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A Global Assessment of Salmon 
Aquaculture Impacts on Wild Salmonids
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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 northeastern Pacific south of Alaska. In these areas, there has been a concomitant increase in the production of 
farmed salmon. Previous studies have shown negative impacts on wild salmonids, but these results have been difficult 
to translate into predictions of change in wild population survival and abundance. We compared marine survival of 
salmonids in areas with salmon farming to adjacent areas without farms in Scotland, Ireland, Atlantic Canada, and 
Pacific Canada to estimate changes in marine survival concurrent with the growth of salmon aquaculture. Through a 
meta-analysis of existing data, we show a reduction in survival or abundance of Atlantic salmon; sea trout; and pink, 
chum, and coho salmon in association with increased production of farmed salmon. In many cases, these reductions in 
survival or abundance are greater than 50%. Meta-analytic estimates of the mean effect are significant and negative, 
suggesting that salmon farming has reduced survival of wild salmon and trout in many populations and countries.
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Introduction
Since the la te  1970s, salm on aq u acu ltu re  has grow n in to  a 

global industry , p ro d u c in g  over 1 m illion tonnes o f salm on 
p e r  year [1], T he m ajority  o f this biom ass is he ld  in  o p en  n e t 
pens in  coastal areas th ro u g h  w hich w ild salm on m igra te  on 
th e ir  way to an d  from  the ocean. A n u m b er o f studies have 
p red ic ted  o r  evaluated  the im pacts o f salm on fa rm ing  on  wild 
salm on th rough  a single m echanism , in  a given area. I t is clear 
th a t som e salm onids are  in fec ted  an d  killed by sea lice 
o rig ina ting  from  salm on farm s [2-5], th a t o th e r  diseases have 
b een  sp read  to wild popu la tions from  salm onid  farm ing  
activities [6,7], and  th ere  is evidence th a t salm on p a rr  are  at 
low er density  in  areas o f S co tland  w here th e re  is salm on 
aquacu ltu re  [8], In  add ition , fa rm ed  salm on escape in  all 
areas w here salm on aq u acu ltu re  is p rac ticed , and  although  
th e ir  b reed in g  success may be low on  average, com p etitio n  
fo r m ates and  hybrid iza tion  w ith  wild salm on are  likely to 
reduce  survival o f wild popu la tions [9,10],

It is well established th a t wild salm onids can be negatively 
affected  by salm on farm ing  [11], how ever, the im p o rtan ce  o f 
these in te rac tio n s a t the po p u la tio n  level has rarely  been  
d e te rm in ed  [2], To d e te rm in e  p o p u la tio n  level im pacts, we 
exam ined  tem pora l trends in the abundance  an d  survival o f 
wild salm onids (Figure 1 an d  F igure SI). O u r study con trasted  
trends in  w ild popu la tions exposed  to p o ten tia l aquacu ltu re  
im pacts w ith those o f popu la tions n o t exposed. Popu la tions 
in  w hich juven ile  salm onids pass by salm on farm s d u ring  
th e ir  m ig ra tion  w ere considered  to  be exposed to  im pacts o f 
salm on farm ing. E xposed popu la tions w ere carefully p a ired  
w ith co n tro l popu la tions in  the sam e reg ion  whose m ig ra­
tions d id  n o t lead  past farm s, b u t w hich o therw ise ex p eri­
enced  sim ilar clim ate and  an th ropogen ic  d isturbances. Use o f 
such p a ired  com parisons allow ed us to  co n tro l fo r co n fo u n d ­
ing factors such as clim ate to d e tec t p o p u la tio n  level im pacts. 
U sing the R icker stock re c ru it m odel [12], we p e rfo rm ed  11 
com parisons, involving m any stocks from  b o th  sides o f the 
A tlan tic  an d  from  B ritish  C olum bia in  the Pacific (Table 1, 
D ata section  o f M aterials an d  M ethods).

Results
All estim ates o f  the effect o f aq u acu ltu re  on  survival o r 

re tu rn s  w ere negative. B o th  ran d o m  effects estim ates o f 
the m ean  effect w ere negative and  highly significant (Figure 
2), ind ica ting  a very large red u c tio n  in  survival and  re tu rn s 
in popu la tions exposed  to aquacu ltu re . U n d er the dynam ics of 
E quation  1 (see M aterials and  M ethods), p e rcen t change in 
survival o r  re tu rn s  is rep re sen ted  by (1 — exp(y  k )  * P 1/ 2 * 100) 
w here y is the coefficient o f aq u acu ltu re  p ro d u c tio n  (P) fo r 
reg ion  h .  F o r exam ple, the estim ated  change in  survival 
p e r  to n n e  o f  sa lm on  fa rm in g  ( y h ) fo r  Bay d ’E sp o ir in  
N e w fo u n d la n d  was e s t im a te d  to  b e  0 .026 (F ig u re  2). 
In  2003, the fa rm ed  salm on harvest from  this a rea  was 1,450 
to n n e s  (t), so th e  e s t im a te d  d e c re a s e  in  su rv iv a l is 
(1 -  e x p (-0 .0 2 6 *  14501/ 2)) * 100 =  63% (95%  C l: 4 4 % -  
80%), rela tive to w hat it w ould be in  the absence o f farms. 
Survival and  to ta l re tu rn s  o f m any stocks w ere fo u n d  to be 
red u ced  by m ore  th an  50% (Figure 2), fo r each genera tion . If 
all exposed  p o p u la tions w ere passing by farm s w ith  a to tal 
annual harvest o f 15,000 t, the m ean  estim ated  to ta l red u c tio n  
in survival w ould be 73% (95% Cl: 29% -90% ) (Figure 2). M any 
regions now have fa rm ed  salm on p ro d u c tio n  in excess o f 
20,000 t/y.

G enerally, A tlan tic  salm on popu la tions w ere depressed  
m ore  than  Pacific salm on popu la tions, particu larly  A tlantic
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Author Summary

The Im pact o f  sa lm on  farm ing  o n  wild sa lm on  an d  tro u t  Is a hotly 
d e b a te d  Issue In all co u n trie s  w h ere  sa lm on  farm s an d  wild sa lm on  
coexist. S tud ies have clearly sh o w n  th a t  e sc a p e d  farm  sa lm on b reed  
w ith wild p o p u la tio n s  to  th e  d e tr im e n t o f  th e  wild stocks, an d  th a t  
d ise ases  an d  p a rasites  a re  p assed  from  farm  to  wild sa lm on . An 
u n d e rs ta n d in g  o f  th e  Im p o rtan ce  o f  th e s e  Im pacts a t  th e  p o p u la tio n  
level, how ever, has b e e n  lacking. In th is s tudy , w e u sed  existing  d a ta  
on  sa lm on  p o p u la tio n s  to  c o m p a re  survival o f  sa lm on an d  tro u t  th a t  
sw im  p a s t sa lm on  farm s early  In th e ir  life cycle w ith  th e  survival o f  
n earb y  p o p u la tio n s  th a t  are  n o t e x p o sed  to  sa lm on  farm s. W e have 
d e te c te d  a sign ifican t d ecline  In survival o f  p o p u la tio n s  th a t  are 
e x p o sed  to  sa lm on  farm s, co rre la ted  w ith  th e  Increase In farm ed  
sa lm o n  p ro d u c tio n  In five re g io n s . C o m b in in g  th e  reg io n a l 
e s tim a te s  statistically , w e find a red u c tio n  In survival o r a b u n d a n c e  
o f  wild p o p u la tio n s  o f  m o re  th a n  50%  p e r  g e n e ra tio n  on  average , 
a sso c ia ted  w ith  sa lm on  farm ing . M any o f  th e  sa lm on  p o p u la tio n s  
w e In v estig a ted  are  a t  d ram atica lly  re d u c e d  a b u n d a n c e , an d  
reducing  th re a ts  to  th e m  Is necessa ry  fo r th e ir  survival. R educing 
Im pacts o f  sa lm on  farm ing  on  wild sa lm on  sh ou ld  b e  a high priority.

