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Synopsis Mig rat ion is an importa nt lif e-his tory s trategy th at i s ado p te d by a sig nificant p ropo rtio n o f b ir d species fr om tem- 
perate ar eas. Bir ds initiate migration after accum ula tin g con sidera ble ener gy reserv es, pr imar ily in t he for m of fa t and m usc le . 
Su stained exerci se , suc h as during the crossing of e colog ica l b arrier s, leads t o the depletio n o f ener gy reserv esan d in creased 
p hysio log ica l st ress. St opover sit es, wher e bir ds r est and r estor e en ergy, play a fun dam ental role in mitigating these challen g es. 
The d uratio n o f res ting at s t opover sit es is influenced by environm ental an d p hysio log ica l co ndi tio ns u po n ar r ival, and t he 
amount of b o dy fat reserves plays a n importa nt role. Whi le sle ep is re cog nize d as essent ia l for a l l or ganism s, its importance 
is accen tua te d during mig rat ion, wh ere en ergy m an agem ent becom es a s urvival cons tra int. P r evious r esear c h indicat ed that 
indiv idu als w ith l ar g er fat reserv es t end t o sleep less and favor a n untuck e d sle ep posture, influen cing en er gy recov ery a nd a nti- 
p redato ry vig i lance. We explore d the relatio nshi p betwe en sle ep behavior and p osture, metab olic stat e , an d en er gy con servation 
st rateg ies during mig rat ion in the common whitethr oat ( Cu r r uc a c om m un is ). We were able to confirm that sleeping in a tucked 
posi tio n resul ts in metabolic ener gy savin gs, at the cost o f red uced v igil ance. How ev er, whitethroats did not show a lterat ions of 
th eir s le ep p attern s as a respon se to th e am ount o f sto r ed r eserv es. This sugg ests t hat t h ey may n ot be t aking f u l l advantage of 
th e m eta bolic gain s o f sleep ing in a t ucked post ure, a t least a t t his st age of t heir mig ratory j our ney. We sug gest t hat, t o ac hieve 
o p t ima l fuel accum ula tion and maximize st opover efficiency, whit et hroats pr ior itize incre ased foraging over modu lat ing their 
sle ep p atterns. 
Introduction 
Ev ery y ear, numer ous bir d s pecies enga ge in migratory 
flights during spring and autumn, to reach the most 
suitab le p laces to bre e d or to survi ve ad ver se wint er con- 
di tio n s. Durin g sprin g, migrants s h ould minimize total 
mig rat io n d uratio n to ar r ive at t he bre e ding are as in t he 
s h ortes t pos si ble tim e, which results in increased repro- 
ductive s ucces s ( Smi th and Moo re 2005 ). In p rep arat ion 
fo r migrato ry flights, b irds accum ula te a lar g e amount 
of ener gy reserv es, most ly in t he for m of fat and , t o 
a lesser ext ent, prot ein ( Odum 1960 ; King and Farner 

1966 ; McWi l lia ms a nd Ka raso v 2005 ). Ho w ev er, the 
p resence o f e colog ica l b ar r ier s suc h a s sea s and deserts 
f orces ma ny species to un dertake en duran ce flights last- 
ing s e vera l hours, resu lt ing in rapid energy depletion. 
As a consequen ce, in div idu a ls ne e d to se e k areas wh ere 
they can rest an d refue l, th e so-ca l le d st opover sit es 
( Bairlein 1985 ; Biebach et al . 1986 ; Sc hm aljoh ann et al. 
2007 ; Schma lj oha nn a nd Eik enaa r 2017 ; Ferretti et al. 
2021 ). Th e tim e spent at these sites can vary accord- 
ing to the p hysio log ica l co ndi tio n u po n ar r iva l, p art ic- 
ular ly th e remaining am oun t of fa t res erves ( Diers chke 
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Sleep metabolism in migrating warblers 1849 
an d De lingat 2001 ; Fusani et al. 2009 ; Goymann et al. 
2010 ; Cohen et al . 2014 ; S mith and McWi l liams 2014 ; 
Dossman et al. 2018 ), but also to environmental con- 
di tio ns such as adverse we at h er ( Packm or et al. 2020 ) 
and migratory strategy (time- vs. ener gy-minimizin g 
s pecies, Alers tam et al. 2003 ). 

