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Synopsis Tradi tio nal m ode ls of oxidat ive st r ess pr edic t acc um ula tio n o f d amage c ause d by react iv e oxyg en species (R OS) 
p rod uctio n as highly correlated with aerobic metabolism, a pre dict ion un der in cr easing scrutiny. Her e, we r epe at s ampled 

fema le g reat t its ( Pa rus ma jor ) at two o p posi te levels o f energy use d ur ing t he per iod of maximum food p rovisio nin g to nestlin gs, 
once at rest and o nce d uring activi ty. O ur resu l ts were in co ntrast to the a bov e pre dict ion, nam e l y significantl y high er leve ls 
of oxid ative d amage during rest o p pose d to act i ve p h a se. Thi s di screp ancy cou ld n ot be explain ed n eith er usin g lev els of “first 
line” a ntioxida nt enzymes activity measured fro m erythrocytes, no r fro m total n on enzyma tic an tioxidan t ca p acity measure d 

from pla sm a, a s n o differen ces were foun d between stat es. S ignificantly higher levels of uric acid , a pot en t an tioxidan t, were seen 

in the pla sm a during the active ph a se th an in rest ph a se , whic h may explain the low er lev els of oxidativ e damag e desp i te high 

levels of physical activ it y. Our results challen g e the hypothesis that oxidative s tres s is elevated during times with high energy 
use and ca l l fo r mo re p ro foun d un derstan ding of potent ia l drivers of the modu lat ion of oxidative s tres s s uch as metabolic state 
of the animal, and thus also the time of sampling in general. 
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 xidati ve statu s i s essent ia l ly th e re lations hip between
xida nts a nd a ntioxida nt c apacit y w ithin a n orga nism.
n imb a l ance bet ween oxid a nts a nd a ntioxida nts in

avo r o f the oxidan ts, poten t ia l ly leading to damage,
 a s be en define d as oxidat ive st ress ( Sies 1997 ). One
f th e m ost im portan t and studied oxid ant t ypes are
 he re activ e oxyg en species (R OS), a natura l ly occur-
ing and unavoidable by-p rod uct o f aerob ic metabolism
 Murp hy 2009 ). O xidati ve s tres s h a s lo ng been co n-
idered to play a n importa nt role in many fact or s af-
e ct ing life-history of anim al s ( Mon agh an et al. 2009 ;
osta ntini 2014 ), ra n gin g from tis s ue dama ge accumu-

ation ( G ers chman et al. 1954 ) and ag ein g ( Ha rraa n
956 ), to f ecundity a nd survival ( Bize et al. 2008 ). Ow-
ng to i ts impo rtance as a mediato r o f o rga nism perf or-

a nce a nd fitness, we aimed to investigate the oxidative

tatus of birds between two metabolic extremes. c
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OS production and accumulation of damage 

he mit oc hondria l ele ct ron t ra nsport cha in (ETC) is
 he main pat hway for t he cre atio n o f aden osin e triph os-
hate (ATP) en ergy m ole cu les in higher vert ebrat es.
his process, how ev er, is not perfect and there is a “leak”
f ele ct rons as it occurs. The majority of t hese le aks
ccurs as ele ct ron s mov e through complex es I and III
 B arja 1999 ; C ardoso et al 2012 ), but some do origi-
ate from other sources within th e E TC ( Jastroch et
l. 2010 ). Th ese e lectr ons r e act wit h mole cu lar oxygen
ormin g R OS mole cu les, s uch as the s uperoxide radical
nd hy drog en peroxide , whic h, left un quen ch ed can in-
uce damage t o lipids, prot eins, a nd D NA ( Hulbert et
l. 2007 ). It is estim ated th at between 1 and 6% of oxy-
 en con sum ed is n ot re duce d t o wat er but rat her re acts
r ematur ely with the lea ke d ele ct r ons fr om th e E TC to
r eate fr e e radica l s ( Ji 2008 ). A r ound 10% of ROS ar e

re ated wit hin anim al s’ cell s in a cont rol le d and com- 
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p art menta lize d m anner, u sua l ly for functions such as
cel l sig na lin g ( Drög e 2002 ), while the remainin g 90%
are generated as a by-p rod uct o f metabolic p rocesses
( Ba lab an et al. 2005 ). To this end, ROS p rod uctio n is
a me aningf ul by-p rod uct o f en ergy m etabolism, which
is both beneficial and damaging to the organism. 

Th e re lations hips betw een oxyg en con sumption,
ATP p rod uctio n, R OS g en eration, an d thus risks of en-
coun tering oxida t ive damage, whi le inext ricab l y lin ke d,
are not fu l ly under st o o d . It is c le ar t han incre ased en-
ergy r equir ements d ue to loco motio n r equir e incr eased
oxyg en con sumption; how ev er, thi s i s n ot a true m ea-
sure of ATP production as the amount of ATP gener-
ated per unit oxyg en con sumed can vary significantly
( Sa lin et a l. 2015 ). In tur n, t he rate o f ROS p rod uctio n
in relation to oxygen consumption and ATP genera-
tion is also not clear. Oxygen co nsumptio n can increase
s e veralfold due to increased energy r equir ements, but
mit oc h on drial oxygen radical p rod uctio n does not in-
cr ease pr oport iona l ly ( Barja 1999 ). This is in part to the
t ransit ion of the mit oc h on dr ia from St ate IV (rest state)
with lower aden osin e diph osphate (ADP, th e p recurso r
to ATP) and high superoxide and hy drog en peroxide
p rod uctio n, t o Stat e III (active stat e) with higher ADP
but low er R OS product ion in comp a rison ( Nava rro et
al 2004 ). Ph en otypic differen ces in mit oc h on drial aero-
bic metabolism may have im portan t consequences for
organi sm al per for man ce an d fitn ess trai ts. Typ ically,
m easurem ents of mit oc h on drial m eta bolism w ere low-
thro ughp ut and cumb ersome ( Ko ch et al. 2021 ). In re-
cent yea rs, adva nces have a l lowe d fo r a mo re minu t e ,
noninva sive examin ation of mit oc h on dr ia f un ction an d
th e re lations hip between en ergy p rod uctio n and oxida-
t ive st ress. F or exam ple, St ier et a l. (2017) develope d
a m eth od to m easure mit oc h on dr ial f unctioning us-
ing int act eryt hro cytes of king p enguins ( Apt enodyt es
pat ago nicus ), while f urt her adapt atio n o f this p roto-
col in pied flycat c her s ( Fice dula hypoleuca ) h a s demon-
st rate d bot h t he repe at able of t his met hod, a s well a s the
rap id wi thin-individ ual ad justments o f these trai ts d ur-
in g chan gin g life-his tory s ta ges ( St ier et a l. 2019 ). Stud-
ies such as these open up interesting avenues of r esear ch
for e colog ists and evol u tio nary b iologists fro m variatio n
in th e su bce l lu lar energy flow to th e wh ole-organi sm al
leve l traits, in cludin g oxidativ e s tres s (re vie wed in Koch
et al. 2021 ). 