salm on in A tlan tic  Canada. Irish  sea tro u t w ere also estim ated  
to have b een  very strongly reduced  by im pacts o f salm on 
farm ing, w hereas estim ated  im pacts on  A tlan tic  salm on in  
Scotland d ep en d ed  on  the data  used. In  B ritish  C olum bia

(Pacific C anada), on ly  p in k  sa lm on  show ed s ign ifican t 
declines co rre la ted  w ith salm on aquacultu re .

Results a re  re p o r te d  fo r a m odel inc lud ing  au to co rre la ted  
e rro rs  an d  w ith X  se t a t 0.5, ra th e r  than  1 o r  2, because this 
m in im ized  the A kaike in fo rm atio n  c rite ria  (AIC) fo r m ost 
regions [13]. T he p a ram e te r X  allows fo r the im pacts o f 
salm on fa rm ing  to change non linearly  w ith the aquacu ltu re  
p rod u c tio n . A X  o f 0.5 indicates th a t relatively small am ounts 
o f aq u acu ltu re  will depress wild popu la tions, b u t the effect 
does n o t increase p ro p o rtio n a lly  to aq u acu ltu re  p roduc tion . 
See Tables SI and  S2 fo r results o f a lte rnative  models.

F o r the New B runsw ick com parison , the o u te r  Bay of 
Fundy rivers are  located  m uch closer to salm on farm s than  
the o th e r  exposed  rivers. I f  only these o u te r  Bay o f Fundy 
rivers a re  considered  exposed  to salm on farm ing, an d  o th e r 
Bay o f Fundy rivers (inner Bay o f Fundy and  S ain t Jo h n  River) 
are  inc luded  am ong  the contro ls, the overall estim ates (i.e., 
m eta-analytic m eans) a re  still significant and  negative in  b o th  
versions o f the analysis.

Discussion
We have estim ated  a significant increase in  m orta lity  o f 

w ild salm onids exposed  to salm on farm ing  across m any 
reg ions. H ow ever, es tim ates  fo r  in d iv id u a l reg ions a re  
d ep en d en t on  assum ptions deta iled  in  the M aterials and
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Figure 1. Adult Returns o f Wild Salmonids in Control (Black) and Exposed (Blue) Stocks, with Aquaculture Production (Red)
For plotting only, th e  returns to  controls and  exposed stocks have been  separately sum m arized by a multiplicative m odel (log{Returnsiiy) — o¡ dy -\- ej>y ; 
variables are the  sam e as in Equation 1). The m ean returns across stocks for each year are show n. Note that left-hand axes are on  a log scale. Only even 
year values are available for pink salm on prior to  1989. Irish salm on are n o t included because only m arine survivals (not returns) are available. 
doi:10.1371/journal.pbio.0060033.g001
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Table 1. S u m m a ry  o f  P o p u la tio n s  In c lu d ed

ID Species Country Exposed Control Type3 Reference

Region n b Region nb

1 Sea trout Ireland/UK Ireland (Western Region)0 16 Wales 32 C [26,16,17]
2 Atlantic salmon Scotland West Coast0 1 East Coast 1 C e

3 Scotland West Coast0 2 East Coast 10 T [29]
4 Ireland Western Region01 4 Rest of Ireland 9 T,S [28]
5 Canada Bay d'Espoird 1 Rest of Newfoundland 4 T [31]

Canada Bay d'Espoir0 1 Rest of Newfoundland 21 T,S [31]
6 Canada Fundy, Inner 2 Gulf of St Lawrence, 

Atlantic Coast
4 T,S [28,35,36,39]

7 Canada St John River 2 Gulf of St Lawrence, 
Atlantic Coast

4 T,S [28,37,39,40]

8 Canada Fundy, Outer 2 Gulf of St Lawrence, 
Atlantic Coast

4 T,S [28,37,39,40]

9 Coho salmon Canada Johnstone Strait 2 BC Central Coast 4 S f

10 Pink salmon Canada Johnstone Strait 2 BC Central Coast 4 S f

11 Chum salmon Canada Johnstone Strait 2 BC Central Coast 4 s 49

0 T y p e  C re fe rs  t o  c a tc h e s ,  T re fe rs  t o  sc ie n tific  t ra p s , a n d  S re fe rs  t o  o th e r  sc ien tific  su rv e y s . 
bn  is t h e  n u m b e r  o f  p o p u la t io n s ;  i.e., rivers, o r  SAs in BC. 
c U sed  in r e tu r n s  a n a ly sis  on ly . 
d U sed  in su rv ival an a ly sis  on ly .
0 J. M acL ean , FRS S c o tla n d , u n p u b l is h e d  d a ta .  
f NuSEDS d a ta b a s e ,  DFO  Pacific, u n p u b l is h e d  d a ta .  
d o i:1 0 .1 3 7 1 /jo u rn a l .p b io .0 0 6 0 0 3 3 .t0 0 1

M ethods section , and  the estim ates o ften  have large con ­
fidence intervals. G iven th a t the data  analysed are  affected  by 
considerab le  no ise—includ ing  changes in fishing an d  envi­
ro n m en ta l fac to rs— the im p o rta n t resu lt o f this study is th a t 
we a re  non e th e less  able to  d e te c t a large, sta tistically  
significant effect co rre la ted  w ith trends in  fa rm ed  salm on 
p ro d u c tio n . T he significant increase in  m orta lity  re la ted  to 
salm on fa rm ing  th a t we have estim ated  in  alm ost all cases is 
in  ad d itio n  to m orta lity  th a t is also acting  on  the con tro l 
popu la tions. In  m ost cases, co n tro l popu la tions w ere also 
experiencing  decreases in  m arine  (and som etim es freshw ater) 
survival, fo r reasons th a t are  only partia lly  u n ders tood . A t the 
sam e tim e, fishing m orta lity  has been  reduced  o r  e lim inated  
in  m any areas, w hich m ay have pa rtia lly  m asked h igh 
m ortalities associated  w ith aquacultu re .

