%, and they ex-
pect a 99% collapse in pink salmon population abundance in
four salmon generations (8 years). An examination of Figures
4, 6, 7, and 8 suggests that current returns are within the historic
variability of the archipelago, and that since 2002 the population
growth trends are positive, not negative as suggested in Krkošek
et al. (2007a).

CONCLUSIONS

By selective use of data, questionable analytical proce-
dures, and several unsubstantiated assumptions presented as fact,
Krkošek et al. (2007a) predict the extinction of pink salmon
stocks in the Broughton Archipelago within four generations (8
years). The authors failed to acknowledge and review the work
of numerous scientists from around the world whose results do
not necessarily support their conclusions. They have failed to
present alternative hypotheses and analytical approaches or to
discuss how these might influence their conclusions. Research
to this date indicates that pink salmon fry mount an effective
response to sea lice infections. Pink salmon escapements typ-
ically fluctuate dramatically throughout the Northeast Pacific.
Stocks of these fish reached unprecedented levels in 2000 and
declined sharply in 2002 for unknown reasons. When all of the
Broughton’s watersheds are considered, pink salmon stocks are
seen to have steadily increased over the last five years, with no
indication that they are headed for extinction. The purpose of
this article is not to deny that salmon farms may contribute sea
lice to the marine environment. The fact is that, at this time,
research has not determined the relative contribution from wild
and farmed sources of lice. Rather, this discussion is intended
to provide additional information, giving readers a broader per-
spective of these issues.
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In this article, we respond to concerns raised by Brooks and Jones (2008) about recent advances in sea lice and salmon
population dynamics in the Broughton Archipelago, British Columbia. We show that the assessment by Brooks and Jones
(2008) is thoroughly mistaken and that their conclusions are based on a combination of obfuscation, misrepresentation,
and fundamental misunderstandings. The extinction hypothesis is not actually a hypothesis at all, but rather an inevitable
consequence of sustained population decline. Local extinction of Broughton Archipelago pink salmon can be prevented if
population declines are turned around, and the data and models suggest this can be achieved if the infestations are stopped.
We have organized our responses in an itemized manner according to the headings and subheadings in Brooks and Jones
(2008).

Keywords aquaculture, conservation, population dynamics, transmission, salmon, sea lice

1. THE VARIABILITY OF PINK SALMON RETURNS
THROUGHOUT THE NORTH PACIFIC WITH
PARTICULAR EMPHASIS ON THE BROUGHTON
ARCHIPELAGO

a. Understanding the Variability of Pink Salmon Returns
in the North Pacific is Important to Predicting
Future Escapement

Brooks and Jones (2008) emphasize that pink salmon popu-
lation dynamics are naturally variable. We fully agree and point
out that the variation is due to many factors—both biotic and
environmental—and that the variability is clearly represented
in both Figures 2 and 3 of Krkošek et al. (2007a). We do not
claim that sea lice are the only factors that affect salmon pop-
ulation dynamics; rather, in Krkošek et al. (2007a), we have

Address correspondence to Martin Krkošek, Centre for Mathematical Biol-
ogy, Department of Mathematical and Statistical Sciences, 632 Central Aca-
demic Building (CAB), University of Alberta, Edmonton, AB, T6G 2G1,
Canada. E-mail: mkrkosek@ualberta.ca

