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M ol e c ul ar bi o m ar k er s pr e s er v e d i n l a k e s e di m e nt s ar e i n cr e a si n gl y u s e d t o d e v el o p r e c or d s 

of p a st or g a ni s m o c c urr e n c e. W h e n li n k e d wit h tr a diti o n al p al e o e c ol o gi c al m et h o d s, a n al y -

si s of m ol e c ul ar bi o m ar k er s c a n yi el d n e w i n si g ht s i nt o t h e r ol e s of h er bi v or e s a n d ot h er a ni -

m al s i n l o n g-t er m e c o s y st e m d y n a mi c s. W e s o u g ht t o d et er mi n e w h et h er f e c al st er oi d s i n 

l a k e s e di m e nt s c o ul d b e u s e d t o r e c o n str u ct p a st u n g ul at e u s e a n d d o mi n a nt t a x a i n a s m all 

c at c h m e nt i n n ort h er n Y ell o w st o n e N ati o n al P ar k. T o d o s o, w e c h ar a ct eri z e d t h e f e c al st e -

r oi d pr ofil e s of a s el e cti o n of N ort h A m eri c a n u n g ul at e s hi st ori c all y pr e s e nt i n t h e Y ell o w-

st o n e r e gi o n ( bi s o n, el k, m o o s e, m ul e d e er, a n d pr o n g h or n) a n d c o m p ar e d t h e m wit h t h o s e 

of s e di m e nt s fr o m a s m all l a k e i n t h e Y ell o w st o n e N ort h er n R a n g e. A n al y si s of a s et of f e c al 

st er oi d s fr o m h er bi v or e d u n g ( Δ 5 - st er ol s, 5α - st a n ol s, 5β - st a n ol s, e pi 5β - st a n ol s, st a n o n e s, 

a n d bil e a ci d s) diff er e nti at e d m o o s e, pr o n g h or n, a n d m ul e d e er, w h er e a s bi s o n a n d el k 

w er e p arti all y diff er e nti at e d. O ur r e s ult s s h o w t h at bi s o n a n d/ or el k w er e t h e pri m ar y u n g u -

l at e s i n t h e w at er s h e d o v er t h e p a st c . 2 3 0 0 y e ar s. F e c al st er oi d i nfl u x e s r e a c h e d hi st ori c all y 

u n pr e c e d e nt e d l e v el s d uri n g t h e e arl y a n d mi d dl e 2 0 t h c e nt ur y, p o s si bl y i n di c ati n g hi g h l o c al 

u s e b y u n g ul at e s. C o m p ari s o n of f e c al st er oi d i nfl u x e s wit h p oll e n a n d di at o m d at a s u g g e st s 

t h at el e v at e d u n g ul at e pr e s e n c e m a y h a v e c o ntri b ut e d t o d e cr e a s e d f or a g e t a x a ( P o a c e a e, 

Art e mi si a , a n d S ali x ), r el ati v e t o l o n g-t er m a v er a g e s, a n d p o s si bl y i n cr e a s e d l a k e pr o d u c-

ti o n. O ur r e s ult s r efl e ct p a st c h a n g e wit hi n a si n gl e w at er s h e d, a n d e xt e n di n g t hi s a p pr o a c h 

t o a n et w or k of sit e s c o ul d pr o vi d e m u c h- n e e d e d i nf or m ati o n o n p a st h er bi v or e c o m m u ni-
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t o C. W.  a n d  D. B. M  (w w w. n sf. g o v ). T h e  f u n d er s 

h a d  n o  r ol e i n st u d y  d e si g n,  d at a  c oll e cti o n  a n d  

a n al y si s,  d e ci si o n  t o p u bli s h,  or  pr e p ar ati o n  of  t h e 

m a n u s cri pt.  

C o m p eti n g  i nt er e st s: T h e  a ut h or s  h a v e  d e cl ar e d  

t h at n o  c o m p eti n g  i nt er e st s e xi st.  

I ntr o d u cti o n 

T h e n e ar- e xti n cti o n of bis o n ( Bis o n  bis o n ) i n N ort h A m eri c a i n t h e 1 9t h a n d 2 0 t h c e nt uri es 

r a n ks a m o n g t h e m ost dr a m ati c e c ol o gi c al c at astr o p h es i n r e c e nt ti m es, b ut littl e is k n o w n 

a b o ut pri or h er bi v or e- e c os yst e m d y n a mi cs. T h e hist ori c al r e c or d of p ast distri b uti o n a n d 

a b u n d a n c e of bis o n a n d ot h er l ar g e h er bi v or es is li mit e d t o t h e l ast 2 0 0 – 3 0 0 y e ars or l ess i n 

m ost p orti o ns of w est er n N ort h A m eri c a [ 1 ], a n d alt er n ati v e m e a ns ar e r e q uir e d t o u n d erst a n d 

t h e pr e- E ur o p e a n e c ol o g y of t h es e u n g ul at es a n d t h eir e n vir o n m e nts. M u c h of o ur i nf or m a-

ti o n o n p ast bis o n o c c urr e n c e c o m es fr o m f ossil v ert e br at e r e m ai ns l ar g el y r e c o v er e d fr o m 

ar c h a e ol o gi c al a n d p al e o nt ol o gi c al sit es [ 2 – 4 ], b ut t h es e dis c o nti n u o us r e c or ds pr o vi d e li mit e d 

i nsi g hts a b o ut p ast v ari ati o ns i n h a bit at us e a n d u n g ul at e c o m m u nit y d o mi n a n c e at l o c al 

s c al es. 