Tradi tio nall y, the “oxidati ve s tres s-life his tory the-
ory” as ado p te d by e colog ists conceptua lizes fre e radica l
p rod uctio n in direct p ropo rtio n to metabolic rat e , of-
t en an over sim plifica t ion ( Spea kma n a nd Ga rratt 2014
provides a di scu ssion of the misgiving and mi su se of
t his t he ory). Cent ra l to this m ode l is th e idea of trade-
offs an d th eir presum ed p hysio log ica l costs ( Zera and
Ha rshma n 2003 ). In short, a nim al s u se oxygen to re-
lease en ergy an d th us m ust de al wit h ROS p rod uctio n,
so increasing this metaboli sm, th at i s, d uring rep ro-
d uctio n, leads to an inescapable increase in fre e-radica l
p rod uctio n. So, while t he hypot hesis t hat physical ac-
tiv it y a ffects oxid ative bal ance is strongly supported
( Powers and Jackson 2008 ), the relatio nshi p between ac-
cum ula tio n o f R OS damag e in lin e with en ergy use an d
ROS p rod uctio n is poo r ly un der st ood ( Mon agh an et al.
2009 ). 

Defence against oxidative damage 

A nim al s h ave s e vera l me ch ani sms for the prevention
of accum ula tio n o f R OS damag e, known cum ula ti vel y
as the a ntioxida nt system, re vie wed in Mon agh an et al.
2009 . These are (1) red ucing unco ntrolled R OS g ener-
ation an d re lease v i a medi atio n o f mi t oc h on drial redox
st ates (descr ib ed ab ove) or uncoupling of oxygen con-
sumptio n and ATP p rod uctio n. (2) Three “first line”
a ntioxida nt enzymes p resent wi t hin t he mit oc h on dria
an d ce lls a ttem p t to co unterac t the effec ts o f su per-
oxide anions and its deri vati ves before they can cause
damage to mole cu les a nd lead to a n oxid ative c asc ade.
Th ese enzym es ar e super oxide di smuta se (SOD), glu-
t at hione peroxidase (GPx; w hich ac ts in tandem with
gl u t at hion e), an d c atal as e (CAT) (s ee als o Skrip and
McWi l liams 2016 and Ighodaro and Akinloye 2018 for
f urt her det ai ls). (3) Use of circu lat ing ant ioxidants such
as vi tamin C o r E, caroteno ids, and uric acid to break the
oxid ative c asc ade , whic h occur s a s ROS cau se dam age
and create addi tio nal reacti ve mo lecules. In response
to increases in R OS, or ganism s can u p regulate endoge-
nous p rod uctio n o f these a ntioxida nts a nd stored di-
eta ry a ntioxida nts ca n be mobi lize d ( Surai 2002 ). Also
considere d p art of the an tioxida tiv e defen se system s
described by Mon agh a n et al. 2009 a re (4) differing
st ructura l ma ke u p o f cell ular macro-molecules and (5)
D NA, protein, a nd li p id repair o r replacem ent m echa-
nisms. 

In the last decade, focus has moved toward more
in tegra tive m easurem ents of th e wh ole organi sm al re-
dox system s. Pairin g n on enzyma tic an tioxidan t ca pac-
it y w ith enzy ma tic an tioxidan t activ it y is emer gin g as
a n importa nt resea rc h strat egy owing t o t he fact t hat
b oth p o rtio ns o f the a ntioxida nt system appear to work
in concert through different mech ani sms ( Costantini et
al . 2011a ; S krip and McWi l liams 2016 , McWi l liams et
al. 2021 ). 

Background for study aims, hypotheses, and 

predictions 

Many studies have aimed to uncover the links of en-
er gy use, R OS p rod uctio n, a nd da mage accum ula tion
t hrough var ious met hods such as climatic al teratio ns,
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imi tatio n o f r esour ces, wo rkload mani pu lat io ns, o r
o mpariso ns o f b re e ding an d n o nb re e ding anima ls. In
elation to effects of energy use and oxidative dam-
ge, in zebra fin ch es ( Taeni opygi a gutt at a ), it was found
h at bird s in a hig h flig ht ac tiv it y group had higher
evels of damage than those in a control flight group
 Costant ini et a l. 2013 ), whi le an exper iment al manip-
 lat ion using simu late d ter r i to ria l int r usions in r ufous
 orn er os ( Fu r nar ius r ufus ) found no difference in ox-

d ative d amage bet ween t hose per for ming 20 min of ter-
i to rial defense and non-cha l len g ed birds ( Mentesana
 nd Adrea ni 2021 ). In bot h t hese studies, a ntioxida nt
efens e le vel s decrea sed wit h incre ased activ it y; how-
ver, fe at her clipped great tits ( Pa rus ma jor ) s h owed a
 oderate in crease in oxid ative d ama ge while s trongly

ncreasing a ntioxida nt c apacit y ( Vaug oy eau et al. 2015 ).
imi larly, conflict ing resu lts are se en in m amm al s. For
xample, mice ( Mu s mu sculu s ) raising o ffsp ring s h owed
n increase in damage comp are d to no n-rep rod ucing
emales; how ev er, in r epr oducing fema les, oxidat ive
am age decrea sed wi th li tter size at b irth bu t increased
i th li tter size at w eanin g ( St ier et a l. 2012 ), whi le non-
red Wistar rats ( Ratt us norve gicus ) exhib i ted higher
xid ative d amage in the kidneys at 6 months old than
hose which had b red, bu t the opposite effect was found
h en m easured at 3 an d 12 m onths o ld ( da Sil va et

