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Synopsis Pacific salmon ( On c orhyn chus spp.) hat c h a nd f e e d in freshwater hab i ta ts, migra t e t o sea t o mature , and return t o 

spawn at natal sites. The final, r iver ine st ages of the return mig rat ions are me diate d by chemica l propert ies of t he nat a l st ream 

t hat t hey le ar ne d as juveni les. Li ke som e oth er fis h, salm on growth i s a symp to t ic; they g row cont inuo usly thro ugho ut life toward 

a maximum size. The cont inue d g rowt h of t h e n ervou s system m ay be pla s tic in res po nse to enviro nment al var iables. Due to 

the e colog ica l, cu ltura l, and e co no mic impo rtance o f Pacific salmo n, individ uals are of ten re ared in hat c h eries an d re leased 

into the wild as juveniles to supplement natural po p ulation s. How ev er, hat c hery-r ear ed indiv idu al s di s play lower s urvivo rshi p 

and m ay al so stray (i .e ., sp awn in a non-nata l st ream) a t higher ra tes t han t heir wi ld counterp arts. Hat c h ery environm ents may 
lack st imu li ne e de d to p ro m ote n ormal deve lopm ent of th e n ervou s system, thu s leading to beh avio ral defici ts an d a high er 
in ciden ce of stray ing . This study comp are d the perip heral o lfact ory syst em a nd bra in orga niza tion of ha t c hery-r ear ed and 

wi ld-orig in s ocke ye salmon fry ( On c orhyn chus n erk a ). Sur face are a of the olfactory rosett e , diamet er of the olfactor y ner ve , t otal 
bra in size, a nd size o f majo r b rain regio n s w er e measur ed fr om histolog ica l se ct io ns and co mp are d betwe en wi ld and hat c hery- 
o rigin individ uals. Hat c h ery-origin fis h had significantly lar g er o p t ic te cta, and marg ina l ly insig nificant, yet noteworthy t rends, 
existed in the valvula cerebelli (hat c hery > wild) and olfactory bulbs (hat c hery < wild). We also found a putative difference in 

olfactor y ner ve diamet er ( d min ) (hat c h ery > wild), but th e validi ty o f this fin ding n e e ds f urt her analyses wit h higher resol u tio n 

m eth ods. Overa l l, these resu l ts p rovide insight into the potent ia l effe cts of hat c hery re ar in g on nerv ous system dev e lopm ent in 

salm onids, an d may explain be havio ral defici ts di splayed by h at c h ery-origin in div idu al s post-relea se. 
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ntroduction 

acific salmon ( On c orhyn chus spp.) are an adromou s,
em e lparous te leost fis h (O st eic h thyes) na tive to the
orth Pacific Rim ( Quinn 2018 ). Their ontogeny varies

mo ng species, bu t i s ch aracterized by s e veral dis crete
 orph olog ica l, physiolog ica l, and e colog ica l s ta ges: im-
 ediate ly a fter f ert i lizat ion, fema les bury their em-

ryos in th e grave l of their natal streams or lakes and
levins (post-hat c h emb ryos) co mp lete yo l k absorpt ion
n th e grave l. Free-swimming fry th en em er g e from the
ravel to f eed, pa rr con tin ue to feed in streams and
a kes, unt i l they migrate to sea as sm olts, su b-adults
 dvance A ccess publica tion F ebruary 19, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
e e d and grow at sea, and maturing ad ul ts return to
 heir nat al freshwater hab i t ats, where t hey spawn and
ie. Homing to natal si tes fo r rep rod uctio n depends o n
he ab ili ty to re cog nize an d respon d t o olfact ory stim-
li le ar ned (“impr inted”) as juveniles, p rio r to seaward
ig rat io n ( Di ttma n a nd Q uinn 1996 ). Sensit ive peri-

ds fo r olfacto ry imp rintin g hav e been demon strated
t the alevin s ta ge and during parr-smolt tra nsf orma-
ion in many salmonids ( Ya ma mot o et al . 2010 ; Bett
t al. 2016 ; Havey et al. 2017 ; Arm stron g et al. 2022 ).
nde e d, the im prin tin g and homin g pr ocesses ar e com-

on to a l l sa lmonids; Pacific sa lmon differ in being
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sem e lparous, wh ere as t he ot her s are int er opar ous, and
no n-anadro mous salmo nid s al so im prin t an d h om e to
nata l st reams within freshwater basins. 

Pacific salmo n rep resent o ne o f th e m ost econ omi-
ca l ly va luable fis h eries in North America ( PACOFOC
2020 ). Sust aining he alt hy s almon po p ulations is a pri-
mary co ncern fro m e colog ica l, e co no mic, and cul tural
stand po ints. To su pplemen t na tura l popu lat ion s, juv e-
niles are often reared in hat c h eries an d re leased into
strea ms bef ore seawa rd mig rat ion ( Naish et al. 2007 ),
alt hough t hi s practice h a s been met wi th so me co ntro-
ver sy (e .g., Hilborn 1992 ; Meffe 1992 ; Stewart 2015 ).
Hat c her ies gre at ly incre ase t he survival o f emb ryos,
alevin s, and juv eniles p rio r t o release , and thus typ-
ica l ly p rod uce mo r e r eturning ad ul ts than would re-
sul t fro m natural rep rod uctio n. How ev er, hat c heries
often h ouse in div idu als at high density in physica l ly
barr en envir o nments (e.g., co ncrete raceways, as op-
posed to the co mplex hab i tat o f strea ms a nd lak es occu-
pie d by wi ld fish), wi th co nstan t, minimal curren t flow
( Burrows and Combs 1968 ). These environmental dif-
ferences, co mb ined wi th g enetic chan g es, c ause w ild-
and hat c hery-or igin s almon to differ in such behavioral
traits as a ggres sion and compet it ion ( Bereji kian et a l.
1996 ; Tata ra a nd Berejikia n 2012 ), p redato r avo idance
( Berejikia n 1995 ), a n d migratory be havior ( Goetz et al.
2015 ). Ther e ar e als o s om e in dica tions tha t ha t c hery
salmon have higher rates of straying (migration to non-
nata l sp aw ning loc ations) t han t heir wi ld counterp arts
( McIsaac 1990 ; Jo nsso n et a l. 2003 ; Brenner et a l. 2012 ),
thoug h many fac t or s seem t o a ffe ct st rayin g ( La belle
1992 ; Unwin 1997 ; Pascua l et a l. 1995 ) and st rict com-
pariso ns o f stray ing bet ween w ild- and hat c hery-origin
conspe cifics are difficu lt to conduct. Straying h a s n atu-
ral adva ntages f o r salmo nid s, such a s the colo nizatio n
o f new hab i tats ( Miln er an d Bailey 1989 ) o r avo idance
o f unfavo rable enviro nmental co ndi tio ns ( Leider 1989 );
how ev er, indiv idu al s th at stray m ay no t sup plement in-
tended po p ul ations and c an dil u te th e gen e p o ol s of n a-
t ive re ci p ient po p u lat ions ( Q uinn 1993 ). Conse quently,
interest in the development of the s ens ory systems as-
soci ated w i th ho ming h a s grea t im porta nce f o r salmo n
co nservatio n, in addi tio n to insigh ts in to neurobiology.

