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Synopsis Birds exhib i t a variety o f mig rat ion st rateg ies. Be cau se su stained flapping flight r equir es the p rod uctio n o f elevated 
levels of energy comp are d to t ypic al d ail y acti vi ties, migrato ry b ir ds ar e we ll-docum ent ed t o have s e veral p hysio log ica l adap- 
tations to support the energy dem and s of mig rat ion. How ev er, ev en though mit oc hondria are the source of ATP that powers 
fligh t, the respira tory per for mance of the mit oc h on dria is almost unstudied in the co ntext o f migratio n. We hypothesized that 
mig ratory spe cies wou ld have higher mit oc ho ndrial resp irato ry perfo rmance d uring mig rat io n co mp are d to spe cies that do not 
migrat e . To t est t his hypot hesis, we comp are d vari ables rel at ed t o mit oc h on dr ial respiratory f unct ion betwe en two confami l- 
ial bird species—the migratory Gray Catbird ( Dum e tella c arol i nensis ) an d th e n o n-migrato ry No rt her n Mockingbir d ( Mi mus 
p olygl ottos ). B irds w ere ca ptured a t t he s ame location along the A l ab ama Gu lf Co as t, where we as s umed that Gray Catbirds 
were migra nts a n d wh er e r esident Nort her n Mockin gbirds liv e y ea r-round. We f oun d a tren d in citra te syn th a se ac tivity, w hich 
s ugges ts that Gray Catbirds have a great er mit oc h on drial volum e in th eir pe ctora li s mu sc le , but w e observ ed n o oth er differ- 
ences in mit oc ho ndrial resp iratio n o r co m plex enzyma t ic act ivit ies betwe en individua ls from the migrant vs. the non-migrant 
species. How ev er, when w e as ses sed the catbirds included in our study using we ll-establis h ed in dicat or s of migrat ory p hysio l- 
ogy, birds fell into two g roups: a g rou p wi th p hysio log ica l p a ra met er s indicating a p hysio logy o f b irds en gag e d in mig rat ion 
and a group wit h t he p hysio logy o f b irds not mig rat ing. Thus, our comp ariso n incl uded catb ird s th at appeared to be outside of 
migrato ry co ndi tio n. W hen we co mpared the mit oc hondr ial per for mance of these thre e g ro ups, we fo und that the mit oc hon- 
drial resp irato ry capaci ty o f mig rat ing catbird s wa s very similar to th at o f No rt her n Mockingbirds, while t he catbirds judged 
to be not mig rat in g w ere low est. One expla nation f or these observations is these species display very different daily flight be- 
havio rs. W hile th e m ockin gbirds w e sampled were not bre e ding nor mig rat ing, they are high ly act i ve birds, li ving in the open 
and en gagin g in flappin g flig hts throug hout each day. In contrast, Gray Catbirds live in s hru bs an d fly infrequentl y wh en n ot 
mig rat ing. Such differences in baseline energy ne e ds li k ely conf o unded o ur a ttem pt to study ada pta t ions to mig rat ion. 
Introduction 
As part of their annual migratio ns, b irds o f many species 
take off and en gag e in pow ered flappin g flight for 10s 
o f hours o r even mul ti ple d ays w i thou t restin g ( G i l l 
et a l. 2005 ; He denst röm 2010 ). Such s us tained flap- 
ping flight r equir es among the highest metabolic rates 
amon g v ert ebrat es ( Sc hmidt-Nielsen 1972 ; Norberg 
1990 ; Suarez 1992 ). The ext ent t o whic h po p u lat io ns o f 
birds en gag e in s eas onal m ovem ents varies from com- 
p letel y resident species, to occa sion al or s h ort-distan ce 

mig rat ions, to th e m ost extrem e a nnual tra nsocea nic 
m ovem ents ( Payevs ky 2020 ). Num erou s ch an g es in 
p hysio logy have b een asso ci ated w i th lo ng-distance mi- 
g rat io n; co mp are d to species that do not migrate or 
migrate s h orter distan ces, lon g er-dista nce migra nts ex- 
hib i t higher hematocrit and hemoglobin, greater fuel 
deposi tio n, an d in cr eased exer cise en duran ce ( Corman 
et al. 2014 ; Yap et al. 2019 ; Hahn et al. 2022 ; Elowe et al. 
2023 ). 
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Long-distance mig rat ion is fuele d pr imar i ly by store d 

fat, alth ough s ke letal muscle has also been s h own to 
b e an imp ort ant f uel fo r so me b ird species that mi- 
grate long distan ces ( Guglie lm o 2018 ; DeMoranvi l le 
et al . 2019 ; Dic k an d Guglie lm o 2019 ; Elowe et al. 
2023 ). Im portan tly, ca tabolism of s ke letal muscle dur- 
ing mig rat io n p rod uces wat er, whic h may aid in os- 
m otic h om eosta si s ( G ers on an d Guglie lm o 2011 ). Re- 
centl y, a stud y on Europe an St arlings ( Sturnus vul- 
garis ) found that mit oc h on dria l respirat ion of the pec- 
torali s mu scle i s high ly correlate d wi th whole-o rganism 
b asa l metabolic rate ( Casagrande et al. 2023 ); thus, we 
focus on mit oc h on dria l t raits in the pe ctora li s mu s- 
c le . While many studies have documented the phys- 
iolog ica l ada pta tio ns fo r migratio n, f ew a re f ocused 
o n mi t oc h on dr ia, t he pr imary p rod ucer o f energy in 
t he for m of ATP ( Bowlin et al. 2010 ). ATP is pro- 
d uced wi t hin t he mit oc h on dri a v i a oxid ati ve p hosp ho- 
rylatio n (OXPH OS), w hich occ urs along th e e le ct ron 
trans port sys tem (ETS) ( G naig er et al. 2018 ). Mea- 
suring mit oc h on drial respiratory per for m ance i s ch al- 
len gin g and experts debate the best measures of mi- 
t oc h on dr ial respiratory f un ction ( Bran d an d Nich olls 
2011 ; G naig er 2019 ). How ev er, there is g enera l ag re e- 
men t tha t th e best m easures of mit oc h on dr ial f unc- 
tion are made with “living” mit oc h on dria imm edi- 
at ely aft er a tis s ue sample is o bta ined ( Yin a n d Sh en 
2022 ). More over, experts ag re e that precise measure- 
ments of oxygen consumption by mit oc h on dria while 
th e e le ct ron t rans port sys t em is c hemica l ly manipu late d 
is th e foun datio n fo r measures o f mi t oc h on drial res- 
p irato ry functio n ( Bra nd a nd Nicholl s 2011 ; Gn aiger 
2019 ). 

