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Synopsis Wi ld life face a number of ext rinsic st ressor s, suc h a s h ab i ta t loss, pa thogen infe ct io ns, and co n taminan t expo- 
sure , whic h can increase the energy ne e de d to ma inta in o p t ima l hea lth and survival. These mu lt iple ext rinsic st ressors can 

a lso occur simu ltane ously during int rinsica l ly st ressfu l life stages such as r epr oduct ion, mig rat ion, or hibernat ion. To fu l ly 
un derstan d h ow to su ppo rt heal thy wi ld life po p u lat ion s, w e m ust quan tify p hysio log ica l an d immun olog ica l ph en otypes 
across a variety of stressors. We pose a fram ewor k for conducting field studies to collect indiv idu al-level samples that can 

be used for me asur ing p hysio log ica l an d immun olog ica l ph en otypes as we ll as th e potent ia l ly st ressfu l int rinsic and extrin- 
sic drivers of those phenotypes. We s ugges t that col laborat ive efforts s h ould th en be made t o creat e bro ader, sp at ia l ly coor- 
dinated hypotheses for deter mining patter ns of wi ld life hea lth under int rinsica l ly st ressfu l t ime p erio ds and across extrin- 
sica l ly st ressfu l l andsc apes. We prov ide a n exa mple a n d pre liminary fin dings fo r this mul ti-s tres so r, collabo rative, and spa- 
t ia l ly coordinate d appro ach with an on g oin g study of Nort h Amer ican bat he alt h. Qu antify ing direct and cr itical me asures 
of wi ld life hea lth and identifying key intrinsic and extrinsic s tres sors that drive physiolog ica l and immunolog ica l ph en o- 
t ypes w i l l p rovide b road tar g ets fo r co nservatio n st rateg ies an d wh ere an d wh en th ose st rateg ies s h ould be p rio ri t ize d in the 
future. 
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i ld life hea l th enco mpasses the ab ili ty o f wi ld anima ls
 o adapt t o environmental c han g e through p hysio log-
cal an d immun ological responses to abiotic and bi-
t ic st ressors ( De em et a l. 2001 ; Aceve do-W hi te h ouse
nd Duffus 2009 ; Stephen 2014 ). Q uant ifying wi ld life
 dvance A ccess pu blication Jun e 28, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by Oxford University Press on behalf of the

ccess article dist ribute d under the terms of the Creative Co mmo ns Attribu ti
er mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
e alt h can provide a direct view for how wi ld life re-
pon d an d adjust to en er g et ica l l y costl y chan g es in their
nvironments, such as emer gin g infectiou s di sea ses and
uma n-induced la nd use chan g e ( Deem et al. 2001 ;
cevedo-W hi te h ouse an d Duffus 2009 ; Steph en 2014 ).
 Society for In tegra tive and Com para tiv e B iology. This is an Open 
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Physiolog ica l and immunolog ica l ph en otypes un der-
lie and can predict pathogen susceptib ili t y, surv ival
a nd f ecundity, a nd long-term po p u lat ion v i abilit y, a l l
of which are crucial to wi ld life conservat ion ( Aceve do-
W hi te h ouse an d D uffus 2009 ). Mu lt iple int rinsic and
ext rinsic st r essors can thr eaten wi ld life hea lth and sur-
vival ( Munns 2006 ; Thiel et al. 2008 ; O’Co nno r et al.
2009 ; Al len et a l. 2011 ; Eidels et a l. 2016 ; Hi l l et a l. 2016 ;
McGuire et al. 2017 ). F or exam ple, Nort h Amer ican
bats, such as My otis lu cifugus , infe cte d w ith Ps eu d ogym-
no ascus d estru ctans have increased to rp id metabolic
rates and ar ousal fr equencies, which c an c ause them to
st arve dur ing p hysio log ica l ly cha l leng ing p erio ds, such
a s winter hibern at ion ( Re e der et a l. 2012 ; McGuire et
a l. 2017 ). How wi ld life respond to int rinsic and ext rin-
sic s tres s can addi tio nally vary by indiv idu a ls, spe cies,
an d th e mu lt iple l andsc apes they inhab i t ( Gervasi et
al . 2015 ; Sc hmitt et al . 2017 ; Bec ker et al. 2020 , 2023 ).
To mitigate the impact o f mul ti ple intrinsic o r extrin-
sic s tres so rs o n t hre atene d spe cies, conservat ion efforts
ext end species prot ections t o th e lan d to ensure qu alit y
hab i tats fo r s pecies s urviva l ( Unite d States 1983 ). How-
ever, po p u lat io n mo ni to ring wi thin p rot ect ed lands
does not r equir e dir ect measur es of indiv idu al w ildlife
he alt h, no r does i t account fo r th e h eterogen ei ty o f sur-
roun ding lan dscapes an d hab i tats wi ld life encounter
( Fahrig et al. 2011 ). We cannot fully un derstan d h ow
to su ppo rt heal thy wi ld life po p u lat io ns wi thou t directly
me asur ing p hysio logy and immuno logy across varying
sp at ia l features and environments. To overcome these
cha l len g es, coordinatin g field studies tha t quan tify these
ph en ot ypes as critic al measures of wildlife he alt h can
identify th e re lative importan ce of many intrinsic and
ext rinsic st ressor s and , thus, ident ify crit ica l tar g ets for
co nservatio n strategies. 