A key assum ption  in  this study is th a t exposed an d  con tro l 
areas do n o t d iffer in  a system atic way across regions. We 
have iden tified  th ree  possible ways th a t exposed  an d  con tro l 
sites could  d iffer systematically: first, salm on farm s could  be 
established only in areas w here w ild stocks have already 
collapsed; second, salm on farm s could  be established in  areas 
w here h ab ita t is m ore  d is tu rb ed  by hu m an  activities; or, th ird , 
clim ate factors could  d iffer betw een  the exposed areas and  
the con tro ls in  a system atic way.

D eclines in  con tro l and  exposed  salm onid  popu la tions 
p reced ed  the g row th  o f the salm on aq u acu ltu re  industry  in  
som e regions, b u t in spec tion  o f the data  used do n o t ind ica te  
th a t salm on popu la tions in  the m ajority  o f o u r  regions had  
declined  dram atically  in  the exposed areas only, befo re  the 
s ta rt o f salm on farm ing  (averaged re tu rn s data  a re  show n in 
F igure 1). In  regions such as Scotland, w here declines p recede  
the s ta rt o f salm on farm ing, the stro n g  aq u acu ltu re  effect 
estim ated  reflects a fas te r decline in  exposed  popu la tions 
co n cu rren t w ith the g row th o f salm on farm ing.

A reas th a t we consider exposed  do n o t seem  to be m ore

developed than  co n tro l areas in general. In  the A tlan tic , m ost 
areas have b een  highly a lte red  by h u m an  activities fo r 
h u n d red s o f years, b u t th ere  is no obvious d ifference  betw een 
the co n tro l an d  exposed groups in  this regard . In  B ritish  
C olum bia, all areas considered  are  very rem ote, and  the m ain 
type o f  an th ro p o g e n ic  d is tu rb a n c e  in  rivers w ould  be 
forestry. C om prehensive fo restry  records a t the w atershed  
scale a re  n o t easily  ava ilab le , b u t  log g in g  in  B ritish  
C olum bia’s C en tra l C oast is extensive, b o th  h istorically  and  
recen tly  [14], I t  should  be n o ted  th a t the com parisons in 
B ritish  C olum bia include large num bers o f rivers (>  80 rivers 
in each case), so d ifferences in  an th ropogen ic  effects w ould 
have to ho ld  over m any w atersheds to exp lain  the effects we 
estim ate.

Finally, it  is also very unlikely th a t o u r results a re  due to a 
clim ate driven  tren d  in  w hich m ore  sou therly  popu la tions 
show s tro n g e r declines th an  p o p u la tio n s  to th e  n o rth . 
A lthough  o u r exposed  popu la tions are  to the sou th  o f con tro l 
popu la tions in  th ree  o f five regions, d ifferences in  la titude  
are  small. In  New Brunsw ick, the co n tro l popu la tions a re  to 
the n o r th  o f the exposed popu la tions, b u t by less than  200 
km, and  the headw aters o f som e o f the exposed popu la tions 
are  ad jacen t to those o f the contro ls. In  N ew foundland, the 
d ifference  in  la titu d e  betw een  exposed an d  co n tro l p o p u la ­
tions is sim ilarly small. In  B ritish  C olum bia, the con tro l 
popu la tions are  also to the n o rth , b u t by less than  300 km. 
Also, M ue te r  e t al. [15] fo u n d  th a t p ink  and  coho salm on from  
all o f the B ritish  C olum bia popu la tions we have exam ined  
re sp o n d  sim ilarly to large-scale clim ate trends. Thus, the 
p a tte rn  we fo u n d  in  this study does n o t seem  a ttr ib u tab le  to a 
systemic d ifference  betw een the co n tro l an d  exposed areas.

W e e s tim a ted  h ig h e r  im pacts on  p o p u la tio n s  in  the 
A tlan tic  than  those in  B ritish  C olum bia, possibly because 
A tlan tic  salm on popu la tions are  conspecific w ith farm ed  
salm on, and  th e re fo re  susceptib le to genetic effects from
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Figure 2. Estimated Effects of Salmon Farming
All estim ates are for Atlantic salmon unless otherw ise noted.
(A) Estimated percent change in survival of wild salm onids associated 
with salmon farming, per generation per to n n e  of farm ed salmon 
production.
(B) Estimated percent change in survival of wild salmonids associated 
with salmon farming, per generation, at the  m ean to n n ag e  of farm ed 
salmon harvested in each region, during th e  study period. The m eta- 
analytic m ean has been scaled to  show  m ean reduction in survival w hen 
harvest of farm ed salmon in the  region is 15,000 t.
(C and D) As for (A) and (B), but representing th e  change in returns to  
each stock (rather than  survival). The bars represent 95% confidence 
intervals.
doi:10.1371/journal.pbio.0060033.g002

in te rb reed in g  w ith escaped farm  salm on, in  ad d itio n  to 
disease o r  o th e r  im pacts. E stim ated  im pacts in  B ritish  
C olum bia may also be low er because we aggregated  over 
large num bers o f popu la tions fo r pink, chum , and  coho 
salm on, because estim ates o f fishing m ortality  w ere only 
available at a very coarse scale. T he individual popu la tions 
may vary in  th e ir  exposure to salm on farm s.

T he large ap p a re n t im pact o f A tlan tic  salm on farm ing  on 
Ir ish  sea tro u t, in  c o n tra s t, can  n o t be ex p la in ed  by 
in te rb reed ing . In  the m id-w estern  reg ion  o f Ire lan d  (the 
exposed region), the to ta l ro d  catch  decreased  from  alm ost 
19,000 sea tro u t in  1985 to 461 in  1990 [16]. In  the few rivers 
w here data  w ere available, catch  declines could  n o t be 
exp la ined  by red u ced  effo rt [16]. W elsh sea tro u t catches 
(the contro ls) have rem ained  relatively co nstan t d u ring  the 
sam e tim e period , w hereas fishing e ffo rt has decreased  
considerably  [17]. Sea tro u t (anadrom ous brow n  tro u t) m ight 
be expected  to  experience  h igher m ortalities, because they 
spend  lengthy periods in  coastal areas n ea r salm on farm s, 
relative to A tlan tic  salm on, thus being  exposed to  disease o r 
parasites fo r a longer tim e [18].

T he tim e p e rio d  over which we are  estim ating  im pacts o f
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aquacu ltu re  includes the estab lishm en t o f the industry  in  
each region. Im provem ents in  m anagem ent as industries 
m atu re  may explain  o u r finding th a t im pacts o f salm on 
farm ing  on  wild salm on do n o t increase linearly  w ith the 
to n n ag e  o f fa rm ed  salm on. B e tte r  m an ag em en t shou ld  
decrease the im pact o f salm on farm ing  on  a p e r  to n n e  basis, 
a lthough  such im provem ents may n o t be able to  keep pace 
w ith  th e  g row th  o f th e  salm on  fa rm in g  industry . T he 
estim ated  red u c tio n  in  survival o f wild salm onids is large, 
and  w ould be expected  to increase if aquacu ltu re  p ro d u c tio n  
increases.

