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Synopsis Co rticostero n e, th e main gl ucoco rtico id in b ird s, i s a m aj or me diato r o f th e in credi b le p hysio log ica l feat of mig ra- 
tio n. Co rticostero ne plays impo rtant roles in mig rat io n, fro m p rep arat ion to in-flight energy mobi lizat ion to refue ling, an d 
co rticostero n e leve ls often s h ow distin ct e levatio ns o r dep ressio ns d ur ing cert ain st ages of the migratory pr ocess. Her e, we 
as k wh eth er co rticostero ne’s role in mig rat io n shapes i ts mod u lat io n d ur ing ot her life-his tory s ta ges, a s i s the ca s e with s ome 
oth er ph en ot ypic a l l y flexib le traits invo l ve d in mig rat ion. Spe cifica l ly, we use a glob a l dataset of corticosterone measures to test 
wh eth er b irds’ migrato ry sta tus (migran t versus residen t) p redicts co rticostero n e leve ls d uring b re e ding. O ur resu lts indicate 
tha t migra tory sta tus p redicts nei ther baseline nor s tres s-ind uced co rticostero n e leve ls in bre e ding b irds; desp i te co rticostero ne’s 
role in mig rat ion, we fin d n o eviden ce tha t migra to ry co rticostero n e ph en ot ypes c arry over to bre e din g. We encourag e future 
studies to con tin ue to explore corticosterone in migrants versus residents across the annual cyc le . Addi tio nally, fu ture effo rts 
s h ould aim to disentangle the possible effects o f enviro nmental co ndi tio ns and migratory status on corticosterone phenotypes; 
potent ia l ly f r uit fu l avenues include focusing on regions where migra nts a nd residents ov erlap durin g bre e din g. Ov era l l, insights 
fro m wo rk in this area could dem onstrate wh eth er migration shapes traits dur ing ot her import a nt lif e s ta ges, ident ify t rade offs 
o r limi tatio ns associ ated w it h t he migrat ory lifestyle , and u lt imately she d light on the evol u tio n o f flexible trai ts and mig rat ion. 
Introduction 
Mig rat ion is a major p hysio logic al undertaking , an d th e 
ph en otypes of migrants reflect the ne e d fo r end urance 
( Weber 2009 ). In birds, which have been pa rticula rly 
wel l studie d, mig rants demonst rate a suite of flexible 
p hysio log ica l ph en otypes that h e lp th em to accomplish 
t he difficult t asks invo l ved in migration, such as fuel- 
ing and then fastin g durin g lon g flights and surv iv ing 
in highly different environments ( Piersma et al. 2005 ). 
Traits such as gut size , hemat ocrit, musc le size , an d h or- 
m on e leve l s ( Piersm a and Gi l l 1998 ; Piersma et a l. 1999 , 
2000 ; La ndys-Cia nnel li et a l. 2002 ; Krause et a l. 2016 ; 
Eik enaa r et al. 2020 ) are flexib l y ad justed d uring differ- 
ent s ta ges of mig rat ion. Mig rants often demonst rate ex- 

trem e e levatio ns o r dep ressio ns o f certa in tra i t val ues; 
f or exa mple, ba r-ta iled godwits ( Limosa l app oni ca ) mi- 
g rat ing from A l aska to O ce a nia flew f or 9 days stra ight 
wit h met abolic ra tes estima t ed t o b e 8–10 times ab ove 
b asa l metabolic rate ( Gi l l et al. 2009 ). 

Mos t s tudies of the phenotyp ic trai ts that facili tate 
mig rat ion have concen tra ted on me asur ing traits im- 
m ediate ly p rio r to and during mig rat ion; ther efor e, we 
have less of an un derstan ding of wh en an d h ow th e ph e- 
notypes o f migrato ry an d n o n-migrato ry b irds differ 
ou tside o f mig rat ion s eas on. Th e n e e d to mig rate cou ld 
shape trait values dur ing ot her import a nt lif e s ta ges: for 
exa mple, tra i ts elevated o r dep ressed d uring mig rat ion 
could remain so into the bre e ding s eas o n, o r could start 
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Does migration constrain glucocorticoid phenotypes? 1827 
t o c han g e at th e en d o f b re e ding in prep arat ion for mi- 
g rat ion. 

The few studies that have explored flexible traits im- 
portan t to migra tio n ou tside o f the migrato ry s eas on 
have t ypic a l ly f ound differences between migrants and 
residen ts. Migra to ry b ird s h ave been s h own to differ 
fr om r esiden ts in fa t s tora g e pattern s ( Corn e lius et al. 
2021 ; but see Bergstrom et al . 2019 ), hemat ocrit lev- 
el s ( Krau se et al. 2016 ), heart m a s s ( Vágási et al. 2016 ), 
an d m etabolic rate ( Wike ls ki et a l. 2003 ; Jetz et a l. 2008 ; 
Ver st eegh et al. 2012 ; how ev er, thi s m ay b e b etter ex- 
plained by differences in the tem pera tures experienced 
by po p u lat ions rat her t han migrato ry p ropensi ty, as 
note d in Wi kelski et al. 2003 ; Jetz et al . 2008 ). Test os- 
teron e leve ls d uring b re e ding may also be at least par- 
t ia l l y exp lained by migra tory sta tus ( Ga ra mszegi et al. 
2008 ). 