Wi ld life endure mu lt iple int rinsic and ext rinsic st res-
sors thro ugho ut their lifetime that can alter their phys-
iology and immunity. Wi ld life experience natura l, in-
tr insic per iods of p hysio log ica l st ress and increased en-
ergy exp enditures, esp e cia l ly d uring rep rod uctio n and
mig rat ion ( Wi ke ls ki et al . 2003 ; Ric h ard son et al. 2018 ).
How ev er, extrin sic s tres sors s uch as r esour ce scar city,
harsh ab iotic co ndi tio ns (e.g ., w in ter or drough t), habi-
ta t loss, con ta mina nt exposure, a n d path og en s can in-
flate ener g etic dem and s ( Thiel et al. 2008 ; O’Co nno r
et a l. 2009 ; Al len et a l. 2011 ; Eidels et a l. 2016 ; Hi l l
et al. 2016 ; McGuire et al. 2017 ; Holden et al. 2022 ;
Vaziri et a l. 2024 ). Addit iona l ly, ext rinsic st ressors can
hav e compoundin g effe cts on wi ld life by m odifying th e
p hysio log ica l and immunolog ica l ph en otypes that h e lp
comb at their effe cts a nd minimize inf e ct ion risks across
divers e lands ca pes. F or exam ple, s e wage water con-
taminat ion de cr eases cir cu lat ing neut rophi ls and in-
creases l ymp hocytes in desert bats ( Pi p is trel lus ku hl i i )
wi thin a mo nth o f drinking co n tamina ted wa ter daily
( Pilosof et al. 2014 ). F or am phibians, p o or water qual-
ity may incre ase t h e presen ce of Batra ch ochytri u m den-
d ro b ati dis an d thus in crease th e ris k of ch ytridiom yco-
si s ( Jacinto-Maldon ado et a l. 2023 ). Further, infe ct ion-
in duced m orta lity cou ld re duce wi ld life po p u lat ion size
wh en path og en tran smissio n in poll u ted l andsc apes is
e qua l to or gre ater t h an in n atural h ab i tats ( Sán ch ez et
al. 2020 ). While effects va ry by indiv idu a ls, spe cies, and
co ntext, the co mpounding effects of intrinsic and ex-
t rinsic st ressors cou ld be detr iment al to wildlife pop-
u lat ion s. Here, w e pose a fram ewor k an d a ca l l for
increase d sp at ia l ly coordinate d mo ni to ring in which
tea ms pa ir m easurem ents of mu lt iple st resso rs wi th
p hysio log ica l and immunolog ica l b io ma rk er s t o build
a holistic understanding of wi ld life hea lth. 