Materials and Methods
W e m odeled  survival and, in  a se p ara te  analysis, to ta l re tu rn s  to 

each  stock, using  a genera l lin ea r  m ixed effects m odel fo r  each 
region. To m odel survival, we used  a R icker m odel ex ten d ed  to 
include the  p ro d u c tio n  o f  fa rm ed  sa lm on in  th e  a rea  th ro u g h  w hich 
exposed  ju v en ile  sa lm on m igra ted , w ith  ra n d o m  effects fo r  each  stock 
an d  year [19].

Let Si>y be an  index  o f  the  n u m b e r o f  fish th a t sm olted , i.e., 
m ig ra ted  to  sea in  the  spring , in  year y f ro m  stock i, le t R i>y be the  
estim ated  n u m b e r o f  those fish th a t w ould  subsequently  re tu rn  to 
spaw n in  the  absence o f  fishing, and  le t be th e  aq u acu ltu re  
p ro d u c tio n  th a t those sm olts w ere exposed  to  (in tonnes). T he 
dynam ics are  assum ed to be given by

=  ß° ^  a ‘ +  e i,y (1)

w here ß0 is th e  fixed in te rc e p t fo r  th e  average stock an d  year w ith  no 
aq u acu ltu re  p ro d u c tio n , is th e  ra n d o m  d ev ia tion  o f  th e  ith stock 
in te rc e p t fro m  ß0, dy is the  ran d o m  d ev ia tion  o f  the  yth year, ß, is the  
fixed slope o f  m orta lity  (the density  d ep en d en c e  p aram e te r)  th a t will 
vary w ith  each  stock i, an d  y is the  coeffic ien t o f  aq u acu ltu re  
m orta lity  th a t is assum ed to  scale w ith  a possibly n o n lin e a r  fu n c tio n  
o f  aq u acu ltu re  p ro d u c tio n , {P^y)X. T he  ran d o m  e rro r , ei>y, is assum ed 
to  be first o rd e r  au to co rre la te d . W e assum e the  a/s  an d  dy s com e 
fro m  n o rm al d is trib u tio n s w ith  zero  m ean. T he a u to c o rre la tio n  and  
the  ra n d o m  year effect are  inc lu d ed  to  acco u n t fo r  estab lished  
tem p o ra l an d  spa tia l co rre la tio n s (respectively) in  en v iro n m en ta l 
effects [20].

T he effects o f  aq u acu ltu re  are  sum m arized  by th e  coeffic ien t y fo r 
each  region . T he reg ional coeffic ients w ere co m b in ed  using  m e ta ­
analysis to  o b ta in  an  overall es tim ate  o f  th e  change in  w ild sa lm onid  
survival re la ted  to aq uacu ltu re . B ecause th e  b est fu n c tio n a l fo rm  fo r 
the  a q u acu ltu re  te rm  in  the  m odel {P^y)X was n o t know n, we 
investigated  a lin ea r  increase  in  im pacts w ith  aquacu ltu re , a square  
re la tio n sh ip , an d  a square  ro o t re la tionsh ip . W e se lected  m odels by 
AIC, an d  we tes ted  o u r  results u n d e r  a lte rn a tiv e  fo rm ula tions.

To tes t the  robustness o f  the  conclusions, an d  because only re tu rn s  
d a ta  w ere available fo r  som e regions, we re p e a te d  the  analysis w ith 
n u m b er o f  re tu rn in g  adu lts as the  response  variable. This analysis 
u sed  E q u a tio n  1 b u t d ro p p e d  the  S^y an d  ß; term s. T he response  
variables fo r  this analysis inc lu d ed  ro d  catches, ro d  plus m arin e  
catches, coun ts o f  sa lm on re tu rn in g  to  rivers, an d  estim ates o f  re tu rn s  
to  rivers in  the  absence o f  fishing (see D ata  sources an d  trea tm en t, 
below).

O u te r  Bay o f  F undy sa lm on  in  New B runsw ick, C anada, have b een  
red u ced  to zero in  o ne  river and  to  a h an d fu l in  a n o th e r  river. F o r 
this reg io n  only, we assum ed negative b in o m ia l e rro rs.

F o r the  m eta-analysis, we ad d ed  a subscrip t, k, to iden tify  each  
region, to y, w hich sum m arizes th e  effect o f  aq u acu ltu re  fo r  each  
region. F o r a fixed assum ption  ab o u t X, th e  yA’s are  in  the  sam e u n its 
an d  can  be d irectly  com pared . W e m odeled  the  effects o f  a q u acu ltu re  
as a m ixed effects m odel,

y + s f )  (2)

h e re  y k is the  es tim ated  value o f  yk, ot0 is the  in te rcep t, a  is the  
am ong-reg ion  variance, an d  sf is the  variance  o f  the  M i estim ate  
(which is tak en  fro m  the  analysis in  E qu a tio n  1, an d  is he ld  fixed). A 
fixed effects m eta-analysis is o b ta in e d  by co n s tra in in g  a  to  be zero. 
W e used  m axim um  like lihood  e s tim atio n  an d  se lected  m odels by AIC.

F o r robustness, we co n sid ered  five classes o f m odels: d iffe ren t 
reg ions used  as con tro ls, d iffe re n t m ixed m odel assum ptions, differ-
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en t e r ro r  assum ptions, d iffe ren t fu n c tio n a l form s fo r  the  aq u acu ltu re  
effect, an d  d iffe re n t au to co rre la tio n a l s tru c tu res, as well as p e r fo rm ­
ing a B ayesian m eta-analysis. O verall, th e  resu lts w ere very sim ilar fo r 
all m odels. (See T ables SI a n d  S2 fo r  resu lts o f  a lte rn a tiv e  m odels an d  
T ex t SI fo r  details o f  th e  B ayesian analysis.)

Data sources and treatment. W e analysed d a ta  fo r  five species o f 
w ild sa lm on id  in  five regions: Ire la n d  an d  W ales, Scotland, N ew ­
fo u n d la n d  (Canada), New B runsw ick (Canada), an d  B ritish  C olum bia 
(Canada). T h e re  are  th re e  fu r th e r  reg ions w ith  b o th  wild salm onids 
an d  sa lm on  aq u acu ltu re  fo r  w hich we cou ld  n o t carry  o u t analyses: 
Norway, th e  w est coast o f  V ancouver Island  (Canada), an d  M aine 
(U nited  States). W e w ere u n ab le  to carry  o u t analyses fo r  N orw ay fo r 
th re e  reasons. F irst, sa lm on fa rm in g  in  N orw ay is so w idesp read  [21] 
th a t it was d ifficult to establish  co n tro ls. Second, th e  ad u lt p o p u la tio n  
in  m any rivers has b e e n  fo u n d  to  co n ta in  over 50% aq u acu ltu re  
escapees [22], m aking  tren d s  in  re tu rn s  to  rivers d ifficu lt to in te rp re t. 
T h ird , th e re  a re  c o n fo u n d in g  effects fro m  acid ifica tion  an d  disease 
[23, 24]. F o r th e  west coast o f  V ancouver Island, it was n o t possib le to 
o b ta in  aq u acu ltu re  p ro d u c tio n  d a ta  by reg io n  over tim e, an d  M aine 
was n o t in c lu d ed  because o f  a lack o f nearby  wild p o p u la tio n s to  serve 
as con tro ls.