For this study, our go a l was to use a liquid-phase 
r espir omet er t o compare the resp irato ry p hysio logy of 
intact mit oc h on dri a isol ated from the pe ctora li s mu s- 
cle of a long-distance migrant to the resp irato ry physi- 
ology o f mi t oc h on dri a isol ate d from the pe ctora li s mu s- 
cle of a closely related non-migrant. To accomplish 
this, we ut i lize d our mobi le labo rato ry to study mi- 
t oc h on dri a isol ated fro m b irds at th e fie ld site wh ere 
they were captured and euthanized. We focused on two 
sp ecies b elon gin g to the famil y M imidae: Gray Cat- 
bir d ( Du m e tella c arol i nensis ) and Nort her n Mocking- 
bir d ( Mi mu s poly glo ttos ). No rt her n Mockingbirds are 
no n-migrato ry, remaining in the same sma l l ter r i to ry 
thro ugho ut the year ( Farn sw orth et al. 2020 ). While 
this sp ecies do es not migrat e , w e w ou ld expe ct energy 
demand to be highest for this species during winter 
and bre e din g; thus, w e samp led indi v idu als outside of 
t hese per iod s. Previou s work h a s demonst rate d mito- 
ch on dr ial var iables adjust to m eet th e deman ds of win- 
ter t her mogenesis in resident species ( Milbergue et al. 
2022 ). Most Gray Catbirds that bre e d in e aster n Nort h 

Am erica migrate aroun d th e Gulf of Mexico in Septem- 
ber and October each year, while others fly directly 
across the Gulf ( Eddins and Rogers 1992 ). It h a s al so 
been s h own that se lect Gray Ca tbirds win ter along the 
Nort her n Gulf of Mexico, with some staying in Co asta l 
A l aba ma f or the wint er ( Ryder et al . 2011 ). To det er- 
mine if catbirds included in our study w ere activ ely mi- 
g rat ing or beginning winter residency in the area, we 
r ecor ded variables (fat score , hemat ocr it, and r ight pec- 
torali s m a ss) commonly u sed t o indicat e the migrat ory 
status o f b irds ( Marsh 1984 ; Wo o drey and Mo ore 1997 ; 
Krause et al. 2016 ). By co mparing catb irds an d m ock- 
ingbir ds captur ed at t he s am e tim e an d in th e sam e lo- 
cation, we t est ed t he hypot hesis t hat mit oc h on drial res- 
p irato ry perfo rmance would be higher in a migratory 
species when in a migratory st ate t han in a closely re- 
late d non-mig ra nt. Thus, our f ocus was compa ring cat- 
birds wh en in div idu a ls wou ld b e exp e cte d to be in a 
high ener g etic sta te com p are d t o moc kingbirds, whic h 
were n eith er bre e ding nor mig rat ing. 
Methods 
Study area and sampling design 
Col le ct ion took place in October 2020 at the Auburn 
Gu lf Co ast Resea rch a nd Extension Office in Fa ir h ope, 
AL, USA (coordinates: 30.54345, −87.88599). All ex- 
perim ents an d col le ct ion took place in accordance 
wit h Aubur n Univ ersity In st itut iona l Anima l Care 
and Use Co mmi tte e (PRN #2020–3791), Mig ratory 
Bird Permit #MB42176A-2 and A l abama State Permit 
#2021035347268680. We chose to compare Gray Cat- 
birds and Nort her n Mo ckingbirds b ecause the former 
is readily found along the A l ab ama Gu lf Co ast during 
mig rat ion, whi le the latter can be fo und thro ugho ut the 
ye ar. Import ant ly, t hese species can vary in b o dy m a ss, 
Gray Catbirds exhibit a lar g e ran g e in b o dy m a ss from 
23.2 to 56.5 g ( Robert et al. 2020 ) depending on fat 
and muscle stores that are deposited prior to mig rat ion, 
while Nort her n Mockingbird s h av e a ran g e of 48.3 to 
49.7 g along the Gulf Coast ( Farn sw orth et al. 2020 ). 
Choice of tissue 
Previous work has demonst rate d that the pe ctora lis 
muscle in the Gray Catb ird exhib i ts h ypertroph y 
in prep arat ion for mig rat ion, increasing up to 35% 
in prep arat ion for fa l l mig rat ion ( Marsh 1984 ; 
DeMoranvi l le et a l. 2019 ). The pe ctora li s mu scle, 
which is crit ica l for flight, uses 30–40% of a bird’s total 
oxyg en con sumpt ion whi le at rest ( Casagrande et al. 
2023 ); the oxygen dem and s of the pe ctora li s mu scle 
a re lik e ly su bstant ia l ly g reater whi le su ppo rting the 
down stroke durin g fligh t. Th us, we sele cte d the pe c- 
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A comparison of the mitochondrial performance between mimid thrushes 1861 
torali s mu scle a s the source of mit oc h on dr ia in t his 
invest igat ion. 
Approach to measuring mitochondrial 
performance 
We det ermined mit oc ho ndrial resp irato ry perfo rmance 
usin g oxidativ e p hosp ho rylatio n (OXPH OS) capaci ty 
and mit oc ho ndrial resp irato ry co nt rol (a l so known a s 
RCR) in isolat ed mit oc h on dri a. OXPHOS c apacit y is 
defin ed as th e maximum ATP p rod uctio n by cou pled 
mit oc h on dria ( Koch et al. 2021 ). To measure this, we 
u se the m axim um ra te of oxygen ut i lizat ion, or state 3 
resp iratio n, as a p roxy fo r ATP p rod uctio n wh en th e mi- 
t oc h on dria are provided unlimited oxygen, s ubs trat e , 
a nd AD P. Mit oc ho ndrial resp irato ry co ntrol p rovides 
insigh t in to th e re lative per for mance o f cou pled mi to- 
ch on dria an d is determin ed by dividing state 3 by state 
4. State 4 resp iratio n, o r basal resp iratio n, is defined 
as the minimum rate of oxygen ut i lizat ion by the mi- 
t oc h on dria wh en n o ADP is p resent bu t s ubs trate and 
oxygen are st i l l abunda nt ( Bra nd a nd Nicholls 2011 ). 
Sta te 4 respira tion is a proxy for proton leak across the 
inner mit oc ho ndrial memb rane. These measurements 
were co mpleted wi th different s ubs t rates, as detai le d 
in th e m eth od s th at a l lowe d us to quan tify com plex I 
me diate d respirat ion v i a (p a lmitoylcarnit ine) or inde- 
penden t (pyruva t e , malat e , and gl u tamate) o f the β- 
oxidat ion p athway and complex II resp iratio n (succi- 
nate). In addi tio n, we al so mea sured the enzym atic ac- 
t ivit ies of ETS complexes I–IV, as chan g es in complex 
activ it y c an prov ide a mech ani sm fo r al tering OXPH OS 
( Bundgaard et al. 2019 ). 
Data collection 
We t rappe d from s unrise to s un set. B irds w ere t rappe d 
u sing mi st nets with the aid of ca l l playb ack and de- 
coys. Upo n ini t ia l capture, m orph om etrics were col- 
le cte d, including fat and muscle scores (scored using 
a 0–3 sca le modifie d from a 0–4 scale by Salewski 
et al. 2009 ), b o dy m a ss (g), an d wing ch ord (mm). 
B irds w ere ag ed as either aft er-hat c hin g y ear (AHY) 
or hat c hin g y ear (HY) b ase d o n pl um age ch aracters 
( Pyle 1997 ). Blo o d was col le cte d v i a veni puncture o f 
the brachial v ein usin g a 26-gauge ne e d le. The blo o d 
was col le cte d in 75- µl microhematocrit capi l lary tubes, 
f ollowing sta nda r d pr ocedur es ( Sh e ldon et al. 2008 ). 
The blo o d was centr if uged for 10 min at 17,700 g 
to m easure h ema tocrit (%). Hema tocr it was me asured 
b ase d on the length of erythrocytes divided by the 
length of whole blo o d pla sm a wit hin t h e tu be . Ket one , 
β-hydroxybut y rate (BOH) was a lso measure d during 
this step following p roced ures p revio usly o utlined by 
Lin dh olm et al. (2019) using the po int o f c are dev ice ke- 