l. 2013 ). In s h ort, different studies h ave u sed different
a rk ers of oxidat ive st ress, ant ioxid ant c apacit y, differ-

nt tis s ue types, and t reat m ents an d th e resu lt ing con-
l usio n s hav e often varied wildly (see Stier et al. 2012 ,
peakma n a nd Ga rra tt 2014 ; Bloun t et al. 2016 , and
o op er-Mu l lin and McWi l liam 2016 for re vie ws). 
Fo r the p resent study, we repeat sa mpled f emale great

i ts d ur ing t he per iod of pe ak food p rovisio nin g in tw o
 p posite an d “extrem e” states of en er g etic meta bolic
stat es.” B lo o d samples were taken before sunrise while
ir ds wer e at r est dur ing t he night (Rest ph a se) and dur-

ng the day while birds were acti vel y providing fo o d for
h eir n estlin gs (Activ e ph a se). To th e best of our kn owl-
dge, repe at s a mpling f or oxidat ive st ress p a ra met er s
sing the extremes of metabolic activ it y h a s not been
er for med befo re o n wild vert ebrat es. Given t he cur rent
n derstan ding an d kn owledge on energy use and ox-

dat ive st r ess, ther e wer e two o p p osite hyp oth eses an d
cco mpanying p redictio n s, which w e aimed t o t est with
his study; (1) Energy met abo lis m during active daytime
o o d provisi oni n g is substantially higher than d u ri n g rest,
s such ROS pro du cti on wi l l also be higher. Based on
 his, we predict t hat Le vel s of oxidative da ma ge wi l l be
igh er wh en bir ds ar e sa m pled d u ri n g act ivity as o p po se d
 o res t. In contrast to the a bov e, w e al so wi s h ed to ex-
min e th e hypoth esi s th at (2) Bird s have e volved antiox-
 d an t coun ter measures to compensate for incre ase d ROS
ro du cti on d u ri n g p eri o ds of hei ght ened energy use and
s such predict that anti oxi d ant d efense m ech anisms, be
h ey enzym atic or n on enzym atic, wi l l be higher d u ri n g
ct ivity t han d u ri n g rest and thus oxi d ativ e d a ma ge wi l l
ither b e l ow er or at l east no t di fferent during activity
han d u ri n g rest. 

Alth ough differen ces in en ergy m etabolism a re lik ely
o be influenced by circ adi an pattern s, w e believ e by
am pling a t these two time points a l lowe d us to gain a
 epr esen ta tive measure of oxida tive sta tus of the birds
t the highest and lowest points of energy metabolism
xperienced by the birds during their daily cyc le . 

aterials and methods 

tudy area and sample collection 

he study was car r ied out in the summer of 2021,
n a mixed forest ne ar t he town of Mikołajki situ-
ted in the Masuria n Lak e District in North ern Polan d
53 

◦47 

′ 09.86 

′′ N 21 

◦34 

′ 53.26 

′′ E). Nest boxes ( n = 500)
ere mo ni to red thro ugho ut the 2021 bre e ding s eas on.
his study relates to ad ul t b irds d ur ing t heir confir med

econ d roun d of r epr oduc tion, w hich were sampled at
wo different levels of activ it y, th at i s, at R est and while
ct ive during f o o d p rovisio nin g. Herein, w e refer to
est as s amples t aken at the end of the night and Ac-

ive to those taken during daily fo o d p rovisio n. 
Upon hat c hin g, nests w ere random ly assig ne d to

 ampling st ates on Day 10 and 12, with the first and
e cond samples a lternat in g betw e en these act iv it y lev-
ls. Fe e ding act iv it y is known to peak around Day 8 or
 and pla tea u un t i l fle dg ing ( Drent a nd Daa n 1980 ).
ests were appro ache d ha lf an hour before civil twi-

ight to grab the female from nest by hand at rest, that
 s, with fem ales in their a s s umed res tin g meta bolism.
lo o d was col le cte d imme diate ly un der red ligh t a t real

ime 03:06 AM ± 12 min, which co rrespo nds to a sam-
ling time of 25 ± 19 min before civil sunrise. For cap-
ur ing t he birds w hile ac t ive a “foi l t rap” was place d in-
ide the nest a nd pa ren ts ca ugh t when providing fo o d
o their o ffsp rin g. Av erag e real time sample was 10:17
M ± 18 min, which co rrespo nds to a sampling time
f civil sunrise + 6 h ± 23 min. Once the traps were

n place , the observer s lef t t he v icinit y of th e n est box
 nd a n observer returned every 15 to 20 min t o c hec k
f the birds had entered the nest and the trap was left
n place a maximum of 1 h. Hand ling t ime for active
 amples, me a sured a s t ime from t ra p placing un t i l sam-
ling, was 30 ± 24 min. Time fro m b ird in hand un-
 i l samp le co l le ct ion was rough ly 3 min for both ac-
ive and rest sam ples. Sam p les were co l le cte d fol lowing
 easurem ents of the bird by piercing the brachial vein

nd col le ct ing blo o d in hep arinize d 75 μl hep arinize d
api l lary tubes. Two tubes were col le cte d, and blo o d was
ra nsf erred to a heparinized 0.5 ml Eppendorf tube that
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was stored on ice unt i l for t ransport b ac k t o the lab
wh ere th e sam ples were cen tr if uged ( g × 6000 for 10
mins) to separate erythrocytes from pla sm a. The ery-
throcytes and pla sm a samples were stored on dry ice
in a po l yst y rene box inside a fre e zer unt i l th e en d of
th e fie ld s eas on wh en th ey w ere tran spo rted o n dry ice
to th e Jage llo nian Universi ty in Krak ow a nd stored at
−80 

◦C unt i l ana lysis. In tota l, 12 fema les were sampled
dur ing bot h activ it y ph a ses. Furt her infor mation in re-
la tion to sam pling a rea a nd p roced ures are p rovided in
th e Supplem en tary Ma terial . 