Studies o n b rain develop ment amo ng and wi thin fish
species may provide insigh ts in to differences between
wild and hat c hery-or igin s almon. Bra in size a nd orga ni-
zatio n (o r th e re la tive size of ma jo r b rain regio ns) varies
gre at ly am ong fis h, an d i s a ssoci ated w ith a ran g e of eco-
log ica l an d be haviora l p a ra met er s (e .g., Bauc hot et al .
1988 ; Kotr sc hal and Palzenber g er 1992 ; Yopak et al.
2007 , 2009 ; Eifert et a l. 2015 ; Sa las et a l. 2017 ; Axelrod
et al . 2021 ). S imilar int er specific variation i s al so docu-
m ented in th e periph eral n ervous system, in cluding th e
eye ( Van Der Meer and Bowmaker 1995 ; Hasegawa et al.
2002 ; W hi t e et al . 2004 ) and olfact ory rosett e ( Theiss
et al. 2009 ; Atta 2013 ; Sa rka r et al. 2014 ). According
to the “Principle of Proper Mass,” the size of major
b rain regio ns s h ou ld refle ct th e re la tive im po rtance o f
t he f unctions t hat b rain regio n s serv es ( Jerison 1973 ).
Simila rly, surface a rea (SA) of the olfactory rosette rel-
ative to b o dy size may confer variation in olfactory ca-
p abi lity ( Theiss et al. 2009 ; Atta et a l. 2013), a lthough
studies have yet to identify a direct link ( Meredith and
K aji ura 2010 ). Therefo re, m etrics in cludin g sen sory SA,
bra in size, a nd size o f b rain regio ns are widely u sed a s
neuro anatomica l proxies for s ens ory an d/or be havioral
spe cia lizat ion in fish ( Triki et al. 2020 , 2021 ). 

It h a s be en re cog nize d t hat t he re ar ing environment
(RE), including varied s ens ory st imu li, ca n a ffect fish
be havior an d n eural deve lopm ent in diverse an d pro-
found ways ( B laxt er 1970 ; Eb bes son and Bra ithwa ite
2012 ; Johnsson et al. 2014 ). In addition to interspe-
cific variab ili ty in the brain, fish also exhib i t indeter-
minate or asymp to t ic g rowt h ( We at h er ley 1972 ; Sebens
1987 ) a nd lif elon g neurog enesis ( Z upa nc 2006 ; Hinsch
a nd Z upa nc 2007 ; Ga nz a nd Bra nd 2016 ), whereby
bra in a nd b o dy g row cont inua l ly thro ugho ut life, lead-
ing to a high deg re e of neura l plast ici ty. Acco rdingly,
e colog ica l and life-history shifts (e.g., Bauchot et al.
1988 ; Sa las et a l. 2015 ; E dmunds et a l. 2016 ; La f orest
et al. 2020 ; Sauer et al. 2022 ) and varying environ-
ment al re ar ing co ndi tio n s (e.g., Kih slin g er et al. 2006 ;
Na¨s lun d et al . 2019 ), oft en correlat e with patterns
of cent ra l nerv ous system or ganizat ion. In p art icu-
lar, hat c hery-r ear ed fish often differ in nervous system
growth an d deve lopm en t com p are d to natura l-orig in
cons pecifics ( Eb bes son a nd Bra ithwa ite 2012 ). For ex-
am ple, ha tchery-r ear e d sa lmonid s h ave sm a l ler brains
than wild counter par ts ( Marchetti and Nevitt 2003 ),
even after cont rol ling for art ificia l sele ct ion ( Ki h slin g er
and Nevitt 2005 ). Furt her mo re, al teratio ns to the hatch-
ery environmen t tha t m ore close ly mimic natural con-
di tio ns, incl uding physical co mplexi ty ( Kih slin g er and
Nevitt 2005 ; Kih slin g er et al. 2006 ; Na¨s lun d et al. 2012 )
an d fis h density ( Na¨s lun d et al. 2017 ; Na¨s lun d et al.
2019 ), positi vel y correl ate w ith brain size an d cerebe l-
lum m a s s. These s t ructura l chan g es are also often ac-
comp anie d by behaviora l s hifts, in c luding alt erations in
loco moto ry behavio r ( Kih slin g er and Nevitt 2005 ), fur-
ther su ppo rting t he ide a t h at ch an g es in nerv ous sys-
tem growth can affect fun ction. Th e addition of struc-
tural enrichment in c aptive env ironments c a n also a f-
fect rates of brain cell proliferation in the f orebra in
in fis h, in cluding salm onids ( Salvan es et al. 2013 ), al-
t hough t he dr ivers for t his are a uncle ar and results
are inconsistent across species, enrichment type, and/or
life s ta ges (e .g., Lema et al . 2005 ; Kih slin g er et al.
2006 ). 
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Hat c h ery an d natural environm ents differ in many
espects, bu t amo ng them may be the nature a nd va ri-
b ili ty o f chemica l st imu li. Most studies o f al tered neu-
al deve lopm en t have em ph a size d the effe cts of re duce d
r en hance d socia l and v isu a l st imu li , but olfact ory
t imu li , suc h as alarm su bstan ces from injured con-
pe cifics, can a lso a ffect deve lopm ent ( Joyce an d Brown
020 ; Mok dad 2023 ). Ma ny hat c h eries in cu bate em-
ryos p art ia l ly or ent ire ly on we l l or g round water be-
au se it i s wa rmer a nd less variable in tem pera ture in the
inter than local river water, and often much lower in
athog en s. The water may also be much lower in some
hemica l const ituen ts tha t a re abunda nt in strea ms,
uch a s di sso l ve d fre e amino acids, bi le acids, an d oth er
 rganic co mpoun ds ( Sh en et al. 2015 ). How ev er, no
tudy to date had examined variation in the olfactory
yst em between hat c h ery- an d wi ld-orig in sa lmonids to
ak e inf erences about differen ces in olfactory fun ction

etw een con specifics. 
This study comp are d m orph olog ica l differences in

he olfactory rosette SA, olfactory nerve diameter,
ra in size, a nd patterns o f b rain o rganizatio n between
at c hery-r ear ed and wild s ocke y e salmon, O. ner ka ,
ry. We test the hypothesis that wi ld-orig in individu-
 ls wou ld hav e lar g er brain s th an h at c hery-r ear ed con-
 pecifics, es pe cia l ly in brain regions invo l ved in olfac-
o ry p rocessing. 

ethods 

pecimen s w ere col le cte d from the Ce da r River a nd
edar River Sockeye Salmon Hat c hery, Washingt on,
SA. As part of an in tegra ted ha tch ery program, th e
at c h ery an d wild po p u lat ions fre ely interbre e d. Al-
 hough t he wild and hat c hery fish sampled had differ-
n t paren ts, the ha t c h ery was foun ded by fis h from th e
ild po p ulation, so differences related to genetic back-
r ound wer e minimized. Thi s h atch ery in cu bates th e
mb ryos o n groundwater p i ped fro m a nearby sp ring,
here as t he r iv er water drain s a basin of mix ed land
se , inc l uding u pper elevatio ns p rot ect ed from develop-
ent to sa f egua rd the city of Se att le’s water supp l y, and

esident ia l area s, a s it flows into Lake Was hington. Th e
ashington Dep art ment of Fish and Wi ld life provide d

 he wild-or igin fish ( n = 8) from their trap that rou-
in e l y samp les down stream migratin g fry, direct ly af ter
h ey em er g ed from the gra vel. The a v erag e wat er t em-
erature during in cu b at ion was 7.29 

