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Synopsis En doth ermic species have evo l ve d st rateg ies to maximize survival in highly variable or extreme environments. Birds 
a re exempla ry as they a re a m ong th e m ost wide ly distri buted en doth erms on the p lanet, li ving in a l l manner of in hosp i table en- 
vironments. As a n exa mple , wint er in t emperat e regions is c haract erized by cold tem pera tures and low fo o d avai labi lity. Some 
bird s h av e ev o l ved t o t olerat e th ese con ditions by s eas ona l ly incre asing t her mogenic c apacit y, incr easing heter ot her my, and 
displ ay ing highly flexible ph en otypes. Oth er species have evo l ved to avoid the inhosp i table co ndi tio ns o f winter al together by 
mig rat ing—again re quiring a unique set of p hysio log ica l ada pta tions tha t a l low s ucces s in thi s ch a l leng ing endeavor. In these 
exa mples a nd in ma ny ot hers, t he organi sm a l re quirements for s ucces s sha re simila ri ties, bu t th e un der lying m ech ani sms, phys- 
iolog ica l re quirem ents, an d se le ct io n o n those trai ts ca n differ significa ntly, as ca n their e colog ica l and evol u tio nary impacts. 
In recent years, a suite of n ove l an d establis h ed tool s h a s become w idely avail able and more accessible, a l lowin g in sigh ts in to 
lon g-standin g question s. Gen omic tools, n ew approach es to m ea sure organi sm al per for mance, t he use o f ci tizen science data, 
easier access to metabolite assays o r ho rmo ne dete ct ion, to name a few, have spurred rapid advances in our un derstan ding of 
av i an p hysio logy. Th ese n ew tools have been leveraged to investigate important questions r egar ding av i an responses to our 
rapid ly chang ing c limat e in an att empt t o under s tand s pe cies resi lien ce an d limits. 
Introduction 
B irds liv e in a l l co rners o f th e globe an d are s ucces sful 
desp i te a l l manner o f enviro nmenta l cha l len g es. They 
live in the hottest places on e art h, a s well a s some of 
th e coldest. Th ey live in ma rine a nd ter restr i al env iron- 
m ents an d can persist on fresh and salt water. They mi- 
grate t hous ands o f kilo met er s across con tinen ts, oceans, 
an d h emisph eres to explo i t s eas ona l ly abunda nt f o o d 
to bre e d s ucces sfu l ly, but they a lso bre e d o p portunis- 
t ica l ly in harsh co ndi tio n s. They liv e at high a lt itude 
and in this environment simu ltane o usly p ush the lim- 
i ts o f the physics o f flight an d th e vert ebrat e oxygen 
transport c asc ade. In a l l of thes e cas es, birds display 
an in credi ble c apacit y for s h ort- an d long-term ph en o- 
t ypic pl asticit y, ad a pta t ion, and evolut ion. Th e m echa- 
nis tic s tudy of av i an p hysio log ica l ada pta tions to envi- 
ronmenta l cha l len g es h a s been a corner st one of organ- 
i sm al b iology fo r a lo ng t ime ( Ca lder and King 1974 ). 

Bird s h ave evo l ved a vast diversi ty o f co mp lex p hysio- 
log ica l, m orph olog ica l, an d be haviora l t raits that have 
a l lowe d their s ucces s. An emer gin g theme—one that 
became even more a pparen t during our symposium and 
the a ssociated di scu ssions—i s th at ph en otypic flexi bil- 
i ty, ei ther in respo nse t o c ha l len g es o r in antici patio n o f 
them, h a s a l lowe d birds to respo nd app rop riat ely t o en- 
vironmenta l cha l len g es ( Forsman 2015 ). 

The my ri ad of cha l len g es or ganism s face in the An- 
throp o cene h a s am plified the im po rtance o f under- 
stan ding h ow birds live wh ere th ey live an d do what 
t hey do. Furt her, advancements in t he underst anding 
o f behavio ral and p hysio log ica l r esponses ar e incr eas- 
ingly im portan t in a pplied conserva tion scien ce, an d 
pre dict ive m ode ling approach es n ow in co rpo rate phys- 
iolog ica l t raits (e.g., Riddel l et a l. 2021 ). Many of the 
th em es presented in our symposium are n ot n ew p er se 
bu t are, o f cour se , the natural evol u tio n fro m what came 
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before—as new info rmatio n came to light and as ap- 
proach es an d t ec hniques pr ogr essed. Th us, the con ten t 
included in this symposium provides n ove l insights to 
b roader lo n g-standin g question s, while also investigat- 
ing more nua nced, f ocused questions for the first time. 
