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Since the late 1980s, wild salmon catch and abundance have declined dramatically in

the North Atlantic and in much of the Northwest Pacific, south of Alaska. In these

areas, there has been a concomitant increase in the production of farmed salmon. The

hypothesis that salmon aquaculture is an important contributor to the widespread de-

crease in wild salmon survival has been suggested, but not demonstrated. Experimen-

tal studies have shown the potential for negative impacts on wild salmonids, but their

results have been difficult to translate into predictions of change in wild population sur-

vival and abundance. We compared marine survival of salmonids in areas with salmon

farming to adjacent areas without farms, to estimate the effect of aquaculture on marine

survival. Through a meta-analysis of existing data, we show a reduction in survival of

5 species of anadromous salmonids from 7 regions of the North Atlantic and Pacific,

as a result of increased production of farmed salmon. In many cases, salmon farming

reduced survival or abundance by more than 50%. This is the first demonstration that

salmon farming reduces survival sufficiently to pose a significant threat to wild salmon

and trout in many populations and countries.
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1 INTRODUCTION

Salmon farming impacts wild salmonid populations through a number of mechanisms,

including increasing parasite loads, hybridization with escaped farm salmon, and in-

creasing predator densities near farm sites. A number of studies have predicted or

evaluated the impacts of salmon farming through a single mechanism, in a given area.

It is clear that some salmonids are infected by sea lice originating from salmon farms

(Krkos̆ek et al. 2005; Morton et al. 2003; Bjørn and Finstad 2002; Gargan et al. 2003),

that other diseases have been spread to wild populations from salmonid farming activ-

ities (Johnsen and Jensen 1994; ICES 2001), and there is evidence that salmon parr

are at lower density in areas of Scotland where there is aquaculture (Butler and Watt

2003). In addition, farmed salmon escape in all areas where salmonid aquaculture is

practiced, and although their breeding success may be low on average, competition for

mates and hybridization with wild salmon are likely to reduce survival of wild popula-

tions (McGinnity et al. 2003; Weir et al. 2004).

In this study, populations in which juvenile salmonids pass by salmon farms on their

migrations were considered to be “exposed” to impacts of salmon farming. Therefore

this study primarily measures impacts from disease or ecological change related to

salmon farming, though many of our exposed populations may also have experienced

genetic introgression from escaped farm salmon.

For each region analysed, we selected a control region that was not directly ex-

posed to salmon farming, but which matched the exposed area as closely as possible,

i.e. similar climate, acidification, and marine fisheries and migration (Table 1, details

about the data used and the regions we compared are available in the Electronic Sup-

plementary Material). Data from scientific surveys, e.g. counting fences, were used if

possible; however, for Scottish salmon and Irish and Welsh sea trout, only catch data

were available (Figure 2). Despite careful selection of exposed and control stocks, there

is some possibility of spurious correlation between decline in a stock and the growth

of salmon farming in that region. However, because we performed many comparisons,
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our meta-analytic means will be robust to such chance events, and are good indicators

of the overall impact of salmon farming on wild stocks.

2 MATERIAL AND METHODS

2.1 Model

We modeled survival and, in a separate analysis, total returns to each stock, using a

general linear mixed effects model for each region. To model survival, we used a

Ricker model extended to include the production of farmed salmon in the area through

which exposed juvenile salmon migrated, with random effects for each stock and year

(Myers et al. 1999).

Let Si,y be an index of the number of fish that smolted, i.e. migrated to sea in the

spring, in yeary from stocki, letRi,y be the estimated number of those fish that would

subsequently return to spawn in the absence of fishing, and letPi,y be the aquaculture

production that those smolts were exposed to (in tonnes). The dynamics are assumed

to be given by

log(
Ri,y

Si,y
) = β0 + ai + dy + βiSi,y + γ(Pi,y)λ + ei,y, (1)

whereβ0 is the fixed intercept for the average stock and year with no aquaculture

production,ai is the random deviation of theith stock intercept fromβ0, dy is the

random deviation of theyth year,βi is the fixed slope of mortality (that is the density-

dependence parameter) that will vary with each stocki, andγ is the coefficient of

aquaculture mortality that is assumed to scale with a possibly nonlinear function of

aquaculture production,(Pi,y)λ. The random error,ei,y, is assumed to be first-order

autocorrelated. We assume theai’s anddy ’s come from normal distributions with zero

mean. The autocorrelation and the random year effect are included to account for

established temporal and spatial correlations in environmental effects (Myers et al.