Oxidativ e str ess measur ements and laboratory
analyses 

Pla sm a wa s an a lyze d fo r no nenzyma tic an tioxidan t ca-
pacity, using the OX Y kit, a nd f or oxidative damage,
mea sured a s reactiv e oxyg en meta bolites (R OMs) us-
ing the d-ROMs kit. In addition, uric acid levels were
mea sured u sing a sta nda rd kit. Owing to th e presen ce
o f functio nal mi t oc h on dri a w ithin av i an erythrocytes,
eryt hrocyte lys ate was used to measure the activ it y or
levels of three a ntioxida nt enzymes (Superoxide dismu-
ta se: SOD, G l u tathio n e peroxidase: GPx, an d Catalase:
CAT) alo ng wi t h t he sma l l weigh t an tioxidan t mole cu le
gl u t at hione. Tot al gl u t at hio ne (tGS H) and i ts oxidized
fo rm, gl u tathio ne disul phide (GSSG) wer e measur ed di-
rec tly, w hile the active form reduced gl u t at hio ne (GS H)
was ca lcu late d as tGSH minus GSSG. 

Al l thre e pla sm a mea sur ements wer e per for med us-
ing co mmercial ki ts fro m Diacro n In terna t iona l (Gros-
seto Ita ly) whi le t he five eryt hrocyte me asurements
were per for med using kits from Cayman C hemica ls
(A nn A rbour, MI). Sampled were run in d u plicates
a nd f ol lowe d the manufacturers’ instructs with slight
modifications to some protocols (see Supplementary
Material f or a n exact break down o f p rotocols and co-
efficient of variations for each assay). 

Statistical analyses 

Stat ist ica l ana lyses were per for med usin g RStudio v er.
3.6.2 ( R Core Team 2022 ). A mixed m ode l approach
was taken using th e lm e4/lm erTes t packa ges in RStu-
dio ( Bates et al. 2015 ). All 10 measures of oxidative sta-
tu s were u sed a s indiv idu al response vari ables w ith State
(i .e ., Rest or Act ive) use d as the explanatory variable.
Sam pling da te and o rder o f sample were incl uded as
covariates in repeated measures along with ring num-
ber as a random factor. Body m a ss at time of sam-
ple was init ia l ly include d in a l l m ode l s but wa s found
to be insignificant an d rem oved. Mode l as s umptions
were c hec ked using the perf orma nce a na lyt ic p ackage
( Pet er son et al 2018 ), all as s umption s w ere m et, an d n o
data w ere tran sformed. Rest ph a se and acti ve p h a se val-
ues were ana lyze d sep arat ely t o c hec k for s e veral other
effects such as handling time, sex, and time of sample
(Pleas e s ee Supplemen tary Ma terial for detai ls). Stat is-
t ica l sig nificance was inferred using a fre quent ist ap-
pr oach wher e P < 0.05 was de eme d stat ist ica l ly sig-
nific ant. Oxid at ive st ress index was ca lcu late d as d-
R OMs/OXY × 1000, accordin g to Costant ini et a l. 2008 .
The GSH:GSSG ratio c alcul at ed according t o Owen and
Butterfield 2010 . 

Results 

Erythrocyte antioxidant enzymes and 

glutathione levels 

, Th ere was n o eviden ce t hat st ate had any effect on an-
t ioxidant act ivity levels; SOD; ( F 1,20 = 0.46, P = 0.506)
( Fig. 1 A), GPx: ( F 1,10 = 0.42, P = 0.531) ( Fig. 1 B), and
CAT; ( F 1,10 = 1.48, P = 0.252) ( Fig. 1 C). There was
also no evidence that GS H o r GSSG levels differed due
t o stat e , GSH; ( F 1,10 = 2.40, P = 0.152) and GSSG;
( F 1,10 = 0.03, P = 0.871), and neither was there evi-
dence that the GSH:GSSG ratio differedt ( F 1,10 = 3.43,
P = 0.094) ( Fig. 1 D). 

Oxidative dama g e 

Contrary to our expectation s, w e found stron g evidence
th at level s of oxid ative d am age mea sured u sing the d-
ROMs test in bir ds wer e lower during their active fo o d
p rovisio ning phase (M = 3.08, SD = 0.4) than when
they were sampled out of rest (M = 3.59, SD = 0.6)
( F 1,10 = 12.22, P = 0.006) ( Fig. 2 A). 

Plasma nonenzymatic antioxidant capacity 

There was no evidence that total circulating n on enzy-
ma tic an tioxidan t ca pacity as measured by the OXY test
did not show a significa nt differed between states (ac-
tive M = 333, SD = 126; rest M = 333, SD = 121)
( F 1,10 = 0.11, P = 0.752) ( Fig. 2 B). The OSI also did
not differ between states (active M = 10, SD = 4; rest
M = 12, SD = 4) ( F 1,10 = 0.59, P = 0.461) ( Fig. 2 C). We
found strong evidence t hat ur ic acid was lower during
the rest ph a se (M = 0.79, SD = 0.3) in co mpariso n to the
active (M = 1.39, SD = 0.5) ( F 1,10 = 13.00, P = 0.005)
( Fig. 2 D). 

Effects of sampling date, order, sex, time of 
sample, and handling time 

The only evidence found for the effect of sampling date
was found in SOD, which increased in both states as
sam pling da te increased ( F 1,20 = 12.01, P = 0.002). We
also found evidence that sampling order in relation to
OXY ( F 1,12 = 11.75, P = 0.003) and the GSH:GSSG ra-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad120#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad120#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad120#supplementary-data
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io ( F 1,12 = 5.67, P = 0.003), both of which were higher
o r the seco nd sample in co mpariso n to the first. We
oun d eviden ce in th e acti ve samp les th at sex h ad an ef-
e ct on oxidize d gl u t at hione (GSSG), w hich was hig her
n females (M = 232, SD = 29) than males (M = 200,
D = 15) ( F 1,14 = 6.02, P = 0.0278). No evidence was
 ound f or a ny effe cts of t ime o f sample o r hand ling t ime
 n any o f th e mar kers of oxidat ive st ress. Pleas e s ee
upplemen tary Ma terial for more information. 