To make pr ogr ess towar d these lon g-standin g question s 
and to develop and pursue new questions that have re- 
cen tly been brough t to ligh t, we r equir e innovation in 
o ur ap proac hes, t ec hniques, instrumen ta tion, and da ta 
an alysi s. W hen we co nceived o f this symposi um, we 
ther efor e aimed to hig hlig ht new insig hts into av i an 
responses to environmenta l cha l len g es, but w e specif- 
ica l ly focuse d on innovat ion in each of the following 
areas—questio ns, app roac hes, t ec hniques, data an alysi s, 
and data synth esis—an d we wanted to hig hlig ht mech- 
anis tic inves tigations acros s mul ti ple b iolog ica l sca les. 
The ta l ks feature d innovat ive appro ach es an d analyses 
invest igat ing im portan t questions in av i an biology at 
th e ce l lu lar, mole cu la r, a n d bioch emical leve ls ( Elowe 
and Stager 2024 ; Ho o d 2024 ; Rho des et a l. 2024 ), t is- 
sue and whole organism levels ( Ivy and Guglielmo 2023 ; 
Corn e lius et al. 2024 ; Elowe and Sta ger 2024 ; Pas tres et 
a l. 2024 ), as wel l as at the po p u lat ion level ( Ben ham et 
al. 2024 ; Stager 2024 ). Alth ough th ese m anu scri pts o ffer 
on ly a sma l l glim pse in to the recen t pr ogr ess in our field, 
they hig hlig h t innova tio n and p r ogr ess th at i s bro ad ly 
im portan t. 
Classic questions—r enew ed urgency for 
a changing world 
Anthropogenic act ivit ies ar e leading to unpr e ce dente d 
rat es of c limat e c han g e, ha b i tat loss, and poll u tio n that 
are s ubs tant ia l ly affe ct ing bird po p u lat ion s ( Rosenber g 
et a l. 2019 ). Whi le curtai ling these act ivit ies to stave 
o ff co n tin ued losses around the globe is im pera tive, 
co nservatio n effo rts a re also f ocused on uncov erin g 
th e m ost effe ct iv e inv estments to buffer species and 
po p u lat io ns fro m ste ep de c lines ( Bat eman et al . 2020 ; 
Saunder s et al . 2023 ). In this respe ct, de cades of re- 
searc h int o the p hysio log ica l cap aci ty o f b irds to wi th- 
stan d environm enta l cha l len g es is h e l p ing us to un- 
der stand whic h species are most vuln erable an d wh ere 
these dire cte d conservat io n effo rts can be most impact- 
fu l. C las sic ques tion s a bout av i a n tolera n ce to h ot an d 
cold tem pera tures, harsh wea th er extrem es, high a lt i- 
tude fligh t, long-distance migra tory m ovem ents, an d 
chan gin g ha b i tats hav e g enerated a w e alt h of knowl- 
edg e a bou t how b ir ds r espon d to th eir environm ents 
( McWi l lia ms a nd Ka raso v 2014 ; S wanson et al. 2014 ; 
Bis h o p et al. 2015 ; Sco tt et al. 2015 ; Senner et al. 2018 ; 
G ers on et al. 2019 ; Wolf et a l. 2020 ; McKe chnie et al. 
2021 ; Stager et al. 2021 ; Elowe et al. 2023 ). How ev er, 
the ur g ency of t he environment a l cha l len g es posed by 

t he Ant hrop o cene h a s dem ande d a cont inue d interest 
in these questions today. 