In addi tio n to rap id variatio ns in th e en er gy reserv es 
stored by th e in div idu al s, variou s addition al p hysio log- 
ical and behavioral chan g es c haract er ize t he migratory 
p erio d. One of the most remarkable is the swit c h in ac- 
tiv it y patterns observed in many species, pa rticula rly 
passerin es, wh ereby t ypic a l ly diurna l spe cies under- 
t ake noctur nal migratory flights ( Berthold 1973 , 1996 ; 
Gw inner 1996 ). Fly ing at night is thought to be ener g et- 
ica l l y ad vantageous d ue to mo re favo rab le atmosp heric 
co ndi tio ns, incl uding red uced turbulen ces ( Ker lin g er 
and Moore 1989 ; Schma lj ohann et al. 2012 ) and lower 
ambien t tem pera tures tha t facilita te th erm oregu lat ion 
during physical activ it y ( P iersma a nd Gut iérre z 2021 ). 
Moreov er, en gagin g in nocturnal flights m ay en able mi- 
grants to invest their daytime in recov erin g and restor- 
in g ener gy and water reserv es depleted durin g the night 
( Lindström 2003 ; Fuchs et al. 2006 ; Gómez et al. 2017 ). 
How ev er, t his restr icts t h e tim e tha t a migran t can al- 
locat e t o sleep, pot ent ia l ly posing a p hysio log ica l con- 
strain t. This a ppear s t o be taken t o th e extrem e dur- 
in g sprin g mig rat ion when indiv idu a ls se ek to o p timize 
th e tim e spen t a t st opover sit es t o minimize the overa l l 
d uratio n o f their migrato ry j ourney ( He denst röm and 
Alerstam 1997 ). 

Sleep is an essen tial com ponen t of the biology of a l l 
anim al s investigated so far ( Amlaner and Ba l l 1994 ; 
Hendric ks et al . 2000 ; Ratt enborg a nd Amla ner 2002 ; 
Shaw et al. 2002 ; Sauer et al. 2003 ; Mendoza-An g eles et 
al. 2007 ; Hartse 2011 ; Zh dan ova 2011 ; Trojan ows ki an d 
Raizen 2016 ; Nath et al. 2017 ; Leung et al. 2019 ). The 
pi votal ro le of sleep for the organi sm i s ea sily under- 
sto o d by con siderin g the con sequences of sleep depriva- 
tion, which ca n ra n g e from serious physica l and cog ni- 
t ive imp a irment ( Ka rni et a l. 1994 ; St ickgold et al. 2001 ; 
Van Don g en et al. 2003 ) to de at h ( Rechtscha ffen 1983 ; 
Rec htsc ha ffen a nd Bergma nn 2002 ; Shaw et al. 2002 ), 
in the most extreme cases. Desp i te being a widespread 
ph en om en on am ong t axa, t her e ar e st i l l sig nifican t ga ps 
in our un derstan ding of th e fun ctio ns o f sleep. Cur- 
rent ly, t he main view poses the cent ra l nervous sys- 
tem as the primary beneficiary of sleep ( Hobson 2005 ), 
thanks to specific p hysio logical proces ses s uch as the 
clea ra n ce of m etab olic waste pro ducts from the brain 
( Reimund 1994 ; Xie et al. 2013 ; Zhang et al. 2018 ; 
Hi l l et al. 2020 ) or neuronal n etwor k re organizat ion 
( Die ke lmann an d Born 2010 ; Chauvette et al. 2012 ; 
To no ni and Cirelli 2014 ). Ne vertheless, s o me theo ries 
s ugges t that sleep may also benefit the periphery of 

the b o dy. One p redo minant theo ry p r edicts a r ole of 
s leep in en ergy m an ag ement ( Ber g er and Philips 1993 ). 
Thi s theory i s m ain ly b ase d on the 15–20% re duc- 
tion in metabolic rate occur r ing dur ing sleep com- 
p are d to quiet wa kefu lness in humans ( W hi te et al. 
1985 ; F on t v iei l le et a l. 1994 ; Jung et al. 2011 ; Markwald 
et al. 2013 ) and up to 45% in birds (Ferretti et al. 
2019 ). A mor e r ecent version of t his t heory proposes 
tha t sleep efficien tly a l locates energy r esour ces to the 
mos t es sent ia l p hysio log ica l processes at any g iven t ime 
( Schmidt 2014 ). This theory implies that sleep could 
be adjusted in response to chan g es in an indiv idu al’s 
ener g etic, p hysio logical, and eco logical r equir ements 
( Da nguir a nd Nicola idis 1979 ; Lesku et al. 2012 ; Stuber 
et a l. 2014 ; Ferrett i et a l. 2019 , 2020 ). Thi s wa s sup- 
ported by a recent study on ga rden wa rblers ( Sylvia 
b orin ) that aim e d to invest igate sle ep e cology during 
spring mig rat ion ( Ferrett i et a l. 2019 ). D urin g stopov er, 
sle ep p at terns, and post ures of this species were closely 
lin ke d to the ne e d to save energy. Upon ar r ival at t he 
st opover sit e , indiv idu als w ith sufficient energy reserves 
to con tin ue migra tion tended to sleep during the day 
a nd beca me active at night. Moreover, they pr eferr ed 
sleep ing wi t h t he he ad pu l le d toward the b o dy, fac- 
ing f orwa rd , a position t o whic h we wi l l here af ter re- 
f er as “untuck e d” ( Am la ner a nd Ba l l 1994 ). In con- 
trast, indiv idu als w ith low energy res erves us ed the day- 
light hours for refueling and slept during the night, pre- 
fer r ing to sleep wit h t h e h e ad tur ne d b ackwa rd a nd 
tucked in the fe at h ers (h ere af ter refer red to as “tucked”; 
Amla ner a nd Ba l l 1994 ). The pr efer ence towar d this 
posture wa s a ssoci ated w it h t h e n e e d to o p timize en- 
er gy con sumpt ion. Inde e d , the tuc ked posture mini- 
mizes metabolic rates at the expense of vig i lance to- 
ward potent ia l pre dat or s, whic h was in creased wh en th e 
birds c hose t o sleep in an untuc ked postur e ( Ferr etti 
et al. 2019 ). While p hysio logical processes may vary 
across sleep postures, a substant ia l p ropo rtio n o f the 
metabo lic ad vanta ge as soci ated w ith the tucked posi- 
tio n co mes fro m the red uced heat dissi patio n resul ting 
fro m posi tio ning th e h e ad between t he fe at hers ( Fer retti 
et al. 2020 ). F ea thers’ insula ting properties minimize 
heat loss, making tucked sleep posture a n effe ct ive ther- 
mo regulato ry strategy ( Sch olan der et al. 1950 ; Veghte 
and Herreid 1965 ; Fortin and Gauthier 2000 ; Bouchard 
an d An der son 2011 ; Pavlovic et al . 2019 ). For t his re a- 
son, thi s beh avior i s co mmo n ly use d by bird spe cies 
w ith signific a nt f e at h er less b o dy p arts ( Pavlovic et a l. 
2019 ), as well as in those indiv idu a ls expose d to ad- 
verse enviro nmental co ndi tio ns and low ambient tem- 
peratur es ( Midtgår d 1978 ; Reebs 1986 ; Wellma nn a nd 
Downs 2009 ). This th erm o regulato ry advantage o f the 
t ucked post ur e compar ed to the untucked posture ap- 
pear s t o have a significan t im pact on refue ling, an d 
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1850 M. Pastres et al .
consequent ly t he duration of the stay o n-si t e , in mi- 
grato ry so ngb irds d uring stopover as it appear s t o pro- 
v ide energy sav ings of ∼9% of daily energy expenditure 
( Ferretti et al. 2020 ). 