M ol e c ul ar bi o m ar k ers ar e st a bl e c o m p o u n ds t h at pr es er v e u ni q u e bi ol o gi c al si g n at ur es a n d 

t h us pr o vi d e c o nti n u o us, hi g h-r es ol uti o n r e c or ds of t h e pr es e n c e a n d/ or a b u n d a n c e of s o ur c e 

or g a nis ms a n d t h eir e n vir o n m e nt [ 5 ]. F or e x a m pl e, a ni m al f e c es c o nt ai ns m e as ur a bl e q u a nti-

ti es of st er oi ds t h at c a n pr o vi d e i nf or m ati o n a b o ut a n a ni m al’s i d e ntit y, di et, a n d i nt esti n al 

fl or a [6 ]. F e c al st er oi ds i n cl u d e Δ 5 -st er ols, 5α -st a n ols, 5β -st a n ols, e pi 5β -st a n ols, st a n o n es, a n d 

bil e a ci ds. T h e 5 β -st a n ols a n d bil e a ci ds, i n p arti c ul ar, i n di c at e p ast h er bi v or e pr es e n c e b e c a us e 

h er bi v or es ar e oft e n t h eir pri m ar y e n vir o n m e nt al s o ur c e [ 7 , 8 ]. 5β -st a n ols ar e d eri v e d fr o m 

t h e mi cr o bi al alt er ati o n of pr e c urs or st er ols ( e. g., c h ol est er ol a n d β -sit ost er ol) i n t h e i nt esti n al 

tr a cts of hi g h er a ni m als ( w e t h er ef or e r ef er t o 5β -st a n ols as ‘ z o ost a n ols’). Pri m ar y bil e a ci ds 

( e. g., c h oli c a ci d a n d c h e n o d e o x y c h oli c a ci d) ar e s y nt h esi z e d i n t h e li v er, st or e d i n t h e g all 

bl a d d er, a n d s e cr et e d i nt o t h e di g esti v e tr a ct, w h er e a fr a cti o n is m o difi e d b y g ut b a ct eri a i nt o 

s e c o n d ar y bil e a ci ds ( e. g., d e o x y c h oli c a ci d a n d lit h o c h oli c a ci d) [ 9 , 1 0 ]. A n a er o bi c mi cr o bi al 

a cti vit y m a y c o ntri b ut e t o l o w b a c k gr o u n d l e v els of z o ost a n ols i n e n vir o n m e nt al s etti n gs [ 1 1 , 

1 2 ]. Bil e a ci ds ar e es p e ci all y us ef ul f or f e c al s o ur c e d et er mi n ati o n b e c a us e t h e y ar e pr o d u c e d 

e x cl usi v el y b y v ert e br at es a n d str u ct ur e of pri m ar y bil e a ci ds is g e n eti c all y e n c o d e d a n d v ari es 

a cr oss s p e ci es [ 1 0 , 1 3 – 1 5 ]. Z o ost a n ols a n d s e c o n d ar y bil e a ci ds m a y b e dir e ctl y d e p osit e d or 

tr a ns p ort e d t o l a k e a n d w etl a n d s e di m e nts, w h er e t h e y c a n p ersist f or mill e n ni a d u e t o t h eir 

g e n er all y hi g h affi nit y f or p arti c ul at e or g a ni c m att er [ 1 6 , 1 7 ]. Alt h o u g h a n al ysis of z o ost a n ols 

a n d bil e a ci ds c a n p ot e nti all y pr o vi d e i nf or m ati o n a b o ut t h e a b u n d a n c e of s o ur c e a ni m als 

( e. g., h u m a ns a n d li v est o c k i n hi g h- d e nsit y s ettl e m e nts as i n [1 8 – 2 0 ]), f e c al st er oi ds i n s e di-

m e nts h a v e y et t o b e q u a ntit ati v el y li n k e d t o l o c al a b u n d a n c e of wil d a ni m als. 

I nt ers p e ci es v ari a bilit y i n t h e r el ati v e a b u n d a n c e of z o ost a n ols c a n f a cilit at e i d e ntifi c ati o n 

of t h e m aj or c o ntri b ut ors of f e c al st er oi ds i n s e di m e nts, as l o n g as pri or s p e ci es distri b uti o ns 

ar e k n o w n [ 2 1 ]. Bil e a ci d a n al ysis c a n f urt h er diff er e nti at e a ni m al s o ur c es b e c a us e s o m e c o m-

p o u n ds ar e e x cl usi v el y pr o d u c e d b y a si n gl e, l o c all y pr es e nt s p e ci es [ 6 ]. V ari a bilit y a m o n g 

f e c al st er oi d pr ofil es h as b e e n us e d t o i n v esti g at e s o ur c es of s e w a g e c o nt a mi n ati o n [2 2 – 2 9 ] 

a n d c h ar a ct eri z e p ast a gri c ult ur al pr a cti c es i n ar c h a e ol o gi c al c o nt e xts [ 6 , 1 8 , 2 1 , 3 0 – 3 6 ], y et 

z o ost a n ols a n d bil e a ci ds h a v e n ot b e e n e xt e nsi v el y us e d i n c o nti n u o us l a k e a n d w etl a n d s e di -

m e nt c or es t o r e c o nstr u ct c h a n g es i n l o c al p al e o h er bi v or e us e a n d d o mi n a nt t a x a o v er ti m e 

( b ut s e e [3 7 , 3 8 ]). H er e w e us e bi o m ar k er a n al ysis of m o d er n d u n g s a m pl es a n d l a k e s e di m e nts 

fr o m a s m all w at ers h e d i n n ort h er n Y ell o wst o n e N ati o n al P ar k t o c h ar a ct eri z e wil d h er bi v or e 

bi o m ar k er pr ofil es a n d i nf er p ast h er bi v or e pr es e n c e a n d t h eir i nfl u e n c e o n e c os yst e m d y n a m -

i cs t hr o u g h ti m e. 

T h e Y ell o wst o n e N ort h er n R a n g e ( Fi g 1 ) r ef ers t o t h e 3 0 0, 0 0 0 + h a l a n ds c a p e of t h e L a m ar, 

G ar di n er, a n d Y ell o wst o n e Ri v er v all e ys i n n ort h er n Y ell o wst o n e N ati o n al P ar k a n d a dj oi ni n g 

pri v at e a n d p u bli c l a n ds w h er e l ar g e fr e e-r o a mi n g h er ds of bis o n a n d el k wi nt er [ 3 9 – 4 1 ]. T h e 