As hab i tats are deg rade d or a ltere d by human im- 
pacts, chan g es at the po p ulation and species lev el hav e 
become clear. How ev er, in s ome cas es t he re aso ns fo r 
po p u lat ion chan g es are not immediately a pparen t, ob- 
f uscating t h e m ost effe ct iv e tar g ets o f co nservatio n ef- 
forts. Thi s i s com plica ted by the global nature of bird 
ran g es, which, in migratory species, may span hemi- 
sph eres, an d thus face hazards across bre e ding and non- 
bre e din g ha bitats as w e ll as th e t hre ats en route ( Bay et 
al. 2021 ). Ther efor e, a major focus of new r esear ch is 
t o under st and t he c apacit y for birds to respond to envi- 
ronmental chan g e through p hysio log ica l o r behavio ral 
chan g es. This c apacit y is part ly deter mined by t he po- 
tent ia l for genet ic diver sity t o su ppo rt rap id ada pta tion, 
leading to a s ubs tant ia l effort to investiga te ada pta tions 
to past chan g es in climate and proj e ct this cap acity to- 
war d pr e dicte d chan g es in t he f uture (e .g., Turbek et al . 
2023 ; Ben ham et a l. 2024 ). This work has already eluci- 
dat ed the pot ent ia l ly adapt i ve ro le of admixtur e in r e- 
sponding to clim atic ch an g es ( Turbek et al. 2023 ), as 
well as iden tifica tio n o f pa rticula r ly vuln erable po p ula- 
tions ( Bay et al. 2021 ). 

W hile geno mic app roaches can help to understand 
bro ad-sca le shifts in po p u lat io ns and p redict fu tur e r e- 
spons es, thes e efforts a r e bolster ed by dir ect studies of 
the c apacit y for b oth b e havioral an d p hysio log ica l flex- 
ib ili ty. In this respec t, c urrent efforts a re expa nding on 
clas sic ques tio ns o f enviro nm ental toleran ce by consid- 
er ing t he effe cts of mu lt iple st resso rs o r enviro nmental 
var iables ( Cor n e lius 2022 ) an d eva luat ing th e am ount 
of int raspe cific variat ion in p hysio log ica l flexibi lity that 
exis ts ( Sta ger et a l. 2021 ). Be cau se clim ate effects do not 
occur in is olation, thes e studies ar e pr oviding p art icu- 
l arly valu a ble in sigh ts in to the spa tial and tem poral vul- 
nerab ili ty o f b irds. 

Addi tio nally, d ue to t heir spect acu lar mig ratory j our- 
n eys an d th eir wor ldwide distri bu tio n across harsh 
hab i t ats, underst anding per for mance limits in birds has 
a lways be en a driv ing factor in av i an p hysio logy re- 
se arch. In t hat vein, Ivy and Wi l liamson (2024) re- 
view the p hysio log ica l t raits that a l low birds to per- 
form in lo w-o xygen environm ents experien ced during 
t ransient high-a lt itude flight and a lt itudina l mig rat ion. 
How ev er, t hese per for mance limits become even more 
re levant wh en co mb ined wi t h t he cha l len g es imposed 
by anthr opogenic str esso rs. Even wi thin relate d spe cies, 
th ere is su bstant ia l variat ion, s ugges ting that s pecies- or 
po p u lat ion-spe cific responses to th e environm ent may 
be const raine d in differen t ways. To tha t end, Benham 
a nd Beckma n (2024) emph a size th e n e e d for inte- 
g rat ing across data types (en vironmental, ph ysiologi- 
cal, m orph olog ica l, an d gen omic) an d in co rpo rating 
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Recent advances in the mechanistic understanding of avian responses 1759 
int raspe cific variat io n when p re dict ing spe cies vu lner- 
ab ili ties to global chan g e. In tegra tive a ppr oaches ar e vi- 
tal in this endeavo r, co mb ining enviro nmental, physio- 
log ica l, m orph olog ica l, an d gen omic data can provide 
a more accurate and co mp rehen siv e understandin g of 
spe cies vu lnerabi lit ies, b ut such ap pr oaches r equir e ef- 
fe ct i ve co l laborat ion an d th e use of n ove l an d inn ovative 
m eth ods to be s ucces sful. 
New approaches 
Recent advan cem ents in th e pursui t o f the a bov e ques- 
tions can, in part, be attributed to new te chnolog ies 
that a l lo w us to o verco me p revious ly insurm ountable 
o bs tacles in p hysio log ica l data col le ct ion and hypoth- 
esis testing. In some cas es thes e innovation s hav e be- 
com e in dispen sa ble to o ur vario u s sub-di sciplines. We 
hig hlig ht only a few obvious and im portan t new t ec h- 
n ologies h ere. Som e of th ese are establis h ed an d have 
tra nsf or med t he way we ap proach o ur scientific inquiry, 
while others are just in th eir infan cy but have great po- 
tent ia l to a l lo w no v el in sights, bro ader p art icip at ion, or 
m ay h ave impacts in ways yet to be seen. 