iscussion 

ontrary to our expectation, R OS damag e was found to
e significantly lower during the p erio d of h eighten ed
ctiv it y when comp are d to samples taken from birds out
f rest. Thi s i s in dire ct cont rast to the t radit iona l thin k-

ng that increased energy metabolism wi l l lead to an in-
r ease in ROS pr oduction and thus the accum ula tio n o f
 OS damag e. Daytim e en ergy use in g reat t it fema les
n gagin g in parental care is known to be s e vera l t imes
igher than nighttime resting metabolism ( Daan et al.
990 ; Brya nt a n d Tatn er 1991 ; Tinber g en an d Ver hulst
000 ; Za gkle 2022 ). Des p i te th e high er m etabolism dur-
ng the Active ph a se th an during the Rest, increased
 amage c aused by ROS is not refle cte d in our compara-
 ive ana lysi s. Thi s add s to the growing b o dy of evidence
 ugges ting that increased metab olism do es not neces-
 ar ily cause a direct increase in R OS damag e ( Speakman
t al. 2015 ) and adds strength to the claim that key
oundatio ns o n which the oxidat ive st ress m ode l is
 ase d on are crit ica l ly flawe d ( Spea kma n a nd Ga rratt

2014 ). 

nzymatic antioxidants 

n e possi b le exp la nation f or ROS da mage to be higher
n birds sampled out of rest comp are d to females sam-
led ou t o f active fo o d p rovisio ning o f their o ffsp ring
as built into the second hypothesis we wis h ed to exam-

ne, th at bird s h av e ev o l ve d ant ioxidan t coun ter mea-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad120#supplementary-data
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plasma, showed no significant effect of activity state, as did ( C ) OSI, oxidative stress index (d-ROMs/OXY ∗1000). ( D ) Uric acid, a potent 
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sures to com pensa te for increased ROS production dur-
ing p erio ds of h eighten ed en ergy use . To t est this hy-
poth esis, we examin ed th e leve ls of th e three “first line”
a ntioxida nt enzymes, SO D, GPx, a nd CAT, alo ng wi th
the low weigh t an tioxidan t gl u t at hio ne (GS H, GSSG,
and GSH:GSSG ratios) but found no significant dif-
feren ces between th e rest an d acti ve p h a ses in any of
th e m easurem ents. It has previous ly been s h own in mi-
g rat ing Eur opean r obins ( Erith a cus rub ecul a ) th at bird s
flying at night had high er leve ls of GPx activ it y than
those ca ugh t dur ing t he day dur in g stopov er while for-
a ging/res ting ( Jenni-Eiermann et al. 2014 ). Th e auth ors
also found levels of oxid ative d amage to be highest dur-
ing th e n octurna l mig rat ion, whic h t o the best of our
knowledge is the only other study to measure free living
b irds d uring daytim e an d nighttim e, al beit th eir en ergy
usages are o p posit e t o our s wh en tim e is considered.
That study like ly s h ows a s pecies-s pecific u p regulatio n
of GPx in prep arat ion for mig rat ion wher eas bir ds in
our study have presumab l y b een p er for ming at t he pe ak
o f their capab ili ties fo r b ro o d re ar ing and t heir enzyme
activ it y levels results likely indicate the maximum lev-
e ls obtain ed d uring rep rod uctio n. Zeb ra fin ch es had in-
creased GPx activ it y follow ing 6 weeks of flight train-
ing as o p posed to control birds ( Co op er-Mu l lin et al.
2019 ) and also long-distan ce h orse ( Equu s feru s ca-
ball us ) training pr ogra ms ca n increase a ntioxida nt en-
zymes (p art icu larly GPx) in red blo o d cells ( Janiak et al.
2010 ). It is probable that our bir ds r eache d maxima l lev-
e ls of th ese first lin e defense enzym es ear ly in th e bre e d-
ing s eas on a nd ma inta in th em through out th e summ er,
although we did find a relatio nshi p between higher SOD
activ it y w it h incre asing s am ple da t e , whic h may i l lus-
trate an increase toward the end of the bre e ding s eas on.
Inde e d, it is li kely that each enzyme may respond dif-
ferently to activ it y over tim e an d even exhib i t i ts own
circ annu a l p atterns o f exp ressio n. Al th ough th e tim e-
line in which the processes of ROS product ion, ant ioxi-
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ant u p regu lat ion and ROS neut ra lizat ion occur is st i l l
n known ( McWi l liams et al. 2021 ). 

onenzymatic antioxidant capacity 

 imilar t o the a ntioxida nt enzyme levels, our results
or total circulating n on enzyma tic an tioxidan t ca pac-
ty, a s mea sured by the OX Y test, ca nnot expla in our
 OS damag e results, our resul t o f oxid ative d am age i s
ot mirr or ed in th e m e asures of t he an tioxida tive ca-
acit y. Prev ious exper iment al r esults r e lating to n on en-
yma tic an tioxidan t ca paci ty to wo r kload have s h own
 decrease of 19% in homing pig eon s ( Col u mba l ivia )
own for 200 km in comparison to 60 km ( Costantini
t al. 2008 ). Co mpariso n s betw een ener gy expenditure
ypes such as long distance flying and fo o d p rovisio n-
n g for y oun g s h ou ld be ta ken w ith c aut ion, whi le both
 equir e exh au stiv e meta bolic r equir ements, sour ces of
nergy are differing as one set of anim al s i s pow erin g
o o d p rovisio ning activi ties by regular da ily f o o d intake
hi le many mig rants use stored b o dily r esour ces (see
elow for the effect of metabolic state on oxidative sta-
u s, a s well a s McWi l liams et a l. 2021 ). 

On e oth er aspect of the a ntioxida nt def enses mech-
nisms in birds is th e presen ce of uric acid, the ac-
iv it y of which is not included and thus measured in
he OXY tes t ( Cos tantini 2011 ). Levels of uric acid
 h ould be measured concur rent l y gi ven that its ori-
in an d fun ction differ from the of other a ntioxida nts
 Costant ini et a l . 2011a ; S krip and McWi l liams 2016 ).
 ur resu lts s h ow leve ls of circu lat in g uric acid w ere sig-
ificant ly higher dur ing t he acti ve p h a ses a s o p posed to

he rest ph a se, a n ot entire ly s urprising res u lt g iven the
nowledge on uric acid production in relation to pro-
ein turnover outlines below. Uric acid acts as a power-
ul scav en g er of sin glet oxyg en, peroxyl and hy droxyl
adicals in the hydrophilic environment ( Sautin and
ohnso n 2008 ); i t h a s be en demonst rate d to in hib i t li p id
eroxidatio n ( Smi th a nd Lawing 1983 ) a nd m ay thu s
 e lp explain the differences seen in oxidative damage. 