◦C ± 1.57 

◦C. They
 lso provide d hat c her y-origin fr y ( n = 8), where water
em pera ture in th e hatch ery during in cu b at ion av erag ed
.1 

◦C ± 1.2 

◦C. All specimens (wild- and hat c hery ori-
 in) were col le cte d o n September 3, 2020. Fo r a l l spe ci-
 ens, fres h b o dy weight (mg) and fork length (FL; mm)
er e r ecor ded. Upo n collectio n, individ uals were euth-
 nized a n d imm ersion fixed in 10% n eut ra l buffere d for-
alin, and postfixed for up to 24 months. 
For a l l wi ld and hat c hery specimen s, heads w ere dis-

e cte d from the b o dy just rost ra l to the pe ctora l fins and
e ca lcifie d in 0.5 M ethylen ediamin etet raacet ic acid for
 minimum of 2 days. Samples were then cryopro-
 ect ed in 30% sucrose, embedded in Tis s ue-Tek o p timal
utting tem pera ture com poun d, an d rapidly frozen in
sopentan e su bm er g ed in liquid nitrog en. Heads w ere
ubs equently cryos ectio ned co ro nally o n a Leica CM
860 from t he anter ior nares, including the olfactory
osett e , t o the c aud al en d of th e m e du l la at a thick-
ess of 30 μm, and every third se ct ion mounte d onto
elat inize d slides. After air dry ing , slide-mounte d se c-
ion s w ere t hen st ained wit h 0.5% cresyl violet acetate
ol u tio n, dehydrated through a graded ethanol series
95%, 95%, 100%, 100%), cleared (100% xylene, ×3)
n d cover-s li pped wi t h Per m ount m ounting m edium. 

For the portions of t he s ample t hat included the ol-
actor y ner ve ( n = 7 W, 8 H), tis s ue was se ct ione d se-
ia l ly at 20 μm and e very s e ct ion mounte d onto gela-
 inize d s lides. Th e olfactory n erve f or sa mple 3W was
amag ed durin g tis s ue proces sin g and ex cl uded fro m
n alyses. A fter air dry ing , olfac tory nerve sec tion s w ere
ehydrated in a graded ethanol series (25%, 50%, 70%,
5%) and stained with 0.1% Luxol fast blue sol u tio n
vernigh t a t 60 

◦C. Slides were t hen r insed a nd differ-
n tia ted in 0.05% li thi um carbo nate sol u tio n, cleared
100% xylen e, ×3), an d cover-s li pped wi t h Per mount.
l l se ct ion s w ere p hotograp hed on a Leica DM1000 mi-

rosco pe equip ped with an ICC50 HD camera ( Fig. 1 ). 
O lfactory n erve diam eter was m ea sured u sing

uPath im age an alysi s softwa re ( Ba nkhead et al. 2017 ).
ecaus e s ectioning could not be per for med per fect ly
 erp en dicular to th e n erve, th e minimum diam eter
 d min ) of each se ct ion wa s mea sured. D min for the
ef t and r ig ht olfac tor y ner v es w ere av erag ed for each
e ct ion, and resu ltant va lues were averaged across all
e ct io ns fo r each specim en. O lfact ory rosett e SA was
l so mea sured u sing Adobe Illu stra tor ®. F or each sam-
le, t he lengt h of t he ep i th e lia l surface was mu lt iplie d
y the sum of se ct ion thickness a nd dista nce between
 ucces sive se ct ions (90 μm) for a l l se ct ions of both
 he lef t and r ight rosett e . These values were summed
o get total SA values, which were averaged between
oth rosettes to get a final average rosette SA for each
ample. 

Brain sub regio ns were ident ifie d using t he cr ite-
ia of Wu l limann et a l. (1996) . Th ese areas in cluded
he olfactory bulbs (OBs), telencephalon [divided
nto the area do rsalis, o r do r sal t e len cephalon (DTe),
 nd a rea vent ra lis, or vent ra l te len cephalon (VTe)],
iencephalon, o p tic tectum, valvula cer ebelli, cer ebel-

um (whic h inc ludes a l l cerebel lar t is s ue , exc luding
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Fig. 1 Repr esentativ ecor onal histological sections thr ough the brain, olfactor y ner ve, and olfactor y rosette of an O. nerka fr y. ( A ) Dorsal 
schematic of the origin of sections B–H, with posterior (P) to anterior (A) orientation indicated. ( B ) Posterior medulla oblongata. ( C ) 
Posterior cerebellum (outlined ar ro w) and anterior medulla oblongata (solid ar ro w). ( D ) Optic tectum (outlined ar ro w), valvula cerebelli 
(solid ar ro w), and posterior diencephalon. ( E ) Telencephalon; area dorsalis (outlined ar ro w) and ar ea v entralis (solid ar ro w). ( F ) Olfactory 
bulbs. ( G ) Olfactory nerve. Black ar ro w indicates left olfactory nerve. ( H ) Rosette with primary lamella (solid ar ro w). 
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the va lvu la, incl uding co rp us and vestib ulo cereb ellum),
an d th e m e du l la o blongata. The cros s-se ct iona l area of
each brain structure was digitally traced using Adobe
Ph otos h op. Total volum e of each structure was calcu-
lated by mu lt ip l ying the cross-se ct iona l area of each sec-
tion by the sum of se ct ion thickn ess an d thickn ess of
skippe d se ct ions (90 μm) and summing the results for
e ach s a mple ( Rosen a nd Ha r ry 1990 ). Tot al brain vol-
ume was ca lcu late d as the sum of the vol ume o f a l l
brain st ructures. Be cau se the brain wa s se ct ione d within
th e h ead, fres h b rain vol um e could n ot be obtain ed
and used to correct for the volumes of brain regions
af ter et han ol de hydration. Th er efor e, a uniform tis s ue
shrinkage wa s a ssume d across a l l sa mples a nd bra in vol-
ume was not corre cte d for fixation. 

Statistical analysis 

Both b o dy m a ss (one-tai le d Welc h’s t -t est, t = 4.95,
P = 0.001) an d FL (on e-tai le d t -test, t = 4.35,
P < 0.001) differe d sig nific antly bet we en g roups (se e
Supplementary Fig. S1a and b ). Body m a ss and FL
wer e corr elated (OLS r egr ession, F 0.05 (1,14) = 68.9, P
= < 0.001; Supplementa ry Fig. S1c ), a nd this relation-
s hip did n ot differ between REs (two-way ANCOVA,
F 0.05 (1,14) = 1.37, P = 0.264). 

The best linear model (linear or log-t ransforme d)
was determined using Aka ik e Inf o rmatio n Cri terio n
(AI Cc) sco r es, which ar e best for sma l l sample sizes to
co rrect fo r b ia s ( Cavan augh 1997 ). The AICc was de-
sig ne d to minimize Ku l lb ack–Leibler informat ion be-
tween the model g eneratin g the data and a fitted can-
didate m ode l ( Ku l lb ack an d Lei bler 1951 ). Th e m ode l
yie lding th e lowest AICc is considered to be the best
fit ( Lavin et al. 2008 ) a nd differences in AICc values
( �AI Cc, o r th e differen ce between th e best-fit m ode l
an d th e a lternat ive) wi thin 1–2 uni ts can also be co n-
sidered as having s ubs tant ia l su ppo rt ( Burnha m a nd
Anderso n 1998 ). Fo r a l l met rics, log-t ra nsf o rmatio n
was the best fit. 