Respirometry 
Flow-thr ough r espir ometry h a s been a staple t ec hnique 
in un derstan ding av i an metabolism in response to envi- 
ronmenta l cha l len g es for decades. This approach con- 
tinues to be important to determine the metabolic re- 
sponse to high ( Gerson et al. 2019 ) and low temper- 
atures ( Swanson and Liknes 2006 ; Petit et al. 2013 ), 
hypoxia ( Scott 2011 ), s h ort- an d lon g-term ex ercise 
( Zhang et al . 2015 ; Ger son et al. 2020 ), and humid- 
ity ( Pierce et al . 2005 ; Ger son et al. 2014 , 2020 ), and 
t o investigat e a l lomet ric sca ling relat io nshi ps ( Rezende 
et a l. 2002 ; McKe chnie et al. 2021 ). This approach is 
also being used to quantify the ener g etic costs/savin gs 
of specific behavioral respo nses. Fo r instance, by com- 
parin g oxyg en con sum ption under differen t behavioral 
s tates, Pas t res et a l. (2024) demonst ra te tha t postural 
chan g es result in ener g etic savin gs for individuals with 
low ener gy reserv es. Much o f this info rmatio n can then 
be used to inform biophysical m ode ls pre dict ing re- 
sponses to climatic chan g e ( Riddell et al. 2019 , 2021 ), 
or t o investigat e h ow m etabolic pa ra met er s, suc h as 
t he widt h of t he t her ma l neut ra l zone, vary ge og raph- 
ica l l y ( Po l lock et a l. 2019 , 2021 ). Whi le th ere is n o 
do ub t that basic r espir ometry h a s co ntribu ted eno r- 
m ous ly to th e advan cem ent of our fie ld, recent advan ce- 
ments in s ens o r accuracy and respo n se times, as w ell 
as im provemen ts in desig n have a l lowe d accurate and 
mo re rap id mul ti plexing, which allows rap id swi t c hing 
a mong a nim al ch ambers to increa se th e tim e-resol u tio n 
of m easurem en ts on m u lt iple anima ls simu ltane ously 

( Lighton and Hals e y 2011 ). This has led to the devel- 
op ment o f metabo lic p henotypin g system s that a l low 
fo r co n tin uou s, direct mea surement of metaboli sm in 
numerou s anim al s ov er lon g p erio ds of time—days to 
weeks o r lo nger ( Fig. 1 ). These measures of daily en- 
ergy expenditure can be co mb ined wi th simul taneous 
assays of activ it y, as well as fo o d and water consump- 
t ion, and a l low impressi vel y detai le d ener gy budg ets. 
Thi s approach wa s origin ally detailed in Lighton and 
Hals e y (2011 ) and has since b ecome p o p ula r a mong 
sma l l mamma l r esear c her s t hrough t he avai labi lity of 
commercial system s. How ev er, it is possible to de- 
ve lop th ese system s usin g sta nda r d r espir omet ry e quip- 
ment with careful design co nsideratio ns. In addi tio n to 
whole-animal r espir om etry, advan ces in t ec hniques t o 
mea sure ti ssue-leve l en ergetics through mit oc h on drial 
r espir ometry ( Ho o d 2024 ; Rho des et a l. 2024 ) a l low 
for a mech ani stic in terroga tio n o f the fact or s that con- 
tribut e t o vari ation in av i an met abolic rates. In t hi s ca se, 
high-resol u tio n mi t oc h on drial r espir omet ry was ta ken 
to the field, a l lowing an accurate as ses sment of differ- 
ences in mit oc hondrial ener g etics and s ubs trate pref- 
erences o f migrato ry b irds. Such app ro aches have t ra- 
di tio nally been difficult since mit oc h on drial m easure- 
men ts m ust be com plete d in t radit iona l lab sp ace and, 
as a result have t ypic a l ly done w ith c aptiv e birds. B rin g- 
ing a mobile lab to the field in this case provides a more 
accurate r epr esentatio n o f mi t oc h on dr ial f unction. 