Measuring wildlife health 

Indiv idu al-lev el respon ses to intrin sic and extrin sic
s tres sors can be ener g eticall y costl y, potentiall y dis-
rupt ing a l losta si s (i .e ., ener gy budg ets; McEw en and
Wingfield 2003 ) and thus, overa l l hea l th. W hen co n-
sider ing t hat bot h intr insic and extr insic s tres sors act
simu ltane ously on wi ld life, compoun ding en ergy ex-
penditur es fr om mu lt ip le p hysio log ica l an d immun o-
log ica l responses (i .e ., a l lostat ic lo ad) can t hre aten an
indiv idu al’s surv iva l ( Be ckie 2012 ; Se eley et a l. 2022 )
an d in cre ase r isks associated wit h pat h ogen s h edding
a nd tra nsmis sion ( P lowright et al. 2024 ). Mul ti ple
p hysio log ica l and immunolog ica l b io ma rk ers a re used
to me asure t he impact of s tres so rs o n wildlife allo-
stat ic lo ads (e.g., en ergy expen ditures [b asa l metabolic
rates, restin g meta bolic rat es, t o rp id metabolic rates],
base lin e gl ucoco rtico id co ncen tra tio ns, whi te blo o d
cel l counts [se e exam ple in Box 1 ], hea t-shock pro-
teins; E des et a l. 2018 ). While r esear chers may mea-
sur e differ ent p hysio log ica l or immunolog ica l b io mark-
ers depending on proj e ct aim s, la bora tory ca pac-
ity, sampling log ist ics, an d fun ding, in co rpo rating di-
r ect measur ements o f heal th in relation to allostatic
load is critical for linking hypothesized s tres sor s t o
ph en otypes. 

Spatial hetero g eneities of wildlife health 

and extrinsic stressors 

Identifying the spatial drivers of physiolog ica l and im-
munolog ica l chan g es ca n inf orm a n understa nding
of how environmental fea tures im p act wi ld life hea lth
( Be cker et a l. 2020 ). F or exam ple, gl ucoco rtico id co n-
cen tra tions are gre ater wit hin hum an-di sturbed land-
scapes for m amm al s globally compared to natural lands
( Mirante et al. 2025 ). There is sp at ia l variat ion in North
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B ox 1. We pi l oted a l ongitu dinal pr o je ct aime d at i d e nt ifying int rinsic a nd ext rinsic drive rs o f No rth Amer- 
ican bat cel lu lar immunity. We capture d fema le b ats ( n = 55 acros s five s pecies) in Tennes se e, Okla homa, and 

A rizon a in summer 2023 (A; Table S1 ). From each bat, we collected indiv idu al-level d at a and s amples, including 
(b ut no t limit ed t o) bat holding time, b o dy m a ss, sex, r epr oductive sta tus (in trinsic s tres sor), who le b lo o d, and fur. 
Using these samples, we quant ifie d NL rat ios (p roxy fo r chro nic s tres s) and micron uclei in tensit ies (ext rinsic st res- 
so r) fro m blo o d smear s, det ect ed Bart o nella s p p . inf e ct io ns fro m who le b lo o d (ext rinsic st ressor), a nd qua nt ifie d 

THg concen tra tio ns fro m fur (extrinsic s tres s or). We als o determined s pecies-s pecific fora ging dis tances to calcu- 
late fo raging ho me ran g e areas ( Ta ble S2 ) an d used th e US Ge olog ica l Survey’s 2019 Nat iona l L and C over D at abase 
( De witz and US G e olog ica l Survey 2021 ) t o det ermin e lan d use p ropo rtio n s availa ble fo r fo raging wi t hin t hose forag- 
ing h om e ra nge a rea s (u sed a s buffers from c apture loc atio ns). Land use p ropo rtio ns wi thin s pecies-s pecific fora ging 
h om e ran g e areas w ere re duce d to two PCA axes (extrinsic s tres sors): PC1 loaded n egative ly for deve loped lan ds 
an d positive ly for natura l, b arren lands, whi le PC2 lo ade d negat i vel y for crop lan ds an d positive ly f or f orests a nd 