shown that sea lice are one key factor that affects the popu-
lation dynamics of pink salmon. To accommodate the natural
variability of pink salmon population dynamics in the analy-
sis, we used the stochastic Ricker model (Dennis and Taper,
1994), which is a nonlinear stochastic model that explicitly mod-
els density-dependent mortality and environmental variation in
pink salmon population dynamics. This quantitative framework
is well known and well established for analyzing the population
dynamics of fish (Myers et al., 1999; Hilborn and Walters, 2001)
as well as many other species (Brook and Bradshaw, 2006). To
control for other factors that affect pink salmon population dy-
namics and isolate the effects of sea lice on pink salmon pop-
ulation dynamics, we used a comparative analysis of exposed
pre-infestation, exposed infested, and unexposed populations.
The exposed pre-infestation populations and exposed infested
populations are in the vicinity of salmon farms prior to and af-
ter the sea lice infestations, which were first observed in 2001.
The unexposed populations are far from salmon farms, with no
known sea lice infestations. The exposed pre-infestation and
unexposed populations share the many factors that affect pink
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salmon population dynamics, evidenced by their similar pop-
ulation growth rates (Krkošek et al., 2007a) and synchronous
population dynamics (Pyper et al., 2001). The exposed infested
populations have a markedly depressed growth rate, which is iso-
lated to the exposed infested populations. This statistical design,
similar to the matched case-control study design in epidemiol-
ogy (Rothman, 1986), indicates sea lice are the factor driving
the difference in population growth rates.

Brooks and Jones (2008) present pink salmon escapement
data from the Klinaklini River as an example of natural vari-
ation in pink salmon population dynamics. Their assessment
suggests pink salmon disappeared from this river in even years
between 1974 and 1990 and then abruptly returned to abun-
dances in the tens of thousands in 1998 and subsequent years. We
checked the validity of their assessment against information held
in the Fisheries and Oceans Canada Pacific salmon escapement
database using the Mapster program (http://www-heb.pac.dfo-
mpo.gc.ca/maps/maps-data e.htm). Most of the data portrayed
as showing zero abundance between 1974 and 1990 in Figure 2
of Brooks and Jones (2008) correspond to entries of “no data”
or “not inspected” in the Pacific salmon escapement database,
rather than “zero abundance.” There is also a problem with their
interpretation of the increased abundance in this river in 1998.
The rise in pink salmon escapement estimates in the Kliniklini
following 1998 coincides with a change in escapement estima-
tion from overhead flights and river walks (1996 and earlier) to
mark-recapture programs that used a fishwheel to capture fish
(1998 and afterward). The Klinaklini is a large glacier-fed and
heavily-silted river, making visibility of fish and escapement
estimates based on overhead flights very difficult. A fishwheel-
based mark-recapture approach would be enhanced by silted wa-
ter because the low visibility will limit the salmon’s vision during
capture. The data from the two escapement methods have not
been calibrated (Pieter van Will, Fisheries and Oceans Canada,
personal communication). These limitations of the Klinaklini
River data suggest that the extinction-colonization dynamics that
Brooks and Jones (2008) described did not actually occur and
are rather the spurious result of a poor quality data set. The Kli-
naklini data were not used in the analysis in our Science report
(Krkošek et al., 2007a).

b. Exclusion of Glendale Creek Data is Inappropriate

Brooks and Jones (2008) expressed concern about Krkošek
et al. (2007a) excluding the Glendale populations but including
the Kakweiken populations. In Krkošek et al. (2007a), it was sta-
tistically necessary to exclude rivers that recently had spawning
channels constructed. As stated in the paper, this was done sys-
tematically for rivers in the Broughton as well as the unexposed
area to the north. The objective of spawning channel construc-
tion is to improve spawning habitat quantity and spawning gravel
quality. If the spawning channels are effective, the increased pro-
ductivity due to spawning channels prevents evaluation of recent
trends relative to historical abundance, which is the basis of anal-

ysis in the paper. The Kakweiken was included in the analysis
because its spawning channel has not been successfully utilized
(usually less than 7% and frequently 0% of the run use it; Glen
Neidrauer, Fisheries and Oceans Canada, personal communica-
tion). In contrast, the Glendale spawning channel has been well
utilized (typically 70,000 fish use it; Pieter van Will, Fisheries
and Oceans Canada, personal communication) and has greatly
increased the escapement in this system since its construction. It
is straightforward to reanalyze the data with Glendale included
and Kakweiken excluded, despite the biases. The population
growth rate, r , with 95% confidence intervals for Broughton
pink salmon populations during the sea lice infestations are:

With Glendale

r = "1.002, 95%CI : "1.52 to " 0.52

Without Glendale and Kakweiken

r = "1.23, 95%CI : "1.80 to " 0.62

The population growth rate for Broughton pink salmon popula-
tions during the infestations as reported in our study are:

r = "1.17, 95% , CI : "1.71 to " 0.59

All of these analyses show that Broughton pink salmon popu-
lations were depressed and rapidly declining during the sea lice
infestations.