1997). The effects of aquaculture are summarized by the coefficientγ, for each region,
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k. These coefficients were combined using meta-analysis to obtain an overall estimate

of the change in wild salmonid survival related to aquaculture.

As the best functional form for aquaculture impact in the model,(Pi,t)λ, was not

known, we investigated several functional forms: a linear increase in impacts with

aquaculture, a square relationship, and a square root relationship. We chose the best

model by AIC, and tested our results under alternative formulations.

We repeated the analysis with number of returning adults as the response variable,

to test the robustness of the conclusions and because only returns data were available

for some regions. This analysis used Equation 1 withSi,t andβi dropped from the

equation. The response variables for this analysis included rod catches, rod plus marine

catches, counts of salmon returning to rivers, and estimates of returns to rivers in the

absence of fishing (details in the Electronic Supplementary Material).

Outer Bay of Fundy salmon in New Brunswick, Canada, have been reduced to zero

in one river and a handful in another. For this region, we used a generalized linear

mixed effect model with negative binomial error instead of Equation 1.

2.2 Meta-Analysis

The effect of aquaculture is summarized by one parameter,γ, to which we now add a

subscript to identify each region,k. For a fixed assumption aboutλ, theγk ’s are in the

same units and can be directly compared using meta-analysis. In the general case, we

model the effects of aquaculture as a mixed effects model,

γ̂k ∼ N(α0, σ
2 + s2

k), (2)

whereγ̂k is the estimated value ofγk, α0 is the intercept,s2
k is the variance of thek’th

estimate (which is taken from the analysis in Equation 1, and is held fixed), andσ2 is

the among-region variance. A fixed effect meta-analysis is obtained by constrainingσ

to be zero. We used maximum likelihood estimation and selected models by AIC.

For robustness, we considered 5 classes of models: different regions used as con-

trols, different mixed model assumptions, different error assumptions, different func-
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tional forms for the aquaculture effect, and different autocorrelational structures, as

well as performing a Bayesian meta-analysis. Overall, the results were very similar for

all models. (See Electronic Supplementary Material for results of alternative models

and details of the Bayesian analysis.)

We were unable to carry out analysis for Norway, because all parts of Norway

are exposed to some extent (a map showing salmon farm locations is available from

the Norwegian Directorate of Nature Management, athttp://english.dirnat.

no/archive/images/01/12/salmo042.pdf ), because many rivers contained

over 50% aquaculture escapees (Fiske et al. 2001), and due to confounding effects due

to acidification and disease. For the West Coast of Vancouver Island it was not possible

to obtain aquaculture production data by region over time, and Maine was not included

because of a lack of suitable control rivers.

3 RESULTS

Survival of many stocks was reduced by more than 50% (Figure 3). All estimates

of γk were negative, with the exception of survivals of Atlantic salmon (mainly from

hatcheries) in Ireland (Figure 3). Both random-effects estimates of the meanγ were

negative and highly significant, indicating a very large negative impact on survival.

For example, theγk for Bay d’Espoir in Newfoundland was estimated to be -0.027.

In 2003, the farmed salmon harvest from this area was 1450 tonnes, which under the

dynamics of Equation 1, corresponds to a decrease in survival of 65% (95% CI: 44 to

80%), relative to no salmon farming.