M ost p o p u la tio n s  th a t we co n s id e red  to  be exposed  b re e d  in  rivers 
th a t d ischarge in to  bays o r  channels c o n ta in in g  a t least one salm on 
farm . O th ers  b re e d  in  rivers flow ing in to  bays w ith o u t sa lm on  farm s 
very close to areas c o n ta in in g  m any farm s. Salm on fro m  co n tro l 
rivers a re  very unlikely  to  pass by sa lm on farm s early  in  th e ir  life 
cycle, due to  th e  d ire c tio n  o f  th e ir  m ig ra tion . H ow ever, som e con tro ls 
may be relative, in  the  sense th a t sa lm on  m ay pass by farm s fro m  a 
considerab le  d istance, la te r  d u rin g  th e ir  m igra tions. This w ould  te n d  
to be conservative w ith  resp ec t to  o u r  study, since we w ould  th e n  have 
to d e tec t local effects th a t are  ad d itio n a l to  any im pacts f ro m  d is tan t 
farm s. D ata  fro m  scientific surveys, e.g., co u n tin g  fences, w ere used  if 
possible; fo r  Sco ttish  sa lm on an d  Irish  an d  W elsh sea tro u t, only catch  
d a ta  w ere available, so resu lts are  given fo r  only th e  im pacts on 
re tu rn s  (not survival).

Ireland sea trout. W e c o m p ared  ro d  catches o f  sea tro u t  in 
I re la n d ’s W estern  R eg ion  to  ro d  plus in -riv er fixed eng ine catches in 
W ales, fro m  1985 to 2001 (there  are  no  fixed eng ine  fisheries d irec ted  
a t sea tro u t  in  Ireland). Salm on fa rm in g  is c o n c e n tra te d  in  the  
W estern  R egion  (C onnem ara  area) o f  Ire lan d , b u t does o ccu r in  o th e r  
pa rts  o f  th e  co u n try  [25]. B ased o n  fa rm  lo cations [25], it was 
e s tim ated  th a t all rivers co n s id e red  exposed  a re  lo ca ted  less th a n  50 
km  fro m  a sa lm on farm , b u t m ost will e n te r  th e  ocean  less th a n  30 km  
fro m  a sa lm on farm . T h e re  is no  sa lm on fa rm in g  in  W ales. T h e re  w ere 
16 rivers in  W estern  Ire la n d  co n s id e red  exposed: A thry , B hinch 
(Lower), B h inch  (Middle), B hinch  (U pper), B urrishoo le , C ostello, 
C rum lin , D elphi, E rriff, Gowla, Inagh, Inverbeg, Inverm o re , Kyle- 
m ore, N ew port, an d  Screebe [16]. T he follow ing 32 W elsh rivers 
served as con tro ls: A eron , Afán, A rto , C leddau, Clwyd, Conwy, Dee, 
Dwyfawr, Dwyryd, Dyfi, Dysynni, Glaslyn, G w endreath , Gwyrfai, 
L lyfni, L o u g h e r, M aw ddach , N ea th , N ev e rn , O g m o re , O gw en, 
R heidol, Rhym ney, Seiont, Taf, Taff, Tawe, Teifi, Tywi, Usk, Wye, 
an d  Ystw yth [26,27]. T ro u t caugh t an d  re leased  a re  in c lu d ed  in  catch  
d a ta  fro m  b o th  coun tries. O nly ca tch  estim ates w ere available fo r 
m ost o f  these rivers. R e c ru itm en t cou ld  n o t be  derived, because 
an ad ro m o u s b row n  tro u t  in te rb re e d  w ith  fresh w ate r re s id en t tro u t, 
ab o u t w hich very few d a ta  are  available, so th is stock was only 
in c lu d ed  in  th e  re tu rn s  m od elin g  (not survival). F arm ed  salm on 
p ro d u c tio n  fo r  all o f  I re la n d  was u sed  in  m odeling  [28], because the  
m ajo rity  o f  farm s a re  in  th e  reg io n  w here th e  exposed  p o p u la tio n s 
b reed . T h is will te n d  to  have a conservative effect, resu ltin g  in  a low er 
estim ate  o f  th e  im pact o f  aq u acu ltu re , p e r  to n n e  o f  sa lm on  farm ing .

Scotland catch data. W e co m p ared  m arin e  plus ro d  catches o f 
A tlan tic  sa lm on  fro m  th e  east coast o f  S co tland  to  catches fro m  the  
west coast o f  S co tland  fo r  th e  years 1971 to 2004. Salm on farm s 
a p p e a r  to  be lo ca ted  in  th e  m ajo rity  o f  bays o n  th e  west coast o f 
S co tland  in  well over 300 sites (http://w w w .m arlab.ac.uk/U ploads/ 
D ocum ents/fishprodv9.pdf), so all sa lm on fro m  rivers on  th is coast 
w ere co n s id e red  exposed. T h e re  is no  sa lm on fa rm in g  o n  th e  east 
coast, so sa lm on fro m  east coast rivers w ere con tro ls. F o r each coast, a 
single tim e  series o f to ta l ca tch  was used  in  m odeling . M arine  catch  
reco rds w ere fro m  th e  In te rn a tio n a l C ouncil fo r  th e  E x p lo ra tio n  o f 
the  Sea (ICES) W ork ing  G roup  o n  N o rth  A tlan tic  Salm on [28] an d  
ro d  ca tch  reco rd s w ere fro m  F isheries R esearch  Services o f  S co tland  
(J. M acLean, perso n a l com m unication ). R od catches in c lu d ed  salm on 
caugh t a n d  released . T hese d a ta  w ere only u sed  in  m odeling  re tu rn s . 
F arm ed  sa lm on  p ro d u c tio n  fo r  all o f  S co tland  was used  in  m odeling  
[28], because reg ional p ro d u c tio n  d a ta  w ere n o t available.

Scotland count data. W e also used  co un ts o f  A tlan tic  sa lm on  o f  all 
ages re tu rn in g  to  rivers f ro m  1960-2001 in  S co tland  f ro m  T horley  et

al (2005) [29]. T he fish co u n te rs  a re  m a in ta in ed  by F isheries R esearch  
Services o r  by Sco ttish  an d  S o u th e rn  Energy pic. T h e re  w ere two 
exposed  po p u la tio n s. O ne is fro m  th e  Awe B arrage, w hich  em pties 
in to  a bay w ith  n u m ero u s sa lm on farm s. T he o th e r  is fro m  the  M orar 
River, w hich is less th a n  20 km  fro m  the  n ea res t sa lm on  farm , in  an 
a rea  o f  th e  coast w ith  m any farm s [8]. Salm on fro m  th e  co n tro l rivers 
(on th e  east coast) do n o t pass by sa lm on farm s in  S co tland  because o f 
th e  d ire c tio n  o f  th e ir  m ig ra tio n  ro u tes [30], unless they  ap p ro a c h  the 
N orw egian  coast. T h e re  w ere te n  co n tro l p o p u la tio n s f ro m  the 
follow ing rivers: Aigas, B eanna, T o rr  A chilty, D undreggan , Inver- 
garry, Logie, W estw ater, C luni, E rich, an d  Pitlo . F arm ed  salm on 
p ro d u c tio n  fo r  all o f  S co tland  was used  in  m odeling  [28] because 
reg ional p ro d u c tio n  d a ta  w ere n o t available.