2. CLAIMS THAT PINK SALMON FRY WILL SUFFER
UP TO 97% MORTALITY FOLLOWING INFECTION
WITH SEA LICE ARE NOT SUBSTANTIATED

The estimates of annual pink salmon mortality due to salmon
lice in Krkošek et al. (2007a) are not based on previous ex-
perimental work as Brooks and Jones (2008) claim. Rather,
the mortality estimates in Krkošek et al. (2007a) are based on
a direct analysis of pink salmon escapement data and annual
average salmon lice abundances. The estimates for mortality
ranged from 16% to over 97%, and were commonly over 80%.
However, the pathogenicity of motile L. salmonis on juvenile
pink salmon, estimated in Krkošek et al. (2007a) from escape-
ment data, gives similar values to those estimated independently
from survival experiments of infected juvenile salmon held in
ocean enclosures (Krkošek et al., 2006). The reduction in wild
salmon survival from these two studies is also similar to the ob-
served decline in wild pink salmon in Ford and Myers (2008)
meta-analysis. The studies by Jones et al. (2006a, 2007) eval-
uated the effect of salmon lice on the survival of juvenile pink
salmon at sizes over 10 times larger than the juvenile salmon
infested each spring in the Broughton Archipelago (Morton and
Williams, 2003; Morton et al., 2004, 2005). Jones et al. (2006a,
2007) used juvenile salmon that weighed over 10 g and were
fully scaled, whereas the juvenile pink salmon studied in the
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SEA LICE AND PINK SALMON DECLINES 415

Broughton Archipelago weigh less than 1 g and do not have
scales (Morton and Williams, 2003; Morton et al., 2004, 2005).
The effect of salmon lice on salmon survival is host size de-
pendent (Pike and Wadsworth, 2000; Boxaspen, 2006), and so
the studies by Jones et al. (2006a, 2007) likely underestimate
the impact of sea lice on juvenile salmon survival at the size
relevant to the infestations in the Broughton Archipelago. The
study by Webster et al. (2007) tested for the effect of salmon
lice on juvenile pink salmon behavior, not survival. Webster et
al. (2007) examined the juvenile pink salmon after 14 days and
found most of the lice were gone before the lice reached their
pathogenic motile stages. Studies that have reared salmon lice
to motile stages on juvenile pink salmon weighing less than 1
g have observed high mortality of the infected juvenile pink
salmon (Morton and Routledge, 2005; Krkošek et al., 2006). In
addition, all experimental work on pink salmon mortality from
sea lice does not reflect the sustained rate of new infections char-
acteristic of the Broughton Archipelago as the fish migrate past
multiple farms.

3. NO CAUSE AND EFFECT RELATIONSHIP HAS
BEEN DEMONSTRATED BETWEEN SEA LICE
INFECTING PINK SALMON FRY AND LARVAL
LICE RELEASED FROM SALMON FARMS

Many studies have demonstrated spatial or temporal asso-
ciations of sea lice infestation of wild juvenile Pacific salmon
with salmon farming operations (Morton and Williams, 2003;
Morton et al., 2004, 2005, 2007; Krkošek et al., 2005, 2006).
Some of these studies have shown excellent agreement be-
tween models of sea lice dispersion and infection with field
data of sea lice infecting juvenile pink and chum salmon mi-
grating past salmon farms (Krkošek et al., 2005, 2006). These
studies have allowed for significant sources of lice other than
salmon farms. In fact, two of these studies statistically de-
tected and quantified the transmission of sea lice from non-
farm sources to wild juvenile pink and chum salmon (Krkošek
et al., 2005, 2006). The estimated transmission from non-farm
hosts has been consistently very low and overwhelmed by trans-
mission from farm salmon (Krkošek et al., 2005, 2006; Orr,
2007).