Uric acid is the final p rod uct o f p rotein catabolism
n birds an d th e in creas ed le vels s e en in circu lat ion
ur ing t he acti ve p h a ses m ay be se en in resu l t o f in-
r eased pr otein turnov er durin g dayt ime ( C l ugsto n and
arlick 1982 ). Birds lack the enzyme urate oxidase,
hich oxidizes uric acid to a l lantoin; how ev er, a l lan-

oin is present in av i an pl a sm a ( S imoyi et al . 2003 ).
ric acid mole cu les, act ing as n on enzy matic oxid ants
uen ch ROS an d in doing so are converted to a l lantoin
 rio r to excretion. 

One source for the emer g ence of uric acid in the
ystem is through dietary protein breakdown. White
hro ate d sp arrows ( Z ono tric hia alb ico llis ) fe d inse ct diet
51% protein) had significantly higher levels of uric acid
 han t hose fe d g rain or f r uit diets (10% protein each)
 S mith et al . 2007 ), s o it s e ems dire ctly relate d to higher
 rotein u ptak e, a nd our birds do certainly differ in up-
 ake wit h zero upt ake dur ing t h e night an d any fo o d
elate d upta ke during dayt ime act iv it y. An oth er source
f uric acid is v i a c at abolic bre akdown of protein prod-
cts in response to work, in our case potent ia l ly fo o d
 rovisio nin g, as a mean s to repa ir a nd replace worn
ut tis s ue . In whit e-crowne d sp arrows ( Z ono tric hia leu-
ophrys ga mbe l i i ), it h a s be en demonst rate d that post-
xerci se pla sm a level s of UA and a l lantoin are signifi-
ant ly cor related ( Ts ahar et al. 2006 ), leading to the au-
hor s t o spe cu la te tha t “o ne o f the co nsequences o f in-
r eased pr otein cata bolism durin g p rolo n g ed ex ercise
ay be an improved an tioxidan t defense resu lt ing from

h e high er UA con cen tra tio n,” a p redictio n also spec-
 late d at in K laass en et al. (2000) and a pheno meno n

ikely occur r ing in our bird s a s well. Thi s resu lt wou ld
eem to prove our second hypothesis that birds have
vo l ve d ant ioxidan t coun t er measures t o com pensa te
or increased R OS production durin g p erio ds of height-
n ed en ergy; h o wever, this antio xid ant c apacit y is not
e asured t hrough t he OXY ass ay but rat her t hrough

o nfirmatio n o f the p rotein b reakdown. 

ffects of individuality, circadian/diurnal 
atterns, and metabolic states on oxidative 

tatus 

n relation to ROM concen tra tio n, all bu t o ne o f the
ndiv idu al birds in this study s h owe d de crease d levels
rom the rest to the active samples, while OXY values
ere far m ore variable. Th ese in div idu a list ic responses

an be b ase d on s e veral fact or s, whic h may be hard to
ontrol in the field , inc luding time at last meal (and
o mposi tio n o f meal i tself), p revious p redato r o r spe-
ific encount er s, and/o r enviro nmenta l effe cts such as
oll u tants o r adv erse w e at h er con dit ions ( Spea kman et
 l. 2015 ). Under cont rol le d co ndi tio ns, repe at s ampling
n g re enfin ch es ( Cardu elis chl oris ) h a s s h own that s e v-
ra l oxidat ive st ress ma rk ers exhib i t ma rk ed individ-
al consisten cy. Th ese in cluded pla sm a carotenoid s, to-
a l ant ioxid ant c apacit y (TAC) and erythrocyte GSH,
hich were significantly correla ted a t th e sam e tim e of
ay 8 days ap art, whi le pla sm a OXY, oxidative damage
ma londia ldehyde), and uric acid were n ot, an d n on e
 h owed this re lations hip after 16 days ( Sepp et al. 2012 ).
h e sam e auth ors n ote that data on indiv idu al con-

istency of bioma rk ers of oxidative s tres s have seldom
 een rep orted and hig hlig hts a n a r ea wher e futur e stud-

es may focus. 
For m any beh avioral and p hysio logic al traits, d aily

atterns are known to exist in b irds, fo r example, m e la-
onin le vels, s ong production and lo comotor b ehavior,
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a nd ma ny of those are in fact circ adi an ( Cassone 2014 ;
Ma rk owska et al. 2017 ). These traits have a pattern,
which is not o nly co ncurrent bu t li kely lin ke d to fe e ding
and fasting rhythms in association with overa l l energy
metaboli sm, at i s high ly prob able t hat t he oxidative sys-
tem is also part of this daily pattern ( Ha rdela nd et al.
2003 ). 

In free living anim al s, how ev er, r esear c her s are yet to
confir m whet her time of day is an im portan t confound-
ing facto r fo r eval uatio n o f oxida tive sta tus ( Skrip and
McWi l lia ms 2016 ), a nd va riat ion se en in resu lts may
be a failure to take into account the time of the mea-
suremen t ( Bloun t et al. 2016 ). Few studies have been
pu blis h ed which have examined daily rhythms in oxida-
t ive st ress ma rk ers. One study found increasing antioxi-
d ant c apacit y (OXY ) in n estling blue petre ls ( Hal ob a en a
c a erul ea ) with in creasing sample t ime ( Costant ini and
Bo nado nna 2010 ), whole in another higher GPx ac-
tiv it y and oxidative dam age wa s seen during noctur-
na l mig rat io n o f Eur opean r obins in r elation to sam-
ple time before and after d aw n, w hich mig ht be re-
lat ed t o past migration versus rest ( Jenni-Eiermann et
al. 2014 ). In jungle bush quail ( Perdi cul a asi ati ca ), a
ma rk ed 24-h rhythm was found in both SO D a nd CAT
activ it y, w it h bot h found to pe ak dur ing t he night, s e v-
eral hours before lights on, coinciding wit h t he pe ak of
m e lat onin. An inver se re lations hip was seen with ox-
id ative d am age (m a londia ldehyde), which pea ke d late
in the day before fa l ling in the middle of the night
a nd rising aga in towa rd lights on. Th ese r hythm s w ere
seen in both lung and thyroid tis s ues ( Kha rwa r a nd
Halder 2012 , Verma et al. 2016 , respecti vel y), with dif-
ferences in the timing of these peaks found when com-
paring birds in the r epr oducti vel y acti ve and inactive
p erio ds, likely due to adjusted pho to p erio ds b etween
s eas ons. 