s hru bs ( Table S3 ; Fig. S1 ). Fo r p relimina ry a na lyses, we create d 20 genera lize d linear models (GLMs) for NL ratios, 
wit h e ach m ode l conta ining a ma in effe ct of b at holding t ime as a pre cision covariate and either a single interaction 

term of an intrinsic and extrinsic s tres so r o r wi thou t an interactio n term o f t hose s a me va riables (ma in effe cts on ly; 
Table S4 ). These models thus considered both additive and interactive effects between indiv idu al-leve l an d sp at ia l 
drivers. We comp are d GLMs using the Akai ke informat ion cr iter ion cor re cte d for sma l l sample sizes (AICc). When 

explo ring p r eliminary r esults fr om th e top two m ode ls ( �AICc ≤ 3.04), we foun d str ong r e lations hips between NL 

ra tios, in trinsic or extrinsic s tres sors, an d h olding tim e. NL ratios differed by r epr oductive status (B), s h owed po- 
tent ia l t ren ds for in cre asing wit h micron uclei in tensities (C), and showe d potent ia l t rends for de cre asing wit h PC1 

(grea ter NL ra tios associa ted with deve loped lan ds an d lower NL ratios associated with natura l, b a rren la nds; D) 
after adjusting for holding t ime. Whi le the modest dataset from our pilot s eas on limits our ability to draw strong 
co ncl usio ns, a nd space a nd spe cies ident ity are cha l leng ing to different i ate w i thin p i lot data, we st i l l ident ifie d key 
corr elates (r epr oduct ion, genotoxic effe cts of pol luta nt exposure, a nd sp at ia l features) of wi ld life hea lth (NL rat ios). 
This proj e ct exp ande d t o four new sit es in 2024 (in Illinoi s, Mi ssouri, Colo rado, and Wyo ming), an d th e lar g er 
indiv idu al- and site-level sample size should enable mor e r o bus t inference with less confounding sp at ia l and taxo- 
nomic data a nd f ewer influences of outliers. We wi l l cont inue to sp at ia l ly and taxo no mica l ly exp and this study over 
time wi thin No rth American bats an d en co urage o t her rese arc her s int erest e d in p art icip at ing in this proj e ct at their 
s pring/s ummer/fa l l field sites to contact the co rrespo nding au tho r (MCS). 
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American bat b o dy m a ss, fat, an d en ergy r equir ements
fo r hibernatio n d ue to gradients o f wint ering t empera-
tures ( Hranac et a l. 2021 ). Addit iona l ly, house sp arrow
( Pas ser do mes t icus ) infla mmato ry respo nses vary by lat-
i tude wi thin and beyo n d th eir nativ e ran g e ( Martin et
a l. 2004 ; Be cker et a l. 2023 ). Reg iona l land use fea-
tur es also pr edict chan g es in wi ld life p hysio logy and
imm unity. F or exam p le, cortiso l levels in coyotes ( Ca-
nis l atrans ) in cre ase wit h lan d deve lopm ent across th e
C hicago Met r opolitan Ar ea ( Robertson et a l. 2023 ), t re e
swa l lows ( Ta chycin e t a b ico lo r ) have greater bacterial
ki l lin g a b ili t y in their pl a sm a wit h incre asing far mland
int ensity ( Sc hmitt et al . 2017 ), an d pre liminary fin dings
fr om our gr oup s ugges t neut rophi l-t o-lymphocyt e (NL)
ratios vary with land use p ropo rtio ns wi thin a species’
f oraging a rea ( Box 1 ). 