Ireland Atlantic salm on. E stim ates o f  m arin e  survival to  o n e  sea 
w in te r  fo r  h a tch ery  (and two wild) A tlan tic  sa lm on p o p u la tio n s  fro m  
I re la n d  a n d  N o r th e rn  I re la n d  (1980-2004) w ere  co llec ted  an d  
re p o r te d  by the  ICES W ork ing  G roup  o n  N o rth  A tlan tic  Salm on 
[28]. B ecause only survival estim ates are  p rov ided , these d a ta  w ere 
only used  in  th e  survival analysis. Salm on fro m  h a tch eries  on  the 
Screebe, B urrishoo le , D elphi, an d  B unow en Rivers w ere co n sid ered  
exposed. P o p u la tio n s f ro m  h a tch eries  o n  th e  S hannon , E rne, Lee, 
Bush, an d  C o rrib  Rivers, plus w ild p o p u la tio n s fro m  th e  Bush an d  
C o rrib  R ivers w ere u sed  as con tro ls.

P ro d u c tio n  d a ta  w ere n o t available o n  a reg ional basis, so n a tio n a l 
values [28] w ere a p p o rtio n e d  to bays in to  w hich exposed  rivers em pty  
by assum ing th a t 30% o f  n a tio n a l p ro d u c tio n  is in  the  K ilk ieren  Bay, 
10% is in  Clew Bay, 5%  is in  each o f  K illary H a rb o u r  an d  B allinakill 
Bay. T hese p ro p o rtio n s  a re  based  o n  m aps o f  sa lm on fa rm  locations 
f ro m  th e  Irish  M arine In s titu te  [25], an d  they  ap p ro x im ate ly  m atch  
stock nu m b ers co llec ted  by th e  C en tra l F isheries B o a rd  in  th e  years 
f o r  w hich  s to c k  n u m b e rs  a re  av a ilab le  (P. G arg an , p e rso n a l 
com m unication ). Y ears in  w hich  each bay was fallow ed w ere o b ta in e d  
f ro m  th e  C en tra l F isheries B o a rd  (P. G argan, p erso n a l co m m u n ica­
tion), an d  in  these years, th e  fallow ed bays are  assigned a p ro d u c tio n  
o f  zero. All exposed  rivers em pty  in to  bays w ith  sa lm on  farm s [25], 
w hile co n tro l rivers are  a t least 55 km  away fro m  the  n ea res t farm .

Newfoundland, Canada. Two d a ta  sets f ro m  N ew found land  w ere 
ex am in ed —m arin e  survival estim ates o f  w ild A tlan tic  sa lm on  fro m  
fo u r  rivers fro m  1987 to  2004 w ere u sed  in  th e  survival analysis, an d  
grilse re tu rn s  to  21 rivers fro m  1986 to 2004 w ere used  in  th e  re tu rn s  
m odeling  [31]. Salm on fa rm in g  in  N ew found land  is co n fin ed  to  Bay 
d ’E sp o ir  o n  th e  so u th  c o as t [32] (h ttp ://w w w .fishaq .gov .n l.ca /
aq u acu ltu re /p d f/a q u a  sites.pdf). O nly the  C o nne R iver (in Bay
d ’Espoir) was co n sid ered  exposed; th e  L ittle  R iver (also in  Bay 
d ’Espoir) was excluded  because it has b een  regu larly  s tocked  [31]. T he 
E xploits an d  Rocky Rivers w ere also rem oved  fro m  th e  analysis 
because o f  stock ing  [33]. This le ft th re e  co n tro l rivers fo r  th e  survival 
analysis: th e  C am p b e llto n  River, th e  N o rth eas t B rook (Trepassey), 
an d  W estern  A rm  B rook. F o r th e  re tu rn s  analysis, th e re  w ere 18 
co n tro l rivers: C am pbellton , C rabbes, Fischells, F lat Bay Brook, 
H igh lands, H u m b er, L om ond , M iddle B rook, M iddle B arachois, 
N o rth e a s t B rook  (T repassey), N o rth e a s t (P lacentia), N orth w est, 
P in ch g u t B rook, R obinsons, Salm on, T e rra  N ova (u p p e r an d  lower), 
T o rre n t, an d  W estern  A rm  B rook. Salm on fro m  co n tro l rivers are 
very unlikely  to  pass sa lm on farm s because  o f  th e  d irec tio n  o f th e ir  
m ig ra tions [34]. F arm ed  sa lm on  p ro d u c tio n  d a ta  are  fro m  Fisheries 
an d  O ceans C anada (DFO) S tatistical Services [32].

N ew  Brunswick and Nova Scotia, Canada. W e co m p ared  A tlan tic  
sa lm on  re tu rn s  to  six rivers in  th e  Bay o f  Fundy (New B runsw ick an d  
N ova Scotia, C anada) to re tu rn s  to  fo u r  rivers fro m  o th e r  areas o f 
N ew Brunsw ick an d  N ova Scotia. W e g ro u p e d  th e  six exposed  rivers 
in to  th re e  g roups an d  estim ated  th e  im p ac t o f  aq u acu ltu re  o n  each 
g ro u p  separately , because sa lm on fro m  these th re e  g ro u p s have 
d iffe ren t degrees o f  exposu re  to  sa lm on  farm ing . T he th re e  g roups o f 
exposed  rivers a re  the  in n e r  Bay o f  F undy  g ro u p  (Stewiacke an d  Big 
Salm on Rivers), the  S ain t Jo h n  R iver g ro u p  (Saint J o h n  an d  N ashw aak 
R ivers), a n d  th e  o u te r  Bay o f  F u n d y  g ro u p  (St. C ro ix  a n d  
M agaguadavic Rivers). Salm on fa rm in g  in  New B runsw ick is highly 
co n c e n tra te d  in  th e  Q uoddy  reg io n  o f  the  o u te r  Bay o f  F undy  (http:// 
w w w .gnb.ca/0l77/10/Fundy.pdf), a lth o u g h  som e farm s are  also fo u n d  
a long  th e  N ova Scotia  coast o f  th e  Bay o f  Fundy. Salm on fro m  co n tro l 
rivers e n te r  in to  th e  A tlan tic  d irectly  (LaHave River) o r  in to  th e  G ulf 
o f  St. L aw rence (R estigouche River, M iram ich i River, C a tam aran  
B rook) an d  do n o t pass by farm s d u rin g  th e ir  m igra tions. T he sam e 
co n tro ls  are  u sed  fo r  all com pariso n s in  New Brunsw ick an d  N ova 
Scotia. T h e  estim ates o f  re tu rn s  to  th e  rivers are  pub lish ed  by DFO 
[28,35-40]. O u te r  Bay o f  F undy  sa lm on m ust pass th ro u g h  an  area  
co n ta in in g  m any sa lm on farm s early  d u rin g  th e ir  m ig ra tions [41]. 
A lthough  S ain t Jo h n  R iver sa lm on e n te r  th e  ocean  in  an  a rea  w ithou t
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sa lm on  farm s, they  are  know n to  pass th ro u g h  th e  reg io n  co n ta in in g  
m any farm s early  d u rin g  th e ir  m ig ra tio n s [41]. Salm on fro m  in n e r  
Bay o f  F undy  rivers are  co n s id e red  exposed  to  sa lm on fa rm in g  
d esp ite  b e ing  u p  to  260 k m  away because o f  h isto rica l in fo rm a tio n  
in d ica tin g  th a t ju v en ile  sa lm on fro m  these p o p u la tio n s are  fo u n d  
d u rin g  th e  sum m er an d  fall in  the  a rea  w here sa lm on farm s are  
cu rre n tly  lo ca ted  [42]. H ow ever, th e  ev idence th a t th is reg io n  is 
im p o rta n t h a b ita t fo r  in n e r  Bay o f F undy an d  S ain t Jo h n  R iver 
p o p u la tio n s is m ixed  [43]. F o r this reason , we ra n  an  a ltern a tiv e  
m odel w ith  only o u te r  Bay o f  F undy p o p u la tio n s  co n sid ered  exposed, 
an d  all o th e r  New B runsw ick an d  N ova Sco tia  rivers as con tro ls.