v e g et ati o n of t h e r e gi o n is pri m aril y gr assl a n d a n d s a g e br us h st e p p e, wit h c o nif er f or ests o n 
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Fi g 1. M a ps of Y ell o wst o n e N ati o n al P a r k, t h e Y ell o wst o n e N o rt h e r n R a n g e, t h e l o w e r L a m a r V all e y, a n d B uff al o F o r d 
L a k e. ( A) R ef er e n c e m a p f or Y ell o wst o n e N ati o n al P ar k, wit h e xt e nt of t h e N ort h er n R a n g e ( gr a y s h a di n g), l o c ati o n of 
B uff al o F or d L a k e (r e d X), a n d e xt e nt i n di c at or f or p a n el B ( bl a c k d as h e d li n e). ( B) M a p of t h e N ort h er n R a n g e ( gr a y 
s h a di n g) wit h t h e B uff al o F or d L a k e c at c h m e nt ar e a ( w hit e o utli n e), r o a ds (r e d), ri v ers a n d str e a ms ( bl u e), a n d e xt e nt 
i n di c at or f or p a n el C ( d as h e d bl a c k li n e). ( C) M a p of t h e l o w er L a m ar V all e y wit h t h e B uff al o F or d L a k e c at c h m e nt ar e a 
( cr oss- h at c h e d) a n d B uff al o F or d L a k e ( bl u e). ( D) M a p of B uff al o F or d L a k e wit h l o c ati o n of B F 1 9 c or e (r e d X). B as e m a p 
s o ur c es: Esri, M a x ar, E art hst ar G e o gr a p hi cs, M o nt a n a St at e Li br ar y, T o m T o m, G ar mi n, S af e Gr a p h, F A O, M E TI/ N A S A, 
U S G S, B ur e a u of L a n d M a n a g e m e nt, E P A, N P S, a n d U S F W S. 

htt p s:// d oi. or g/ 1 0. 1 3 7 1/j o ur n al. p o n e. 0 3 1 1 9 5 0. g 0 0 1  
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s urr o u n di n g hi g hl a n ds, a n d p at c h es of as p e n (  o p ul us  tr e m ul oi d es) a n d will o w (S ali x  s p p.) i n 

m oist l o wl a n ds. T h e Y ell o wst o n e N ort h er n R a n g e ( h er e aft er r ef err e d t o as t h e N ort h er n 

R a n g e) pr o vi d es a n i d e al s etti n g t o t est t h e utilit y of f e c al st er oi d bi o m ar k ers f or r e c o nstr u cti n g 

p ast h er bi v or e us e, d o mi n a nt t a x a, a n d e n vir o n m e nt al i m p a cts. T o d a y, bis o n a n d el k ar e b y f ar 

t h e m ost a b u n d a nt u n g ul at es i n t h e N ort h er n R a n g e (S 1 T a bl e ). Hist ori c al p o p ul ati o n esti-

m at es, c e ns us es, a n d ot h er wil dlif e m a n a g e m e nt r e p orts o v er t h e l ast 1 0 0 + y e ars off er i nf or m a -

ti o n o n p ast h er bi v or e a b u n d a n c e a n d distri b uti o n t h at c a n b e us e d t o s u p p ort i nt er pr et ati o ns 

of f e c al st er oi ds as pr o xi es f or p ast h er bi v or es. Bis o n a n d el k p o p ul ati o ns i n t h e N ort h er n 

R a n g e h a v e v ari e d gr e atl y si n c e Y ell o wst o n e N ati o n al P ar k w as est a blis h e d i n 1 8 7 2. T h e bis o n 

p o p ul ati o n c o nsist e d of a b o ut 2 0 i n di vi d u als at t h e t ur n of t h e 1 9 t h c e nt ur y [ 4 1 ] b ut n u m b er e d 

o v er 4 0 0 0 i n 2 0 2 2 [ 4 2 ]. T h e e arli est a c c e pt e d esti m at es of N ort h er n R a n g e el k n u m b ers s u g g est 

t h at t h e p o p ul ati o n w as b et w e e n 1 0, 0 0 0 – 1 3, 0 0 0 i n t h e 1 9 1 0s a n d 1 9 2 0s [4 3 ]. T h e el k p o p ul a-

ti o n d e cli n e d t o a l o w c o u nt of 3 2 2 4 i n 1 9 6 8, t h e n p e a k e d at 1 9, 0 4 8 i n 1 9 9 4, a n d n u m b er e d 

5 8 0 0 i n 2 0 1 9 [ 4 4 , 4 5 ]. 

Si n c e P ar k est a blis h m e nt, m a n a g ers h a v e str u g gl e d t o b al a n c e pr ot e cti o n of bis o n a n d el k 

h er ds wit h ot h er r es o ur c e m a n a g e m e nt g o als, i n cl u di n g m ai nt e n a n c e of h a bit at i nt e grit y [ 4 6 – 

4 9 ]. T h e l o n g-r u n ni n g d e b at e o v er t h e m a n a g e m e nt of l ar g e u n g ul at es i n Y ell o wst o n e N ati o n al 

P ar k h as b e e n c h all e n g e d b y a l a c k of i nf or m ati o n o n pr e- P ar k o c c u p a n c y, a b u n d a n c e, a n d 

i m p a cts of bis o n a n d el k [4 1 , 4 9 – 5 4 ]. C urr e nt u n d erst a n di n g of t h e a b u n d a n c e a n d c o m m u-

nit y c o m p ositi o n of u n g ul at es i n t h e N ort h er n R a n g e is l ar g el y b as e d o n li mit e d f ossil e vi d e n c e 

fr o m p al e o nt ol o gi c al a n d ar c h a e ol o gi c al sit es, w hi c h c o nfir m p ast pr es e n c e of bis o n a n d el k i n 

t h e r e gi o n a n d l o c all y [2 , 5 5 , 5 6 ]. E n gstr o m et al. [5 1 ] s o u g ht t o i d e ntif y r e c e nt (i. e., p ast c. 

1 0 0 – 2 0 0 y e ars) h er bi v or e i m p a cts o n l o c al v e g et ati o n, l a k e st at us, a n d s oil st a bilit y i n t h e 

N ort h er n R a n g e t hr o u g h a n a n al ysis of t h e p oll e n, di at o m, a n d g e o c h e mi c al c o m p ositi o n of 

s e di m e nts i n s m all l a k es. T h e st u d y f o u n d n o str o n g e n vir o n m e nt al c h a n g es a cr oss t h e r e gi o n, 

b ut t h e c o n cl usi o ns w er e h a m p er e d b y h a vi n g n o w a y t o i n d e p e n d e ntl y v erif y l o c al h er bi v or e 

us e t hr o u g h ti m e. I n t his st u d y, w e e x a mi n e f e c al st er oi d bi o m ar k ers i n o n e of t h e l a k es st u di e d 

b y E n gstr o m et al. t o pr o vi d e t his missi n g pi e c e of i nf or m ati o n. 