Th e comm on whitethr oat ( Cu r r uc a c om m un is ) is 
a long-dista nce migra n t tha t is co mmo nly found at 
Mediter rane an st opover sit es. In t his species, t he for- 
aging effort a n d th e am ount of tim e spent s leeping are 
in depen dent from the amount of stored fuel reserves 
( Ferretti et al. 2020 ). We investigated the possib ili ty that 
the lack of condition depen den ce is re lat ed t o a low 
meta bolic pay o ff o f c hoosing t o sleep tuc ked . To t est this 
hypoth esis, we m easured m etabolic rates during sleep in 
differ ent postur es in bir ds c arry ing different a mounts of 
fat. In addi tio n, we measured v igil ance to confirm that 
the trade-off between ener gy con sumption and preda- 
tio n avo idan ce is th e ba si s o f the p r efer ence for a specific 
sleep posture in migrants during stopover. 
Material and methods 
Study site 
Fie ldwor k was car r ied out dur ing Apr il and May 2017, 
2018, and 2023 on the island of Ponza (40 ◦54 ′ N; 
12 ◦58 ′ E), the lar g est of the Pontine i sland s in the 
Tyrr h enian Sea. Ponza is ∼50 km off the Western coast 
of Ita ly, a long one of the main migratory routes for 
Pa learct ic p asserine mig rants. It i s u sed a s a stopover 
site by t hous ands of migratory birds crossing the 
Mediter rane an Se a dur ing spr ing mig rat ion ( Magg ini et 
a l. 2020 ). The st rateg ic posit ion of Ponza a l lowe d us to 
cat c h bird s th at were like ly fres hly lan ded a fter a n en- 
duran ce n octurna l mig ra tory fligh t over the Mediter- 
ra nea n Sea ( Maggini et al. 2020 ). 
Sleep pattern and metabolic rate 
A total of 23 whitethroats were captured in the morn- 
ing , bet ween 10:30 CE T an d 12:30 CET, u sing mi st nets. 
We sele cte d o ne b ird per day betwe en Apri l and May 
2023. An experienced rin g er (MC) scored the energy 
reserves of each indiv idu al using a sta nda rdized scor- 
ing of fat from 0 (no fat visible) to 8 (breast muscle 
fu l ly covere d with fat), and muscle from 0 (muscle con- 
cave around the sternum) to 3 (muscle bu lg ing from the 
sternum) ( Ka iser 1993 ; Ba ir lein 1995 ). We se le cte d on ly 
indiv idu als w ith a fat score e qua l to or higher than 1, 
and mus cle s core e qua l to or higher th an 2. A f ter t hese 
m easurem ents, th e bird was placed in a custom fabric 
cage (50 × 25 × 30 cm) e quippe d with two perches 
placed a t differen t heigh ts. The bird was provided with 
fo o d (me alwor ms, Ten ebrio m olitor ) and water ad libi- 
tum . Fo o d was removed 1 h before the beginning of the 
experiment to ensure that metabolic rates were mea- 