F o r all New B runsw ick rivers, an  estim ate  o f  egg d ep o s itio n  was 
used  as an  ind ex  o f  spaw ners, to acco u n t fo r  a significant increase  in 
the  age o f  spaw ners in  m any rivers over th e  study p erio d . T he n u m b er 
o f  grilse (salm on m a tu rin g  a f te r  o n e  w in te r  a t sea) an d  large spaw ners 
(repeat spaw ners o r  sa lm on m a tu rin g  a f te r  two o r  th re e  w in ters at 
sea) in  each  year was m u ltip lie d  by a river-specific es tim ate  o f 
fecund ity  fo r  a sa lm on o f  th a t size. T hen , the  ind ex  o f  spaw ners in  a 
g iven year was derived  by ad d in g  u p  all th e  eggs th a t cou ld  p ro d u ce  
sm olts in  a year y, u sing  river-specific ages at sm olting  f ro m  the  
lite ra tu re . R e tu rn in g  h a tch ery -o rig in  spaw ners are  also ad d ed  to  the  
“spaw ners” b u t n o t to  “ re tu rn s .” “R ecru its” is th e  n u m b e r  o f  grilse 
th a t r e tu rn  to  each  river in  year y +  1, so th a t (in E q u a tio n  1) is the  
n u m b e r  o f  grilse re tu rn in g  p e r  egg th a t w ould  fiave sm olted  in  yeary . 
E stim ates o f  re tu rn s  to  rivers f ro m  trap s an d  o th e r  surveys w ere used  
in  th e  re tu rn s  analysis. N o co rre c tio n s w ere m ade to  acco u n t fo r 
m arin e  fisheries, b u t m arin e  e x p lo ita tio n  has b e e n  q u ite  lim ite d  since 
the  la te  1980s, w hen sa lm on fa rm in g  b ecam e a su bstan tia l industry  
[44]. F arm ed  sa lm on  p ro d u c tio n  d a ta  a re  fro m  DFO S tatistical 
Services [32].

British Columbia, Canada, coho salm on. F o r coho  sa lm on  in 
B ritish  C o lum bia  (BC), spaw ner estim ates are  based  on  D FO ’s 
escapem en t d a tabase  (NuSEDS), w hich  includes estim ates o f  spaw n­
ing sa lm on  o f  all species fo r  h u n d re d s  o f  rivers an d  stream s on  th e  BC 
coast since 1950 (P. VanW ill, DFO Pacific, u n p u b lish ed  data). We 
co n sid ered  rivers on  th e  east side o f  th e  Q u een  C h a rlo tte  an d  
Jo h n s to n e  S tra its to  be  exposed  (all rivers fro m  W akem an S ound  to 
B ute In let, DFO S tatistical A reas [SAs] 12 a n d  13). All rivers on  th e  BC 
C en tra l C oast fro m  F inlayson C hannel to  S m ith  In le t (SAs 7, 8, 9, an d
10) w ere in c lu d ed  as co n tro ls. In  th e  reg ions co n s id e red  exposed  in 
BC, all sa lm on m ust pass by farm s to  get in to  th e  o p e n  ocean, 
a lthough  in  som e cases, th e  farm s are  a t th e  e n d  o f long  channels 
dow n w hich th e  sa lm on m ig ra te  (as fa r as 90 k m  in  the  m ost ex trem e 
case). C o n tro l p o p u la tio n s  to  th e  n o r th  do n o t pass by farm s, because 
o f  the  d ire c tio n  o f  th e ir  m ig ra tio n  ro u tes [45].

C overage in  th e  NuSEDS d atabase  varies considerab ly  in  tim e an d  
space, as does th e  quality  o f  th e  estim ates. W e ch an g ed  all in d ica to rs 
o f  unk n o w n  values (includ ing  “n o n e  o b served” a n d  “adu lts p re se n t”) 
to  a co m m o n  m issing  valu e  in d ic a to r . T o  re d u c e  e ffec ts o f  
in co n sis ten t m o n ito rin g  p ro ced u res, only d a ta  since 1970 w ere 
in c lu d ed  in  th e  analysis. All rivers know n to be  regu larly  stocked  
w ith h a tch ery  sa lm on  o r to co n ta in  co n s tru c ted  spaw ning  channels 
w ere also rem oved  fro m  exposed  an d  co n tro l areas, leaving 49 
exposed  a n d  70 co n tro l rivers. E stim ates w ere co m b in ed  fo r  each SA, 
the  sm allest areas fo r  w hich ca tch  ra tes  a re  estim ated . T his was done 
by m odeling  re tu rn s  to  each SA an d  year, u sing  a g enera lized  lin ea r  
m odel w ith negative b inom ial e rro rs . T he p re d ic te d  re tu rn s  fo r  each 
SA w ere th e n  u sed  as spaw ner estim ates (S^  in  E q u a tio n  1). T o  derive 
re c ru itm e n t estim ates, we fo llow ed  S im pson  e t al. (2004) [46], 
app ly ing  ex p lo ita tio n  ra te  estim ates fro m  T oboggan  C reek  (J. Sawada, 
D FO Pacific, pe rso n a l com m u n ica tio n ) to  th e  con tro ls, an d  the  
average o f  th e  e x p lo ita tio n  ra te s  fo r  Q u in sa m  H a tch e ry , Big 
Q ualicum  H atchery , an d  th e  Black C reek  w ild in d ic a to r  p o p u la tio n  
to th e  exposed  stocks. A fte r 1998, only th e  estim ates fro m  Black 
C reek  w ere used  fo r  exposed  stocks. R e c ru itm en t estim ates fo r  coho 
w ere based  on  the  assum ption  th a t coho follow  a fixed 3-y life cycle.