Her e, we explor e wh eth er gl ucoco rtico ids, ho rmo nes 
im portan t for mig rat ion, s h ow differen ces between mi- 
gra tory and residen t po p u lat io ns d uring no n-migrato ry 
times of year. Of the many ho rmo nes associated with 
mig rat ion ( Ram en ofs ky 2011 ), glucocorticoids (pre- 
do minantly co rticostero ne in b irds) appear to play a 
p art icu larly cent ra l role by p ro m oting in creased ac- 
tiv it y ( Landys et al. 2006 ) a nd f oraging, f eeding, fat- 
tening, an d en ergy use (reviewed in DeSim on e et 
al. 2020 ; Bauer and Watts 2021 ). These latter roles 
a re pa rticula rly importa nt a s bird s under g o the al- 
ternatin g cy cles of fuel accum ula tio n p rio r to mi- 
g ratory dep a rture a nd durin g stopov er an d en ergy 
mobi lizat ion during flight ( DeSim on e et al. 2020 ; 
Bauer and Watts 2021 ). 
Corticoster one’s r ole during migration 
The p rocess o f mig rat ion invo l ves a series of s ta ges: 
prep arat ion, dep a rture, flight, a nd stop over. B aseline 
co rticostero n e leve ls (m easured imm ediate ly u po n cap- 
ture) and s tres s-ind uced co rticostero n e leve ls (m ea- 
sured after an animal’s exposure to an acute stres- 
sor) ( Wingfield et al. 1998 ) often chan g e across these 
s ta ges. Corticos terone is hypothesized to mediate mi- 
g rat ion through many mechanisms during these migra- 
tory ph a s es. A number of re vie ws ( Ram en ofs ky 2011 ; 
Corn e lius et al . 2013 ; DeS im on e et al. 2020 ; Bauer and 
Watts 2021 ) provide excel lent, detai le d summaries of 
wh at i s known r egar ding corticoster on e’s leve ls an d ac- 
tions at each of these s ta ges. 
Baseline corticosterone 
D uring mig rato ry p rep arat io n, as b irds pu t o n fat to fuel 
flight, m ost birds s h ow e levate d b ase lin e co rticostero ne 
leve ls ( Hol bert on et al . 1996 , 2008 ; Holbert on 1999 ; 
Piersma et al. 2000 ). Th ese in creases in co rticostero ne 

likely p ro mote hyperphagia and lip ogenesis ( Holb erton 
et al. 1996 , 2007 ; La ndys et al. 2004a ), k e y process es to 
fuel up for long flights. 

Co rticostero ne typ ica l ly rises in th e wee ks leading 
up to departure from wintering grounds ( Piersma et al. 
2000 ) and stopover sites ( La ndys-Cia nnel li et a l. 2002 ). 
Co rticostero n e leve l s al so pe ak dur ing t he ev enin g in 
migrants known to depart a t nigh ttim e ( Lan dys et al. 
2004b ); an d, in th e h ours just p rio r to stopover de- 
p arture ( Ei kenaar et al. 2020 ). Th ese e levations may 
o ccur b ecause mo derate ly e levate d b ase lin e corticos- 
teron e leve ls p ro m ote th e m obi lizat ion of lipids (the pri- 
mary fuel for mig rat ion; re vie wed in Jenni and Jenni- 
Eier mann 1998 ; Cor n e lius et al. 2013 ) v i a th e re lease 
of fatty acids ( Landys et al. 2004a , 2005 , 2006 ). These 
elevat ions may a lso p rime b irds to cope wit h t he un- 
pr edictable envir onm ental an d social circumstan ces 
that could await them during mig rat io n and b re e ding 
( Piersma et al. 2000 ; Corn e lius et al. 2013 ). 

D uring mig ra tory fligh t, co rticostero ne typ ica l ly 
con tin ues to remain eleva ted. Birds sam pled during 
nigh t migra tion s h ow base lin e co rticostero n e leve l s th at 
are elevated a bov e lev els of resting and foraging birds 
( Falsone et al. 2009 ). Simi larly, in mig rat ing b a r-ta i le d 
god wits ( Lim osa l app oni ca ), in div idu als c apt ured j ust 
s h o rt o f a majo r stopover si te s h ow high er base lin e 
co rticostero n e leve l s th an indiv idu als c a ptured a t the 
st opover sit e dur ing t heir ref ueling per iod ( Landys- 
Ciann e lli et al. 2002 ). How ev er, base lin e co rticostero ne 
ma y not alwa ys be s ubs tant ia l ly elevate d during mig ra- 
tory flight ( Gwinner et al. 1992 ; Jenni-Eiermann et al. 
2009 ). Moderat e corticost eron e e levat ions li kely con- 
tinue to p ro m ote th e catabolism of lipids for energy, as 
noted a bov e. More s ubs tant ia l cort icosteron e e levations 
may p ro m ote th e catabolism o f p rot eins suc h as flight 
mu scles; thi s likely happens when a bird h a s exh au sted 
most of its fat stores ( Gwinner et al. 1992 ; Jenni et al. 
2000 ). 
Stress-induced corticosterone 
D uring mig rat ion, th e leve ls o f co rticostero ne se crete d 
in response to cha l len g es likely r epr esent a t rade off be- 
tween th e ben efits o f respo nding app rop riat ely t o acut e 
s tres sors an d th e costs of very high co rticostero ne lev- 
els, w hich mig h t lead to ca tabolism of fligh t m uscles 
( Holberton et al. 1996 ; Ram en ofs ky 2011 ) or impede 
essent ia l behaviors li ke fueling or flying ( Ram en ofs ky 
et a l. 1995 ; Fa lsone et a l. 2009 ). St ress-induce d cort i- 
costeron e leve ls during mig rat ion s h ow less predictable 
patter ns t h an ba se lin e leve ls, per haps r epr esenting the 
co mplexi ty o f these t rade offs. 