ton e m eter (FreeStyle Precision Neo, Abbott, IL, USA). 
Around 1.5 µl of blo o d was placed on a test strip and 
the value provided was re corde d. B irds w ere euthanized 
v i a dec ap i tatio n in accord ance w ith IACUC PRN#2020- 
3791 a nd f ollowing huma n e guide lin es as deem ed by the 
AVMA Guide lin es for th e Euth an a sia of A nim al s: 2020 
E dit ion ( Underwo o d an d Anth ony 2020 ). Sex was de- 
termined v i a intern al examin atio n o f the go n ad s, where 
th e presen ce of t est es indicat e d ma le a nd a n ova ry in- 
dicate d fema le. We col le cte d a total of 11 Gray Catbirds 
and 10 Nort her n Mockingbirds. 

Next, t he r ig ht pec torali s wa s exci sed , weighed , and 
divided fo r mi t oc h on dria l isolat ion. The remaining t is- 
sue was flash-frozen in liquid nitrogen and later trans- 
ferred to a −80 ◦C fre e zer fo r fu ture an alysi s. For a l l 
plate ass ays, s amples were sele cte d at rando m o n 96-well 
pla tes. We main tained an in ter-assay coefficien t of vari- 
ation (CV) of ≤15% and intraassay ≤10%. 
Mitochondrial isolation and respiration 
Mit oc h on dri al isol ation was conducted following pro- 
ced ures p revio usly o utlined ( Zhang et al. 2018 ). A 1–2 
g sample of the right pe ctora li s wa s put into a s ke letal 
mu scle i so lation so l u tio n pH o f 7.5 (100 mM KCl, 40 
mM T ris-HCl, 10 mM T ri s Ba se, 1 mM MgCl 2 , 1 mM 
EGTA, 0.2 mM ATP, and a 0.15% BSA sol u tio n) at a 
1:10 ratio and then minced with s ciss or s. Aft er minc- 
ing, i t was ho mogenized fo r 5 s wi th a VITRIS ele ct ric 
h om ogenizer at half power. Digestion was then accom- 
plis h ed by adding a protease from Baci l lus lin ch enif o r- 
nis , made fresh using the isolation sol u tio n wi th BSA at 
5 mg per gram of wet musc le . Th e h om ogen ate wa s then 
mixed for 7 min by swirling vig orously ev ery 30 s. Ter- 
minatio n o f digestio n was acco mplis h ed by adding an 
e qua l vol ume o f the o rig ina l isolat io n sol u tio n. Th e h o- 
mogen ate wa s centr if uged at 500 g for 10 min at 4 ◦C. 
The super nat a nt was deca nted using che ese cloth and 
th e pe l let cent rifuge d at 4500 g for 15 min at 4 ◦C. The 
pe llet was th en res us pended with an e qua l vol ume o f 
orig ina l BSA solut ion using a rubber policeman for a 
final spin at 4500 g for 15 min. Last ly, t he super nat ant 
wa s di sca rded once aga in, a n d th e pe llet res us pended in 
is olation s ol u tio n bu t wi thou t the 0.15% BSA sol u tio n 
and centr if uged at 3500 g for 10 min at 4 ◦C. The super- 
na tan t was rem oved, an d th e final mit oc h on drial pe llet 
wa s resu spended in a 0.25–0.75 ml ran g e of a mannitol- 
sucros e s ol u tio n depending o n th e final pe llet size. Th e 
sa mple was tra nsf erred to a Doun ce h om ogenizer an d 
res us pended with 4–5 passes. 

Mit oc h on drial res piratory s ta tes were quan t ifie d po- 
l arographic ally in a resp iratio n ch amber m ain tained a t 
40 ◦C (Oxyt her m; Hans at ec h Ins truments, UK) ( Mes ser 
et al. 2004 ). We quantified mit oc h on dr ial st ates as indi- 
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cat or s of mit oc h on drial efficien cy. We in cu b ate d 20 u l of 
the isolat ed mit oc hondria in resp iratio n buffer (pH 7.0) 
wi th 220 mM manni t ol , 70 mM sucrose , 10 mM Tris- 
HCL, and 1 mM EGTA at 40 ◦C. The resp iratio n buffer 
amount wa s adju st ed for the t otal volume in the cham- 
ber to be 1 ml. Complex I respiration was t est ed using 
2 mM pyruvat e , 2 mM malat e , and 10 mM gl u tam ate a s 
s ubs t rates. We a lso teste d co mplex I resp iratio n using 4 
mM of th e su bst rate p a lmi toylcarni tine; co mplex II was 
t est ed using 5 mM succinate with 10 uM roten on e to 
inhib i t co mplex I. 