A ll d at a were t hen log 10 -tra nsf ormed a nd O LS re-
gression s w ere used to as ses s scaling re lations hips be-
twe en olfactory st ructure met rics (rosette SA and d min )
a nd bra in volume with b o dy m a ss. OLS r egr ession s w ere

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae002#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae002#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae002#supplementary-data
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Table 1 OLS r egr ession output for combined, wild-only, and hatchery-only linear models for log 10 (olfactory structure) ∼ log 10 (dependent 
variable) for rosette SA and d min predicted from body mass, brain mass, and rosette SA, where appropriate 

Model Rosette SA ∼ Body size d min ∼ Body size 

Dataset Slope Int. Adj. R 

2 P Slope Int. Adj. R 

2 P 

Combined 0.912 3.807 0.807 < 0.001 0.308 1.44 0.414 0.00574 

Wild 0.479 4.72 −0.148 0.765 0.818 0.338 −0.0399 0.420 

Hatchery 0.595 4.55 0.777 0.00227 0.109 1.91 −0.0960 0.557 

Model d min ∼ Brain volume d min ∼ Rosette SA 

Dataset Slope Int. Adj. R 

2 P Slope Int. Adj. R 

2 P 

Combined 0.360 −1.43 0.199 0.0540 0.343 0.127 0.572 < 0.001 

Wild −0.00226 2.12 −0.200 0.995 0.574 −1.20 0.470 0.0534 

Hatchery 0.129 0.877 −0.103 0.579 0.178 1.10 −0.0842 0.524 

Combined models included rearing environment (RE) as a categorical factor. Slope, intercept, adjusted R 2 , and P -values are sho wn f or each model. 
Bold indicates significant results. 
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l so u sed to a s ses s th e re lations hip between brain re-
io n vol um e an d th e b rain vol um e remain der (BVR),
hich e qua ls t he tot al b rain vol um e minus th e vol-
me of the dependent variable . This mitigat ed the bias
h at can exi s t when a s pe cific brain reg io n o f inter-
st is sca le d against tota l brain volume (which includes
h e volum e of th e regio n o f interest) ( D e acon 1990 ).
cross the fu l l dataset, there was a significant relation-

hip between rosette SA and b o dy m a ss [ F 0.05 (1,14) =
3.54, P < 0.001], olfactory n erve d min an d b o dy m a ss
 F 0.05 (1,13) = 10.9, P < 0.01], total brain volume and
 o dy m a ss [ F 0.05 (1,14), P < 0.001], a nd f or a l l brain re-
ion s and BVR ex cept f or the O Bs (see Tables 1 and 2 ).
her efor e, a l lomet ric relat io nshi ps were used to deter-
in e th e effects o f RE o n a l l dependent variables. 
For each com ponen t of the olfactory system (rosette

A and olfactory nerv e d min ), tw o separate models
 ere con st ructe d across the co mb ined data set, a s s um-

ng slopes were e qua l betwe en wi ld- and hat c hery-
 rigin individ uals. Fir st, olfact ory pa ra met er s were
ca le d a gains t b rain vol ume o r b o dy m a ss alon e (m ode l
: rosette SA ∼ b o dy m a ss, d min ∼ b o dy m a ss, d min ∼
otal b rain vol um e, an d d min ∼ rosette SA). Then, from
 ode l 1, stan dar dized r esid uals, o r vertic al dev i ations

rom the pre dicte d slope, were ca lcu late d using the car
ackage in R ( Fox and Weisberg 2019 ). After confirm-

ng th at residual s wer e not corr el ated w it h t he relevant
n depen dent vari able, residu a ls were then comp are d be-
we en g roups (hat c hery vs. wi ld orig in) using one-tai le d
 -t ests. Then, t o assess effects of RE, a second model
as run, which included RE as an explanatory variable

m ode l 2: rosette SA ∼ body m a ss + RE, d min ∼ body
 a ss + RE, d min ∼ total brain volume + RE, and d min 
rosette SA + RE). From m ode l 2, any significant ef-

ects of RE were ana lyze d using Tukey’s h on est signifi-
a nt differen ce (HSD) test. Th e data set wa s then divided
nto wild and hat c h ery-origin in div idu als to determine
 (  
c aling rel atio nshi ps between olfactory metrics within
ach group. 

A simi lar appro ach was employe d to exa mine va ri-
tion in scaling re lations hips in th e b rain. Total b rain
olume was sca le d a gains t b o dy m a ss (m ode l 1: brain
olume ∼ b o dy m a ss) and each b rain regio n was sca le d
 gains t BVR (m ode l 1: b rain regio n vol ume ∼ BVR).
h en, from m ode l 1, stan dar dized r esiduals wer e cal-
u late d. Af ter confir ming t h at residual s were not cor-
el ated w it h t he relevan t independen t var iable, t hey
er e compar ed between gr ou ps using o ne-tailed t -tests.
h en, m ode ls with the incl usio n o f RE fo r b rain vol-
m e (m ode l 2: b rain vol ume ∼ b o dy m a ss + RE)
 nd bra in regio n vol um e (m ode l 2: b rain regio n vol-
me ∼ BVR + RE) were ana lyze d. From m ode l 2, any
ignifica nt effects of RE were an alyzed u sing Tukey’s
SD test. The data set wa s then divided into wild and

at c h ery-origin in div idu als t o det ermine brain-b o dy
 nd bra in reg ion-BVR sca ling relat io nshi ps wi t hin e ach
roup. 

esults 

lfactor y ner ve and rosette 

lfact ory rosett e SA sca le d sig nificant ly wit h
 o dy m a s s acros s t he f u l l dataset (OLS reg res-
ion, y = 0.912 x + 3.807, n = 16; r 2 = 0.807,
 = 1.43e −08), but there were no significant dif-

er ences in r esidu als bet ween w ild- and hat c hery-
rigin fry (one-tai le d t -test, t = −0.970, P = 0.168) 
 Fig. 2 a and c). Similar ly, th ere was no significant effect
f RE when it was added to the model ( P = 0.0622),
hough it was marg ina l ly insig nificant ( P < 0.1). Ol-
actor y ner ve d min als o s ca le d sig nific antly w ith b o dy
 a ss (OLS r egr ession, y = 0.308 x + 1.44, n = 15;

 

2 = 0.414, P = 0.006) ( Fig. 2 b and d), and rosette SA
 y = 0.343 x + 0.127, n = 15; r 2 = 0.572, P < 0.001),
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Table 2 OLS r egr ession output for combined, wild-only, and hatchery-only r egr ession models for log 10 (subregion volume) ∼ log 10 (BVR) 
across all eight brain regions examined in this study (olfactory bulbs, dorsal telencephalon, ventral telencephalon, diencephalon, optic 
tectum, valvula cerebelli, cerebellum, and medulla oblongata) 