D uring mig rato ry p rep arat io n, so m e species s h ow 
a re duce d st res s res p onse ( Holb erton 1999 ). How ev er, 
wh en h e ld in c aptiv it y un der con ditions to st imu late 
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1828 J. J. Uehling et al .
migrato ry behavio r, b irds s h ow n o rmal, unsu pp ressed 
co rticostero ne stress responses ( Landys et al. 2004b ). 

D uring mig ra tory fligh t, some migran ts s h ow an in- 
cr ease in corticoster one in r esponse to captur e ( Landys- 
Ciann e l li et a l. 2002 ; Fa lsone et a l. 2009 ), whi le others 
s h ow a decrease ( Jenni-Eiermann et al. 2009 ). In birds 
ca ugh t within a few hours after landing from a long mi- 
gra tory fligh t, indiv idu als w ith ro bus t fat s tores mount 
a s tres s res po nse, whereas b irds wi th mo re minimal fat 
s h ow n o co rticostero n e e levatio n in respo nse to s tres s 
( Jenni et al. 2000 ). How ev er, Eur opean r obins ( Eritha- 
cus rub ecul a ) with lower fat scores secrete higher corti- 
costeron e leve ls in res ponse to s tres s d uring migrato ry 
flight ( Falsone et al. 2009 ). 

The co rticostero ne s tres s res po nse d uring migra- 
t ory st opover also s h ows varyin g pattern s; some mi- 
grants s h ow th e t ypic a l elevat io n o f co rticostero ne in re- 
sponse to capture stress ( La ndys-Cia nnel li et a l. 2002 ), 
while oth ers s h ow n o e levation ( Ram en ofs ky et al. 1995 ; 
Holberton et al. 1996 ), and st i l l others show their high- 
es t s tres s res po nse o f the annual cycle ( O’Rei l ly and 
Win gfield 2003 ). Lon g and Holberton (2004) found 
t hat, dur in g stopov er, lean birds elevated corticosterone 
less in response to the stress of capture comp are d to fat- 
ter birds. 
Corticosterone in migrants and residents 
outside of migration 
In contrast to the many studies that have explored how 
co rticostero n e leve l s ch an g e durin g mig rat io n, o nly a 
h andful h ave comp are d cort icosteron e leve ls in mi- 
gra nts a nd residents outside of mig rat ion, an d th e re- 
sults are variable. The migrant s ubs pecies of white- 
crowne d sp arrows ( Z ono tric h ia leucoph rys ga mbe l i i ) h a s 
s ubs tant ia l ly higher b aseline and st ress-induce d cort i- 
costeron e leve l s th an the resident s ubs pecies ( Z. l. nut- 
talli ) dur ing t he bre e ding s eas on ( Kraus e et al. 2021 ), 
wher eas r esidents have s ubs tant ia l ly higher b aseline and 
s tres s-ind uced co rticostero n e leve l s th a n migra nts dur- 
ing the winter ( Krause et al. 2014 , 2021 ). This pattern 
could be explained by when s ubs pecies face their great- 
est environmenta l cha l len g es: migrants durin g bre e ding 
(wh en th ey have a s h ort win dow to bre e d) and residents 
during winter ( Krause et al. 2021 ). In c aptiv it y, how- 
ever, wh en th ese resident an d migrant white-crown ed 
s parrow s ubs pecies a re k ep t in pho to p erio d co ndi tio ns 
refle ct ing the t ransit ion from wint er t o spr ing, t hey 
s h ow n o differen ces in base lin e or s tres s-induced cor- 
ticosteron e leve ls, sugg estin g t hat t he observed differ- 
ences in wild bir ds r esult fr om envir onm ental con di- 
tions ( Ram en ofs ky et al. 2017 ). Migrant s ubs pecies of 
white-crowne d sp a rrows a nd ruf ous-colla re d sp arrows 
( Zono tric hia capensis ) have higher baseline and s tres s- 

ind uced co rticostero n e leve l s th an resident s ubs pecies 
dur ing t he bre e ding s eas on ( G onza le z-Gome z et al. 
2023 ). Fina l ly, in p art ia l ly mig rato ry Co ry’s s h earwa- 
t er s ( Calone c tri s boreali s) , co rticostero n e leve ls in fe at h- 
ers grown during the winter are higher in males that 
mig rate d than males that stayed close to the bre e ding 
colony. It is unclear if these r esults r eflect differing en- 
viro nmental co ndi tio ns d ur ing t he winter, t he costs of 
mig rat io n, o r so m ething e lse ( Pérez et al. 2016 ). Thus, 
e vidence s o fa r is mixed, a n d s h ows that co rticostero ne 
level s m ay or m ay not differ in migra n ts versus residen ts 
across the annual cyc le . Studies t o thi s point h ave only 
focused on one or a few species at a tim e, an d we lack 
a broad un derstan ding of corticosteron e leve ls in mi- 
gra nts a nd r esidents acr oss taxo no mic grou ps. 