a. The “Fallow Route” Described in Krkošek et al. (2007)
was Not Entirely Fallow in 2003

The Broughton Archipelago is a system of linear inlets and
channels. Because the juvenile pink salmon migrate from their
natal stream to the open ocean, they have to migrate down the
inlets and channels. Primary migration routes in a system like
this do not require empirical evidence. Rather the migration
routes are obviously based on the topography of the Archipelago.
Krkošek et al. (2007a) clearly identified the fallow route as Tri-
bune Channel and Fife Sound. The Doctor Islet farm, which was

stocked with adult salmon in the spring of 2003, is not located
in Tribune Channel, but rather in Knight Inlet. Krkošek et al.
(2007a) clearly identified that some of the lice observed on the
juvenile pink salmon in 2003 could have originated from salmon
farms located outside this fallowed migration corridor, and this
is known based on previous work documenting the spread of lice
from the Doctor Islet farm (Krkošek et al., 2005). It is true that
Sergeants Pass and Humphrey Rock salmon farms were stocked
with smolts later in the spring of 2003. These farms could not
have been a source of lice because the stocked smolts enter the
ocean without lice, and there was insufficient time for sea lice to
colonize the smolts, reproduce, and become a significant source
of lice to infect the wild juvenile salmon migrating past these
farms.

b. There is No Evidence that a “Pre-Infestation Period”
Actually Existed

There is a strong basis for assuming an L. salmonis pre-
infestation period existed. In areas without salmon farms, the
prevalence of salmon lice on juvenile pink salmon during their
first 1–3 months of marine life is less then 5% (Wertheimer et al.,
2003; Morton et al., 2004; Krkošek et al., 2007b; Peet, 2007).
The low prevalence of salmon lice on juvenile pink salmon in
these areas during this time is because the vast majority of the
adult wild Pacific salmon that carry the parasite are located off-
shore when the juvenile salmon enter sea (Groot and Margolis,
1991; Krkošek et al., 2007b). In this way, salmon migration
protects juvenile pink salmon from salmon lice during early
marine life (Krkošek et al., 2007b). Salmon lice infestations of
juvenile pink salmon have only been observed in areas with
salmon farms, and the primary source of salmon lice has been
consistently identified to be salmon farms (Morton and Williams,
2003; Morton et al., 2004, 2005, 2007; Krkošek et al., 2005).
Salmon lice infestations of juvenile pink salmon are conspic-
uous, and because the Broughton Archipelago is inhabited by
biologists, fishermen, and First Nations people, it is unlikely
that the infestations occurred before 2001 without notice. The
sudden occurrence of the infestations could be explained by
farmed salmon regional density in the Broughton Archipelago
exceeding a host density threshold that previously suppressed
outbreaks. Such thresholds are common in epidemiology (May
and Anderson, 1991; Grenfell and Dobson, 1995) and are the
basis for culling as a means for disease control in domestic and
wild animals. Such thresholds, however, may be difficult to pre-
dict and identify (Lloyd-Smith et al., 2005).

c. Farmed Salmon are Not the Only Source of Either C.
clemensi or L. salmonis in the Broughton Archipelago