State 3 resp iratio n was initiated by adding 0.25 mM 
ADP t o the mit oc hondria and resp irato ry substrates in 
the c hamber s. Stat e 3 was determined as the highest rate 
ADP is convert ed t o ATP when ADP is added with ex- 
ces s s ubs trat e and det ermined using oxygen use as a 
proxy and provides an indicator of the maximum rate of 
oxygen ut i lizat ion by the mit oc h on dria, h ereafter OX- 
PH OS capaci ty ( Bra nd a nd Nicholl s 2011 ; Zh ang et al. 
2018 ). Olig omy cin was added to c alcul ate olig omy cin- 
induced state 4 (state 4o), and thi s i s the state 4 we report 
in our results, which prevents con tamina tion of ATP re- 
cy clin g mole cu les such as ATPases ( Racker 1963 ). Mi- 
t oc h on drial respira tory con t rol (RCR) was ca lcu late d by 
dividing state 3 by state 4 wi th oligo mycin ( Zhang et al. 
2018 ). Resp iratio n rates were norma lize d to total mito- 
ch on drial protein con cen tra tion using the Bradford as- 
say t ec hnique . 
Enzymatic assays 
Citra te syn th a se activ it y a ssays, u sed a s a p roxy fo r mi- 
t oc h on drial volum e, were con duct ed on fro zen pec- 
to ralis ho mogena te sam p les fo llowing m eth ods previ- 
ously reported ( Andersen et al. 2003 ; Larsen et al. 2012 ). 
To make the homogenat e , a vol ume o f 750 µl of ly- 
si s buffer wa s added to 30–50 mg of tis s ue, h om og- 
enized, and spun at 1500 g for 15 min at 4 ◦C. The 
super nat ant was then col le cte d, an d th e Bradford as- 
say t ec hnique wa s u sed t o det ermine prot ein cont ent. 
Citra te syn th a se activ it y wa s mea s ured s pe ct rog raphi- 
ca l ly at 40 ◦C as an increase in absorbance from 5,5 ′ - 
di thiob is-2-ni trobenzo ic acid re duct ion over a minut e , 
with 10-s interva ls. Ca lcu lat io ns o f enzy me activ it y fol- 
lowed Spinazzi et al. (2012) . 

Ele ct ron t rans port sys tem comp lex acti vities were de- 
termined using the frozen isolated mi tocho ndr ia s am- 
p les. ETS comp lexes I, III, and IV were determined us- 
ing m eth odology fro m Sp inazzi et al. (2012) wi th mi- 
n or m odifica tions. Com p lex II acti v it y was determined 
as described by Kavazis et a l. (2009) . Al l act ivit ies were 
determine d spe ct rophomet rica l l y. Frozen iso lated mi- 
t oc h on dr ia s amples were subj e cte d to thre e fre e zing and 
thawin g cy c les t o lyse m embran es bef ore a n alysi s. 

Complex I (NADH: u biquin on e oxidoreducta se) wa s 
mea sured a s the decrea se in abso rbance fro m NADH 
o xidation b y decyl ub iquino ne minus roteno ne resis- 
tance act ivit ies. Com plex II (succina te dehy drog en a se) 
wa s mea sured a s t he decre as e in abs o rbance fro m 2,6- 
dichlo ro in doph en ol re duct ion. Complex III (de cylu- 
biquinol cyt oc hrome c oxidoreductase) was measured 
as the increase in abso rbance fro m cyt oc hrome c re- 
d uctio n min us an timycin A resistan t activ it y. Com- 
plex IV (cyt oc hrome c oxida se) wa s mea sured a s the 
decrease in absorbance from cyt oc hrome c oxidation 
minu s KCN-resi stant activ it y. Comp lex acti vities were 
sta nda rdized to total p rotein co n ten t using the Bradford 
assay t ec hnique . Citrat e synth a se and complex act ivit ies 
wer e measur e d in t riplic ate w it h t h e m ean report ed . We 
ma inta ined a n inter-assay coefficient o f variatio n (CV) 
of ≤15% and intraassay of ≤10%. 
Data analyses 
Al l stat ist ica l tests were completed using R version 4.2.3 
( R Core Team 2023 ) and RStudio version 2023.6.1.524 
using the linear model function ( Posit Team 2023 ). Us- 
ing m eth ods outlin ed in Zuur et al. (2010) , we tested 
the as s umptio ns o f our lin ear m ode ls an d fo r ou tliers 
( Zuur et al. 2010 ). This identified one clear outlier for 
Complex IV, which was remove d. Al l dependent vari- 
a bles w ere norma l ly dist ribute d, s o we us ed th e lin ear 
m ode l fun ctio n fo r our analyses. Fo r BOH, tw o G ray 
Catb ird individ ua ls reache d the maximum va lue (10 
mM) t hat t he po int o f c are dev ice me asured. For t hese, 
we assig ne d t hem t he value 10 b ut no te that it m ay h ave 
been higher than this value . S in ce th e b o dy m a ss wa s 
high er in th e n on-migra nts tha n migra nts a n d sin ce it 
i s known th at b o dy m a ss impacts mit oc h on drial respi- 
ration ( Park et al. 2020 ; Boël et al. 2023 ), we included 
b o dy m a ss a s a covariate in a l l m ode ls. We did n ot in- 
clude sex in the model since we had a sma l l sample size, 
and because male and female migrants travel similarly 
during mig rat ion, sex-spe cific effe cts are expe cte d to be 
limit ed . For age , the migra nts were ma inly HY birds 
an d th e n on-migrants AHY. Thus, we rem oved th e AHY 
( n = 2) birds from the catbirds an d th e HY birds from 
th e m oc kingbirds ( n = 1) t o t est if thi s h ad an overa l l 
impact of the results. It did not impact the results over- 
a l l (se e Supplementa ry Inf ormation f or deta ils). 

To evaluate differences betwe en mig ratory and non- 
migrato ry b irds, we co mp are d b o dy m a ss, relat ive pe c- 
torali s m a ss (which wa s ca lcu late d by dividing the right 
pe ctora li s m a ss by b o dy m a ss), hem atocri t, BOH, ci trate 
synth a se activity, state 3 and state 4 resp iratio n, RCR, 
and comp lexes I–IV acti v ities bet ween species, includ- 
ing b o dy m a ss a s a cova riate f o r the resp iratio n states 
and RCR. 
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A comparison of the mitochondrial performance between mimid thrushes 1863 
Table 1 Physiological metrics, descriptive stats and results comparing catbirds and mockingbirds. 
Parameters 

Catbird 
mean ± standard 
deviation (std) ( n ) Mockingbird 

mean ± std ( n ) Estimate ( β) F -statistic P -value 
Body mass (g) 39.2 ± 4.8 (11) 48.89 ± 5.01 (10) 9.68 20.6 < 0.001 
Pectoralis (% body mass) 5% ± 0.6% (11) 7% ± 0.3% (10) 0.02 52.9 < 0.001 
Hematocrit (%) 51% ± 5% (8) 51% ± 2% (9) 0.01 0.13 0.72 
BOH (mmol/L) 5.33 ± 2.63 (11) 6.11 ± 2.23 (10) 0.78 0.54 0.47 

Sin ce th e resul ts fo r s e v eral varia bles for G ray 
Catbir ds wer e w idely vari able and to determine if 
indiv idu a ls shou ld be assig ne d to different phenotypes, 
we co nd ucted a p rinci p a l co mpo nent an alysi s (PCA), 
including a l l catbirds an d m ockingbirds in th e m ode l, 
an d in cl uded variables co mmo n ly use d t o indicat e mi- 
gra tory sta te in-han d, in cluding h ema tocrit, fa t score, 
an d re lat ive pe ctora li s m a ss. W hile o rni thologists typ- 
ica l ly u se mu sc le score t o evaluat e pect oralis size in 
h and, we u sed th e n on-su bj e ct ive a nd qua n tita tive mea- 
surement of relative muscle mass in this ana lysis, a l- 
though it should be noted that this measure does not 
take fat score into account. 