Model Brain ∼ Body Olfactory bulbs ∼ BVR 

Dataset Slope Int. Adj. R 

2 P Slope Int. Adj. R 

2 P 

Combined 0.470 8.84 0.525 < 0.001 1.11 −2.98 0.181 0.0568 

Wild −1.45 13.0 0.122 0.210 0.350 4.52 −0.150 0.778 

Hatchery 0.573 8.60 0.435 0.0449 2.33 −15.1 0.619 0.0126 

Model Dorsal telencephalon ∼ BVR Ventral telencephalon ∼ BVR 

Dataset Slope Int. Adj. R 

2 P Slope Int. Adj. R 

2 P 

Combined 0.814 0.618 0.474 0.00192 0.880 −0.355 0.242 0.0306 

Wild 1.22 −3.33 0.325 0.0816 0.334 5.00 −0.148 0.765 

Hatchery 0.965 −0.881 0.606 0.0139 0.843 0.0274 0.267 0.109 

Model Diencephalon ∼ BVR Optic tectum ∼ BVR 

Dataset Slope Int. Adj. R 

2 P Slope Int. Adj. R 

2 P 

Combined 1.27 −3.35 0.604 < 0.001 0.709 2.46 0.580 < 0.001 

Wild 0.552 3.69 −0.0403 0.426 1.03 −0.639 0.756 0.00311 

Hatchery 1.63 −6.82 0.778 0.00233 0.381 5.69 0.373 0.0634 

Model Valvula cerebelli ∼ BVR Cerebellum ∼ BVR 

Dataset Slope Int. Adj. R 

2 P Slope Int. Adj. R 

2 P 

Combined 1.21 −3.69 0.202 0.0461 0.978 −0.688 0.465 0.00362 

Wild 0.584 2.43 −0.129 0.669 0.613 −2.89 −0.0722 0.495 

Hatchery 0.441 4.000 −0.0920 0.546 1.12 −2.08 0.594 0.0154 

Model Medulla oblongata ∼ BVR 

Dataset Slope Int. Adj. R 

2 P 
Combined 0.796 1.60 0.576 < 0.001 

Wild 0.648 3.04 0.384 0.0598 

Hatchery 1.10 −1.40 0.582 0.0169 

Slope, intercept (int.), adjusted R 2 , and P -values are sho wn f or each model. Bold indicates significant results. 
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b ut no t to tal b rain vol ume ( y = 0.360 x − 1.43, n = 15;
r 2 = 0.199, P = 0.054). No significant differences ex-
iste d in residua ls from any of th ese m ode ls between
wild- and hat c hery-o rigin individ uals, except fo r d min
resid uals co rre cte d for tota l brain volume (W < H,
one-tai le d t -test, t = −2.10, P = 0.035), but, as the
lin ear m ode l h ad a m argin ally insignific ant correl ation,
thi s mu st be met w ith c au tio n. Similarly, o nly the
m ode l pre dict ing d min from tota l brain size s h owed a
significa nt effect of RE ( P = 0.026), but this effect was
minimized during the mu lt iple comp ar isons cor re ct ion
in the Tukey’s HSD test (W < H, P = 0.064). 

Brain size and organization 

Total brain size varie d sig nific antly w ith b o dy m a ss
across t he dat aset (OLS r egr ession, y = 0.470 x + 8.84,
n = 16; r 2 = 0.525, P < 0.001). In addi tio n, resid uals
did not significantly differ between hat c h ery- an d wild-
origin fry ( Fig. 3 ). RE also did not have a significant ef-
fec t w h en added to th e m ode l ( P = 0.786). 
For a l l brain reg ion s ex cept the OBs ( y = 1.11 x
− 2.98, n = 16; r 2 = 0.181, P = 0.057), volume
sca le d with BVR across the fu l l datas et (s ee Table
2 ). DTe ( y = 0.814 x + 0.618, n = 16; r 2 = 0.474,
P = 0.002), VTe ( y = 0.880 x − 0.355, n = 16; r 2 = 0.242,
P = 0.031), diencephalon ( y = 1.27 x − 3.35, n = 16;
r 2 = 0.604, P < 0.001), o p t ic te ctum ( y = 0.709 x + 2.46,
n = 16; r 2 = 0.580, P = XX), va lvu la ( y = s1.21 x
− 3.69, n = 16; r 2 = 0.202, P = 0.046), cerebellum
( y = 0.978 x − 0.688, n = 16; r 2 = 0.465, P = 0.004),
an d m e du l la ( y = 0.796 x + 1.60, n = 16; r 2 = 0.576,
P < 0.001) a l l increase significantly with BVR ( Fig.
4 ). Although a l lomet ric relat io nshi ps co uld no t always
be r ecover ed within gr oups, pa rticula rly in wi ld-orig in
fry (see Table 2 ), this is likely due to sma l l sample
sizes. 

There was a significant difference in residuals be-
tween hat c h ery- an d wi ld-orig in individua ls for the op-
t ic te ctum (wi ld < hat c h ery, on e-tai le d t -test, t = −2.63,
P = 0.014), and m argin ally insignifica nt differences
(0.05 < P < 0.1) existed for the va lvu l a (w ild < hat c h-
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Fig. 2 OLS r egr essions of rosette SA (A) and olfactory nerve d min (B) on body mass. Both metrics scaled significantly with body mass 
(rosette SA: y = 0.912 x + 3.807, n = 16; r 2 = 0.807, P = 1.43e −08; d min : y = 0.308 x + 1.44, n = 15; r 2 = 0.414, P = 0.00574). Differences in 
r esiduals betw een REs w er e tested f or both the rosette (C) and d min (D) models. No significant diff er ences in r esiduals betw een REs 
existed for either model. 

Fig. 3 ( A ) Linear relationship of log 10 (brain volume) and log 10 (body mass). A significant relationship existed for these two variables (OLS 
r egr ession, y = 0.470 x + 8.84, n = 16; r 2 = 0.525, P = 0.0009). (B) Residuals did not significantly differ between REs for this model. 
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ry, t = −1.79, P = 0.052) and OBs (wild < hat c hery,
 = 1.46, P = 0.082) ( Fig. 4 ). Co rrespo nding ly, w hen
dded to the linear model s, RE h ad a significant ef-
 ect f or the o p t ic te ctum (Tu key HSD, wi ld < hat c h-
ry, P = 0.021), and m argin ally insignifica nt effects f or
he va lvu l a (w ild < hat c hery, P = 0.0546; Tukey HSD,
 = 0.107) a nd O Bs (wild > hat c hery, P = 0.0942; Tukey
SD, P = 0.173). 
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Fig. 4 Linear relationships between log-transformed brain region volumes and brain volume remainder for all brain regions, including the 
( A ) olfactory bulbs, OBs; ( C ) dorsal telencephalon, DTe; ( E ) ventral telencephalon, VTe; ( G ) diencephalon, DIEN; ( I ); optic tectum, OT; ( K ) 
valvula cerebelli, VAL; ( M ) cerebellum, CER; and ( O ) medulla oblongata, MED ( O ). Residuals w er e compar ed betw een REs for the ( B ) OBs, 
( D ) DTe, ( F ) VTe, ( H ) DIEN, ( J ) OT, ( L ) VAL, ( N ) CER, and ( P ) MED. A significant difference in residuals existed for the optic tectum 

(W < H, one-tailed t -test, t = −2.63, P = 0.0136), and marginally insignificant differences (0.05 < P < 0.1) existed for the valvula (W < H, t 
= −1.79, P = 0.0523) and olfactory bulbs (W < H, t = 1.46, P = 0.0823). ∗∗P < 0.05; ∗0.05 < P < 0.01. 
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Discussion 