Including autocorrelated errors reduced the Akaike Information Criteria (AIC) for

most models, and AIC was lower whenλ = 0.5 than whenλ = 1 or 2 for the majority

of regions, so this formed our base model for which results are given (see Electronic

Supplementary Material). This value ofλ indicates that relatively small amounts of

aquaculture will depress wild survival, but the effect does not increase proportionally

to aquaculture production.
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4 DISCUSSION

We found higher impacts on populations in the Atlantic than those in British Columbia,

possibly because Atlantic salmon populations are conspecific with farmed salmon, and

therefore susceptible to genetic effects from interbreeding. These estimates may also

be lower because we aggregated over large numbers of populations for pink, chum,

and coho salmon, as estimates of fishing mortality were only available on a very coarse

scale.

Populations that spend more time near salmon farms may experience higher im-

pacts. Anadromous brown trout, which have coastal distributions, had one of the high-

est mortalities in our sample. Similarly, inner Bay of Fundy salmon may have a more

localized marine distribution than other populations (Amiro et al. 2003). The largest

correlation between declining returns and salmon farming was found in these popula-

tions. The aquaculture industry in the outer Bay of Fundy (New Brunswick, Canada)

is extremely concentrated, and salmon from the St. Croix and Magaguadavic Rivers

must pass by many salmon farms on their migrations. The wild salmon run in the St.

Croix is extinct, and the returns to the Magaguadavic have declined from over 800 wild

salmon to fewer than 10 in the last 15 years.

The time period over which we are estimating impacts of aquaculture includes the

establishment of the industry in each region. Improvements in management as indus-

tries mature may explain our finding that impacts of salmon farming on wild salmon

do not increase linearly with the volume of aquaculture. Better management should de-

crease the impact of salmon farming on a per tonne basis, though such improvements

may not be able to keep pace with the growth of the salmon farming industry.

The increase in mortality related to salmon farming is in addition to mortality that is

also acting on the control populations. In most cases, our controls are also experiencing

decreases in marine (and sometimes freshwater) survival, for reasons that are only

partially understood. At the same time, fishing has been reduced or eliminated in many

areas, which has partially masked the decline in survival associated with aquaculture.
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Both meta-analytic estimates (using survival and returns indices) provide strong

evidence that salmon farms have had negative impacts on the populations studied. The

reduction in survival of wild salmonids is large, and is expected to increase if aquacul-

ture production increases. Most populations have been subject to only a few genera-

tions of aquaculture at high levels, at which very large reductions in survival are seen

(Figure 3).

The supplementary Electronic Appendix is available at ...
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Figure 1: Total harvest of wild and farmed salmon. (a) Total catch of Atlantic salmon

(black, left-hand axis) and production of farmed salmon (red, right-hand axis) in the

North Atlantic (ICES 2005). (b) Total catch of salmon (all species, in black) and farmed

salmon (all species, in red) in British Columbia, Canada (ICES 2005; DFO Statistical

Services 2006). (c)Total catch of salmon (all species) in Alaska, USA, where no salmon

farming occurs (State of Alaska 2006).
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Figure 2: Adult returns of wild salmonids in control (black) and exposed (blue)

stocks, along with aquaculture production(red). For plotting, the returns to con-

trols and exposed stocks have been separately summarized by a multiplicative model

(log(Returnsi,y) = ai + dy + ei,y); the mean returns across stocks for each year are

shown. Returns to exposed regions in the inner Bay of Fundy have been multiplied by

10 for clarity (dashed line), and only even year values are available for pink salmon

prior to 1989 (details in Supplementary Methods). Irish salmon are not included be-

cause only marine survivals (not returns) were available.11
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Figure 3: Impacts of salmon farming. All estimates are for Atlantic salmon unless

otherwise specified. Percent change is(1−eγ̂k)∗100. (a) Estimated percent change in

survival per generation per tonne of farmed salmon production. The diamond indicates

the random-effects meta-analytic mean. (b) Estimated percent change in survival of

wild salmonids due to salmon farming, per generation, at the mean tonnage of farmed

salmon harvested in each region, during the study period. A meta-analytic mean is not

given because of the large variation in aquaculture production values across regions.

(c), (d), As for (a), (b), but representing the change in returns to each stock. Bars and

width of diamonds are 95% confidence intervals.
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