The infestations associated with the rapid decline in
Broughton Archipelago pink salmon populations are L. salmo-
nis, not C. clemensi (Morton and Williams, 2003; Morton et al.,
2004, 2005; Krkošek et al., 2006). Much previous work by
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some of the authors has examined the sources of sea lice infest-
ing juvenile salmon in the Broughton Archipelago (Morton and
Williams, 2003; Morton et al., 2004, 2005; Krkošek et al., 2005,
2006). None of this work has ignored the presence of alternate
hosts for sea lice in the Broughton Archipelago. In fact, some
of the studies have specifically tested for the presence of natural
origin sea lice in the Broughton Archipelago and quantified how
many lice are coming from these natural hosts (Krkošek et al.,
2005, 2006). These analyses have indicated that the vast major-
ity of sea lice infecting wild juvenile salmon in the Broughton
Archipelago have originated from farm salmon. It is simply not
true that sea lice commonly infest juvenile pink salmon every-
where in the Northeast Pacific. The studies examining salmon
lice infections on juvenile pink salmon during their first 1–
3 months of marine life in areas without salmon farms in the
Northeast Pacific have found salmon lice on less than 5% of the
juvenile pink salmon when the salmon are less than 80 mm fork
length (Wertheimer et al., 2003; Morton et al., 2004; Krkošek
et al., 2007b; Peet, 2007). Three-spine stickleback cannot be the
origin of salmon lice infestations because stickleback are dis-
tributed throughout the North Pacific coastal waters, whereas L.
salmonis infestations of wild juvenile Pacific salmon occurred
only in areas with salmon farms (Morton and Williams, 2003;
Morton et al., 2004, 2005, 2007; Krkošek et al., 2005, 2006),
and infestations of juvenile salmon near salmon farms are dom-
inated by larval copepodid and chalimus lice, whereas salmon
lice do not survive to reproductive age on stickleback (Jones
et al., 2006a, 2006b).

d. The Effects of Salinity and Temperature on Development
and Survival of Sea Lice Larvae are Poorly Documented

In our Science report (Krkošek et al., 2007a), we did not
investigate the effects of salinity and temperature on sea lice
larvae as Brooks and Jones (2008) suggest. Rather, we inves-
tigated the relationship between salmon returns and measured
levels of sea louse infection on juvenile pink salmon. However,
it is known that abiotic factors such as temperature and salin-
ity affect salmon lice survival and developmental rates (Stien et
al., 2005; Bricknell et al., 2006). In our earlier work examin-
ing salmon lice infestations of wild juvenile salmon (Krkošek
et al. 2005, 2006), the louse developmental rates estimated at
the observed ocean temperatures were related to those expected
from experimental data (Stien et al., 2005) by the average ju-
venile salmon migration speed, #1 km per day (Krkošek et
al., 2006). In other work, the effects of salinity on sea lice
abundance on wild juvenile Pacific salmon were insignificant
(Morton et al., 2004, 2007), possibly because of louse behavior.
Salinity is vertically distributed in the water column and larval
lice have a diel vertical migration (Heuch et al., 1995) and can
select locations suitable for their survival and/or transmission
(Heuch, 1995). The behavior of lice can combine with these
physical variables including tides, currents, and wind to gener-
ate spatial distributions of nauplii and copepodids from a point

source of release that take a variety of forms, including those
observed in the Broughton Archipelago (Gillibrand and Kate,
2007).

e. The Dispersion of Sea Lice between Hatching and
Molting to the Infective Copepodid Stage are Not
Considered in the Models of Krkošek et al. (2007)

In our Science report (Krkošek et al., 2007a), we did not
investigate sea lice dispersion as Brooks and Jones (2008) sug-
gest. Rather, Krkošek et al. (2007a) investigated the effects of L.
salmonis infestations on wild pink salmon population dynam-
ics. However, in some of our previous work, we have used a
model of sea lice dispersion as part of the analyses of sea lice in-
fecting juvenile salmon migrating past salmon farms (Krkošek
et al., 2005, 2006). This model tracked sea lice development
through nauplii and then copepodid stages, and was parameter-
ized by data on the current speeds measured in the Broughton
Archipelago (Krkošek et al., 2006). This constrained model,
which represents the simplest possible model of sea lice disper-
sal, explains the data very well and has been spatially, tempo-
rally, and taxonomically replicated (Krkošek et al., 2005, 2006).
The predictions cited by Brooks and Jones (2008) of sea lice lar-
vae being dispersed from the Broughton Archipelago before the
lice reach infectious stages (Brooks, 2005) are probably over-
estimated because the models overestimate advective flow, do
not include the effects of wind on sea surface water flow, and
they do not represent the behavioral ecology of planktonic lar-
val sea lice. Inclusion of these factors can give rise to a wide
range of dispersion patterns for sea lice larvae, including those
observed in the Broughton Archipelago (Gillibrand and Kate,
2007). The theoretical oceanographic model of Gillibrand and
Kate (2007) does not refute the connections between sea lice
and salmon farms in the Broughton Archipelago, but rather
shows sea lice infestation patterns observed in the Broughton
Archipelago are within the range of those predicted by
their model.