O ur o bj e cti v es ar e t o 1) e x pl or e t h e utilit y of f e c al st er oi ds f or r e c o nstr u cti n g p ast h er bi v or e 

pr es e n c e a n d d o mi n a nt t a x a i n a wil d s etti n g; 2) c h ar a ct eri z e d e c a d al- t o mill e n ni al-s c al e 

c h a n g es i n h er bi v or e pr es e n c e a n d d o mi n a nt t a x a i n t h e N ort h er n R a n g e; a n d 3) e v al u at e n e w 

a n d p u blis h e d p al e o e n vir o n m e nt d at a t o i nf er h o w l ar g e h er bi v or es i n t h e N ort h er n R a n g e 

i nt er a ct e d wit h t h eir c h a n gi n g e n vir o n m e nt. T o a d dr ess t h es e o bj e cti v es, w e d e v el o p e d a m ulti-

pr o x y d at as et fr o m B uff al o F or d L a k e t h at b uil ds o n E n gstr o m et al. [ 5 1 ] b y d es cri bi n g c h a n g es 

i n l o c al h er bi v or e pr es e n c e, v e g et ati o n, fir e, a n d li m n ol o g y o v er t h e l ast c. 2 3 0 0 y e ars. O ur w or k-

i n g h y p ot h es es ar e 1) wil d l ar g e h er bi v or es c a n b e diff er e nti at e d b y t h eir f e c al st er oi d pr ofil es 

a n d 2) f e c al st er oi d i nfl u x es of l a k e s e di m e nts r efl e ct l o c al a ni m al us e of s m all c at c h m e nts. 

Sit e d es c ri pti o n 

B uff al o F or d L a k e (i nf or m al n a m e us e d i n E n gstr o m et al.; 4 4. 9 3 4, - 1 1 0. 3 8 3; 1 9 2 1 m el e v ati o n) 

li es i n a s m all ( 4. 3 h a) gl a ci al d e pr essi o n i n t h e l o w er L a m ar V all e y of Y ell o wst o n e N ati o n al 

P ar k, 1. 4 k m n ort h e ast of t h e c o nfl u e n c e of t h e Y ell o wst o n e a n d L a m ar ri v ers ( Fi g 1 ). T h e B uf-

f al o F or d L a k e c at c h m e nt ( 4 2 7 h a) a n d s urr o u n di n g ar e a s u p p orts a v ari et y of l ar g e u n g ul at es 

i n cl u di n g bis o n (Bis o n  bis o n ), el k (C er v us  c a n a d e nsis), m o os e (Alc es  alc es ), pr o n g h or n (A ntil o -

c a pr a a m eric a n a ), bi g h or n s h e e p (O vis  c a n a d e nsis), a n d m ul e d e er (O d oc oil e us  h e mi o n us ). 

V e g et ati o n. T h e v e g et ati o n i n t h e B uff al o F or d L a k e c at c h m e nt is pri m aril y c o m p os e d of 

s a g e br us h st e p p e t a x a i n cl u di n g bi g s a g e br us h ( Art e misi a  tri d e nt at a), r a b bit br us h (Eric a m eri a  

n a us e os a ), a n d m e m b ers of P o a c e a e i n cl u di n g I d a h o f es c u e (F est uc a  i d a h o e nsis) a n d Gr e at 
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B asi n wil d r y e ( L e y m us  ci n er e us). O p e n f or est d o mi n at e d b y D o u gl as-fir ( s e u d ots u g a  m e n zi e -

sii), R o c k y M o u nt ai n j u ni p er (J u ni p er us sc o p ul or u m), a n d li m b er pi n e ( i n us  fl e xilis) ar e 

f o u n d o n hillsl o p es ar o u n d t h e l a k e. L o d g e p ol e pi n e ( i n us  c o nt ort a) gr o ws o n r o c k y o ut cr o ps 

a n d ar e as of e x p os e d r h y olit e, a n d E n g el m a n n s pr u c e (  ic e a  e n g el m a n nii ) a n d s u b al pi n e fir 

(A bi es  l asi oc ar p a) ar e pr es e nt i n c o ol s etti n gs a n d at hi g h er el e v ati o n. S m all st a n ds of q u a ki n g 

as p e n (  o p ul us  tr e m ul oi d es) gr o w i n w et s e e ps a n d m oist s etti n gs. Will o ws (S ali x ) ar e pr es e nt 

i n ri p ari a n ar e as. S e d g es ( C y p er a c e a e) ar e f o u n d i n w et b ott o m ar e as, i n cl u di n g t h e m ar gi ns of 

B uff al o F or d L a k e. 

Cli m at e. D uri n g t h e p eri o d fr o m 1 9 4 8 t o 2 0 0 5, t h e T o w er F alls w e at h er st ati o n ( 4. 5 k m 

s o ut h of B uff al o F or d L a k e) r e c or d e d a n a v er a g e m a xi m u m t e m p er at ur e of 1 1. 4˚ C, a n a v er a g e 

mi ni m u m t e m p er at ur e of - 7. 1˚ C, a n d a n a v er a g e a n n u al pr e ci pit ati o n of 4 2 c m ( htt ps:// wr c c. 

dri. e d u/ c gi- bi n/ cli M AI N. pl? w y 9 0 2 5 ). C o n v e cti v e s u m m er st or m s yst e ms dri v e s u m m er- w et 

pr e ci pit ati o n p att er ns i n t h e N ort h er n R a n g e. T h e w ett est t hr e e m o nt hs ( M a y, J u n e, a n d J ul y) 

a c c o u nt f or 3 3 % of t ot al a n n u al pr e ci pit ati o n at T o w er F alls. O n a v er a g e, s n o w b e gi ns t o a c c u -

m ul at e i n e arl y N o v e m b er, s n o w d e pt h p e a ks i n e arl y M ar c h, a n d m elt- off e n ds b y e arl y M a y. 

M at eri al s a n d m et h o d s 

S e di m e nt c o r e c oll e cti o n 

A s e di m e nt c or e ( B F 1 9) w as r etri e v e d i n A u g ust 2 0 1 9 fr o m B uff al o F or d L a k e ( 1 6 0 c m) fr o m 

a n i nfl at a bl e r aft i n t h e d e e p est w at er ( 5. 1 m d e pt h) wit h a 7. 5- c m di a m et er p ol y c ar b o n at e t u b e 

fitt e d wit h a pist o n [5 7 ]. T h e c or e w as c oll e ct e d fr o m t h e s a m e g e n er al l o c ati o n as a pri or c or e 

i n 1 9 8 7 ( B F 8 7) [5 1 ]. T h e B F 1 9 c or e w as st a bili z e d wit h Z or bit ol, s e al e d, a n d tr a ns p ort e d t o t h e 

P al e o e c ol o g y L a b at M o nt a n a St at e U ni v ersit y w h er e it w as s plit l o n git u di n all y a n d pl a c e d i n 

r efri g er at e d st or a g e. R es e ar c h a cti viti es i n Y ell o wst o n e N ati o n al P ar k w er e c o n d u ct e d u n d er 

p er mit Y E L L- 2 0 1 9- S CI- 0 0 0 9 t o C W. 