PCA was co nd ucted as previously reported ( Corman 
et al. 2014 ; Jos efs on and Ho o d 2023 ). We used the 
“p rco mp” functio n fro m the R-packa ge “s ta ts.” F or 
missing data from varia bles, w e used the mean impu- 
t ation met ho d for PCA ( Po dani et al. 2021 ). D at a were 
convert ed t o num eric an d th en sca le d and centere d to 
ensure t he var i ables had equ al weight p rio r to an alysi s. 
We used a scree plot to deter mine t he number of PCs 
to retain and the elb ow metho d to determine our ideal 
number of c lust er s ( Rolshausen et al. 2013 ). The load- 
in gs w ere ca lcu late d for the com ponen ts and were con- 
sidere d sig nific ant if they expl ained a lar g e amount of 
t he var ian ce an d had an eigenvalue of > 1. After PCA 
an alysi s, we grou ped individ ua ls b ase d on the results 
and t est ed th e n o rmalcy o f t he dat a on ce again. Sin ce 
t his dat a was nor ma l ly dist ribute d, we repeate d the lin- 
ear m ode l an alysi s on the mit oc h on dr ial var ia bles usin g 
thre e g rou ps: mockingb irds, catb ird s th at di splayed the 
mig rat ing ph en otype, an d catbird s th at di splayed a not 
mig rat ing ph en otype, as descri b ed b elow. 
Results 
All mockingbirds had fat scores of 0 and muscle scores 
of 0 ( n = 2) or 1 ( n = 8). Catbirds had variable fat scores 
from 0 to 3 and muscle scores from 0 to 2. For hemat- 
ocrit and BOH, we foun d n o significant differences be- 
twe en spe cies. However, both relat ive pe ctora li s m a ss 
and b o dy m a ss were significantly higher in mocking- 
b irds co mp are d to catbirds ( P < 0.001; Table 1 ). Fo r ci t- 
ra te syn th a se, there wa s a trend s ugges ting that catbirds 

have a higher mit oc ho ndrial vol ume in their pe ctora lis 
th an mockingbird s ( P = 0.07; Fig. 1 ). Fo r our mi to- 
ch on dria l respirat ion resu lts, no sig nifica nt differences 
were found between catbirds and mockingbirds with 
resp iratio n using all three s ubs trate/s ubs trat e coc ktails 
( Table 2 ). We did not find any significant differences 
between the complex enzymatic assays, including com- 
plexes I–IV ( Table 2 ). 

The PCA analyses revea le d that PC1 and PC2 ex- 
plained 74% of the variation in the data ( Table 3 ). For 
PC1, fat score and relative pectoralis mass explained 
most of the variat ion, a lthough pe ctora li s h ad a neg- 
a tive rela tio nshi p to fat sco re. Fo r PC2, % HCT ex- 
plain ed m ost of th e va riation, f ollo wed b y the pec- 
toralis ( Table 3 ). Cluster v isu a lizat io n ( Fig. 2 ), demo n- 
stra tes tha t a subset of catbirds ( n = 5) c lust er sepa- 
rate ly from th e oth er catbirds an d m ockingbirds. We 
th en examin ed th e p hysio log ica l p a ra met er s of these 
five catbirds and concluded that they appeared to match 
a migrant ph en ot ype w ith a rel ati vel y high fat score and 
high hematocrit ( Table 4 ). The other catbirds g roupe d 
wit h t h e m ockingbird s m at c h ed a n o n-migrato ry phe- 
not ype w ith low b o dy fat an d low h ematocr it. We t hen 
repe ated t he an alysi s fo r our mi t oc h on dr ial var iables 
using t he t hre e g rou ps: catb irds in cl uster 1 (mig rat ing 
ph en ot ype), c atbirds in c lust er 2 (not mig rat ing phe- 
n otype), an d m ockin gbirds ( Ta ble 5 ). While most vari- 

Fig. 1 Mitochondrial volume as indicated by citrate synthase 
activity in Gray Catbirds and Northern Mockingbirds. A linear 
model indicates that variation between groups approached 
significance ( P = 0.07). 
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1864 E. M. Rhodes et al. 
Table 2 Results and statistics for mitochondrial variables testing for species effect. 

Catbird mean ± std 
( n ) Mockingbird 

mean ± std ( n ) Estimate ( β) F -statistic P -value 
Mitochondrial volume 
Citrate synthase (nmol/min/mg protein) 1761 ± 702 (11) 1284 ± 369 (10) −477 3.68 0.07 
Mitochondria respiration with pyruvate , malate , and glutamate substrates 
State 3 (nmol O 2 /mg protein/min) 491.8 ± 158.1 (11) 513.1 ± 147.3 (10) 29.1 0.05 0.77 
Body mass −0.810 0.92 
State 4 (nmol O 2 /mg protein/min) 29.11 ± 7.22 (11) 28.59 ± 7.79 (10) −2.14 0.12 0.66 
Body mass 0.170 0.64 
RCR 16.74 ± 2.14 (11) 18.30 ± 3.77 (10) 2.87 1.04 0.17 
Body mass −0.140 0.38 
Mitochondria respiration with palmitoylcarnitine substrate 
State 3 (nmol O 2 /mg protein/min) 283.0 ± 83.3 (11) 327.8 ± 125.8 (10) 81.7 0.77 0.23 
Body mass −3.81 0.45 
State 4 (nmol O 2 /mg protein/min) 34.59 ± 9.70 (11) 36.43 ± 10.87 (10) 3.85 0.18 0.56 
Body mass −0.210 0.67 
RCR 8.63 ± 3.57 (11) 9.47 ± 3.51 (10) 1.090 0.16 0.63 
Body mass 0.0300 0.88 
Mitochondria respiration with succinate substrate 
State 3 (nmol O 2 /mg protein/min) 377.8 ± 79.3 (11) 419.0 ± 106.3 (10) 57.2 0.57 0.35 
Body mass −1.66 0.71 
State 4 (nmol O 2 /mg protein/min) 94.24 ± 19.53 (11) 105.1 ± 19.2 (10) 8.53 0.86 0.49 
Body mass 0.240 0.79 
RCR 4.01 ± 0.37 (11) 3.96 ± 0.60 (10) 0.200 0.71 0.51 
Body mass −0.0200 0.26 
Complex enzymatic activity 
Complex I (nmol/min/mg protein) 302.4 ± 162.9 (10) 274.3 ± 136.3 (10) −28.1 0.17 0.68 
Complex II (nmol/min/mg protein) 309.9 ± 781.2 (9) 869.2 ± 510.3 (7) 88.0 0.18 0.68 
Complex III (nmol/min/mg protein) 401.5 ± 185.2 (9) 382.4 ± 154.5 (10) −19.1 0.06 0.81 
Complex IV (nmol/min/mg protein) 331.7 ± 167.6 (9) 315.6 ± 132.1 (10) 16.2 0.06 0.82 
∗For mitochondrial r espiration, w e included body mass as a covariate. States 3, 4, and RCR w er e tested using thr ee substrate combinations. Gray 
Catbird is the r efer ence group for the linear model results. 
Table 3 Principal components 1 and 2 results. 