Could migratory status constrain 
corticosterone phenotype? 
Bro ad-sca le comp ariso ns o f co rticostero n e leve ls be- 
twe en many spe cies of mig ra nts a nd residents could 
h e lp us to un derstan d th e evol u tio n o f both mig rat ion 
and o f gl ucoco rtico ids. Co rticostero n e clear l y p lays an 
im portan t role in mig rat ion, but do mig ratory birds 
s h ow consisten tly differen t co rticostero n e leve l s th an 
r esident bir ds ou tside o f mig rat ion? 

If migra tory sta tus does co nstrain co rticostero ne 
ph en otype during other life-history st ages, t his could 
occ ur throug h m ainten ance of corticosterone levels 
from the migratory p erio d into other s ta ges—for ex- 
am ple, migra tio n levels o f co rticostero ne co n tin uing 
into the bre e ding s eas on (i .e ., McGlothlin and Kett er son 
2008 ). It cou ld a lso resu l t fro m migra nts a nd residents 
having different p hysio log ica l ne e ds in the bre e ding pe- 
riod. F or exam ple, base lin e co rticostero n e leve ls could 
remain elevated to p ro mote fo raging behavio r and m a ss 
gain ( Holberton et al. 1996 , 2007 ; Landys et al. 2004a , 
2006 ), h e l p ing b irds to recover from mig rat ion. Elevate d 
base lin e co rticostero n e leve l s could al so p rime b irds to 
cope with the unp redictable co ndi tio ns o n their b re e d- 
ing ground s ( Piersm a et al . 2000 ), whic h, fo r lo ng dis- 
ta nce migra nts, a re unkn own to th em unt i l t hey ar r ive. 
Similar ly, th e m ainten ance of a ro bus t s tres s res ponse 
could h e lp recent ly ar r ived birds to respond ap pro pri- 
at ely t o acut e c ha l len g es in a n ew environm ent ( Falson e 
et al. 2009 ). 

Ther e ar e potent ia l costs to these cort icosterone 
ph en otypes, h ow ev er. Elevate d b ase lin e co rticostero ne 
lev els durin g early bre e ding can b e asso ci ated w ith 
lower fitness ( Bo nier et al. 2009 ), and high levels of 
s tres s-ind uced gl ucoco rtico ids typ ica l ly su pp r ess r epr o- 
ductiv e inv estment ( Win gfie ld an d Sapols ky 2003 ). In 
sum, there may be complex cost and benefit t rade offs 
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Does migration constrain glucocorticoid phenotypes? 1829 
invo l ved in th e m od ulatio n o f co rticostero n e ph en o- 
types in migrants during bre e ding. 

In this study, we seek to un derstan d wh eth er corti- 
costeron e leve ls d uring b re e ding covary with mig ratory 
status (which we define as under g oin g an annual migra- 
tion) in birds. We t est ed this question using data from 
Ho rmo neBase , whic h inc l udes gl ucoco rtico id measures 
fro m wild ad ul t verteb rates where males and females 
wer e measur e d sep arat ely ( Vit ousek et al. 2018 ). We fo- 
cu s exclu si vel y on bird s becau se their migration is ex- 
cept iona l ly wel l-studie d comp are d to ot her t axo no mic 
groups, a nd inf or mation about t he migratory st atus of 
most birds is readily available from databases such as 
Birds of the World ( Bi l lerman et al. 2022 ). 

As a first step in exploring th e re lations hip between 
migra tory sta tus and co rticostero ne, we co mp are d cor- 
ticosteron e leve ls in migrat ory ver s us resident s pecies 
dur ing t he bre e ding s eas o n. Many b ir ds differ ent ia l ly 
regu late cort icostero ne d ur ing t he bre e ding an d n on- 
bre e ding s eas ons ( Casagrande et al. 2018 ), and the vast 
majo ri ty o f avail able d at a in Hor m on eBase com e from 
bre e ding bir ds. Ther efor e , we c hose t o rest rict our ana l- 
yses to the bre e ding season. 

We hypothesized that there would be no difference 
in base lin e co rticostero ne o r s tres s-ind uced co rticos- 
teron e leve ls betwe en mig ra nts a nd residents during 
bre e ding (i .e ., Ram en ofs ky et al. 2017 ). This might 
be the case given the flexib ili ty o f gl ucoco rtico id lev- 
els across life-history stages ( Romero 2002 ) and in re- 
sponse t o c ha l lenges ( Wing field et a l. 1998 ), and g iven 
th e imm ense ph en otypic flexi b ili ty o f p hysio log ica l 
traits in migrants. Desp i te s eas onal ele vations in base- 
line co rticostero ne and declines or increases in s tres s- 
ind uced co rticostero ne associated with mig rat ion, dur- 
ing bre e ding, these birds cou ld return to levels akin to 
those of residents. 