On e possi ble confoun ding factor in re lation to th e
oxida tive sta tus of the indiv idu als w it hin t heir daily
rhythms are co rticostero n e (CORT) leve l s. G l ucoco r-
ticoid s (GC) m ay h ave a significa nt effect on oxida-
t ive st ress, a lt hough t hi s depend s on duration of treat-
ment with chronic s tres s having a lar g er impact than
acute s tres s ors; howe ver, e vidence in favor of the pro-
oxida nt effe cts of GCs is mixe d (re vie we d in Costant ini
et al. 2011b ). Owing to the presence of GC recept or s
wi thin mi t oc h on dria, it h a s been s ugges ted th at level s
of GC may modulate mit oc h on drial m etabo lic acti vi-
t ies, a lt hough t his modu lat ion i s biph a sic. S hort acut e
expos ure to s tres s h orm on es is associ ated w i th mi to-
ch on drial biogen esis an d enzymatic activ it y of sele cte d
subuni ts o f the ETC, wher eas chr onic str ess m ay cau se
E TC dysfun ction leading to increased R OS g eneration
( Man oli et al. 2007 ). Rath er tha n conf ounding effects
on oxidative status ma rk ers during capture and sam-
pling in the active ph a s e, we belie ve that GC may explain
th e h eighten ed leve ls of oxid ative d amag e seen durin g
the rest ph a se. GCs are known to exhib i t a distinct uni-
mod al circ adi an rhythm w i th mo re co rticostero ne re-
leased at th e en d of the dark ph a se with a trough be-
ing re ached t hro ugho ut the day, as seen in Gambel’s
white crowned sparrows ( Zono tric h ia leucoph rys gam-
bel i i ) ( Br euner et al. 1999 ) and great tits ( Car er e et al.
2003 ). 

The hypothalamic–p i tui tary–adren al (HPA) axi s i s
respo nsible fo r th e re lease of CORT in response to han-
d ling and rest raint ( Li et al. 2019 ). Thi s HPA axi s i s most
sen sitiv e just after light on and as such w e believ e the
co mpounding effects o f CORT o n oxida tive sta tus wi l l
be most p ro nounced d ur ing t he nig ht w hen levels are
natura l ly high rather than on samples taken during ac-
tiv it y wh en leve ls a re low a n d th e HPA respon se is w eak
( Breuner et al. 1999 ). Ele vated GC le vel s are a ssociated
wi th p rotein turn over an d brea kdown, a lthough t is s ue
protein maybe prot ect ed at base lin e GC leve l s a ssoci-
ated with the p hysio log ica l state B (predictable s eas onal
levels for a given life-history stage) as o p pose d to effe cts
seen in state C (emer g ency life-his tory s ta ge) and high
level s ju st p rio r to the acti ve p h a se likely p ro mote loco-
moto r activi ty and resumption of fe e ding ( Landys et al.
2006 ). While much is known relating to daily patterns
o f ho rmo nes in anim al s, such a s m e lato nin o r CORT as
descr ibed, t his s ame pre dict iv e is lackin g for oxidativ e
s tres s ma rk ers. Inde e d, it is high ly li kely t hat t hese s ame
h orm on es are pl ay ing a role in the oxidative status of
anim al s and it maybe that our sampling times ( ∼3 and
∼10 AM) and the resu lts se en are inextricab l y linked
to h orm onal leve ls at or before these times and shift-
ing t hese s ampling times a few hours either way could
possib l y alter the results found in our measures of ox-
ida tive sta tus. F or exam ple , the c le ar pe aks of SO D a nd
CAT seen in the j ungle q uai l describe d a bov e ( Kha rwa r
and Halder 2012 , Verma et al. 2016 ), occur r ing s e veral
hours befo re light-o n bu t no t seen in o ur ∼3 to 10 AM
co mpariso n. 

Bir ds ar e espe cia l ly relevant to s tudies s uch a s these a s
they have incredib l y seg regate d act ive and rest p erio ds
comp are d to m amm al s. Wit h t he exceptio n o f noctur-
n al/crepu scular bird s (an d th ose un dertaking n octurnal
mig rat ion), av i an biologic al c loc ks a re ma rk e d ly associ-
ate d with act ivit ies such as fe e ding an d s leep ing (swi t c h-
ing to rest ph a se alm ost imm ediate ly after lights out and
are then post a bsorptiv e after roughly an h our), wh ereas
m amm al s t ypic ally do n ot exhi b i t such co mpulso ry
day/night rhythms and often have s ta ggere d p atterns
o f behavio r incl uding fo o d co nsumptio n ( Breuner et al.
1999 ). Differences between ma mmals a n d birds in th ese
r egar d s m aybe attr ibut able to t heir different biolog ica l
m a st er c loc ks ( Bel l-Pe derson et a l. 2005 ). The mam-
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ali an circ adi an timing system is orchest rate d by the
u p rachia sm a tic n ucleus (SCN) of t he hypot halamus,
art of the HPA axis describ ed ab ove, th e r hythmici ty o f
hich is present in constant dar kn ess, but which be en-

 raine d to light ( Hasting et al. 2019 ). In bird s, thi s pace-
 aker system i s mo re co mplex, wi t h t h e pin eal glan d as

he m a ster pacem ak er, responsible f or m e latonin pro-
 uctio n which p ro mpts rest. Pineal activ it y is strongly

in ke d to light/dark c ues, w hich it receives thro ugh bo th
he ret ina l v i a th e SCN an d dire ct ext raocu lar st imu la-
ion v i a th e s ku l l by at lea st four di s tinct brain s truc-
ur es, which ar e funct iona l l y p ho torecep tive ( Cassone
014 ; Ma rk owska et al. 2017 ). 