Open electronics 
A n a sso ciated but indep endent ne w de velopmen t tha t 
h a s h ad trem en dous imp act a lready in m any field s i s the 
avai labi lity of che ap, user-fr iend ly open ele ct ronics (Ar- 
duin os an d Ras p ber ry Pis) t hat are seemingly infinitely 
flexible , easy t o code , and able t o p rod uce accura te da ta 
f or a ny n umber of a pplica tio ns. Such devices, fo r in- 
stance, a l low fo r au to no mou s a ssays of beh avioral and 
p hysio log ica l responses to tem pera ture in wild birds at 
bird fe e ders ( B ridg e et al. 2019 ) an d n est boxes ( Zimm er 
et al. 2020 ). We h ave al so recently u s ed thes e to measure 
fo o d and water co nsumptio n d ur ing met abo lic p h en o- 
typing in captive spar rows dur ing a tem pera ture manip- 
u lat ion whi le a lso cont inuous ly m e asur ing met abolism 
and water loss ( Fig. 1 ). These example data s h ow th e 
high-resol u tio n da ta genera ted wit h t hi s cu stom sys- 
tem. When p aire d wi th a US B micropho ne and ex- 
i sting acou stic bird cla ssific ation pl atforms (i .e ., Bird- 
Net; Ka h l et a l. 2021 ), these cir cuits ar e also being 
used fo r co n tin uous bird localiza tion and species de- 
te ct ion ( ht t ps://githu b.com/m cguir epr89/Bir dNET-Pi ). 
Ma ny other exa mples ca n be f ound, a nd this topic has 
re cently be en the focus o f i ts own co nference wo rkshop 
( Mo rozov 2022 ), bu t th e re lative low cost an d ease of 
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Fig. 1 Example data from a custom metabolic phenotyping system that sim ultaneousl y measures resting metabolic rate (RMR), evaporative 
water loss (EWL), drinking water intake, food intake, and animal mass through a 30-day experiment where temperature and dietary salt 
w er e manipulated. Such systems combine rapid multiplexing and standard respirometry equipment with custom, low-cost Arduino-driven 
load cells. 
custo mizatio n make open electronics an appealing ap- 
p roach fo r many b iolog ica l quest ions. 
Biologging devices 
The advent of miniatur ized biolog ging devices h a s addi- 
t iona l l y revo lut ionize d our abi lity to t rack an d m o ni to r 
birds in the wild. Perhaps most notab l y, thes e de vices 
hav e uncov ered ex ceptional feats o f perfo rmance d ur- 
ing mig rat ion (e.g., Gi l l et a l. 2009 ; E g evan g et al. 2010 ; 
He denst röm 2010 ; Hawkes et a l. 2013 ; He denst röm et 
al. 2016 ). They h ave al s o re vealed b ehavioral resp onses 
o f b ir ds to extr eme we at her events ( Senner et al. 2015 ; 
Watts et al. 2021 ), hab i tat al teratio ns ( Chan et al. 2023 ), 
a nd a rt ificia l ligh t a t nigh t ( McGlade et al. 2023 ). In ad- 
di tio n to documenting patterns of m ovem ent an d ac- 
tiv it y, biologgers c an r ecor d acceleration ( Br own et al. 
2022 ), flight a lt itude ( Senner et al. 2018 ), diving depth 
( Guilford et al. 2022 ), b o dy temp eratur e ( Andr easson 
et al. 2023 ), heart rate ( Bis h op et al. 2015 ), wingbeat 
frequency ( Bouten et al. 2013 ), and even eye move- 
ments in flight ( Lapsansky et al. 2024 ). So me o f these 
devices are now even sma l l enough to put on humming- 
birds ( Wi l lia mson a nd Wi tt 2021 ). Several o f t he t a l ks 
in our symposium and com plemen tary session demon- 
st rate d the power of pairing b iologgers wi th p hysio logi- 

cal assays t o bett er under stan d h ow b irds cope wi th en- 
vironmenta l cha l len g es. For example, Wi l lia mson a nd 
col leagues ( Wi l liamson et a l. 2024 ) co mb ine d t rack- 
ing and resp irato ry trai t data to reve al t h e tim e course 
o f al ti tudin al acclim a tiza tio n o f Sou t her n Giant Hum- 
mingbirds ( Pat ago na gi gas ) a s they a scen d th e An des. 