f. Prophylactics and Sea Lice Dispersion

Our Science report (Krkošek et al., 2007a) tested for and
quantified the effects of L. salmonis infestations of wild juve-
nile pink salmon on wild pink salmon population dynamics in the
Broughton Archipelago. Contrary to Brooks and Jones (2008)
interpretation of Krkošek et al. (2007a), we did not model sea
lice dispersion, assume a steady state dispersion model, estimate
the production of sea lice nauplii on salmon farms, or investigate
the effects of prophylactic treatment on sea lice abundances on
farm salmon. Brooks and Jones (2008) claim the prophylactic
treatments have reduced sea lice abundance on salmon farms,
which may be the case, but they provide no supporting evi-
dence for their claim. The effects of prophylactic use on sea
lice control on salmon farms and sea lice transmission from
farm to wild salmon is an important line of future research,
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but was not the focus of our Science report (Krkošek et al.,
2007a).

4. ANALYSIS OF THE ENTIRE PINK SALMON
DATABASE SUPPORTS CONCLUSIONS OPPOSITE
TO THOSE REACHED BY KRKOŠEK ET AL. (2007)

a. Misleading Regression Analysis

In our Science report (Krkošek et al., 2007a), we did not con-
duct a regression analysis. Rather, we fit the stochastic Ricker
model to estimates of the number of pink salmon returning an-
nually to rivers on the Central Coast of British Columbia. The
Ricker model is well established in fisheries science (Hilborn
and Walters, 2001) and is the preferred method for estimating
population growth rates (Myers et al., 1999) and testing for den-
sity dependence in time series data of population abundances
(Dennis and Taper, 1994; Mueter et al., 2002). Brooks and Jones
(2008) place high emphasis on the coefficients of determination
in their regression analysis, but these statistics are meaningless
in this context because of the problem of non-independence be-
tween xand yvariables. Because of the dependence of ln[n(t+
2)/n(t)] on n(t) in the Ricker model, the variation in the data must
be represented by parametric bootstrapping (Dennis and Taper,
1994). Brooks and Jones (2008) advocate using non-linear re-
gression to analyze the data, but fail to describe how the variation
in the data can be correctly represented in such an analysis. More
fundamentally, they fail to explain the biological significance of
such an analysis.

b. Incomplete Model

Brooks and Jones (2008) suggest the stochastic Ricker model
used in Krkošek et al. (2007a) was inadequate to model pink
salmon population dynamics. The stochastic Ricker model is
a nonlinear stochastic model that captures density-dependent
mortality as well as stochastic environmental variation (Dennis
and Taper, 1994). The Ricker model may be the most funda-
mental model in fisheries science and is used widely in fish-
eries and ecology (Dennis and Taper, 1994; Myers et al., 1999;
Hilborn and Walters, 2001; Brook and Bradshaw, 2006). The
Ricker model directly models overcompensation - the cycle of
population crash following high brood-year abundance (Kot,
2001) and so fully accommodates the high spawner abundance
in 2000. The population growth rate, r , is estimated as the inter-
cept, and density-dependent mortality is estimated as the slope
when fitting the stochastic Ricker model (Dennis and Taper,
1994), meaning that these two parameters are well distinguished.
Figure 3 in Krkošek et al. (2007a) shows that a common slope
parameter (strength of density dependence) fit all the data well,
including the data from the Broughton Archipelago during the
sea lice infestations. This indicates at least two things. First, the
sea lice infestations have affected the population growth rate but
not density-dependent mortality, which is expected from theory