Desp i te the low energy metabolism during rest com-
 are d to act ive p erio d s, it i s rea son able to a s s ume that
 con sidera ble amount of R OS is st i l l bein g g enerated
s the bird’s metabolism is idling while resting at night.
his ROS p rod uctio n, cou pled wi th low levels o f the cir-
u lat ing ant ioxidant act iv it y of uric acid may expl ain
he results of R OS damag e w e hav e se en. O ur bir ds ar e
on sumin g caterpi l lars as their main diet during the
umm er m onths, an d it is like ly t hat t h e low leve ls of
ric acid seen during rest are refle ct ive of b ase lin e post-
 bsorptiv e lev el s in compari son to those seen during ac-
iv it y while the birds are acti vel y catabo lising protein
rom dietary insects and per for ming int ra-cel lu lar pro-
ein turnover. 

O ur sampling sche du le was desig ne d t o det ermine
he oxidative state of birds at diametric and extreme pe-
iods of ener g etic meta bo lism, while at rest fo llowing
 fu l l night of re cuperat ion and when being most ac-
iv e durin g fo o d p rovisio ning. We a ttem pted to discern
 he patter ns of a s m a ny differen t aspects of the oxida tive
ystems of our birds under t he limit ations of repe at s am-
ling and amount of blo o d , whic h could be collect ed .
he results of our study were opposit e t o our w orkin g
ypot hesis t ha t oxida tiv e damag e wi l l be higher during
ctiv it y t han dur ing r est. These r esul ts po in t to ga ps in
ur un derstan ding of th e effects of en ergy use on th e
xida tive sta tu s of anim al s. So me o f these gaps maybe
ue to differences in t reat ments, t is s ues, and tes ts, which
re used by various r esear c her s; how ev er, another gap
n our un derstan ding of this su bj e ct maybe due simp l y
o the lack of data on the effects of sampling time, that
s, failure to take into account the dai ly act iv it y of fe e d-
ng rhythm o r ho rmo na l act ivit ies an d th e like ly impacts
hi s h a s o n resul ts. We believe thi s i s a n a rea, which may
 rovide exci ting o p po rtuni ties fo r discovery in fu ture
tudies. 

onclusions 

ased on our surprising results of higher oxidative s tres s
evels in females sampled ou t o f rest compared to birds
ampled out of active fo o d provisioning s e veral co ncl u-
ions can be forwarded: 

) The lin k betwe en en ergy use an d oxidat ive st ress is
not as st raight forward as expe cte d. High er en ergy
u se m ay , in theory , relat e t o higher ROS p rod uc-
tio n bu t n ot n ecess ar ily result in increased oxida-
tiv e damag e, as seen in our direct Rest versus Ac-
t ive ana lysis of oxidat iv e damag e lev el s. Thi s ag re es
wit h t he st a temen t tha t curren t m ode ls of oxidative
s tres s generation and trade-offs may be too simplis-
tic an d n ot fu l ly engu lfing the co mplexi ty o f oxida-
t ive st ress with its mu lt itude of evo l ve d prevent ion
def ense mecha nisms ( Speakma n a nd Ga rratt 2014 ).
It is likely that s e v eral compoundin g fact or s (time of
s ample, met abolic st at e , et c.) are in actio n co ncur-
rently an d s h ou ld be ta ken in to accoun t in a more
wholist ic appro ach. 

) While much is known about t he patter ns of hor-
m on es in anim al s a ssoci ated w it h t he day/night cy-
c le , t he s a me ca nnot be sa id f or patterns of oxidative
s tres s ma rk er s. Patt er ns in t he re dox system li kely
relat e t o h orm ona l fluctuat ions, p atterns, and cy-
c les, whic h is even les s inves t igate d an d thus un der-
sto o d. Bir ds ar e an excellent system for invest igat ions
on such links as these as th ey exhi b i t an in credi ble
st rong seg regat ion betwe en act i ve and rest p h a ses.
Potent ia l future studies could aim to vary time of
sa mpling a n d in clude thi s in an alysi s to gain a bet-
ter knowledge of the daily modu lat ions of oxidat ive
s tres s. 

) Th e m et abolic st ate of t he animal, t hat is, post-
a bsorptiv e or fe e din g and/or ana bolic or catabolic is
relevant to its oxidative status at time of sampling, as
such s h ould be in cluded in a ny a n alysi s. Metabolic
stat e likely det ermines, o r stro ngly influences, the in-
t rinsic tempora l organizat ion of an organi sm. Thu s,
w e believ e that time of sampling within 24 h may
prove to be a n importa nt predictor for oxidative sta-
tus. 

) Ur ic acid appe ar s t o be pl ay ing a v ital role in the ox-
ida tive sta tus o f b ird s. Acting a s a poten t an tioxidan t
wi thin b irds, h eighten ed leve ls of uric acid produced
dur ing t h e waking h o urs ap pear t o negat e any pot en-
t ia l increase in ROS p rod uctio n p rote ct ing the birds
from the accum ula tio n o f R OS damag e . This conc lu-
sion is in line with other studies and our repeated
sampling sche du le an d th e asso ciated exp ectable dif-
ferences in uric acid may provide new rat iona l of why
uric acid—as the potent a ntioxida nt that it is to be
con sidered—w ould be a ble to hav e s uch a s trong im-
pact. Th e leve ls of uric acid m ay al so be linked to the
temp oral asp ect of sampling wit hin t he day–night
cyc le , but this temporal aspect of sampling may also
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account for other a ntioxida nts o r p roo xidants (ho w-
ever, point 3 must also be seen in depen dently). 

5) Last b ut no t least, o ur study provides f urt her evi-
dence t hat t he interpret atio n o f the oxidative s tres s
index (d-ROMs/OXY × 1000) must be taken with
ca re, pa rticula r ly if th e result is n egat ive, li ke in the
presen t study. Poten t ia l ly, the role of uric acid as an
a ntioxida nt no t acco unted for by the OXY-adsorbent
as say ( Cos tantini 2011 ) may also play an explanatory
r ole her e. 
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