S e di m e nt c o r e c h r o n ol o g y 

All st atisti c al a n al ys es w er e p erf or m e d i n R v ersi o n 4. 1. 3 [ 5 8 ] wit h R St u di o [5 9 ], u nl ess st at e d 

ot h er wis e. T h e c hr o n ol o g y of t h e B F 1 9 s e di m e nt r e c or d is b as e d o n a B a y esi a n a g e- d e pt h 

m o d el c al c ul at e d wit h t h e I nt C al 2 0 c ali br ati o n c ur v e usi n g t h e r b a c o n R p a c k a g e v ersi o n 2. 5. 7 

(S 1 Fi g ; S 2 T a bl e ) [6 0 ]. T h e c hr o n ol o g y w as c o nstr u ct e d wit h t w o 1 4 C s a m pl es fr o m B F 1 9, 

t w el v e 2 1 0 P b a g es fr o m B F 8 7 [ 5 1 ], a n d a c h ar c o al p e a k attri b ut e d t o t h e 1 9 8 8 Y ell o wst o n e fir es 

(T a bl e 1 ). T h e B F 8 7 2 1 0 P b s eri es w as a n c h or e d t o B F 1 9 b y assi g ni n g t h e t o p of B F 8 7, w hi c h 

w as d e p osit e d i n 1 9 8 7, t o 6 c m d e pt h i n B F 1 9, w hi c h is 1 c m b el o w a c h ar c o al l a y er attri b ut e d 

t o t h e 1 9 8 8 Y ell o wst o n e fir es. T his pl a c e m e nt is r e as o n a bl e gi v e n t h e r el ati v el y r a pi d s e di m e nt 

a c c u m ul ati o n r at es o bs er v e d i n t h e ori gi n al B F 8 7 c hr o n ol o g y [ 5 1 ]. All a g es pr es e nt e d i n t his 

p a p er ar e c ali br at e d wit h t h e I nt C al 2 0 c ur v e [ 6 1 ] a n d gi v e n as c al e n d ar y e ars b ef or e pr es e nt 

( c al yr B P), or c o n v ert e d t o t h e Gr e g ori a n c al e n d ar ( B C E/ C E). A g es fr o m t h e 1 7 t h- 2 1st c e nt u -

ri es ar e gi v e n as C E; ol d er a g es ar e gi v e n as b ot h c al yr B P a n d B C E/ C E. A s e di m e nt a c c u m ul a -

ti o n r at e ( S A R) w as c al c ul at e d f or e a c h s a m pl e d d e pt h, b as e d o n t h e a g e- d e pt h m o d el. T h e 
D a g ef or m ul a f or S A R is S A R  ¼  

D  e pt h
, w h er e Δ a g e is t h e c h a n g e i n a g e b et w e e n t w o c o ns e c uti v e 

p oi nts (i n yr) a n d Δ d e pt h is t h e c h a n g e i n d e pt h b et w e e n t h e s a m e t w o p oi nts (i n c m). 

T o c h ar a ct eri z e l o n g-t er m fir e tr e n ds a n d t o i d e ntif y t h e c h ar c o al l a y er pr o d u c e d b y t h e 

1 9 8 8 Y ell o wst o n e fir es, s a m pl es of 2 c m 3 of s e di m e nt w er e t a k e n at c o nti g u o us 0. 5 c m i nt er v als 

f or t h e t o p 1 1 c m of t h e c or e, a n d at c o nti g u o us 1- c m i nt er v als f or t h e r e m ai n d er of t h e c or e 

f or c h ar c o al a n al ysis. S a m pl es w er e s o a k e d f or 2 4 h o urs i n a 5 0: 5 0 s ol uti o n of bl e a c h a n d 5 % 

s o di u m h e x a m et a p h os p h at e ( N a P O 3 )6 t o l e a c h c ol or fr o m or g a ni c m at eri al a n d d efl o c c ul at e 
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T a bl e 1. C al e n d a r a g es, A M S r a di o c a r b o n d at es, a n d 2 1 0 P b d at es f r o m B uff al o F o r d L a k e, W y o mi n g, U S A. 

A g e c o nt r ol/ L a b n o. D e pt h ( c m) 1 4 C/ 2 1 0 P b a g e ±  2 σ  e r r o r C al y r B P ( 2 σ  r a n g e) B C E/ C E ( 2 σ  r a n g e) M at e ri al d at e d 

S urf a c e 0 - - 6 9 2 0 1 9 C E -

1 9 8 8 fir e 5 - - 3 8 1 9 8 8 C E C h ar c o al 

2 1 0 p b- 1 a 6 2 ±  1 - 3 4 (- 3 7, - 2 1) 1 9 8 4 ( 1 9 8 7, 1 9 7 1) C E B ul k s e di m e nt 

2 1 0 p b- 2 a 9 7 ±  1 - 2 7 (- 3 0, - 1 5) 1 9 7 7 ( 1 9 8 0, 1 9 6 5) C E B ul k s e di m e nt 

2 1 0 p b- 3 a 1 1 1 5 ±  1 - 2 2 (- 2 5, - 1 1) 1 9 7 2 ( 1 9 7 5, 1 9 6 1) C E B ul k s e di m e nt 

2 1 0 p b- 4 a 1 5 2 4 ±  1 - 1 3 (- 1 5, - 2) 1 9 6 3 ( 1 9 6 5, 1 9 5 2) C E B ul k s e di m e nt 

2 1 0 p b- 5 a 1 8 3 5 ±  2 0 (- 4, 9) 1 9 5 0 ( 1 9 5 4, 1 9 4 1) C E B ul k s e di m e nt 

2 1 0 p b- 6 a 2 2 5 2 ±  2 1 5 ( 1 1, 2 5) 1 9 3 5 ( 1 9 3 9, 1 9 2 5) C E B ul k s e di m e nt 

2 1 0 p b- 7 a 2 5 6 2 ±  2 2 7 ( 2 1, 3 6) 1 9 2 3 ( 1 9 2 9, 1 9 1 4) C E B ul k s e di m e nt 