sured in a posta bsorptiv e stat e . Th e experim ent started 
at 16:00 CE T wh en th e bird was tra nsf erred into a 
cu stom-m ade r espir ometry chamber, a plexiglass box 
(15 × 15 × 15 cm, volume = 3.4 L) e quippe d with a 
perc h. The c h amber wa s fitt ed int o a sound p roo f box 
t o isolat e the anim al s from extern a l sound st imu li. The 
box was 65 × 44 × 57 cm and was made sound p roo f 
with a 5 cm thick “sandwich” pan e l (al umini um-foam- 
al umini um) a nd a n ∼2 cm thick acou stic m a t. The fron t 
door was sea le d with t riple-l ayer gl a ss. A n LED light 
system (thre e bu lbs LED STAR CLASS I C A100,1521lm, 
OSRAM) was mounted a bov e the box, the light of which 
wa s diffu sed through a 5 mm thick acrylic glass and a 4 
mm thic k whit e PVC pane . The light in the sound p roo f 
box was swit c hed off at sunset (around 19:30 CET). In 
t he night, t he inter io r o f th e soun d p roo f box re ceive d 
light only through the lar g e window mounted on the 
fro nt doo r, reaching a ligh t in tensi ty o f < 0.1 l ux (mea- 
sured with ScreenMaster lux meter, Hagner, Sweden). 

We measured the rate of oxygen consumption ( ̇V O 2 ) 
using an open flow-through system. Incoming air was 
dr ied t hrough a Dr ier i te ® col umn and su pplied to the 
chamber at a constant flow rate of 600 mL/min. The 
flow was generated by a m a ss flow system (MFS, Sable 
Systems Europe GmbH, Berlin, Germ any). A fter pa ss- 
ing through th e chamber, th e ou tco ming air was sub- 
sam pled a t a ra te of 250 mL/min and mea sured u sing 
a portable gas analyzer (Field Metabolic System—FMS, 
Sa ble System s Europe G mbH, Berlin, Germany), which 
me asured t he fractio n o f H 2 O, CO 2, an d O 2 in th e ex- 
ha le d air. Every 20 min of me asur ing air coming from 
the bird, we took a 5-min r efer ence sample to correct for 
dr if t. We ca lcu late d V̇ O 2 using formulas from Lighton 
(2018 ). We r ecor ded th e be havio r o f the b ird d uring 
th e wh ole m etabolic m easurem ent usin g tw o infrared- 
sen sitiv e cameras placed inside the sound p roo f box and 
conne cte d to a r ecor ding system (700-line ccd cam- 
era; 16 fm/s HANDIKAM, Redru th, Co rnwa l l, Eng- 
land). Ambien t tem pera ture dur ing t h e m etabolic m ea- 
suremen t was con tin uous ly m o ni to red using a custom- 
made s ens or (Res earch Insti tu te o f Wi ld life E cology, 
Universi ty o f Veterin ary Medicine Vienn a; Resol u tio n 
0.0625 ◦C; Accuracy ± 0.1 ◦C). The mea surement wa s 
sto p ped at sunrise and the birds were released. 
Video analysis 
Sle ep was score d behaviora l ly using the software 
Solo mo n Coder (version 19.08.02) ( Ferretti et al. 2019 ). 
A sin gle observ er encode d cont inuous vide o re cord- 
ings. Th e experim ental p erio d was divided into two 
p erio ds: day (from 16:00 CET unt i l sunset) and night 
(from sunset unt i l sunr ise). We categor ize d five dist inct 
be haviors: “m oving ”, “sta tionary”, “rest”, “untucked”, and 
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Sleep metabolism in migrating warblers 1851 
“tucked”. B irds w ere coded as “m oving” wh en th ey 
move d regu larly on the perch or floo r, jump ing and ex- 
plor ing t he cha mber, a nd “stationa ry,” wh en th e feet 
were kept on the ground (or perch) and the legs were 
n ot m ov ed ex cept for turnin g or stret c hin g, but the ey es 
wer e open. A bir d was consider e d asle ep when it was 
mot ion less for > 5 s, s h owing pi loere ct ion, and with at 
least one eye c losed . The 5-s cr iter ion i s ba sed on the 
EEG sign s of slow-wav e s leep m easur ed in differ ent bir d 
species, incl uding so ngb irds, wi thin seco nds aft er c los- 
in g the ey es (see figures in Rat ten b org et al. 2004 ; L esku 
et a l. 2012 ; Scrib a et a l. 2013 ; Tisda le et a l. 2017 , 2018 ). 
Asleep birds were c lassified int o two s ub-s tates: “un- 
tucked” when the neck was retract ed , the eye was closed 
an d th e h ead pu l le d toward the b o dy bu t facing fo rward, 
a nd “tuck ed” when the neck was turne d b ackwa rd a nd 
th e h ead tucked into the sc apul a r f eathers ( Amla ner a nd 
Ba l l 1994 ; Ferrett i et a l. 2019 ). Fina l ly, w e categ orized 
“rest” when it was not possible to determine whether 
the ey es w ere o pen or no t, b ut the bird was mot ion less 
with ruffled feathers. 