Alternati vel y, we hypothesized tha t migra to ry b irds 
w ould hav e high er base lin e co rticostero n e an d high er 
s tres s-ind uced co rticostero ne than resident birds dur- 
ing bre e ding, mat c hing some patterns observed dur- 
ing mig rat ion and refle ct in g findin gs in s ubs pecies of 
white-crowne d sp a rrows a nd ruf ous-colla re d sp arrows 
( Krause et a l. 2021 ; Gonza le z-Gome z et a l. 2023 ). This 
might be the case if the co rticostero ne phenotypes of 
b irds d uring mig rat ion car ry over to t he bre e ding pe- 
riod, or if migrants and residents have differing physio- 
log ica l ne e ds. 
Methods 
Corticosterone and migration data 
We down lo ade d data from Horm on eBa se, a databa se 
o f verteb rate stero id ho rmo ne levels ( Vitousek et al. 
2018 ) that includes both base lin e an d s tres s-induced 

gl ucoco rtico id m easurem ents fro m ad ul t individ uals o f 
known sex, to explore the relatio nshi p between b irds’ 
migra tory sta tus an d th eir co rticostero n e leve ls. We fil- 
tered the dataset to just include po p u lat ions that had 
co rticostero n e m easurem ents d uring b re e din g (B re e d- 
in g_Cy cle = “Bre e ding”). 

We then r esear c hed eac h po p u lat ion in the result- 
ing dataset to determine whether it mig rate d, choos- 
ing from the following o p t ions: mig ra tory, residen t, or 
un known. Mig rat ion can be defined in many ways. 
Here we defined migration as s eas onal m ovem ents to 
and from different ge og raphic locat ions ( Win kler et 
al. 2016 ). We did not consider dispersal or on e-tim e 
m ovem ents to be mig rat io n. Addi tio nally, we did not 
co nsider al ti tudinal migratio n to be true migration be- 
cause a l l t he cle ar inst ances o f al ti tudinal migratio n 
in t his dat aset were s h orter m ovem en ts. F or exam ple, 
the i’iwi ( D repani s c oc cin ea ) is a known a lt itudina l mi- 
grant, how ev er, ev en its lon g er m easured m ovem ents 
a re less tha n 20 km ( Gui l laumet et a l . 2017 ), so we list ed 
thi s species a s resident. Th e on e exception was a sin- 
gle po p u lat io n o f dar k-eyed jun cos ( Jun c o hyem alis ), 
which made more s ubs tant ia l s eas ona l a lt itudina l mi- 
g rat io ns o f abou t 72 km ( Atwell et al. 2012 ). Because 
this po p u lat io n had so m e in div idu al s th a t underwen t 
this lon g er s eas onal m ovem ent an d oth ers that did not, 
we cla ssified thi s po p u lat ion as “un known.” Fina l ly, if 
a bird po p u lat ion underwent irruptive or erratic move- 
ments, or if the species was listed as a p art ia l mig rant 
an d th ere was n o in dicatio n o f what the sp ecific p o p u- 
lation under study did, we listed its migra tory sta tu s a s 
“unknown.”

To deter mine e ach po p u lat ion’s mig ratory status, we 
s tarted by cons ulting the Corn e ll Lab of Ornithology’s 
Birds of the World data base ( B illerman et al. 2022 ). If we 
ne e de d f urt her infor mation, w e con su lte d t he Cor n e ll 
Lab o f Orni thology’s All Abou t B irds data base ( w w w. 
a l labou tb irds.o rg ) fo r b irds found in No rt h Amer ica. 
We also co nsul ted the orig ina l p a per tha t reported the 
co rticostero ne val ues; o f ten, t he aut hors would iden- 
tify wh eth er th e po p u lat ion was mig ratory. Fina l ly, if 
necess ary, we per for med a literatur e r e vie w to find 
mo re info rmatio n abou t the po p u lat ion. Any addi- 
t iona l sources used bey ond B irds of the World and 
t he or ig ina l p aper are note d in the column “Addi- 
t iona l_Sources_Mig rat ion” in the dataset. 

Th ough som e of th e species in th e dataset were clearly 
a l l mig rato ry o r a l l resident, in other spe cies, po p ula- 
t ions differe d in their mig ra tory sta tus. If we co uld no t 
determin e wh eth er th e sp ecific p o p ulation studied was 
migrato ry o r resident, we classified it as “unknown.”
Like wis e, if we could n ot fin d any info rmatio n abou t 
wh eth er a species migrat ed , we list ed its status as “un- 
known.”
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Table 1 Sample sizes for each model. 
Model Number of species Number of populations Number of mean corticosterone 

measurements 
Baseline corticosterone 119 202 817 

112 migratory/90 resident 484 migrants/333 residents 
Stress-induced corticosterone 86 136 346 

80 migratory/56 resident 234 migrants/112 residents 

Phylo g enetic tree 
We used a species-level phylogenet ic t re e th at wa s con- 
st ructe d for the spe cies include d in Ho rmo neBa se, a s 
pre viously des cribed ( Johns o n et al. 2018 ; Vi tousek et 
al. 2019 ). Fo r b irds, taxo no my was mat c he d betwe en 
the species in Ho rmo neBase and Jetz et al. (2012) . For 
each of our two analyses (base lin e an d s tres s-induced 
co rticostero ne), we created a final tree by dro p p ing ti ps 
from that t re e to match the species in the respe ct ive 
an alysi s. 
Statistical analyses 
We used the M CM Cglmm package ( Hadfield 2010 ) in R 
version 4.3.1 ( R Core Team 2023 ) to build m ode ls inves- 
t igat ing th e re lations hip betwe en mig ra tory sta tus and 
co rticostero n e leve ls. All m ode l s u sed a Gau ssian di s- 
t ribut ion and spe cifie d relat i vel y uninformati v e inv erse 
gamma p rio rs ( v = 1, nu = 0.002). We ran m ode ls for 
2,000,000 i teratio ns wi t h a bur n-in of 50,000 and a thin- 
ning of 200. 