2 1 0 p b- 8 a 2 8 7 1 ±  3 3 2 ( 2 7, 4 1) 1 9 1 8 ( 1 9 2 3, 1 9 0 9) C E B ul k s e di m e nt 

2 1 0 p b- 9 a 3 2 8 6 ±  8 5 1 ( 4 1, 6 2) 1 8 9 9 ( 1 9 0 9, 1 8 8 8) C E B ul k s e di m e nt 

2 1 0 p b- 1 0 a 3 5 1 0 5 ±  1 4 6 5 ( 4 6, 8 9) 1 8 8 5 ( 1 9 0 4, 1 8 6 1) C E B ul k s e di m e nt 

2 1 0 p b- 1 1 a 3 8 1 2 7 ±  2 7 9 1 ( 6 4, 1 2 9) 1 8 5 9 ( 1 8 8 6, 1 8 2 1) C E B ul k s e di m e nt 

2 1 0 p b- 1 2 a 4 0 1 4 4 ±  4 9 1 0 7 ( 6 8, 1 7 0) 1 8 4 3 ( 1 8 8 2, 1 7 8 0) C E B ul k s e di m e nt 

2 1 0 p b- 1 3 a 4 3 1 7 4 ±  1 2 3 1 4 8 ( 9 1, 2 4 6) 1 8 0 2 ( 1 8 5 9, 1 7 0 4) C E B ul k s e di m e nt 

O S- 1 5 6 9 3 8 b 7 5 7 8 5 ±  2 5 6 9 6 ( 6 3 2, 7 6 5) 1 2 5 4 ( 1 3 1 8, 1 1 8 5) C E W o o d 

O S- 1 5 8 7 6 9 b 1 4 8 2 2 1 0 ±  2 0 2 1 8 8 ( 2 0 6 5, 2 2 9 6) 2 3 8 (- 1 1 5, 3 4 6) B C E W o o d 

a 2 1 0 P b a g es ori gi n all y r e p ort e d i n [ 5 1 ] 
b S a m pl es m e as ur e d at N O S A M S L a b or at or y at W o o ds H ol e O c e a n o gr a p hi c I nstit uti o n 

htt p s:// d oi. or g/ 1 0. 1 3 7 1/j o ur n al. p o n e. 0 3 1 1 9 5 0.t 0 0 1  

t h e s e di m e nt. S a m pl es w er e s cr e e n e d t hr o u g h a 1 2 5 μ m- m es h si e v e. P arti cl es l ar g er t h a n 

1 2 5 μ m w er e c o u nt e d u n d er a st er e o mi cr os c o p e b as e d o n p u blis h e d st u di es i n di c ati n g t h at 

p arti cl es of t his l ar g e si z e t y pi c all y ori gi n at e fr o m l o c al fir e e v e nts [ 6 2 ]. 

Bi o m a r k e r s a m pl e p r e p a r ati o n 

F ort y d u n g s a m pl es fr o m fi v e u n g ul at e s p e ci es ( bis o n, el k, m o os e, m ul e d e er, a n d pr o n g h or n) 

w er e i d e ntifi e d [ 6 3 ] a n d c oll e ct e d fr o m t h e C S K T ( C o nf e d er at e d S alis h a n d K o ot e n ai Tri b es) 

Bis o n R a n g e, M T (f or m erl y N ati o n al Bis o n R a n g e) a n d n e ar t h e Y ell o wst o n e N ati o n al P ar k 

b o u n d ar y i n C o o k e Cit y, M T a n d Sil v er G at e, M T i n s u m m er ( S 3 a n d S 4 T a bl es). W e di d n ot 

c oll e ct d u n g wit hi n Y ell o wst o n e N ati o n al P ar k b o u n d ari es b e c a us e d u n g s a m pli n g w as n ot a n 

a p pr o v e d a cti vit y u n d er o ur r es e ar c h p er mit. W e s el e ct e d s a m pl es fr o m l a n ds c a p es t h at s u p -

p ort t h e s a m e d o mi n a nt pl a nt t a x a as t h os e t h at gr o w n e ar o ur st u d y sit e, i n cl u di n g b u n c h-

gr ass es ( P o a c e a e), s a g e br us h ( Art e misi a ), a n d D o u gl as-fir. Y ell o wst o n e N ati o n al P ar k a n d t h e 

C S K T Bis o n R a n g e p oss ess si mil arl y pr o p orti o n e d h er ds of bis o n, el k, pr o n g h or n, a n d m ul e 

d e er. T o r e d u c e t h e c h a n c e of r e p e at s a m pli n g of i n di vi d u als, d u n g c oll e cti o n at t h e C S K T 

Bis o n R a n g e w as p erf or m e d b y s ur v e yi n g a 1 0. 5- k m l o n g b y 1 0- m wi d e tr a ns e ct a n d s a m pl es 

w er e o nl y c oll e ct e d if t h e y h a d b e e n d e p osit e d r e c e ntl y, wit hi n c. 4 8 hrs. Pr o n g h or n a n d m ul e 

d e er s a m pl es w er e vis u all y c o nfir m e d t o h a v e c o m e fr o m s e p ar at e i n di vi d u als. Bis o n a n d el k 

s a m pl es w er e m ai nl y c oll e ct e d fr o m ar e as w h er e h er ds h a d r e c e ntl y b e d d e d. D u n g s a m pl es 

w er e fr o z e n f or st or a g e, air dri e d, a n d t h e n fr e e z e- dri e d. D u n g s a m pl es w er e air dri e d i n a r u n -

ni n g f u m e h o o d f or 4 8 h o urs. T w e nt y-s e v e n s u bs a m pl es fr o m B F 1 9 w er e t a k e n at 2 – 1 0 c m 

i nt er v als, r es ulti n g i n a m e a n t e m p or al r es ol uti o n of 8 5 y e ars ( mi n: 3 y e ars, m a x: 2 0 9 y e ars; S 3 

T a bl e ). All d u n g a n d s e di m e nt s a m pl es w er e fr e e z e- dri e d f or 2 4 h o urs a n d t h e n h a n d- mill e d 

a n d h o m o g e ni z e d wit h a c er a mi c m ort ar a n d p estl e. S a m pl es w er e st or e d at r o o m t e m p er at ur e 

i n al u mi n u m-f oil p a c k ets u ntil e xtr a cti o n. 
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Bi o m a r k e r e xt r a cti o n of d u n g s a m pl es 

D u n g s a m pl es w er e s pi k e d wit h k n o w n q u a ntiti es of 1 3 C- c h ol est er ol ( c h ol est er ol -

2 5, 2 6, 2 7- 1 3 C 3 ) a n d 1 3 C- d e o x y c h oli c a ci d ( d e o x y c h oli c a ci d- 2 4- 1 3 C). D u n g s a m pl es w er e 

e xtr a ct e d t wi c e wit h 2 0 m L of a 2: 1 D C M: M e O H s ol uti o n i n a n ultr as o ni c b at h f or 1 5 mi n ut es. 