We ca lcu late d the t ime ne e de d t o reac h an e qui lib- 
r ium in t he gas co mposi tio n co ming fro m the cham- 
ber b ase d on cha mber size a nd flow rate using the for- 
mula T = ( V /FR)ln{1–[(100–F )/100]} ( Lighton 2018 ), 
wh ere V was th e volum e of th e chamber, FR th e flow 
rat e , an d F th e fractio n o f ex chan g ed v olume , whic h we 
set to 95%. This yielded T ∼15 min. Ther efor e, for the 
an alysi s of metabolic rates, we co nsidered o nly behav- 
iors that were expressed con tin uously for lon g er than 
15 min, to ensure t hat t he sig na l from the resp iro m- 
etry chamber reached a stable value. We c alcul ated 
the av erag e rate of O 2 consumption in 5-min inter- 
vals t hrough t he uninter ru pted d uratio n o f each behav- 
ior, en surin g that these intervals were 15 min apart, 
beginning after 15 min from the start of each behav- 
io r. We also excl uded the 5 min pre ce ding the t ran- 
si tio n to a different behavioral stat e . For instance , if 
the interval spanned from minute 15 to minute 25, we 
would include the values r ecor ded fr o m minu t e 15 t o 
minute 20. 
Reaction time 
In spring 2017 and 2018, we t est e d arousa l thres h old 
in 25 whitethroats displ ay ing different sleep postures 
(sle ep untucke d: 20 t ria ls fro m 15 individ ua ls; sle ep 
tucke d: 18 t ria ls fro m 12 individ uals; 2 individ uals were 
t est ed in both postures). React ion t ime to an acous- 
t ic st imu lu s wa s u sed a s an indicato r o f anti-p redato r 
a lert n ess. Wh en th e bird displayed one of the two sleep 
postures for a minimum of 5 min, the operator played 
back an audio r ecor ding of crun ch e d leaves (re corde d 
in a sound p roo f roo m at the University of Vienna). 

S ince t er restr i al pred at or s like cats and rats pose the 
main t hre a t to migra to ry b irds at o ur sto p over site (p er- 
s onal obs ervatio n), we co nd uct ed t ests p rio r to the ex- 
perimen t to sim ula te this type o f p re dat ion. We exper- 
imented with vario us so un ds, in cluding natural ones 
li ke brea king t w igs an d crun chin g leav es, as w ell as ar- 
t ificia l sounds like white noi se. A mong these st imu li, 
th e soun d of crun chin g leav es con sistent ly tr ig gered a 
r eaction. Raw r ecor din gs w ere an alyzed u sing Virtual- 
Dub (Version 1.10.4) by counting the number of frames 
from the onset of the st imu lus unt i l the anima l first 
s h owe d a react io n. The start o f t he re action was de- 
fined as the onset of the t ransit ion to a lert posture, 
which was characterized by a visible red uctio n o f the 
fe at h er volum e an d open eyes. To me asure t he re ac- 
t ion t im e, th e total number of fram es e l apsed bet ween 
st imu l us and respo nse was then convert ed t o seconds. 
So me b ir ds wer e t est ed t w ice ( N = 13, minimum 30 
min between trials). We controlled for habituation to 
th e n oise adding th e o rder o f t ria l s a s a covar iate in t he 
s tatis tical m ode l. See Ferretti et al. (2019) for f urt her 
details. 
Statistical analysis 
We defined a co ndi tio n index (here af ter simp l y condi- 
tion) as the first com ponen t of a princip a l com ponen t 
an alysi s th a t included fa t score, m usc le score , and b o dy 
m a ss at capture. To investigate sleep pattern s, w e used 
beta r egr ession m ode ls t o investigat e t he cor relation be- 
tween co ndi tio n and the ratio of time spent sleeping 
t o t ota l t ime spen t in ca pt ivity, sep a rately f or day a nd 
night. We used two f urt her bet a r egr ession m ode ls (on e 
f or day a n d on e for night) t o investigat e t he cor relation 
between co ndi tio n and the ratio of untucked sleep and 
tota l sle ep t ime. 

We t est ed f or differences in rates of O 2 consumption 
b etween b eh aviors u sin g a linear mix e d-effe cts m ode l 
(LMM). We used th e be havioral su bstates as a categor- 
ica l fixe d effe c t, w hile incl uding amb ien t tem pera ture 
and b o dy m a ss a s addi tio nal, co n tin uous fixed effects. 
Indiv idu a l ident ity was adde d as a ra ndom effect. We 
then used a Tukey test for pairwise p ost ho c compar- 
ison s betw e en a l l behaviors. 

We used an LMM t o t est for differences in reac- 
t ion t ime betwe en sle ep postures, con siderin g the or- 
der of sampling as a fixed effect, a nd controlled f or re- 
pe ated me asuremen ts by com puting random in tercepts 
for each bird ID. 