We ran two separate m ode ls with base lin e or s tres s- 
ind uced co rticostero ne as respon se varia bles. All cor- 
ticosteron e m easur es wer e natura l log-t ra nsf ormed. In 
b oth mo dels, migra tory sta tus and sex w ere fix ed ef- 
f ects, a nd sp ecies, p o p ula tion iden tit y, and l ab identit y 
were random effe cts, fol lowing Vitousek et al. (2019) . 
Species (the matrix of phylogenetic re latedn ess) was 
inc luded t o account for th e s hared evol u tio n ary hi s- 
to ry amo ng species in the analyses. Po p ulation iden- 
tity was used as a random effect to account for mu lt iple 
r ecor ds fr om t he s ame po p u lat ions. Fina l ly, lab iden- 
tity wa s u sed a s a random effect to account for vari- 
ation in corticosteron e leve l s th at occur ba sed on the 
labo rato ry where assays were per for med ( Fanson et al. 
2017 ). 

We v isu a l ly inspe cte d a l l t race plots to confir m t hat 
the ch ains h ad conv er g e d. We a lso che cke d au toco rrela- 
t ion va lues, which were a l l < 0.05. To confirm stab ili ty 
o f resul ts, we ran each m ode l thre e t imes. We a lso re- 
ran each m ode l wi th highly info rmative p rio rs ( v = 1, 
nu = 1) to confirm that p rio r spe cificat ion did not af- 
fe ct resu lts. 

Results 
Aft er filt ering just t o data fro m b re e ding birds, our 
da taset con taine d 149 spe cies, with 756 measures of 
mean co rticostero ne levels in bird po p u lat ions. Of 
these, 373 were from migrant po p ulatio ns, 266 fro m res- 
idents, and 117 from po p u lat io ns o f un known mig ra- 
tory sta tus. F or a l l f urt h er analyses, we rem oved pop- 
u lat ions classifie d as un known, which left 120 spe cies 
total in the dataset. Table 1 s h ows th e specific sample 
sizes for the two m ode ls run, in cl uding b reakdowns o f 
migrat ory ver sus residen t sam ple sizes. Po p u lat ions in 
this study were dist ribute d around the globe, with sam- 
pling on every con tinen t ( Fig. 1 ). 

Migra tory sta tus did not pre dict b ase lin e corti- 
costero ne o r stress-ind uced co rticostero ne d ur ing t he 
bre e ding s eas on ( Table 2 ). Sex pre dicte d both base- 
lin e an d s tres s-ind uced co rticostero ne, wi th males hav- 
ing higher baseline and s tres s-ind uced co rticostero ne 
level s th a n f ema les ( Table 2 ). Al l m ode ls s h owed ev- 
idence of a stron g phylog enet ic sig nature (Pagel’s λ: 
base lin e co rticostero ne = 0.779, st ress-induce d cort i- 
costerone = 0.806). 

Discussion 
We found no evidence that migratory and resident birds 
differ in base lin e or s tres s-ind uced co rticostero ne lev- 
els dur ing t he bre e ding s eas on. This a lig ns wit h t he 
fin dings of Ram en ofs ky et al. (2017) in captive white- 
crowne d sp arrows. It a l so m at c h es on e o f our sets o f 
hypot heses t h at ba se lin e an d s tres s-ind uced co rticos- 
terone would not differ between migrants and resi- 
dents. Both base lin e an d s tres s-ind uced co rticostero ne 
are highly flexible traits that are modu late d in response 
t o predictable c ha nges in lif e-his tory s ta ge or s eas on 
( R omero 2002 ; R omero et al. 2017 ) and to within- 
s eas on chan g es in context ( Breuner and Hahn 2003 ; 
Lendvai et a l. 2007 ). O ur resu lts suggest that, on a 
bro ad sca le, mig rat ion li ke ly does n ot constrain flexi ble 
modu lat ion of cort icoster one during br e e din g. In st ead , 
bre e ding s eas on cort icosterone va lues are li kel y dri ven 
by bre e ding s eas o n co ndi tio ns alo ne. 
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Fig. 1 Sampling locations around the globe. Each point r epr esents one population of birds that was sampled. 
Table 2 Model outputs for baseline corticosterone and stress-induced corticosterone models. All models included species, population 
identity, and lab identity as random effects. 
Model Posterior 

mean Lower 95% 
CI Upper 95% 

CI Effective 
sample size p MCMC 

Baseline corticosterone 
Intercept 2 .174 1 .332 2 .980 9750 < 0 .0001 
Migratory status (Resident) − 0 .066 − 0 .348 0 .212 9408 0 .645 
Sex (Male) 0 .092 0 .014 0 .176 9418 0 .027 
Stress-induced corticosterone 
Intercept 3 .690 3 .048 4 .368 9750 < 0 .0001 
Migratory status (Resident) 0 .032 − 0 .206 0 .273 9750 0 .789 
Sex (Male) 0 .135 0 .047 0 .222 8832 0 .002 
Fixed effects are bolded if the 95% confidence interval (CI) of the mean does not cross zero. 