Numerou s studies h ave sought t o under st and t he im-
pacts o f RE o n b rain g rowth, p art icu larly in sa lmonids,
which may confer chan g es in cog nit iv e and/or sen sory
cap abi lit ies (e.g., Marchetti and Nevitt 2003 ; Kih slin g er
an d Nevitt 2005 ; Kihs linger et al. 2006 ; Na¨s lun d et
al. 2019 ). How ev er, to date, n on e have col le ct ively ex-
amin ed m orph om etric differen ces in th e periph eral ol-
fact ory syst em and across a l l bra in a reas bet ween w ild
and hat c hery-or igin s almonids. Using OLS r egr essions,
we found that hat c hery-r ear ed s ocke ye salmon fry had
lar g er o p t ic te ct a. Furt her, st at ist ica l ly insig nificant yet
compel ling t rends (0.05 < P < 0.1) s ugges t that RE
also a ffects O B (wild > hat c h ery) an d va lvu la size
(wild < hat c hery). We di scu ss effects with P < 0.1 with
cau tio n, bu t recognize that the low sample size of this
study may mask significant trends, which wa rra nt fu-
t ure st udy. Alt hough t hi s study wa s n ot a fun ct iona l
an alysi s, the results may provide insigh t in to the sen-
so ry and cogni tive differences bet ween indiv idu als from
different REs, which may influen ce be havior, in clud-
ing olfact ion-me diate d im prin ting an d h oming . R ear-
ing co ndi tio ns in the hat c hery have been im plica ted
in behavio ral defici ts, as they lack many of the natu-
ra l st imu li th at fis h would experien ce in str eams, fr om
physica l st ructure to s ens o ry inpu ts. 
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lfactory system 

h e te leost n ervou s system i s pla s tic, es peciall y the o l-
act ory syst em, inc luding c hanges in lam e llae number,
p i th e lial m orph ology, olfactory s ens ory neuron (OSN)
en sity, and patternin g of synaptic conne ct ions in the
B th at h ave be en relate d t o discret e im prin ting and
oming in salmonids (e.g., Kalinina et al. 2005 ; Kudo
t al . 2009 ; Oc hs et al . 2017 ; Rheinsmith et al . 2023 ).
ow ev er, no study to date h a s exa mined differences in

 he per ip heral o lfact ory syst em in hat c hery-r ear ed vs.
i ld sa lmonid s. Previou s studies h ave u sed ep i th e lial SA

s proxy for olfactory cap abi lity in fish (e .g., Sc hluessel
t al. 2008 ; Theiss et al. 2009 ; Atta 2013 ; Ferrando et al.
019 ). The oret ica l ly, a lar g er SA in s ocke ye salmon fry
 ay hou se mo re OS Ns, which b ind water-bo rne odo r-

nts, as their olfactory rosette is almost ex clusiv ely cov-
red in s ens o ry ep i th e lium ( Rh einsmith et al. 2023 ).
n t he cur r ent study, r osette SA did not differ between
at c h ery-origin an d wild in div idu als ( Fig . 2 ) How ev er,
ur data s ugges t that RE may a ffect d min , with hat c h-
ry indiv idu al s h av ing l ar g er resid uals p re dicte d from
otal b rain vol um e . As th ere was no difference in brain
ize between hat c h ery an d wi ld-orig in indiv idu als ( Fig .
 ), thi s m ay r epr esen t an in ter esting differ ence between
hese two groups. The olfactory nerve is co mp rised o f
x on s of the OSNs, which synapse with mit ra l cel ls in
 he OB of t he brain (re vie wed by Kermen et al. 2013 ).
 lar g er nerv e diameter s ugges ts a higher number of
SNs in the olfactory epith e lium, which may a ffect ol-

acto ry capaci ty ( Ha mda ni a nd Doving 2007 ; Camilieri-
sch et al. 2020 ). These dat a sug gest t h at h at c hery in-
iv idu al s m ay pos ses s a higher number o f OS Ns; how-
v er, giv en d min was not significantly lar g er in hat c hery-
rigin fry when scaled a gains t b o dy size ( Fig. 2 b and d)
r rosette SA, and rosette SA did not significantly dif-
er between the two groups ( Fig. 2 ), as one would ex-
ec t w h eth er hat c hery-origin soc keye sa lmon t ru ly had
 higher number of OSNs in the epith e lium, th e biolog-
cal re levan ce of this differen ce is un clear. 

Differences in OSN number between hat c h ery- an d
i ld-orig in s ocke ye salmon fry w ould sugg est differ-

nces in olfactory dete ct io n and/o r p rocessin g capa bil-
t ies betwe en the two g r oups, wher eby envir onmental
ues during early life s ta ges may modulate cell fates
n the olfactory epith e lium. Th e lif espa n of vert ebrat e

S Ns is o nly mo nths ( Mac kay-S im and Kitt el 1991 ), as
SNs are exposed and vulnerable to the surrounding

nviro nment ( Moul to n 1974 ). In salmo nids, olfacto ry
ecepto r gene exp ressio n is sensi tive t o c hanges in de-
e lopm ental an d environm ental cues ( Johnston e et al.
011 ; Bett et al. 2018 ; Madsen et al. 2019 ). Patterns of
S N plastici ty may, therefo re, be p art ia l ly influence d by

lfacto ry experience ( Wilso n et al. 2004 ). In hat c heries,
t is a common practice to in cu bate embryos in well wa-
er, and at least some part of the water used for sub-
equent re ar ing is of ten from spr ing or well s, a s it is
 athogen-fre e and thus r equir es less rigor ous steriliza-
ion than normal stream water ( Burrows and Combs
968 ). How ev er, w ell water can hav e low er lev els of
mino acids (potent ia l odo rants) p res ent in ass ociated
t reams (Ditt m an, unpubli shed data; Shen et al. 2015 ).
uc h a lac k of c hemical co mplexi ty in groundwater-
 ase d hat c hery wat er may a ffe ct g rowt h of t he s almon
lfact ory syst em, an d could hin der su bsequent h om-

ng, a logic tha t con tradic ts w ha t our da t a may sug gest.
ow ev er, a s d min i s a rough metr ic, f u ture wo r k s h ould

xamin e OSN su btype distri bu tio n in the ep i th e lium
 i a immunohist oc hemistry (e .g., Gayoso et al . 2011 ;
raub ach et a l. 2012 ) or stere olog ica l ly est imate o f OS N
umber fro m transmissio n ele ct r on micr oscopy im-
ges of the olfactory nerve ( Camilieri-Asch et al. 2020 ).
hese can then be coupled with olfact ory trac king tri-
l s (e.g., Yam amoto et al. 2010 ), to confirm wh eth er RE
 ru ly imp ac ts olfac t ory det e ct io n and p rocessing. 