Vari ations across indiv idu al-level p hysio logical and
immunolog ica l ph en ot ypes c a n be determined f or spe-
cific enviro nmental facto rs, such as si te-sp ecific p ol-
l u tants, incl uding he avy met a ls, pest icides, a nd f or-
ever chemica ls. Neut rophi l counts increase with to-
tal mercury (THg) concen tra tions in ba t fur ( Becker
et a l. 2017 ); NL rat ios vary with potent ia l pest icide
exposure in Ne ot ropica l b ats ( Sandova l-Herrera et al.
2023 ); micron uclei in ten sities (g enotoxic effects of pol-
l u tant exposure) incre ase wit h environment a l pol lut ion
across many taxa ( Fernandez et al. 1993 ; Naidoo et
a l. 2015 ; Ca lao-Ramos et a l. 2021 ; Sandova l-Herrera
et al . 2021 ), inc l uding our own mul ti-species ba t da ta
( Box 1 ); microplast ics a lter immun e gen e exp ressio n
in crabs and co rals ( Li u et al. 2019 ; Bove et al. 2023 );
and cortisol increases with PFAS poll u tio n intensi ty in
fish ( Schum ann et al. 2024 ). These examples of spa-
t ia l ly correlate d p hysio log ica l an d immun olog ica l phe-
not ypes c a n also drive differen ces in path og en tran s-
mission and infe ct ion across l andsc apes ( Hawley and
Al tizer 2011 ). Addi tio nall y, the examp les a bov e provide
evidence that we have clear assay tar g ets across vari-
ous wi ld life spe cies. Ther efor e, as wi ld life p hysio logists
an d ecoimmun ologists, we are in a posi tio n t o bett er
un derstan d wi ld life hea lth rang ing from po p u lat ion to
indiv idu al levels. Co mb ining individ ual-leve l an d spa-
t ia l drivers of wi ld life hea l th wi th app rop r iate me asure-
ments of each could provide grea ter insigh ts for de-
riving bro ader p atterns of wi ld life hea lth h eterogen e-
ity a nd f or cha racterizing inf e ct ion ri sks a ssoci ated w ith
t hose patter ns. 

Stressors impact wildlife health 

sim ultaneousl y 

Mu lt iple int rinsic and ext rinsic st ressors may a lso
hav e interactiv e effe cts on wi ld life p hysio log ica l and
immunolog ica l ph en otypes, alth ough th ey are less
frequently t est ed . Int eraction s betw een atrazine (her-
bicide) and environmental temperature are correlated
w ith vary ing p hysio log ica l (i .e ., b o dy m a ss and fat, glu-
coco rtico id co ncen tra tions) and imm une phenotypes
(i .e ., IgM concen tra tion s), as w ell as r epr oductive out-
co mes in so me lizards ( Nie et a l. 2023 ). Re ef fish ( P in-
gui pes b ras ilianus ) at poll u ted si tes have higher NL
ratios than r efer en ce sites, an d th ese differen ces are
amplified dur ing t heir r epr oductive s eas on ( Sueiro et
al. 2020 ). High er-leve l interactions among s tres sors as
driver s t o p hysio log ica l an d immun e ph en otypes are
cha l leng ing to measure a nd ma nipulate in the field.
How ev er, buildin g proj e cts that col le ct co mp re h en siv e
samples (i .e ., mu lt ip le samp les from each indi v idu al
ca ptured a t a single time poin t) tha t me asure bot h
he alt h and specific stresso rs o f interest could hig hlig ht
key interactions across intrinsic and extrinsic s tres sors
t hat dr ive bro ader p atterns of wi ld life hea lth. Under-
st anding t hes e higher-le v el interaction s could h e lp us to
kn ow wh en an d wh ere to app l y co nservatio n actio ns to
improve wi ld life hea lth and survival. 