Previous studies in white-crowned sparrows and 
ruf ous-colla red spa rrows ( Krause et al. 2021 ; Gonzalez- 
Gomez et al. 2023 ) have found that base lin e an d s tres s- 
ind uced co rticostero n e leve ls are high er in migrants 
than in residents d uring b re e ding. Howe ver, thes e dif- 
ferences may result fro m enviro nmental co ndi tio ns at 
bre e ding sites rather than migratory status (as has been 
s ugges t ed t o expla in differen ces in m etab olic rate b e- 
twe en mig ra nts a nd residents; se e Wi ke ls ki et al. 2003 ; 
Jetz et al. 2008 ). An oth er possi b le exp lan ation i s th at mi- 
g rant sp arrows cou ld s h ow strong carry over of migra- 
to ry co rticostero n e ph en otypes into th e bre e ding sea- 
so n, o r could have different p hysio logical needs during 
bre e ding, whi le m ost oth er species do n ot. 

Of the studies that have comp are d flexible t raits 
ot her t han co rticostero ne between migra nts a nd resi- 
dents ou tside o f the mig rat ion s eas on, m ost have foun d 
differences betwe en mig ran ts and residen ts ( Wike ls ki 
et al. 2003 ; Ga ra mszegi et al. 2008 ; Jetz et al. 2008 ; 

Ver st e egh et a l. 2012 ; Krause et a l. 2016 ; Vágási et a l. 
2016 ; Corn e lius et al. 2021 ; but see Bergstrom et al. 
2019 ); how ev er, note that some of these differences may 
b e b etter expla ined by differences in tem pera tures be- 
tween po p ula tions ra t her t han by migratory propen- 
sity ( Wike ls ki et al. 2003 ; Jetz et al. 2008 ). Ours is one 
of the rare studies to find no differences between the 
ph en otypes of migrants and residents d uring b re e d- 
in g. How ev er, it i s al so possible th at these types of ex- 
plo ratio ns suffer fro m posi ti ve pub licatio n b ia s ( Sm art 
1964 ; Tho rnto n and Lee 2000 ; Fanelli 2012 ). Further- 
mo re, many o f these studies are limit ed t o comparisons 
bet ween indiv idu als of the same species, or a few closely 
relate d spe cies (but se e Ga ra mszeg i et a l. 2008 ; Jetz et a l. 
2008 ; Vágási et al. 2016 ). Thus, t hough t her e ar e some- 
tim es differen ces betwe en mig ra nts a n d residents wh en 
comparing s ubs pecies or a few species, our results s h ow 
t hat t her e ar e no consisten t pa tt erns det ectable across 
many species. 
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Desp i t e the c lear negat ive resu lts in our ana lyses, it 

is st i l l possible t hat f urt her explo ratio ns th at focu s on 
s pecific s ta ges o f b re e ding, or th at focu s on the entire 
annual cyc le , could uncover consistent re lations hips be- 
twe en mig ra tory sta tus and co rticostero ne. In this study, 
we c hose t o use corticost eron e m easurem ents from th e 
ent ire sp an o f the b re e ding p erio d, as o p posed to limit- 
ing our analyses to m easurem ents taken during specific 
s ta ges o f b re e ding such as courts hip, n est building, in cu- 
b at io n, and p rovisio ning. We chose to lump a l l bre e ding 
me asures toget her to keep our sample size lar g e enough 
f or mea ning fu l ana lys es; howe ver, co rticostero n e leve ls 
ca n va ry wit hin t he bre e ding s eas on ( Landys et al. 2010 ; 
DuRant et al. 2013 ). If a re lations hip does exist between 
migra tory sta tus and co rticostero ne d ur ing t he bre e ding 
s eas o n, i t is possible that it was obscured by variation 
in co rticostero n e leve ls dur ing different st ages of bre e d- 
ing. Fut ure st udies could f ocus on ea rly bre e ding, just af- 
ter the co mpletio n o f mig rat ion; t his st age likely h a s the 
highes t pro b abi lity of demonst rat ing “carry over” mi- 
gratory ph en otypes. 

Addi tio nall y, our stud y focu sed on ju st a single part 
of the annual cyc le . Horm on eBase did n ot have en ough 
m easurem ents from both migratory and r esident bir ds 
during different pa rts of their a nnual cyc le t o explore 
co rticostero n e leve ls at oth er tim es of th e y ear bey ond 
bre e din g. How ev er, bre e ding is just one snaps h ot of 
wh at bird s experien ce, an d what co rticostero n e leve ls 
they display, over a year. Future studies s h ould com- 
p are cort icosteron e leve ls in both migra nts a nd resi- 
dents across the annual cyc le . 

We w ere una ble t o inc l ude lati tude as a covariate in 
our analyses due to its tight re lations hip with migratory 
status in our dataset ( Fig. 1 ). How ev er, latitude may be 
a n importa nt p iece o f th e puzzle in un derstan ding th e 
re lations hip betwe en cort icosteron e leve ls an d migra- 
tory statu s. Ba se lin e co rticostero ne is lower in species 
wi th lo n g er bre e ding s eas ons ( Hau et al. 2010 ) and 
s tres s-ind uced co rticostero n e is high er in b irds b re e d- 
ing at higher latitudes ( Bókony et al. 2009 ; Jessop et al. 
2013 ). Fu ture wo rk could co mpare co rticostero n e ph e- 
notypes in migrant and resident po p u lat io ns b re e ding at 
simil ar l atitudes; this would eliminate the possible con- 
f ounding effe ct of lat i tude o n co rticostero n e an d a l low 
dire ct comp arison s betw e en mig ra nt a n d resident in di- 
v idu als who experience comparable conditions during 
bre e ding. 