PC1 PC2 
Overall: 
P er cent variance 0.48 0.26 
Eigenvalue 2.40 1.29 
Individual variable weights: 
Fat score 0.69 -0.08 
Hematocrit (%) 0.34 0.91 
Pectoralis (% body mass) −0.64 0.40 

a bles w ere simil ar bet ween groups, a trend s ugges ted 
t hat RCR wit h pyruvat e , malat e , and gl u tamate sub- 
s trate dis played a trend toward being highest in mock- 
in gbirds, follow ed by the migrating catbird, and lastly, 
th e n ot mig rat ing c atbird ( P = 0.07; Fig . 3 ). Interest- 

ing ly, althoug h not significant, the not migratory cat- 
bird ph en otype tren ded high er fo r ci tra te syn th a se th an 
the migratory phenotype ( Table 5 ). 
Discussion 
We as ses sed the mit oc ho ndrial resp irato ry perfo rmance 
o f No rt her n Moc kingbirds, whic h do not migrat e , and 
Gray Catbirds, which engage in long-distance migra- 
tio n. Previous studies o f other species o f so ngb irds 
have s h own tha t migran ts h ave an increa sed aero- 
b ic perfo rmance co mp are d to non-migran ts ( Kra use et 
a l. 2016 ). More over, a re cent study on po p u lat io ns o f 
W hi te-crowne d Sp arrows ( Z ono tric h ia leucoph rys ) that 
migrate s h ow s eas ona l ly elevate d RCR, state 3, and cit- 
ra te syn th a se comp are d to conspe cific po p u lat ions that 
do not migrate ( Rhodes et al. 2024 ). Thus, we pre- 
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A comparison of the mitochondrial performance between mimid thrushes 1865 

Fig. 2 PCA cluster analysis results. PC1 is weighted for fat score 
( + ) and r elativ e pectoralis mass ( −) and PC2 is weighted for 
hematocrit. 
dicted that we would observe higher OXPH OS capaci ty 
fo r mi t oc h on dri a isol ate d from the pe ctora li s mu scle of 
migratory Gray Catbirds vs. non-migratory Nort her n 
Mockingb irds. Co ntrary to this pre dict ion, we found 
no significant differences between the resp iratio n rates 
or th e E TS comp lex acti vities of the Nort her n Mock- 
in gbirds and G ray Catbird s th at we sampled on the Al- 
ab ama Gu lf Co ast. How ev er, there was a trend s ugges t- 
in g the G ray Catbird s h ave a great er mit oc h on drial vol- 
um e (m e asured by t he p roxy ci tra te syn th a se) in their 
pe ctora li s mu scles th an Nort her n Mockingbirds. 

Previous work on Gray Catbirds has s h own that pec- 
torali s m a ss an d wh ole-animal summit metabolic rate 
are higher in indiv idu als in a migra tory sta te vs. in- 
div idu als on their wintering (no n-b re e ding) g rounds, 
bu t interestingly, mi tocho ndrial vol ume , as indicat ed 
by citrate synth a se wa s not ( DeMoranvi l le et a l. 2019 ). 
DeMoranvi l le et a l. (2019) col le cte d mig ratory Gray 
Catb irds d uring b re e ding and migratory p erio ds in 
O hio an d on th eir wintering groun ds in Be lize. G iv en 

that species and indiv idu al s m ay differ in h ow th ey up- 
r egulate ATP pr o duction ( Ho o d 2024 ), p ossib l y with 
som e in div idu al s increa sing mu scle m a ss wit h t he s ame 
mit oc h on drial volum e an d oth ers in creasing mit oc hon- 
drial volum e an d n ot mu scle m a ss, it i s possible th at 
the catbirds in our study displayed a different strategy 
to m eet th e en ergy deman ds of mig rat ion relat ive to 
t hose in D eMoranvi l le et a l.’s (2019) study. How ev er, 
thi s i s un confirm ed sin ce our sampling was limit ed t o 
on e tim epoint. Neverth e less, th e high va ria nce in com- 
m on mar kers of mig rat ion status in the catbirds made 
us question wh eth er th e birds we col le cte d r epr esent our 
tar g et ed , migrat o ry/no n-migrato ry dichoto my. 

In designing our study, we chose a study area where 
Nort her n Mockingbir ds ar e r esiden t but Gray Ca tbirds 
do not bre e d ( A l a bama B re e din g B ird Atlas 2009 ). The 
p erio d in which we col le cte d bird s wa s dur ing t he later 
po rtio n o f fa l l mig rat io n fo r Gray Catb irds alo ng the Al- 
ab ama Gu lf Co as t ( Ro bert et al. 2020 ), and we as s umed 
t hat t he Gray Catbirds t ha t we ca p tured wo uld be ac- 
ti vel y migrating through th e area, exhi b i ting the typ ical 
migratory p hysio logy. Thi s a s s ump tion ap pear s t o have 
be en incorre ct. To invest igat e the pot ent ia l mig rat ion 
status of the Gray Catbirds that we caught, we calcu- 
lated th e re lative m a ss o f the pecto rali s mu sc le , as ses sed 
th e am oun t of fa t sto red in the abdo m en an d furcular 
region, an d m e asured t h e volum e of p acke d re d blo o d 
cells in blo o d sam ples. F o r each o f these pa ra met er s, 
indiv idu al s th a t are migra ting s h ow distin ct patterns 
relative to conspecifics tha t a p pear no t to be migrat- 
ing, at least b ase d on their p hysio log ica l stat e . The Gray 
Catbird s th at we sampled fell into two distinct groups: 
o ne wi th pa ra met er s expect ed fo r individ uals en gag ed 
in active migration an d on e with pa ra met er s expect ed 
fo r individ ual s th a t were not migra ting. In terestingly, 
th e “n ot mig rat ing” ph en ot ype c atbird s al so di splay rel- 
ati vel y low pectoralis mass, which is t ypic a l ly hyper- 