Al l ana lyses were per for med usin g R v ersion 4.3.0 
( R Core Team 2023 ) on the RStudio (2023.06.1 + 524) 
IDE, using a significance level of α < 0.05. All m ode ls, 
fun ctions, an d re lat ed pac kages used for s tatis tical anal- 
yses are summarized in Supp lementary Tab le S1 . 
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Ethical note 
All exper iment al p roced ures, incl uding t he per mission 
to trap and temporaril y ho ld birds in temporary captiv- 
i ty were au tho rized by the Reg iona l Government (De- 
termina Regione Lazio N. G02278 of June 6, 2015, N. 
G03435 of March 20, 2018, and N. G07077 of June 
10, 2021) in accordance with EU and Italian laws, and 
were comm unica t ed t o, a nd perf o rmed acco rding to the 
guide lin es of, th e Ethic an d A nim a l Prote ct io n Co m- 
mi ttee (ETK) o f the Universi ty o f Vet erinary Medicine , 
Vienna. 
Results 
Th ere was n o significant corre lat ion betwe en b o dy con- 
di tio n and the total tim e th ey spent asleep both during 
the day ( Table 1 , Fig. 1 A) and dur ing t he night ( Table 1 , 
Fig. 1 B). When the birds were s leeping, th ere was no 
signific ant correl ation bet ween the p ropo rtio n o f time 
spent sleeping untucked and b o dy co ndi tio n d ur ing t he 
day ( Table 1 , Fig. 1 C). How ev er, b irds wi th better energy 
reserves tended to spen d m ore tim e s le eping untucke d 
dur ing t he night ( Table 1 , Fig. 1 D). 

We found significant differences in metabolic rate 
between the five behavioral categories ( Supplementary 
Table S2 ). Pairwise post hoc tests revea le d sig nificant 
differences between active and all other behavioral 
states, a s well a s betwe en tucke d sle ep and a l l other be- 
haviors. How ev er, differences a mong quiet wak efulness, 
rest, a nd untuck e d sle ep were not stat ist ica l ly sig nificant 
( Table 2 , Fig. 2 ). Ambien t tem pera ture did not have a 
significa nt effect on oxygen consumpt ion, whi le b o dy 
weight and light co ndi tio n s show e d sig nifica nt effects 
( Supp lementary Tab le S2 ). 

Fina l ly, the ana lysis of the react ion t im e s h owed that 
t he re act ion to an acoust ic st imu lu s i s slower in bird s 
sle eping tucke d tha n untuck e d. Birds sle eping untucke d 
(20 t ria ls fro m 15 individ ual s) h ad a fa s ter res ponse 
t han t h ose s le eping tucke d (18 t ria ls from 12 indi- 
v idu als) (LMM: estimate = −0.237; SE = 0.081; t = 
−2.927; 95% CI = [ −0.40, −0.07]; Cohen’s d = −2.93; 
P -value = 0.006, Fig. 3 ). 
Discussion 
In this study, we foun d eviden ce f or a n ener g etic gain 
o f sleep ing in a t ucked post ur e compar ed to an un- 
t ucked post ure in the co mmo n whi tethroat, as we p re- 
viously observed in a closely relate d mig ratory spe cies, 
the ga rden wa rbler ( Ferrett i et a l. 2019 ). Our find- 
ings on energy co nsumptio n d uring different behavioral 
st ates mir ror t he patter ns repo rted fo r other migrato ry 
( Ferretti et al. 2019 ) an d n o n-migrato ry b ird species 
( Sha nka r et al. 2022 ), confirming a ro bus t dis t inct ion 

betwe en sle ep and awa k e metabolism. Theref ore, we 
c an disc ard the hypothesi s th at the lack of condition- 
depen den ce in sleep patterns in the whitethroat is due to 
a lack of s ubs tant ia l ener g etic gain s. W hi tethro ats se em- 
ingly c hoose t o favor sha l lower, sa f er untuck e d sle ep, 
an d in crease d forag in g, ev en wh en th eir fue l stor es ar e 
already lar g e. 

Dur ing t h e day, s leeping was ra re a nd occurre d a l- 
most always in the untucke d posit ion. Ther efor e, it 
seems t hat le an whitet hroats do not t ake f ull advant age 
of tucked sleep even though it may allow an earlier de- 
parture as a consequence of faster energy accum ula tion. 
Thi s observation m ay seem coun terin tui tive bu t may 
be related to different stopover st rateg ies ado p ted by 
whiteht ro ats as o p posed to ga rden wa rblers. While ga r- 
den warblers fu l ly rely on internal sign al s t o det ermine 
th eir en ergy m an agemen t, th u s m aximizin g ener gy sav- 
ings when their r eserves ar e low, and dep art ing from 
th e site wh en en er gy reserv es a re sufficient ( Goyma nn 
et a l. 2010 ; Ferrett i et a l . 2019 ), whit ethr oats r espond 
to the avai labi lity of fo o d and use a more o p portunistic 
stra tegy ( F erretti et al. 2020 ). When receiving ad lib i tum 
fo o d , whit ethro ats wi l l increase forag ing in depen dently 
o f their co ndi tio n. Fo ra ging in ca ge d whitethro ats was 
genera l ly higher than in garden warblers irrespe ct ive of 
th e am ount of available fo o d ( Ferretti et al. 2019 ). In ad- 
di tio n to differences in migratory strategy, the decision 
to minimize tucked sleep during day lig ht h ours, furth er 
un derscores th e importan ce of th e t rade-off betwe en 
a lert n ess an d en er gy con servat ion. D ur ing t he day, tem- 
peratur es ar e higher compar ed t o nighttime . As a result, 
birds experience a sig nificantly sma l ler difference be- 
tween b o dy an d environm en tal tem pera tures, leading 
to lower heat dissip at ion in the unt ucked post ure com- 
p are d to nighttime. Con siderin g the low er ener g etic ad- 
vant age of t he t ucked vs. unt ucked post ure in this part 
o f the day, b ird s m ay ther efor e pr efer to sleep in a pos- 
ture that a l lows f or a quick er escape , or not t o sleep at 
a l l. 