A n h y dr o us N a 2 S O 4 w as a d d e d t o t h e e xtr a ct a n d a 5 m L ali q u ot w as p urifi e d vi a P ast e ur 

pi p ett e c ol u m n c hr o m at o gr a p h y wit h fl orisil. 

Bi o m a r k e r e xt r a cti o n of l a k e-s e di m e nt s a m pl es 

E xtr a cti o n of bi o m ar k ers fr o m l a k e-s e di m e nt s a m pl es w as p erf or m e d wit h a n A S E 3 5 0 ( A c c el -

er at e d S ol v e nt E xtr a ct or, Di o n e x  T h er m o  Fis h er  Sci e ntific ) e q ui p p e d wit h 2 2 m L st ai nl ess st e el 

e xtr a cti o n c ells. E a c h s a m pl e w as mi x e d wit h di at o m a c e o us e art h a n d a s pi k e wit h a k n o w n 

q u a ntit y of t h e 1 3 C-l a b el e d i nt er n al st a n d ar ds. E xtr a cti o n w as p erf or m e d t wi c e wit h a 9: 1 

D C M: M e O H s ol uti o n at 1 0 0 ˚ C a n d 1 5 0 0 psi. 

Cl e a n u p a n d fr a cti o n ati o n of d u n g a n d s e di m e nt s a m pl es w er e p erf or m e d a c c or di n g t o 

Bir k et al. [ 6 4 ], wit h mi n or m o difi c ati o ns. E xtr a cts w er e dri e d u n d er a nitr o g e n fl o w a n d 

s a p o nifi e d wit h 3. 5 m L of 0. 7 M K O H i n M e O H ( 1 0 – 1 4 h o urs at r o o m t e m p er at ur e), t h e n 

1 0 m L of ultr a p ur e w at er w er e a d d e d. T h e n e utr al fr a cti o n ( c o nt ai ni n g st er ols, st a n ols, a n d st a -

n o n es) w as e xtr a ct e d t hr e e ti m es wit h 1 5 m L of c hl or of or m, t h e n t h e s a m pl e w as a ci difi e d wit h 

6 M H Cl u ntil p H � 2. A n a ci di c fr a cti o n ( c o nt ai ni n g bil e a ci ds) w as o bt ai n e d b y e xtr a cti n g 

t hr e e ti m es wit h 1 5 m L of c hl or of or m. 

T h e n e utr al fr a cti o n w as c o n c e ntr at e d a n d p urifi e d o n n e utr al sili c a f oll o wi n g t h e m et h o ds 

d es cri b e d i n B attist el et al. [ 6 5 ], dri e d, r e m o bili z e d wit h 1 0 0 μ L of D C M a n d d eri v ati z e d wit h 

1 0 0 μ L of B S T F A + 1 % T C M S, tr a nsf err e d t o G C vi als a n d h e at e d t o 7 0˚ C f or 1 h o ur, c o ol e d t o 

r o o m t e m p er at ur e, a n d a n al y z e d wit h G C- M S aft er 2 4 h o urs. 

T h e a ci di c fr a cti o n w as dri e d a n d m et h yl at e d wit h 2 m L of 1. 2 5 M H Cl i n m et h a n ol at 8 0˚ C 

f or 2 h o urs, p urifi e d f oll o wi n g Bir k et al. [6 4 ], dri e d a n d r e diss ol v e d i n 5 0 μ L of t ol u e n e, t h e n 

d eri v ati z e d wit h 1 0 0 μ L of B S T F A + 1 % T M C S, tr a nsf err e d t o G C vi als a n d h e at e d t o 8 0˚ C f or 

1 h o ur, c o ol e d t o r o o m t e m p er at ur e, a n d a n al y z e d b y a G C- M S ( g as c hr o m at o gr a p h – m ass 

s p e ctr o m et er). 

G C – M S a n al ysis 

All a n al ys es w er e p erf or m e d usi n g a n A gil e nt T e c h n ol o gi es 7 8 9 0 G C s yst e m c o u pl e d t o a 

5 9 7 5 C M S D a n d e q ui p p e d wit h a H P- 5 ms 6 0 m c a pill ar y c ol u m n ( 0. 2 5 m m I. D.; 0. 2 5 μ m fil m 

t hi c k n ess; A gil e nt T e c h n ol o gi es). 

St er ols w er e s e p ar at e d usi n g t h e f oll o wi n g c hr o m at o gr a p hi c r u n: 1 5 0˚ C ( 1 mi n), 

3 0˚ C mi n - 1 t o 2 2 0 ˚ C ( 0 mi n), 0. 7˚ C mi n- 1 t o 2 7 5 ˚ C ( 0 mi n), 1 0˚ C mi n- 1 t o 3 0 0 ˚ C ( 5 mi n), 1 0 

mi n at 3 1 5˚ C ( p ost r u n); h eli u m fl o w 1 m L mi n - 1. I nj e ct or a n d tr a nsf er li n e t e m p er at ur es w er e 

2 9 0˚ C a n d 3 0 0˚ C, r es p e cti v el y. 

F or bil e a ci ds, t h e f oll o wi n g c hr o m at o gr a p hi c m et h o d w as us e d: 4 0˚ C ( 1 mi n), 2 0˚ C mi n - 1 

t o 2 3 0 ˚ C ( 0 mi n), 2˚ C mi n- 1 t o 3 0 0 ˚ C ( 2 0 mi n), 1 0 mi n at 3 1 5˚ C ( p ost r u n); h eli u m fl o w 

1 m L mi n - 1. I nj e ct or: 2 8 0˚ C; tr a nsf er li n e: 3 0 0˚ C. F or b ot h m et h o ds, s o ur c e t e m p er at ur e w as 

2 3 0˚ C a n d q u a dr u p ol e t e m p er at ur e w as 1 5 0˚ C. 