F o r p in k , chum , a n d  coho  sa lm on, a q u a c u ltu re  p ro d u c tio n  
estim ates inc lude  all sa lm on  species fa rm ed  in  SAs 12 an d  13 (the 
Q u een  C h a rlo tte  a n d  Jo h n s to n e  S traits) f ro m  1990 to  2003 (H. 
Russell, BC M inistry  o f  A g ricu ltu re , Food, an d  Fisheries, u n p u b lish ed  
data). In  years w hen  two o r  few er com pan ies w ere raising  sa lm on in 
e ith e r  area, estim ates w ere n o t available. BC sa lm on fa rm  locations 
a re  m ad e  av a ilab le  a t h ttp ://w w w .al.gov .bc .ca /fisheries/licences/ 
MFF Sites C u rren t.h tm .

British Columbia, Canada, pink salm on. E stim ates o f  p in k  salm on 
spaw ner ab u n d an ce  w ere d eriv ed  in  th e  sam e m a n n e r  as d escribed  
above fo r  coho salm on. “R e tu rn s” are  spaw ners plus ca tch  fo r  a given 
year, assum ing a fixed  two year life cycle. T he sam e reg ions w ere 
co n sid ered  exposed, b u t because e n u m e ra tio n  varies by species, th e re

w ere only 36 exposed  rivers f ro m  SAs 12 an d  13 (from  W akem an 
S ound  to  B ute  In let) inc luded . W ood e t al. (1999) [47] co n sid er the 
p in k  sa lm on catches in  SAs 8, 9, an d  10 to consist m ainly  o f  salm on 
re tu rn in g  to  those  areas (respectively), so ca tch  d a ta  fro m  DFO [48] 
w ere used  in  each o f  these SAs. A rea  7 was excluded  fro m  th e  survival 
analysis because catches fo r  SA 7 are  d ifficult to  estim ate  due to  the 
ad jacen t reg ions bein g  m uch  la rg e r [47], leaving 47 co n tro l rivers 
f ro m  B urke C hannel to  S m ith  In let.

F o r Q u een  C h a rlo tte  an d  Jo h n s to n e  S tra its  (the exposed  areas), 
DFO does n o t estim ate  catches at th e  level o f  ind iv idual SA. To o b ta in  
ap p ro x im a te  re tu rn s  to  each exposed  SA, we fo u n d  th e  p ro p o rtio n  o f 
to ta l e scap em en t to  th e  S tra its  th a t was in  o u r  d a tase t (i.e., regularly  
e n u m e ra te d  rivers o n  th e  east side o f th e  S tra its  w ith o u t a m ajor 
h a tch ery  o r  co n s tru c ted  spaw ning channel) an d  assum ed the  sam e 
p ro p o rt io n  o f  th e  to ta l ca tch  w ould  be re tu rn in g  to those  rivers (i.e., 
assum ed equal catchab ility  across stocks). F o r o d d  years, we used  
estim ates f ro m  the  Pacific Salm on C om m ission  (B. W hite, u n p u b ­
lished  data) o f  the  ca tch  o f  p in k  sa lm on in  Jo h n s to n e  an d  G eorg ia  
S tra its  th a t w ere n o t re tu rn in g  to th e  F ra ser River. In  even years, 
th e re  is no  p in k  sa lm on  ru n  o n  th e  F raser River, so to ta l re tu rn s  to 
th e  S tra its  cou ld  be used.

British Columbia, Canada, chum salmon. F o r chum  salm on, we 
u sed  estim ates o f  re tu rn s  (i.e., b e fo re  exp lo ita tio n ) an d  spaw ners to 
large coastal areas [49]. C hum  fro m  the  east side o f  Q u een  C harlo tte  
an d  Jo h n s to n e  S traits, f ro m  W akem an S o und  to  B ute In le t (SAs 12 
an d  13) w ere co n s id e red  exposed  to  sa lm on  farm ing , while chum  
fro m  the  C en tra l C oast f ro m  B ute C hannel to  S eym our In le t (SAs 8 -
11) w ere co n sid ered  con tro ls. E stim ates w ere available as a single tim e 
series fo r  the  exposed  area, an d  a tim e  series fo r  each  SA fo r  the 
con tro ls. A n ind ex  o f  rec ru its  p e r  spaw ner was g e n e ra te d  by lin in g  up  
re tu rn s  w ith  spaw ners acco rd in g  to  age d is tr ib u tio n s  given in  Ryall et 
al. (1999) [50], to  1998, an d  th e n  th e  average values f ro m  1988-1998 
fo r  th e  subseq u en t years, to  2003.

Supporting Information
Figure SI. Survivals o f  Salm onids in  C o n tro l (Black) a n d  E xposed 
(Blue) Stocks, a long  w ith A q u acu ltu re  P ro d u c tio n  (Red)
T he re tu rn s  have b e e n  su m m arized  by a m u ltip lica tiv e  m odel 
( lo g l - ^ j  =  a¡ +  dy +  th e  m ean  survival across stocks fo r  each 
year is p lo tted . Survivals fo r  exposed  S ain t J o h n  R iver stocks have 
b een  m u ltip lied  by 10 fo r  c larity  (dashed line). Survival is es tim ated  
across d iffe ren t p o r tio n s  o f  th e  life cycle in  d iffe ren t regions; fro m  
sm olt to  adu lt fo r  Irish  sa lm on an d  N ew foundland , f ro m  egg to  ad u lt 
fo r  Bay o f F undy  an d  S ain t Jo h n  R iver stocks, an d  f ro m  ad u lt to  ad u lt 
in  BC stocks.
F o u n d  a t do i:10 .1371/journal.pbio .0060033.sgOOl (15 KB PDF).

Table SI. R esults o f  A lte rn a tiv e  M odels fo r  th e  Survival Analysis

Effect size estim ates (y’s) an d  th e ir  s ta n d a rd  e rro rs  have b een  
m u ltip lie d  by IO3, IO4, o r  IO8 (as labeled), to  m ake num b ers easier 
to  read .
F o u n d  a t do i:10 .1371/journal.pbio .0060033.stOOl (22 KB PDF).

Table S2. R esults o f  A lte rn a tiv e  M odels fo r  th e  R e tu rn s Analysis 
Effect size estim ates (y’s) an d  th e ir  s ta n d a rd  e rro rs  have b een  
m u ltip lie d  by IO3, IO4, o r  IO8 (as labeled), to  m ake num b ers easier 
to  read .
F o u n d  a t do i:10 .1371/journal.pbio .0060033.st002 (23 KB PDF).

Text SI. A lternative  M odel F o rm ula tions , In c lu d in g  th e  Bayesian 
Analysis

F o u n d  a t do i:10 .1371/journal.pbio .0060033.sdOOl (58 KB PDF).
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