Birds ado p t spe cific sle ep postur es to r egulate 
b o dy insu lat ion, crucia l f or ma na ging heat dis sip at ion 
( Ferretti et al. 2019 ; Pavlovic et al. 2019 , 2020 ). This 
t ucked post ur e is believed to r educe t her mal co nd uc- 
ta nce a nd diminish heat los s, es pe cia l ly in bird species 
w ith rel ati vel y lar g e fe at h er less b o dy p arts, such as bi l ls 
and legs ( Pavlovic et al. 2019 ). Recent r esear ch, particu- 
la rly in ga rden wa rblers, h a s quant ifie d t he t her moreg- 
ulato ry benefits o f the t ucked post ur e, r ev ealin g poten- 
t ia l ener gy savin gs of up to 9% of daily energy expen- 
di ture d urin g stopov er ( Ferrett i et a l. 2020 ). Interest- 
ingly, th e re lative am ount of en er gy sav e d by sle eping 
tuc ked inst ead of untuc ked , when con siderin g not only 
t he t her mo regulato ry advantage in terms of heat loss 
(9%) but the total metabo lic ad vantage, was of 28.6% 
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Sleep metabolism in migrating warblers 1853 
Table 1 Outcome of beta r egr ession models testing the effect of condition on the proportion of time spent asleep, and sleep posture 
pr efer ence during the day and the night 
Response variable Predictor Estimate Std. Error 95% CI Cohen’s d z -value P -value Pseudo R 2 
% Day sleep Condition −0.073 0.111 [ −0.29, 0.15] −0.64 −0.661 0.508 0.026 
% Night sleep Condition 0.02 0.15 [ −0.28, 0.32] 0.13 0.13 0.896 0.001 
% Day untucked sleep Condition 0.137 0.133 [ −0.12, 0.40] 1.02 1.033 0.301 0.113 
% Night untucked sleep Condition 0.302 0.166 [ −0.02, 0.61] 1.86 1.819 0.069 0.205 

Fig. 1 Relationship between condition, proportion of time spent asleep, and sleep posture preference during the day ( A, C ) and the night 
( B, D ). Condition is the first principal component of a PCA, including fat score, muscle score, and body mass. Each dot r epr esents an 
individual and the lines are the regressions calculated using a logistic regression model. The 95% CI are represented with a dashed line. 
in t he whitet hroa t com p are d to 18.1% in the garden 
warbler ( Ferretti et al. 2019 ). This difference can be at- 
tr ibut able to the sma l ler size of the whitethroats—as ev- 
iden ced from th e differen ce in av erag e b o dy m a ss of 
whitethroat (15 g) and garden warbler (22 g)—and, con- 
sequently, lar g er surface area to volume ratio ( Schmidt- 
Nielsen 1984 ; M cN ab 2002 ). 

Desp i te variatio ns in the relativ e ener g etic advantag e 
o f sleep ing tuc ked , our study confir ms t hat sleep posture 
pr efer en ce am o ng so ngb irds d uring s topover res ults 
from a t rade-off betwe en energy gain an d th e n e e d to 
be reactive to potent ia l t hre ats. Th ese fin dings h old par- 
t icu lar sig nifica nce f o r co nservatio n effo rts, a s m any i s- 
land s th at serve a s st opover sit es for t hous ands of migra- 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/6/1848/7673075 by U

M
ass Am

herst Libraries user on 23 January 2025



1854 M. Pastres et al .
Table 2 Outcome of pairwise post hoc comparisons of metabolic rate in whitethroats displaying different behaviors 
Pairwise differences Estimate Std. Error df t -ratio P -value 
Activ e—r est 0.751 0.064 396 11.747 < 0.001 
Active—tucked sleep 0.955 0.037 287 25.799 < 0.001 
Active—untucked sleep 0.779 0.034 393 23.041 < 0.001 
Active—stationary 0.638 0.052 396 12.283 < 0.001 
Rest—tucked sleep 0.204 0.07 385 2.915 0.031 
Rest—untucked sleep 0.028 0.066 397 0.415 0.994 
Rest—stationary −0.113 0.077 397 −1.474 0.58 
Tuck ed sleep—untuck ed sleep −0.177 0.045 327 −3.972 0.001 
Tucked sleep—stationary −0.317 0.065 363 −4.871 < 0.001 
Stationary—untucked sleep −0.141 0.058 394 −2.433 0.109 
Statistically significant effects are outlined in bold typeface. 