ncephalization and brain organization 

rain/b o dy re lations hips have been establis h ed for
 ear ly a l l vert ebrat e groups (e .g., Crile and Quiring
940 ; Jerison 1973 ; Tsuboi et al. 2018 ), though we know
ar less about int raspe cific variabi lity in the brain and
 he dr i vers of p l asticit y w ithin species. A lthough con-
entiou s, enceph alizatio n (o r a lar g er than expe cte d
ra in f or a given b o dy size) may predict cognitive abil-
 ty and/o r behavio ral flexib ili t y w it hin species ( Jer ison
973 ). Inde e d, in the guppy ( Poeci lia reticu lata ), indi-
 idu a ls art ificia l ly sele cte d fo r a 5–10% increase in b rain
ize relative to b o dy size displayed higher p ro ficiency in
ssociative le ar ning ( Kotr sc hal et al . 2013 ) and spatial
e arch le ar ning t asks ( Kotr sc hal et al. 2015 ). How ev er,
rt ificia l sele ct ion li kely creates a more dramatic differ-
nce in brain size th an wh at m ay be cr eated envir on-
 ental differen ces alon e. In th e present study, th ere was
 o differen ce in re l ative brain size bet ween hat c hery-
nd wi ld-orig in s ocke ye salmon f ry. This differs f rom
h at previou s work h a s s h own wh en co mparing b rain
 rganizatio n in between wild and hat c hery salmonids,
here wild O. mykiss had lar g er brain s than hat c hery-

 ear e d conspe cifics ( Marchett i and Nevitt 2003 ). Simi-
a r differences h ave al so b een do cum ented in oth er cap-
 ive tele osts, including Atlant ic cod ( G adu s morhua )
 Mayer et al. 2011 ) and mahseer ( To r p u ti t o ra ) ( Ullah
t a l. 2021 ), a lt hough t he causes for brain size reduc-
ions are uncle ar. D esp i te the phenotypic plasticity as-
oci ated w ith RE, chan g es in the teleost brain are of-
en im permanen t, s ugges ting th at pla sticity m ay occur
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wi thou t dependence on a developmental crit ica l p erio d.
F or exam ple, increasing st ructura l co mplexi ty o f the RE
resu lte d in lar g er brain s in S. salar alevins, but this ef-
fect dis appe ared u po n sampling o f parr o f th e sam e
group s e v eral month s later th at h ad been moved to bar-
ren tanks ( Näs lun d et al. 2012 ). Imperman en ce of envi-
ronmenta l ly induce d plast ic chan g es in the brain may
reduce their funct iona l conse quences over t im e. Th e
wi ld-orig in fish in our study were col le cte d soon af-
ter emer g ence from the grav el, meanin g that they ex-
perienced many of the external fact or s of their envi-
ro nments fo r a s h ort tim e. If RE a ffects bra in size, as
previous s tudies s ugges t, chan g es in brain growth may
r equir e a critical p erio d of exp osure th at wa s not cap-
tured in our narrow time window post-emer g ence. Fu-
ture wor k s h ou ld a ls o examine s ocke ye salmon at later
s ta g es of dev e lopm ent (pa rr a n d sm olt), t o det ermine
wh eth er brain size varia tion migh t be additive ontoge-
net ica l ly. 

Previou s work h a s s h own t hat re ar ing s almonids in
an enrich ed environm ent, in cluding st ructura l com-
plexity and conspecific density, is associated with lar g er
relativ e v ol ume o f the OBs, telencephalo n, o p tic tectum,
an d/or cerebe llum ( Näs lun d et al. 2012 ; 2017 ; 2019 ),
even when cont rol ling f or a rt ificia l sele ct ion and ge-
net ic variat ion ( Ki h slin g er and Nevitt 2005 ; Kih slin g er
et al . 2006 ), whic h m ay h ave sig nificant funct iona l im-
plication s. How ev er, m any exi s ting s tudies h ave focu sed
on a sma l l number o f b rain regio ns and/o r have ap-
p roximated b rain regio n size fro m p hotograp hs (e.g.,
Ma rchetti a nd Nevitt 2003 ; Kih slin g er and Nevitt 2005 ;
Kih slin g er et al. 2006 ). To date, no study h a s hi sto-
log ica l ly examine d how most major brain regions vary
bet ween w ild vs. hat c hery-or igin s almonids; t hus, im-
porta nt differences m ay h av e g on e un det ect ed . Estima-
tio n o f b rain vol ume fro m lin ear m easurem ents can be
highl y prob lematic, a nd fa il to tak e in to accoun t varia-
tion in the ventr icles, le ading to an over- or underesti-
matio n o f the size o f majo r b rain regio ns (se e Ul lmann
et al. 2010 ). In pa rticula r, over-estimatio n o f o p tic tec-
tum volume may be of p art icu lar concern; Pol len et a l.
(2007) s h owed th e e lli pso id m eth od , (whic h i s ba sed on
lin ear m easurem ents of major brain reg ions; Wag ner
2001 ), can overestimate whole brain, te len cephalon,
an d cerebe ll um by 24–33%, bu t can overestimate op-
t ic te ctum volume by a s much a s 107% when com-
p are d t o hist olog ica l se ct ion s, which ex cludes the tec-
ta l vent ricles. Whi le some of t his var iat ion is li kely due
to dehydratio n d ur ing t he st aining process, t his sug-
gests t hat t he compar ison of brain v olumes usin g these
m eth ods s h o uld be ap pro ache d w ith c au tio n, as i t is un-
cle ar whet her differences documented in previous stud-
ies h ave erroneou sly reported variation in ventricular
volum e rath er than t rue te cta l variat ion. 
The present study excluded the ventricles from our
m easurem ents of th e o p t ic te ctum a nd f ound a signifi-
ca nt effect o f RE o n scaling o f the o p t ic te ctum wit h t he
rest of the brain, with a significantly lar g er o p t ic te ctum
in hat c h ery-origin in div idu als ( Fig . 4 I–J). This contra-
dic ts previous studies, w here hat c hery-reared O. mykiss
a nd T. put it o ra h ave sm a l ler b o dy size-corre cte d o p tic
tect a t han wi ld conspe cifics ( Marchett i and Nevitt 2003 ;
Ul la h et al. 2022). The o p t ic te ctum re ceives the major-
i ty o f ret ina l ganglion cel l a fferents, a n d is comm only
associ ated w ith v ision, v isu al processing , and s ens ory
in tegra tion (re vie wed by No rthmo re 2011 ). W hi le wi ld
envir onments ar e pr esumab l y richer in v isu a l st imu li,
diel light levels and v isu al co mplexi ty o f the hat c hery
where our s ocke y e salmon w er e r ear ed wer e not di-
rect ly me asured. How ev er, point sources of light and/or
ab no rmal light/dark cycles in hatchery environments
may be dr iving tect al deve lopm en t. Alterna ti vel y, vi-
sual input is limited for wild salmonids at the alevin
s ta ge, as indiv idu als are su bm er g ed in st ream g ravel, un-
t i l emerg ing as fry ( Quinn 2018 ). Thus, the o p t ic te ctum
up to the fry s ta ge in wi ld-orig in sa lm on may n ot be
fu l ly develope d a nd wa rra nts f urt her invest igat ion. 

An oth er interesting trend was seen in the valvula,
where hat c hery indiv idu al s h ad m argin ally lar g er
va lvu la volumes t han wild-or igin fry ( Fig. 4 k and l).
Alt hough t he f unctio n o f thi s structure i s not fu l ly
reso l ve d, the va lvu la is invo l ved in behavior patterns
such as reflex co ndi tio nin g, av o idance co ndi tio ning,
and dorsal light response ( Aronson and Herberman
1960 ; Kapla n et al. 1969 ; Ya n agih a ra et al. 1993 ), a nd
m ay al s o s erve t o process and int egrat e n on-m otor in-
fo rmatio n ( Chang et al. 2021 ). Its invo l vement in the
dorsal light response is p art icu larly interest ing, as the
same wild < hat c hery trend was shown for the op-
t ic te ctum, s ugges ting t hat t he o p t ica l enviro nment o f
hat c heries may differ significantly enough from that of
natura l st r eams, wher eby r e lated n eural processing cen-
t er s may be a ffe cte d. Dete ct io n o f v isu al cues is impor-
tan t in na tal h oming ( Yan o an d Nakamura 1992 ), but it
is un clear h ow variation in o p t ic te ctum and va lvu la vol-
ume may a ffect v isu al pro cessing tasks b etween re ar ing
hab i tats. As straying and post-rele ase mort ality is higher
in hat c h ery-origin in div idu a ls, a putat ive increase in vi-
s ual sys tem deve lopm en t in ha t c h ery fis h may n ot be
sufficien t to coun teract the other drawbacks of hatch-
ery re ar ing. 