Ue hling an d colleagues (2024) c haract erize d act iv it y 
patterns and dietary pr efer ences o f b re e ding Tre e Swa l- 
lows ( Ta chycin e t a b ico lo r ) a fter ma nipu lat ing their glu- 
coco rtico id levels to sim ula te an environmen ta l cha l- 
len g e, demon st rat ing t hat endocr ine mediat or s of the 
s tres s res po nse can ind uce chan g es in activ it y a nd f or- 
ag ing. More over, Young and colleagues (2024) quanti- 
fied th e en er g etic costs of diet a lterat ions by simu lta- 
n eous ly assaying oxygen co nsumptio n and b o dy tem- 
pera ture (using im plan ted P IT ta gs) in Wes tern Sand- 
p i pers ( Cal id ris mau ri ), s h owing t hat diet ary fact or s 
a re k ey to m etabolic flexi b ili ty an d en er gy savin gs. Fi- 
na l ly, Do mino ni and colleagues (2024) used au to mated 
biote lem etry to r ecor d b oth b o dy temp erature and ac- 
tiv it y of urban bir ds, r ev ealin g desynchronization of 
p hysio logy an d be havio r in respo nse to art ificia l light 
a t nigh t. Th ese inn ovative uses o f b iologgers h e lp us to 
addres s longs tanding ques t ions by lin king exper iment al 
manipu lat ions in the lab and real-world environmental 
co ndi tio ns. 
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Additional new technologies 
Several other recent t ec hnologies are being applied to 
bett er under stand av i an responses to environmental 
chan g e. Here, w e on ly ment ion two tool s, a s examples, 
th at h ave re cently be en ado p ted and bo th fil l an impor- 
tant niche in our col le ct ive quant itat i ve too lbo x. Ho w- 
ever, ther e ar e numer ous addi tio na l te chnolog ies ap- 
plie d by cont ribut or s t o this symposium, suc h as ther- 
mog raphy ( Zu luaga an d Dann er 2023 ), that are gre at ly 
co ntribu ting to our toolkit. 

Q uant itat ive mag net ic resonance b o dy comp osition 
an alysi s h a s now be en avai lable to r esear c her s for 20 
yea rs, a nd ma ny lab groups have ado p ted this new t ec h- 
nology, which a l lows n on-invasive an d ra pid quan tita- 
tive m easurem en t of fa t m a ss, lean b o dy m a ss, and to- 
tal b o dy water ( Seewagen an d Guglie lm o 2011 ). Sin ce 
it is rapid and no n-invasive, co nd uct ing repeate d mea- 
sures o n individ ua ls to quant ify chan g es in b o dy condi- 
tion over time ( G ers on and Guglielmo 2011 ) h a s been 
o ne o f the most imp act fu l applicat io ns o f this t ec hnol- 
ogy. Mor e r ecently, it h a s been s h own t hat t he chan g es 
in fat m a ss a nd lea n m a ss over tim e are accurate en ough 
to be used to determine energy expendi ture, wi th a 
similar accuracy to doub l y labeled water ( Elowe et al. 
2023 ). Further, accura te quan tifica tio n o f fat m a ss and 
lean m a ss h a s been u se d to est ima te fligh t ran g es in 
fr ee-living bir ds, investigate ph en otypic flexi bility dur- 
ing bre e ding ( Boyle et al. 2012 ), o r p rov ide a qu antita- 
tive as ses sment of b o dy co ndi tio n at stopover in mu lt i- 
ple species ( Kennedy et al. 2016 ). One drawback of this 
t ec hnology is the high cost, but the versat i lity and low 
p er-scan op eratin g cost hav e made i t an impo rtant new 
t ec hnology in av i an biology. 