(Krkošek et al., 2007a, 2007b). Second, and importantly, the
density-dependent parameter estimated from all the data rep-
resents well the high spawner density and subsequent collapse
that occurred for Broughton pink salmon populations in 2002.
This latter point can be seen by the fact that there are no major
outliers in the data from the model fit in panel C relative to the
model fits in panels A and B in Figure 3 in Krkošek et al., 2007a.
Brooks and Jones (2008) introduce a new alternative model that
supposedly tracks fresh and marine water quality, predation,
and several density-dependent factors such as food availability,
horizontally transmitted disease agents, and random disease ef-
fects. The model looks interesting, but Brooks and Jones (2008)
provide no quantitative basis for its validity, nor any empirical
evidence that it is a suitable alternative model. It is not clear
how the Brooks and Jones (2008) model accounts mechanis-
tically for the effects they list, and it is difficult to imagine a
suitable dataset that contains sufficient information to estimate
all the parameters.

c. Selective Use of Data

Brooks and Jones (2008) combine all the pink salmon popula-
tions as though they were one population. The problem with this
approach is that the functional unit in the pink salmon metapop-
ulation structure is the odd- or even-year lineage in each individ-
ual river, not the regional summation of many rivers. Figures 2
and S1 in Krkošek et al. (2007a) show clearly that there is sub-
stantial variation in the data at the individual river level. This
variation and the information it contains about the processes
underlying it is lost when simply summing the escapement es-
timates. The natural periodic declines in the summed escape-
ment data do not provide an alternate explanation to our results
in Krkošek et al. (2007a). A more careful examination of the
variation in the individual populations of Figure 2 in Krkošek
et al. (2007a) shows that the catastrophic event currently affect-
ing Broughton pink salmon populations is unprecedented, rather
than common. Table 1 shows that all the periods of decline in
summed escapement estimates identified by Brooks and Jones
(2008) do not yield negative growth rates and extinction predic-
tions when applying our analytical approach. This is because
trends in summed escapement data reflect trends in only the
largest populations, and, while the largest populations may have
declined due to nonlinear density dependence, the smaller pop-
ulations did not. Similar obfuscation of ecological processes by
analyzing data at the stock complex level rather than the individ-
ual river level is known elsewhere in fisheries, where simulation
models show that evidence for depensation is lost at the stock
complex level when it is in fact present at the individual popu-
lation level (Frank and Brickman, 2000). With the analysis that
Brooks and Jones (2008) conduct, some populations could go
extinct, and that may not be statistically detectable or even evi-
dent in the data if other populations were healthy, declining less
rapidly, or equally declining but starting with higher abundance.
Because the Glendale populations had recently increased due
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to the spawning channel, this hides the trends happening in the
other populations. By analyzing the data at a level that permits
examination of all the variation it contains, it becomes clear
that all the populations, including Glendale, had significantly
negative population growth rates during the sea lice infestations
(Krkošek et al., 2007a).

d. Incomplete Analysis

The alternate analysis in this section of Brooks and
Jones (2008) involves fitting arbitrary polynomials to log-
transformed summed escapement and log-transformed time
variables. Brooks and Jones (2008) do not provide a biolog-
ical basis for the analysis or discuss the associated scientific
inference. It is not clear to us what can be learned about the ef-
fects of sea lice on pink salmon population dynamics by fitting a
cubic function to seven data points on log-transformed summed
escapement and log-transformed year axes. The presentation by
Brooks and Jones (2008) of the stochastic Ricker model as a
linear regression through a plot of log escapement vs log year is
not correct. The correct method for fitting the stochastic Ricker
model and comparing parameter estimates is conducted by lin-
ear regression of ln[n(t+ 2)/n(t)] vs n(t) to obtain the point
estimates of the parameters and then parametric bootstrapping
to construct the 95% confidence intervals on the parameter esti-
mates (Dennis and Taper, 1994).