The OBs receive p rimary p roj e ct io ns fro m the ol-
facto ry ep i th e lium, wh ereby OS N axo ns sy napse w ith
lar g e mit ra l cel ls in topog raphica l ly a rra n g e d glomeru li
in fish ( La ber g e a nd Ha ra 2001 ; Ha mda ni a nd Døving
2007 ), a nd a re associ ated w i th p ro cessing o dors. In
m any verte b rates, the size o f the OBs co rrel ates w ith
olfacto ry capab ili ty ( Zeleni tsky et a l. 2011 ; Yop a k et a l.
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015 ), which s ugges ts variation in OB size , t o some ex-
 ent, confer s olfact ory c apacit y (e.g ., Gonza le z-Voyer et
 l. 2009 ; Yop a k et a l. 2010 , 2015 ). C han g es in OB size
nt raspe cifica l ly have be en propose d to refle ct chan g es
n the relative importance of olfaction thro ugho ut life
e.g ., Sal as et al. 2017 ; La f orest et al. 2020 ). In the
resent study, a m argin ally insignificant, but notewor-
hy, difference in OB size (wild > hat c hery) exist ed be-
ween hat c h ery- an d wi ld-orig in s ocke ye salmon fry,
 ugges ting th at h at c hery re ar ing m ay h av e a negativ e
mpact on OB deve lopm ent. Alth ough th e effect was
ot significant ( P = 0.094), low sample size in our
tudy could have mas ked genuin e, un der lying effects.
imi lar t ren ds in th e OBs have b een do cumented in
 hinook sa lmo n ( O. tshawytsc ha ) a nd ra inbow trout
 O. myk iss ) ( M a rchetti a n d Nevitt 2003 ; Kihs linger et
 l. 2006 ), a lth ough differen ces were less loca lize d and
een acros s mos t majo r b rain regio ns examined. As
Bs have been s h own to sca le hypera l lomet rica l ly with

he rest of the brain in some fish thro ugho ut life (e.g.,
agner 2003 ; La f orest et al. 2020 ), these differences
ay be more dramatic at other life s ta g es. Lar g er OBs

n wi ld-orig in s ocke ye s almon sug gest some deg re e of
n hance d olfactory processing, which may be related to
h e in creased ch emical co mplexi ty o f t he re ar in g ha bi-
at. How ev er, the D Te , whic h re ceives se conda ry a nd
 ertiary olfact o ry p roj e ct ions ( Folgueira et a l. 2004a , b ),
id not vary betwe en g rou ps. This b rain regio n serves

m portan t roles in sp at ia l le ar ning an d m em ory tas ks
n fish ( Savage 1980 ; Rodriguez et al. 2002; Emmanuvel
ajan et al. 2011 ) and h a s been im plica ted in recogni-

io n o f imp r inted nat a l st ream wat er in soc keye salmon
 Bandoh et a l. 2011 ). Whi le t rends might emer g e with a
ar g er sample size (see Fig. 4 d), a lack of significant vari-
tion in the DTe makes i t difficul t to draw co ncl usio ns
etween brain organization and olfactory im prin ting. 

While differences in the nervous system between REs
ere ident ifie d in s ocke ye salmo n, i t is impo rtant to

onsider the limitations of this study. Although the his-
olog ica l appro ach to ca lcu lat in g brain v olum e is m ore
ccurat e , exc lude d vent ricu lar sp aces, and a l lows for
he as ses sment of a higher number of brain subregions,
t is more time con sumin g and ther efor e r esu lte d in
ma l ler sample sizes. In p art icu l ar, w i ld-orig in individ-
als were very close in b o dy size, which may not al-

ow f or a n ap pro pria te demonstra tio n o f true allo met-
ic re lations hips. Lar g er sample sizes (over a greater
an g e of ov erlappin g b o dy m a ss betwe en g ro ups) wo uld
av e improv ed our a b ili ty t o det e ct differences betwe en
h ese groups an d as ses s bro ader p atterns o f b rain/b o dy
 nd bra in regio n/b rain sc aling . Fu ture wo r k s h ould
o nsider co m paring ra tes of growth of the bra in a nd
 ts sub regio n s betw een REs ov er a lon g er p erio d of
im e an d across life s ta ges, as the olfactory system and
ra in cha n g e thro ugho u t o nt ogeny in soc keye salmon
 Rheinsmith et al. 2023 ) and other salmonids ( Kudo et
 l. 2009 ). This wou ld provide g rea ter insigh t in to the ex-
stence of an env ironment-associ ate d crit ica l p erio d for
 rain develop ment in salmonid s ( Na slund et al. 2012 ),
n d wh eth er th e impacts of hat c hery-re ar ing are com-
ounded over time. 

onclusions 

his study provides key insights into the potent ia l lin ks
etween RE and brain and olfactory system organiza-
ion in O. n erk a . This species is subject to diverse be-
avioral and s ens ory dem and s thro ugho u t i ts life cy-
 le , whic h invo l ves long-distance mig rat ions and dra-
 atic h ab i t at shif ts. Previou s work h a s sho wn lo w sur-

ivo rshi p and high rates of straying in post-release,
at c hery-origin O. n erk a , and our res ults s ugges t this
ay be due, in part, to differences in brain develop-
en t. Ha t c hery-origin fish had significantly lar g er op-

 ic te cta, a nd ma rg ina l ly lar g er va lvu la cerebel li (hat c h-
ry > w ild), w ith l ar g er d min relativ e t o brain size . In
ont rast, wi ld-orig in s ocke ye salmon h ad m argin ally
ar g er OBs (hat c hery < wi ld), perhaps refle ct ing differ-
nces in s ens o ry and/o r functio nal capaci t y bet ween the
wo groups. Th ese fin dings co ntradict p revious stud-
es, whic h not e enlar g ement of s e veral ke y brain re-
 ions in wi ld-orig in sa lmonid s, which m ay be related
o sample size or m eth odology used to as ses s the brain,
h ere fin er resol u tio n t ec hniques might h e lp t o det ect
 ore nuan ced differen ces in brain m orph ology in re la-

ion to RE. As the Pacific salmon fishery r epr esents one
f th e m ost valuable fis h er ies in Nort h Amer ica, o p ti-
 al post-relea se per for m ance of h at c hery-r ear ed indi-

 idu al s i s pa ra mo unt from bo th an eco no mic and eco-
og ica l stand po int. O pt imizin g and enrichin g hat c hery
nvironm ents to m ore close ly mimic wild hab i tats may
u ppo rt n eural deve lopm ent an d is a p ro mising strategy
o ensure O. n erk a po p u lat ions, as wel l as other Pacific
a lmon, wi l l fin d th eir way h om e. 
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