Fig. 2 Rate of O 2 consumption in common whitethroats exhibiting different behaviors (active: 110 measures from 15 individuals; quiet 
wakefulness: 13 measures from 6 individuals; rest: 8 measures from 6 individuals) and sleep postures (sleep untucked: 58 measures from 12 
individuals; sleep tucked: 75 measures from 13 individuals), av eraged ov er 5-min periods. Differ ent letters ( a–c ) indicate behavioral states 
that differed significantly from each other. Boxplots show the median and inter-quartiles calculated on the entire sample. Circles indicate 
the individual mean values from 5-min intervals for each behavioral state and the error bars r epr esent the Standard Error of the mean 
from multiple measurements of the same individual. 
to ry b irds annua l ly g rapple with m an aging sm all m am- 
mal po p ulations, like stray cats and rats. These mam- 
m al s, which h ave a s ubs tant ia l port ion of their diet con- 
sisting of birds ( Dier sc hk e 2003 ; Ha rper a nd Bunbury 
2015 ; Loss et al. 2022 ), pose a significant t hre at to mi- 
grato ry b ird po p ulations. Furt her more, t hese species 
are often found to h un t migra to ry b irds even d uring 
day lig ht hours (personal observation) at our stopover 
sit e , despit e being t ypic a l ly nocturna l. There is ur g ent 
ne e d of studies that reveal vulnerab ili ties o f migrato ry 

so ngb ird s, a s such knowledge is crit ica l for en hancing 
co ndi tio n s at stopov er sit es and , consequen tly, im prov- 
ing the prospects for the recovery of declining migra- 
tory species. 

Be cause sle eping in a tucke d posture may brin g lar g er 
adva ntages f o r the whi tethroat co mp are d to the garden 
warbler, o ne could p redict that in th e form er this pos- 
ture would be adopted to a higher extent by indiv idu als 
with low fat reserves, and in general for a higher pro- 
po rtio n o f time. How ev er, thi s wa s n ot th e case, sin ce 
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Fig. 3 Response latency between the activation of the trigger and 
the change of the posture from sleeping to alert. Boxplots show 
the median and inter-quartiles calculated on the entire sample, and 
circles show the individual mean values for each sleep posture 
(untucked: 20 trials from 15 individuals; tucked: 18 trials from 12 
individuals). We r epr esent er ror bars f or individuals in which the 
reaction test was performed more than once. 
the p ropo rtio n o f b irds sleep ing untucked d ur ing t he 
night was not lower than in garden warblers, but rather 
slig htly hig her (w hitet hroat in t he cur rent study = 60%; 
ga rden wa rbler in Ferrett i et a l. 2019 = 46%). 

Dur ing t he night, t he cho ice o f a t ucked post ure was 
m ore like ly wh en reserv es w ere lo w; ho w ev er the re- 
latio nshi p was not as strong as is the case of garden 
warblers ( Ferretti et al. 2019 ). Though not s tatis tically 
significant, th e fin dings of th e current study a lig n with 
those of our earlier invest igat io n co mpar ing t hi s a s- 
pect in the two species ( Ferretti et al. 2020 ). This con- 
cordance is evident when comparing the trend lines of 
the two studies. Our results al together stro n gly sugg est 
t hat whitet hroats choose o p portunist ica l ly to maximize 
fuel deposi tio n when fo o d is available, indep endently 
of their fuel reserves, in line with the pre dict ions of a 
t ime-minimizing st rat egy ( Aler stam et al. 2003 ). Along 
wit h t his, t he y s eem to p rio ri tize sa f ety when sleeping 
by choosing an untucked posi tio n mo r e fr equently. 

In summ ary, thi s study s h owe d that whi le postura l 
cho ices d uring sleep can have im portan t ener g etic ben- 
efits in migrato ry passerine b irds d urin g stopov er, some 
sp ecies may cho ose not to take advantage of such ben- 
efits and r esort mor e to foraging. The ecological causes 
of these int raspe cific differ ences r equir e f urt her atten- 
tion and a com para tive a ppr oach. Irr espective of inter- 
specific differences in stopover strategy, we confirmed 
t hat t h e ch o ice o f a spe cific sle ep posture b a lan ces th e 

ne e ds to minimize meta bolic con sumption and to re- 
main vig i la nt. The pref erence f o r p rio ri tizing ei ther en- 
er gy con servat ion or vig i la nce appea r s t o be influenced 
by the interplay between available energy reserves and 
th e tim e of day. So far, this type of invest igat ion h a s been 
per for me d on ly on long-dista nce migra n ts, th us we 
have n o kn owledge on h ow sp ecies p er for ming s h orter 
mig rat ions dea l with sle ep. Hence, addit iona l invest i- 
gations are necessary t o det ermin e wh eth er this uti- 
lizatio n o f sleep fo r m an agin g ener gy reserv es extends 
to s h ort-distan ce migrants, which may employ distinct 
energy m an a gement s t rateg ies. Fina l ly, our studies on 
s leep h old pa rticula r significa nce f o r co nservatio n ef- 
forts, emph a sizing th e n e e d fo r a co mp re h en siv e under- 
standing of how migratory birds ut i lize various stopover 
sit es. Suc h insight is imperative for enhan cing th e man- 
agem ent con ditions of t hese cr it ica l areas, upon which 
the survival of numerous bird species depends. 
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