Due to the additive and potentially interactive effects
of s tres sors on wi ld life a l lostat ic lo ad, i t is cri t ica l we
re cog nize the importance of how mu lt iple, simu ltane-
ous s tres sors c an impact w ildlife he alt h across relevant
sp at ia l sca les. Ma ny resea rc her s have outlined the im-
po rtance o f understanding how mu lt iple ext rinsic st res-
sors imp act wi ld life acr oss heter ogeneou s land scapes
( Vinebrooke et al. 2004 ; Munns 2006 ; Ban et al. 2014 ;
Côté et al. 2016 ; Tekin et al . 2020 ; S immons et al . 2021 ;
Pirotta et a l. 2022 ). Addit iona l ly, it is im portan t to in-
clude both intrinsic and extrinsic s tres sors when as ses s-
ing impacts to wildlife he alt h, because t he effects of in-
t rinsic st ressors may vary sea son a l ly (for r epr oduction
examples, see Ruoss et al. 2019 and Box 1 ; for a migra-
t ory example , se e Voigt et a l. 2010 ). There is a ne e d for
fram ewor ks that h olist ica l ly address the da ta ga ps for
how wi ld life hea lth is a ltere d by many simu ltane ous in-
trinsic and extrinsic s tres sors. 

A framework for building multi-stressor 

wildlife health datasets 

With accelera ting h uman-induce d glob a l chan g e, w e
must build robust datasets refle ct ing wi ld life expo-
sure to those on g oin g chan g es. Ther efor e, we encour-
age mo re co mm unica tio n amo ng r esear c her s who have
simil ar w ildlife mo ni to rin g g o a ls ( Mos h er et al. 2020 ).
We recomm en d m o re co mp re h en siv e samplin g in the
field across proj e cts to ident ify bro ader, sp at ia l ly coor-
dinate d p atterns of wi ld life hea lth under mu lt iple st res-
so rs ( Fig. 1 ). W hile co mp re h en siv e samplin g may not be
necessa ry f o r so m e in div idu a l proj e cts, comm unica ting
wit h ot her rese arc her s who could s ample t ar g et species
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Fig. 1 We recommend wildlife researchers communicate with each other across similar projects (far left) to collect compr ehensiv e 
multi-purpose samples from each individual animal at long-term field sites (middle left). Collaborating across spatially coordinated projects 
would then allow for analyses at the spatial scale of choice (middle right) to summarize broad patterns of wildlife health under multiple 
stressors and help target conservation needs. These spatially coordinated projects within research groups could further lead to larger 
collaborations across phyla (far right) and feedback into identifying compr ehensiv e phylogenetic and spatial patterns of wildlife health and 
conservation needs. Icons used w er e fr ee downloads fr om the Noun Pr oject, and created b y the f ollo wing artists: bat b y pcymk; squir rel, 
owl, hummingbird, tur tle , and iguana by Valerie Lamm; salamander by Yu luck; frog by Krisna Purpa; fish by Puspa Kusuma; mussel by Melissa 
Maury; buildings by meilia miftah choirun niswah, Denicon, and Jan Niklas Prause; global map outline by Dmitrii Lagunov; USA outline by 
Aidan Stonehouse; USA states outline by Joel Wisneski; fur by Saeful Muslim; blood by symbolic; sample tube by Bloger indo; swab by 
myiconfinder; biopsy punch Agan24; and scissors by inmyheart. 
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n a similar manner in the field can (1) cover more
 round sp at ia l ly a nd fina ncia l ly acr oss both pr oj e cts
nd (2) bui ld col laborat ive cap acity across interdisci-
lina ry tea ms. 
Wit hin t hese s amp ling co l laborat ions, r esear c her s

i l l ne e d t o det er mine t he scales of spatial coordi-
 ation th at a re importa nt a nd cost-effe ct ive for a l l
rou ps. Fo r example, if collabo rato rs chose to sam-
le a single species with a bro ad ge og raphic range,
ite spe cificat ions may be a lower p rio ri ty co mp are d
o capturing acr oss br o ad lat itudina l or long itudina l
 radients. This bro ad sp at ia l appro ach is ne cessary to
a pture sufficien t landsca pe varia t ion in st resso rs fo r
ownstrea m a nalyses ( Beck er et al. 2020 ). For sampling
ide ly distri buted species across a broad spatial scale,