e. Current Trends in Pink Salmon Returns

Brooks and Jones (2008) suggest that recent trends in
Broughton Archipelago pink salmon populations are increasing
rather than decreasing (their Figure 8). Their analysis is based
on regionally summed escapement estimates, and we have al-
ready explained how this obfuscates the variation and processes
in the underlying data. But there are more fundamental flaws
in their analysis. Odd- and even-year pink salmon lineages are
independent populations that commonly have different abun-
dances, population dynamics, and divergent genetics. It can be
appropriate to pool data from odd- and even-year lineages if the
data are first scaled by odd- and even-year mean abundances
to make the data comparable (Krkošek et al., 2007a). The data
must then be analyzed on n(t+ 2) vs n(t) or ln[n(t+ 2)/n(t)]

Table 1 Point estimates of the population growth rate, r , for subsets of
the Broughton Archipelago pink salmon escapement database suggested
by Brooks and Jones (2008) to be periods of natural decline

Data period Population growth rate, r

Odd years 1959–1969 0.45
Odd years 1983–1991 0.39
Odd years 2001–2003 Sea lice infestation years
Even years 1976–1984 0.12
Even years 1990–1996 0.64
Even years 2000–2006 Sea lice infestation years

vs n(t) axes to represent the autocorrelation in the time series
correctly. In their Figure 8, Brooks and Jones (2008) analyze the
data as though the data points are all independent, which they are
not, and the odd- and even-year lineages are not comparable be-
cause they have not been scaled appropriately. After excluding
the year following the fallow for outmigrating juveniles (2004),
there is only one valid n(t+ 2) and n(t) data pair present in their
analysis (2003 and 2005). Despite these fundamental flaws, we
attempted to verify the analysis in Figure 8 of Brooks and Jones
(2008) using summed escapement data from the seven rivers in
our Science report (Krkošek et al., 2007a) plus Glendale Creek.
We found that the increasing trend claimed by Brooks and Jones
(2008) in unscaled summed escapement data in the years 2002–
2006 (excluding 2004) is not statistically significant (t = 2.87,
df = 2, p = 0.103), and when the data are appropriately scaled
the statistical results are further weakened (t = 1.38, df = 2, p =
0.302). This means that Brooks and Jones (2008) conclusion that
Broughton Archipelago pink salmon are recovering is based on
a statistically insignificant result from a flawed analysis. A care-
ful examination of all the variation in the individual populations
of Figures 2 and 3 in Krkošek et al. (2007a) indicates steep and
unprecedented declines in Broughton Archipelago pink salmon
populations during the sea lice infestations. This is confirmed by
examination of Table 2, which shows that the survival of pink
salmon populations during the infestation years was negative
overall, with some underlying variation. The underlying vari-
ation is expected due to the high stochasticity in the data and
model. While the populations decline overall, there are tempo-
rary exceptions due to the stochastic process (Figure 1).

Figure 1 Simulation of the stochastic extinction model n (t+ 2) = n(t)·
exp(r + Zt (0,v)) described and parameterized in Krkošek et al. (2007a). Pa-
rameters are r , the population growth rate (r = –1.17), and v, the variance (v =
1.91). The environmental stochasticity term, Z , is a normally distributed random
variable with mean 0 and variance v, which is drawn each generation. There are
100 stochastic simulations shown (grey open circles), all starting at historical
mean abundance n (t = 0) = 1. The solid black line is the decline predicted by
the deterministic model n (t+ 2) = n (t)· exp(r ).
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Table 2 Annual survival estimates, ln[n (t)/n (t – 2)] per pink salmon
population in the Broughton Archipelago during 2002–2006

2002 2003 2004* 2005 2006

Ahta "4.48 "3.16 3.40 1.05 "2.73
Kakweiken "5.03 "1.93 2.46 0.75 "0.55
Kingcome "3.79 "1.08 2.63 "1.94 "1.93
Wakeman "2.54 1.02 0.86 "3.65 "1.55
Viner "0.51 "2.10 1.57 "1.05 "3.02
Lull "6.73 "5.31 4.28 3.55 "3.16
Ahnuhati "4.11 0.40
a2.82 "0.01 "2.54
Glendale "3.73 "2.12 3.59 0.32 "1.29
Average "3.87 "1.79 2.70 "0.12 "2.10

$This year corresponds to the pink salmon cohort whose juvenile outmigration
occurred during the fallow year 2003.
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