Table 4 Phenotypic differences between the catbird groups and mockingbirds determined by PCA analysis. 
Catbird-migrating 

mean ± std Catbird-not migrating 
mean ± std Mockingbird 

mean ± std 
Included in the PCA: 
Fat score 2.0 ± 0.7 0.2 ± 0.4 0.0 ± 0.0 
Hematocrit (%) 53.6% ± 2.7% 45.3% ± 4.7% 51.2% ± 2.3% 
Pectoralis (% body mass) 4.88% ± 0.29% 5.87% ± 0.31% 6.95% ± 0.32% 
Other phenotypic variables: 
Body mass (g) 43.3 ± 3.8 35.8 ± 1.8 48.8 ± 5.0 
Pectoralis mass (g) 2.11 ± 0.21 2.11 ± 0.19 3.41 ± 0.45 
Pectoralis score 1.0 ± 0.0 0.67 ± 0.82 0.8 ± 0.4 
Age (HY:AHY) 5:0 4:2 1:9 
Sex (M:F) 5:0 4:2 3:6 (1 NA) 
∗Age includes hatch-year (HY) and after-hatch-year birds (AHY). Sex was missed on one of the mockingbirds (NA). 
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1866 E. M. Rhodes et al. 

Fig. 3 Mitochondrial respiratory control (RCR) with complex I 
substrates (pyruvate , malate , and glutamate) for Northern 
Mockingbirds and the two Gray Catbird phenotypes indicated by 
PCA. Results are based on a linear model with catbirds divided 
into migrating and not migrating groups. 
t rophie d during mig rat ion in m any songbird s ( Marsh 
1984 ; Ga un t et al. 1990 ). G iv en tha t m uscle ca tabolism 
appear s t o be co mmo n d uring mig rat ion ( Ga un t et 
a l. 1990 ; Elowe et a l. 2023 ), this observat io n p rovides 
f urt her su ppo rt that one of our catbird groups had al- 
read y comp lete d p art of their mig ratory j ourney whi le 
t he ot her was in the process of mig rat ing. We conclude d 
t hat, among t he catbirds included in our study, we likely 
s ampled bot h pass age migrants that we caught during 
their mig rat ion through the a rea a nd bird s th at were not 
mig rat ing be caus e the y had completed their migration 
to the Gulf Coast days or weeks p rio r to capture. This 
latter group having returned to a no n-migrato ry physi- 
olog ica l stat e . 

An oth er confoun ding factor in our study wa s th at the 
grou p o f Gray Catb ird s th at w e judg e d to be mig rat ing 
wa s bia sed toward sm a l ler hat c hin g-y ea r f emales. Gen- 
era l ly, at least for spring mig rat ion, adu lt catbirds mi- 
grate before y earlin g birds, and m ale catbird s, on aver- 
age , migrat e bef ore f emales ( Wo o drey and Mo ore 1997 ). 
Thu s, the bia s toward y oun g f emales in our sa mple of 
mig rat ing birds likely reflects that our study dates fell in 
the last weeks of fa l l catbird mig rat ion. 

When we repeated our an alysi s o f mi t oc h on drial 
per for mance wit h t hree rat her t han two groups—
“mig rat ing” catbirds, “not mig rat ing” catbirds, and 
mockin gbirds—w e found an interesting, if unexpe cte d, 
patt ern. Moc kingbird s h ad th e high est RCR values—
th e high est mit oc h on dr ial per for ma nce values—a mong 

any of the gro ups, b ut mockingbirds an d th e “migrat- 
ing ” ca tbir d gr oup had very similar mean RCR values. 
In con trast, ca tbirds with p hysio log ica l ma rk ers indicat- 
ing t hat t h ey were n ot active ly mig rat ing s h owed su b- 
stant ia l ly lower, an d n ear l y significantl y lower, mean 
RCR va lues than mig rat ing catb irds o r mockingb irds. 
If our sampling did in fact include not migratory cat- 
bir ds, our r esu lts wou ld a lig n with re cent studies on 
mit oc h on dria l respirat ion in migratory birds, which 
demonst rate d that, li k e ma ny mig ratory t raits, the in- 
creased mit oc h on dria l respirat ion is rapidly reversible 
( Coulson et al. 2024 ; Rhodes et al. 2024 ). Our hypothe- 
si s th at indiv idu a ls from mig ratory spe cies wou ld s h ow 
increased mit oc hondr ial per for man ce re lative to in di- 
v idu als from non-mig ratory spe cies is clearly fa lsifie d. 
The mit oc hondr ial per for mance of resident mocking- 
bird s wa s nev er low er than migra tory ca tbir ds r egar d- 
less of circumstances. 

The sort of com para ti ve stud y in which we en- 
ga ged res ts o n a cri t ica l as s umptio n: the o nly impo rtant 
difference between the po p u lat io ns o f b irds being co m- 
p are d is the parameter of in terest. Unfortuna tely, even 
though we chose two bird species from family Mim- 
idae that have many simi larit ies, differences betwe en 
t hese birds ot her t han mig rat io n behavio r seem to have 
had a lar g e effect on the mit oc hondr ial per for mance. 
Upon refle ct ion, we propose that the lar g est confound- 
ing effect in our co mpariso n is the very different daily 
activ it y patterns of Nort her n Mockingbirds and Gray 
Catb irds. No rt her n Mockingbirds are no torio usly ac- 
tive birds. We propose t hat t he high values for mito- 
ch on dr ial per for mance t hat we measured for Nort her n 
Mockingbir ds ar e shaped by th e deman ds of th e highly 
act ive behaviora l p atterns. Th ey spen d th e d ay fly ing 
b etween exp osed p erch es an d sin gin g ( Farn sw orth et 
al. 2020 ). Thus, t heir tot a l t im e an d en er gy dev ot ed t o 
fla pping fligh t for a da y ma y a pproach tha t of a mi- 
g rat ing bird. In contrast, wh en th ey are n ot mig rat ing, 
Gray Catbirds spend their days in dense shr ub-scr ub 
hab i tats where they ar e r elati vel y much more seden- 
ta ry a nd en gag e in m uch less frequen t fla pping fligh t 
th an mockingbird s ( Robert et a l. 2020 ). Addit iona l ly, 
it is unknown how mit oc ho ndrial resp iratio n o f resi- 
dent s pecies s uch as t he Nort her n Mockingbird var ies 
thro ugho ut the year depending on ener g etic dem and s. 
Thus, it would be h e lpful for future work to sample res- 
ident species thro ugho ut t he ye ar, such as dur ing t he 
wintering and bre e ding p erio ds. In t he f uture, differ- 
en ces in be h avior, life hi story, a nd differences in da ily 
en ergy expen diture at th e tim e o f co mpariso n would be 
valuable in migrant and non-migrant studies. 