In the future, tar g eted studies of closely phyloge- 
net ica l ly relate d mig rants versus residents during both 
their bre e ding s eas on s and winterin g s eas o ns, and d ur- 
ing t he spr ing and fa l l when mig rat io n occurs in so me 
po p u lat ions, cou ld provide insight into how corticos- 
teron e leve l s ch an g e ov er the annual cyc le , an d wh eth er 
the type and magnitude of chan g es differ by migra- 

tory status. R el at ed t o this, studies of p art ia l mig rants 
(species where some indiv idu a ls mig rate and others do 
not) over the annual cycle could prove especially in- 
cisive. In p art ia l mig rants, b ase lin e co rticostero ne lev- 
els are often higher in migrant versus resident individ- 
uals when they are sampled just before or during mi- 
g rat ion ( Ni lsson a nd Sa ndell 2009 ; Fudicka r et al. 2013 ; 
se e Ei k enaa r et al. 2015 , f or differences between spring 
and fa l l mig rat io n). Further info rmatio n abou t co rti- 
costeron e leve ls across th e annua l cycle from mig rant 
versus resident indiv idu als w it hin t he s a me pa rtially 
mig ratory spe cies may i l luminate p atterns in cort icos- 
ter one secr etion that could a ffec t behavior throug hout 
t he ye ar. 

We found that males had higher base lin e an d s tres s- 
ind uced co rticostero n e leve l s th a n f ema les, a p attern 
h a s al so been f ound in a n oth er study using Hor- 
m on eBase bird data ( Casagrande et al. 2018 ). 

Co rticostero ne studies o n no n-b re e ding birds are 
un comm on. Of a l l the bir d r ecor ds in Horm on eBase, 
80% ar e fr o m the b re e ding s eas o n and o nly 16% 
can be ident ifie d to the no n-b re e ding s eas on (the re- 
maining r ecor ds cannot be ascribed to a specific time 
in the annual cycle). With in complete kn owledge of 
how co rticostero ne varies over the annual cyc le , our 
co ncl usio n s a bou t whether migrato ry st atus covar ies 
wi th co rticostero n e leve l s across life-hi s tory s ta ges is 
limit ed , and future studies s h ould focus on measur- 
ing co rticostero n e leve ls ou tside o f just the b re e ding 
s eas on. 

Addi tio nally, tho ugh o ur data set h ad hundred s of 
entries and spanned all s e ven con tinen ts, cert ain t axo- 
no mic grou ps and regio n s w ere s e vere ly un der-sampled 
comp are d t o other s. The va st m ajo ri ty o f b irds in our 
dataset are passerin es, an d m ore ev en samplin g across 
a l l bird orders would allow us to draw more com- 
pre h en siv e conclusion s a bout wh eth er co rticostero ne 
varies between migrants and residents. Furt her more, 
a s i s of ten t he case in e colog ica l studies ( Mart in et a l. 
2012 ), Nort h Amer ica and wester n Eur ope ar e v ery w ell 
r epr esented in this dataset, while Asia, South Amer- 
ic a, Afric a, and Aust ra lia have p o o r rep resen ta tion. 
Mo re b ro ad ly, mig rat ion in t he Sout her n Hemisphere 
(“aust ra l mig rat ion”) is gre at ly understudied comp are d 
to mig rat io n in the No rt her n Hemisphere ( Dingle 
2008 ; Winkler et al. 2016 ). Our dataset is too sma l l to 
divide migran ts in to ne ot ropica l and p a learct ic (North- 
ern Hemisphere) and aust ra l mig rants. In the future, 
co mpariso ns o f co rticostero n e leve ls in n e ot rop- 
ical and palearctic versu s au st ra l mig rants cou ld 
explore wh eth er th er e ar e p hysio log ica l differences 
between these two types of mig rat ion, an d wh eth er 
p hysio log ica l differ ences pr esent thr o ugho ut the 
annual cyc le . 
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Flexible traits that enable the astounding p hysio logi- 

cal feat o f migratio n have long be en studie d during the 
mig ratory t ime o f b irds’ annual cy cles. How ev er, these 
tra its a re ra rely studied during no n-migrato ry times 
of year in a com para tiv e framew ork that a l lows us to 
identify wh eth er th er e ar e consistent differ ences in trait 
exp ressio n betwe en mig ra nts a nd residents. Studying 
t hese patter ns can s h ed light on th e t rade offs and lim- 
i tatio ns associated wit h t he migratory lifestyle. Future 
wor k s h ou ld cont inue t o tac kle ques tions s urrounding 
year-r ound expr ession of flexible traits associated with 
mig rat io n. Ul tim ately, thi s could lend ex citin g new in- 
sigh ts in to the evol u tio n o f both mig rat ion an d th e traits 
th at en able mig rat ion, and i l luminate wh eth er migra- 
tion a ffects the exp ressio n o f flexible trai ts d ur ing ot her 
im portan t life s ta ges. 
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