a pture ra tes may vary by r egion, ther eby imposing
ddi tio nal perso nn e l an d capture effort costs f o r grou ps
n are as wit h lower ca pture ra tes. How ev er, if those
r oups ar e alr e ady s ampling in such si tes fo r their
ndiv idu a l proj e cts, cont ribut ing to these col laborat ive
amples could maximize th e personn e l tim e spent in
h e fie ld an d a l low benefits to ou tweigh costs. There
re gradients of trade-offs related to sampling across
ifferen t spa ti al sc ales, and coll a borativ e groups will
e e d to ma ke de cision s a bou t what trade-o ffs benefit

h eir s har ed r esear ch ques tions bes t. 
Researc her s m ay al so p rio ri tize different types of

a mples f or la nds cape-s ca le col laborat ive proj e cts de-
ending on their r esear ch quest ions. Col le ct ing com-
re h en siv e samples across proj e cts that a ls o s erve mul-
iple purposes can reduce the monetary costs of sam-
ling and the number of anim al s th at ne e d to be sam-
led in the fu ture. Fo r examp le, who le b lo o d can b e
sed for pathogen detection and intensity, blo o d smears
o quantify cellular immunity and micronuclei intensi-
ies, a nd ca n be spun down f or pla sm a gl ucoco rtico ids,
onta mina nt concent rat ions, an d oth er immun olog ica l
s says (e.g., immunoglo bu lin quant ificat io n, p roteo mic
mmune p ro files; Table 1 ). Fur, fe ces, urin e, an d oth er
is s ue samples (e.g ., a superfici al biopsy punch) can be
sed fo r co n taminan t and gl ucoco rtico id qu antific ation
 Table 1 ). Addi tio nally, feces, urine, and skin, oral, and
e cta l swabs can be used for the dete ct io n o f mul ti ple
ifferen t pa thog en s of interest ( Table 1 ). Mu lt i-use sam-
les such as those giv en a bov e can a l l be col le cte d non-

etha l ly, re quiring sma l l volumes or amounts of each tis-
ue, there by al s o pres ervin g the w elfare of wi ld life. Col-
a borativ e samplin g al so increa ses the cost-effe ct iveness
 f fieldwo rk acr oss gr oups (e.g., few er trav e l an d per-
onn e l costs to col le ct samples across mu lt iple sites,
ower supp l y costs). Scaling up co llaborati ve samp ling
cr oss br o ad ly dist ribute d taxa or spe cies wou ld provide
rea ter insigh ts in to t he dr ivers of wi ld life hea lth than
ossible through any one r esear ch gr oup. Such collabo-
a tive da tasets wou ld a l low us to bro ad ly ident ify when
n d wh ere wi ld life conservat ion act ions may be ne e de d
cross phyla. It is crucial to consider the value of the in-
o rmatio n to be gained from compre h en siv e samplin g
n current and future wi ld life hea l th p roj e cts. 

 working example for quantifying 

ildlife health under multiple stressors 

o un derstan d bro ad p atterns for wi ld life hea l th, we p i-
ote d a long itudina l proj e ct using a bro ad sp at ia l and

u lt i-st resso r app roach ( Box 1 ). We focus o n No rth
meric an bats, qu antify ing bat cellul ar immunit y in

elation to an int rinsic st resso r o f rep rod uctio n and
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Table 1 Examples of tissue samples that can be collected non-lethally and their multiple uses for measuring individual-level physiological, 
immunological, and environmental biomarkers. 