In summary, while Gray Catbir ds tr end towar d 
having greater mi tocho ndrial vol ume than Northern 
Mockingb irds, catb ird s di spl ay ing a migratory phe- 
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A comparison of the mitochondrial performance between mimid thrushes 1867 
Table 5 Linear model results of mitochondrial traits of interest using the three groups (mockingbir ds, catbir ds migrating, and catbirds not 
migrating) based on the PCA results. 

Estimate ( β) F -statistic P -value 
Mitochondria respiration with pyruvate , malate , and glutamate substrates 
State 3 Catbirds migrating ∗ vs. not migrating 64.9 0.13 0.60 
(nmol O 2 /mg protein/min) Mockingbir ds ∗ vs. catbir ds migrating −87.0 0.57 

Mockingbir ds ∗ vs. catbir ds not 
migrating −22.1 0.83 
Body mass −3.73 0.70 

State 4 Catbirds migrating vs. not migrating −1.69 0.11 0.77 
(nmol O 2 /mg protein/min) Mockingbir ds vs. catbir ds migrating 3.64 0.61 

Mockingbir ds vs. catbir ds not 
migrating 1.95 0.70 
Body mass 0.240 0.59 

RCR Catbirds migrating vs. not migrating 3.070 1.31 0.20 
Mockingbir ds vs. catbir ds migrating −5.60 0.07 
Mockingbir ds vs. catbir ds not 
migrating −2.53 0.22 
Body mass −0.270 0.15 

Mitochondria respiration with palmitoylcarnitine substrate 
State 3 Catbirds migrating vs. not migrating −31.3 0.54 0.70 
(nmol O 2 /mg protein/min) Mockingbir ds vs. catbir ds migrating −53.8 0.59 

Mockingbir ds vs. catbir ds not 
migrating −85.1 0.23 
Body mass −2.40 0.71 

State 4 Catbirds migrating vs. not migrating −4.82 0.24 0.54 
(nmol O 2 /mg protein/min) Mockingbir ds vs. catbir ds migrating 0.450 0.96 

Mockingbir ds vs. catbir ds not 
migrating −4.37 0.52 
Body mass 0.0100 0.99 

RCR Catbirds migrating vs. not migrating 0.900 0.14 0.74 
Mockingbir ds vs. catbir ds migrating −1.89 0.58 
Mockingbir ds vs. catbir ds not 
migrating −0.990 0.67 
Body mass −0.070 0.75 

Mitochondria respiration with succinate substrate 
State 3 Catbirds migrating vs. not migrating 32.7 0.43 0.65 
(nmol O 2 /mg protein/min) Mockingbir ds vs. catbir ds migrating −86.4 0.34 

Mockingbir ds vs. catbir ds not 
migrating −53.7 0.39 
Body mass −3.13 0.58 

State 4 Catbirds migrating vs. not migrating 3.58 0.56 0.81 
(nmol O 2 /mg protein/min) Mockingbir ds vs. catbir ds migrating −11.7 0.53 

Mockingbir ds vs. catbir ds not 
migrating −8.14 0.53 
Body mass 0.0800 0.94 

RCR Catbirds migrating vs. not migrating 0.190 0.54 0.62 
Mockingbir ds vs. catbir ds migrating −0.370 0.42 
Mockingbir ds vs. catbir ds not 
migrating −0.180 0.57 
Body mass −0.0400 0.24 

Complex enzymatic activity 
Complex I Catbirds migrating vs. not migrating −110 0.78 0.26 
(nmol/min/mg protein) Mockingbir ds vs. catbir ds migrating 83.2 0.32 

Mockingbir ds vs. catbir ds not 
migrating −27.02 0.74 
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Table 5 Continued 

Estimate ( β) F -statistic P -value 
Complex II Catbirds migrating vs. not migrating 170.7 0.27 0.55 
(nmol/min/mg protein) Mockingbir ds vs. catbir ds migrating −182.8 0.50 

Mockingbir ds vs. catbir ds not 
migrating −12.1 0.96 

Complex III Catbirds migrating vs. not migrating 83.8 0.29 0.48 
(nmol/min/mg protein) Mockingbir ds vs. catbir ds migrating −18.2 0.85 

Mockingbir ds vs. catbir ds not 
migrating 65.7 0.53 

Complex IV Catbirds migrating vs. not migrating −146.4 1.17 0.15 
(nmol/min/mg protein) Mockingbir ds vs. catbir ds migrating 97.5 0.27 

Mockingbir ds vs. catbir ds not 
migrating −48.9 0.55 

Citrate synthase (nmol/min/mg 
protein) Catbirds migrating vs. not migrating −104.9 1.80 0.77 
∗The Gray Catbirds w er e separated into migrating and not migrating groups based on differences in phenotype. Mockingbirds w er e also included in 
the analyses. An asterisk ( ∗) in the table denotes r efer ence group (same throughout). 
notype do not have greater resp irato ry perfo rmance 
t han t h e resident m ockingb irds. Addi tio na l ly, when we 
t est ed f or differences on ly betwe en th e n ot mig rat ing 
catbirds and mockin gbirds, w e st i l l did n ot fin d any 
differences between the two grou ps. Mo re detai le d re- 
se arch, t ar g etin g indiv idu als w ith know n migratory sta- 
tus, wi l l be necessary to determine if Gray Catbirds dis- 
pl ay OXPHOS ad a pta tions to support mig rat ion. This 
study hig hlig hts th e n e e d f or ca refu l sele ct io n o f study 
s pecies in s tudies o f b ioener g etic ada pta t ions to mig ra- 
tio n o r oth er deman ding act ivit ies. In p art icu lar, it is 
necessary to compare anim al s w ith simil ar activ it y pat- 
terns ou tside o f t he var iable of int erest t o det e ct spe cies- 
spe cific effe cts. Lastly, it s h ou ld be considere d that a 
caveat to our study i s th at by isolating mit oc h on dr ia t he 
cel lu la r context f or OXP HOS is los t. No cur rent met hod 
of me asur ing mit oc h on dria l respirat ion, wh eth er com- 
pleted in isolated mi tocho ndr ia, per me abi lize d cel ls, or 
cel l cu lture, wi l l perfe ctly mimic mit oc h on dr ial f unc- 
tion in vivo ( Brand and Nicholls 2011 ). We recomm en d 
that a l l invest igat or s carefu l ly co nsider the app rop riate 
m eth od for similar invest igat ions. 
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