Cav it y ring-dow n spe ct roscopy h a s b ecome p o p ular 
to measure 13 C iso to pe concen tra tions in CO 2 , or deu- 
teri um, and 18 O co ncen tra tions in liquid water sam- 
ples. Th ese instrum en ts are m uch m ore accessi ble an d 
user-fr iendly t han t radit iona l mas s s pe ct romet ry use d 
for the measurement of natural and exper iment a l ly en- 
ric hed isot ope samples. Thi s h a s a l lowe d the rapid de- 
ve lopm ent of 13 CO 2 bre at h t esting t o investigat e di- 
et ary shif ts, or f ue l use wh en anim al s a re f e d labele d 
a mino acids, suga rs, or fats, a nd ( McCue et al. 2010 ; 
McCue an d We lch 2015 ; We lc h et al . 2017 ; Roger s and 
G ers on 2024 ) a l l provide detai le d descript ions of the 
instrum ents an d t ec hnique . En ergy expen diture over 
s h ort p erio d s of time u sing the 13 C-sodi um b icarbo n- 
ate m eth od i s al so n ow m or e r eadi ly avai lable and accu- 
rate ( Hamb l y and Voigt 2011 ; B usse et a l. 2013 ; He d h 
et al. 2020 ) and allows accurate determination of ac- 
tiv it y costs in free-living anim al s over very s h ort peri- 
ods of tim e. Th ese instrum ents h ave al so allowed the 
accurate m easurem ent of both 2 H and 18 O in liquid 

water or bre at h, a l lowing th e m ore cost-effe ct ive use of 
th e dou b l y labeled water technique ( Berman et al. 2012 ; 
Mit c h e ll et al. 2015 ), and recent advances in the accu- 
racy of these in struments hav e a l lowe d n ove l pursuits 
int o isot opic m eth ods for determining water fluxes in 
birds and mammals ( W hi t eman et al . 2019 ; Sabat et al. 
2021 ). 
Genomic tools 
A n obviou s deve lopm en t tha t has had a p ro found im- 
p act across biolog ica l di sciplines i s the dram at ic re duc- 
tion in the cost of genomic library prep arat ion and se- 
quencin g, as w ell as the avai labi lity of an alysi s platforms 
to process such lar g e v ol umes o f data. Thi s h a s already 
resu lte d in a we alt h of pub licl y availab le av i an genomic 
r esour ces, incl uding co mp rehen siv e phylog enies (e.g., 
Kimb a l l et a l. 2019 ) that a l low for phylogenet ica l ly in- 
f ormed a nalyses in compa rati ve p hysio logical investi- 
gatio ns (e.g., Lo n doño et a l. 2015 ; Stager et a l. 2016 ; 
Linck et a l. 2023 ; Ueh ling et al. 2024 ). Several stud- 
ies are now f urt her hig hlig htin g the pow er of sequenc- 
ing approaches for invest igat ing quest ions relate d to 
av i an env ironmental ad aptatio n and/o r cop ing wi th en- 
vironmenta l cha l len g es. For in stance, Wi l liamson and 
col leagues ( Wi l liamson et a l. 2024 ) p rovide new co n- 
text for p hysio log ica l variat ion occurring across the 
bro ad elevat iona l dist ribut ion of the Giant Humming- 
birds ( Pat ago na s p p. ) by defining deep evol u tio nary di- 
v er g en ce am o ng migrato ry an d high-e leva tion residen t 
po p u lat ion s usin g g enomic dat a. At t he s am e tim e, both 
gen omic an d transcri pto mic data are being employed 
t o generat e hyp otheses ab ou t the b ioch emical m ech- 
anisms un der ly ing av i an p hysio log ica l an d be havioral 
ada pta tion s ( B ranc h et al . 2022 ; Benham et al. 2024 ) 
and acclimation c apacit y ( Stager et al . 2015 ; S h arm a et 
al. 2021 ). When paired with detai le d p hysio log ica l as- 
s ays, t hese dat asets can provide new insight into long- 
sought-after questions in av i an p hysio logy, such as the 
mole cu lar me ch ani sm s underlyin g avian n on-s hiv erin g 
t her mogenesis ( E lowe and St ag er 2024 ). Moreov er, g e- 
nomic tools are underscor ing t he unr iva le d va l ue o f 
n atural hi sto ry collectio ns fo r addressing fun dam en- 
ta l quest ion s a bo ut adap tation to environmental chan g e 
( Benha m a nd Bowie 2022 ). Benha m a nd colleagues 
( Ben ham et a l. 2024 ) employe d genomic data from both 
con tem pora ry a nd histor ic s amples t o under st and t he 
evol u tio n o f av i an p hysio log ica l ada pta t ion to sa lt marsh 
hab i tats and th e influen ce of gene flow on traits impor- 
ta nt f o r water co nservatio n in these enviro nments over 
the past 150 years. We look forward to more ex citin g ad- 
van cem ents in the field as these t ec hnolog ies cont inue 
to become increasingly accessible and cost-effe ct ive. 