Tissue Measure Example r efer ence 

Whole blood Pathogen/parasite detection Lilley et al. (2017) ; Vicente-Santos et al. (2023a) ; Becker et 
al. (2025) 

White blood cell counts Becker et al. (2021) ; Humphries et al. (2025) 

Micronuclei (genotoxic effects of pollutants) Sando val-Her rera et al. (2023) 

Plasma or sera (from whole 
blood) 

Pr oteome pr ofiles Vicente-Santos et al. (2023b) ; Minayo Martín et al. (2025) 

Bacterial killing ability Field et al. (2023) 

Immunoglobulin concentrations (e.g., IgG, IgM) Costantini et al. (2019) 

Glucocorticoid concentrations Glucs et al. (2018) ; Field et al. (2023) 

Contaminant concentrations Jessup et al. (2010) 

Fur, feathers, or scales Glucocorticoid concentrations Glucs et al. (2018) ; Laberge et al. (2019) 

Contaminant concentrations Albert et al. (2021) ; Simonis et al. (2025) 

Saliva Pathogen detection Becker et al. (2022) 

Glucocorticoid concentrations Verspeek et al. (2021) ; Montgomery et al. (2022) 

Feces Pathogen/parasite detection Ferreira et al. (2021) ; Becker et al. (2022) ; Bennett et al.
(2025) 

Immunoglobulin concentrations (e.g., IgG, IgM, etc.) Ferreira et al. (2021) 

Glucocorticoid concentrations Harper and Austad (2000) ; Glucs et al. (2018) 

Contaminant concentrations Simonis et al. (2025) 

Urine Pathogen detection Seidlova et al. (2021) 

Glucocorticoid concentrations Verspeek et al. (2021) 

Contaminant concentrations Shinya et al. (2022) 

Skin Pathogen detection Bernard et al. (2015) , (2017) ; Luciani et al. (2022) 
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ext rinsic st resso rs o f infe ct io n, co n taminan t exposure,
a nd la nd use. In doin g so, w e p rovide p roo f o f co n-
cept in identifying ke y individual-le ve l an d sp at ia l st res-
sors that may impact wildlife he alt h. For our proj e ct,
we chose to not focus on a p art icu lar spe cies but in-
ste ad have pr ior it ize d sampling across a broad spatial
scale, tar g etin g colla bo rato rs that were alread y co l le ct-
ing ne e de d samples or who re quire d t raining to col-
lect such samples to benefit their indiv idu a l proj e cts. As
this spe cific proj e ct cont inues over mu lt iple y ears, w e
wi l l exp a nd sa mpling a nd u se thi s approac h t o identify
patterns for wh ere an d wh en ba t conserva t ion act ion is
ne e de d across spe cies. This bro ad a ttem pt a t gaining a
holistic view of wi ld life hea lth under mu lt iple st ressors
c an prov ide a roadmap f or simila r projects in t he f uture
an d across oth er taxa at re levan t spa ti al sc ales. Further,
as o thers ado p t t he s ame approac h, suc h as our exam-
ple, lar g er colla borativ e efforts could bring together re-
sources and similar co mp re h en siv e sample stores across
taxa to identify global patterns for wildlife he alt h. 

Conclusion 

In co ncl usio n, taking a b ro ad and mu lt i-st ressor ap-
proac h t o qu antify ing w i ld life hea lth can h e lp iden-
t ify pre dict or s of p hysio log ica l and immunolog ica l
ph en otypes across space, th ereby h e l p ing to tar g et
dr ivers of pat hogen dynamics and co nservatio n risks
acros s s pe cies. We ca l l for wi ld lif e resea rc her s t o
use simi lar col laborat ive and sp at ia l ly coordinate d ap-
p roaches fo r col le ct ing co mp re h ensi ve samp les from in-
div idu a l anima ls, wit h t he go a l of using t hose s amples
in mu lt iple ways and a pplica tio ns (e.g., co nta mina nt,
p hysio logy, immuno logy, infe ct ion) to gain more holis-
tic views of wi ld life hea lth. We high l y encourage co l-
la borativ e efforts and t he cre atio n o f new lo ngi tudinal
proj e cts across taxa with future go a ls f or understa nding
bro ad p atterns in wi ld life hea lth under mu lt iple st res-
sors. 
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