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Citizen science datasets 
One advantage to study ing w ild birds that cannot 
be over stat ed is the huge po p ul arit y of birdwat c hing 
aroun d th e globe. This has resu lte d in s e v eral lon g- 
runnin g program s th at h ar ness t he power o f ci tizen sci- 
entists to amass high-qu alit y bird observations across 
sp ace and t ime . For instance , eBird (C ornellL ab) is an 
o nline po rtal fo r documenting b ird sightings wi th over 
100 mi l lion observat io ns co ntribu ted annually world- 
wide ( Su l livan et a l. 2009 ). Its d ata and associ ated sci- 
entific p rod ucts, an d th ose of many oth er av i an citizen 
science proj e cts, are fre ely avai lable for biolog ica l appli- 
cation s. These exten siv e r esour ces ar e now being em- 
ployed to inform our un derstan ding of av i an responses 
t o environmental c hallen g es a t un preceden ted geo- 
gra phic, tem po ral, and taxo no mic scales. Fo r example, 
eBir d occurr ence d ata c an b e used to p o p u late spe cies- 
dist ribut ion m ode ls an d proj e ct bird ran g es under fu- 
ture c limat e-wa rming scena rios ( Batema n et al. 2020 ). 
A number o f exci ting new a pplica tio ns demo nstrate 
t hat, by pair ing t hes e obs erva tion da t a wit h climatic 
data, p hysio log ica l tolera nce ca n also be investigat ed . 
Thi s wa s re cently i l lust rate d by Cohen et a l. (2023 ), who 
c haract er ized bot h sp at ia l and s eas onal t her mal sensi- 
tiv it y in 21 bird species across Nort h Amer ica. At t he 
sam e tim e, by co mb ining t hese dat asets wit h p hysio log- 
ica l t rait dat a, t he e colog ica l and evol u tio nary effects o f 
p hysio log ica l variat ion can be explored in n ove l ways. 
F or instance, La timer a nd Z uck erberg (2021) use weekly 
occur rence dat a t o det ermin e h ow av i an t her mal toler- 
an ce influen ces winter occupan cy dyn amics at region al 
s cales. Thes e datas ets are also being used to un derstan d 
responses to extreme we at her events ( Cohen et al. 2021 ) 
and, f urt her, t he effects of these events on av i an fitness 
( Ta ff a n d Shipley 2023 ). As th es e datas ets con tin ue to 
am a s s o bservatio ns fro m a l l acros s the glo b e, the p ower 
of these approaches seems infinit e . 
Looking to the future 
As we and the other symposi um co ntribu to rs have 
s h own, th e im agin a tive a pplica tio n o f innovati ve too ls 
can h e l p us address lo n gstandin g an d tim e ly questions 
about the c apacit y for birds to respond to a rapidly 
chan gin g w orld. How ev er, the s ucces s of these tools wi l l 
depend on accessib ili ty and col laborat ions that facilitate 
t heir widespre ad a pplica tion. F or exam ple, the use of 
cu stom-m ade mea surement systems can be encouraged 
by o pen-access p ublicatio n o f designs and r esour ces, 
as well as col laborat ions with col leagues with com- 
puter science and eng ine ering b ackg rounds. Li ke wis e, 
our un derstan ding o f widesp read int raspe cific varia- 
tion may be accelerated by open sharing of p hysio log- 
ic al d at a for met a-analyses, dr iven by col laborat ions 

between p hysio logists and evo l u tio nary b iologi sts th at 
can ensure ap pro pr iate analyses t hat address important 
questio ns. In do ing so, we wi l l b e b ett er able t o co nd uct 
t ru ly integ rat iv e w ork that pro pels o ur understanding 
of the mech ani s tic res po nses o f b ir ds to envir onmental 
cha l len g es across biolog ica l levels. 
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