F e c al st e r oi d n o m e n cl at u r e 

T h e f e c al st a n ols m e as ur e d w er e c o pr ost a n ol ( 5 β - c h ol est a n- 3β - ol), e pi c o pr ost a n ol ( 5β - c h ol e-

st a n- 3α - ol), c h ol est er ol ( c h ol est- 5- e n- 3β - ol), c h ol est a n ol ( 5α - c h ol est a n- 3β - ol), c h ol est a n o n e 

( 5α - c h ol est a n e- 3- o n e), 2 4- et h yl c o pr ost a n ol ( 2 4- et h yl 5β - c h ol est a n- 3β - ol), 
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24-ethylepicoprostanol (24-ethyl 5β-cholestan-3α-ol), campesterol (campest-5-en-3β-ol), stig-

masterol (stigmasta-5,22-dien-3β -ol), β-sitosterol (stigmast-5-en-3β-ol), ergosterol (3β-

ergosta-5,7,22-trien-3-ol), and stigmastanol (5α-stigmastan-3β-ol). Bile acids analyzed were 

chenodeoxycholic acid, deoxycholic acid, hyodeoxycholic acid, lithocholic acid, and urso-

deoxycholic acid. Refer to S5 Table for additional compound information. 

Statistical analysis of biomarker profiles 

Statistical analysis of fecal stanols followed Harrault et al. [21]. Steroid values of dung and sedi-

ment samples were transformed from concentrations to relative abundances of (i) sterols, sta-

nols, and stanones and (ii) bile acids to account for variability among samples. Principal 

component analysis (PCA) was performed on the relative abundances of each compound in 

dung samples. Chenodeoxycholic acid and ursodeoxycholic acid were excluded because they 

were not detected in nearly all dung samples. 

This was followed by analysis of the relative proportions of zoostanols, which are predomi-

nantly produced in the digestive tract of animals, while other fecal steroids have other environ-

mental sources. We used hierarchical clustering on principal components (HCPC) based on 

all four principal components, with Euclidean distance and Ward's method. Lake-sediment 

samples were added to the PCA as supplementary individuals to assess the similarity of sedi-

ment zoostanol profiles to those of the dung. These analyses were performed using the PCA 

and HCPC functions from the FactoMineR R package [66]. 

Lamar Cave fossil record and chronology 

The Lamar Cave fossil record consists of multiple sedimentary strata that have been previously 

analyzed and radiocarbon dated [55, 67], and thus provides an independent record of past 

presence of ungulate species in the lower Lamar Valley, 2.5 km from Buffalo Ford Lake. The 

chronology of the Lamar Cave fossil record was updated by converting radiocarbon dates 

from Hadly [67] to cal yr BP with the most recent calibration curve (Intcal20) with rbacon 

[60]. Minimum number of individuals (MNI) was used to infer presence or absence of a spe-

cies within a given stratigraphic level (absence: MNI = 0, presence: MNI > = 1). 

Herbivore population and biomass 

Population records for bison (1877±2015 CE) and elk (1911±2015 CE) in the Northern Range 

were compiled from multiple literature sources [41, 43, 44, 68±70]. Elk population estimates 

from before the start of aerial surveys in 1952 are less reliable but included here as general esti-

mates. Populations were converted to biomass based on average body masses of 665 kg for 

bison [71] and 235 kg for elk [72]. 

We performed tests for association between total elk and bison biomass and biomarker lev-

els (concentration and influx of total zoostanols and lithocholic acid) at Buffalo Ford Lake for 

two time periods (1920±1970 and 1971±2020) using Pearson's correlation coefficient. These 

periods define distinct management regimes that influenced spatiotemporal distribution of elk 

and bison. Between 1907±1951 elk and bison herds were provided winter hay in the lower 

Lamar Valley and bison were discouraged from migrating further down valley until the mid-

1970s [40, 43]. After 1969, managers began to implement a policy of natural regulation for 

Northern Range ungulates. Culling ceased, and elk and bison began to expand to new winter 

range, especially in response to severe winter conditions 1975±1976 [40, 73]. 
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P oll e n a n al ysis 

S a m pl es of 1 c m 3 of s e di m e nt w er e t a k e n at 4 – 8 c m i nt er v als f or p oll e n a n al ysis r es ulti n g i n a 

m e a n t e m p or al r es ol uti o n of 1 0 1 y e ars ( mi n: 9 y e ars, m a x: 1 6 8 y e ars). T h e s a m pl es w er e pr o -

c ess e d a c c or di n g t o m et h o ds o utli n e d i n B e n n ett a n d Willis [ 7 4 ]. E a c h s a m pl e w as s pi k e d wit h 

a k n o w n q u a ntit y of L yc o p o di u m  s p or es t o c al c ul at e p oll e n c o n c e ntr ati o n ( gr ai ns c m - 3) a n d 
- 2  - 1p oll e n a c c u m ul ati o n r at e ( gr ai ns c m  yr  ). P oll e n r esi d u es w er e m o u nt e d i n sili c o n e oil a n d 

e x a mi n e d at 4 0 0- 1 0 0 0 x m a g nifi c ati o n. A mi ni m u m of 3 0 0 t err estri al p oll e n gr ai ns a n d s p or es 

w er e i d e ntifi e d t o t h e l o w est t a x o n o mi c l e v el p ossi bl e o n e a c h sli d e a n d t alli e d. T err estri al t a x a 

w er e c o n v ert e d t o p er c e nt a g es b as e d o n t h e s u m of t err estri al p oll e n a n d s p or es. A q u ati c p ol -

l e n c o u nts w er e c o n v ert e d t o p er c e nt a g es r el ati v e t o t h e s u m of all p oll e n a n d s p or es. N ot e t h at 

C y p er a c e a e w as cl assifi e d as a n a q u ati c t a x o n d u e t o its pr e v al e n c e i n s urr o u n di n g w etl a n ds. 

 i n us  p oll e n gr ai ns wit h i nt a ct dist al m e m br a n es w er e i d e ntifi e d t o s u b g e n us.  i n us  s u b g. 

Str o b us  ( h a pl o x yl o n t y p e, v err u c at e dist al m e m br a n e) i n cl u d es  . al bic a ulis  a n d  . fl e xilis, 

w hi c h b ot h gr o w i n n ort h er n Y ell o wst o n e N ati o n al P ar k.  i n us  s u b g.  i n us  ( di pl o x yl o n t y p e, 

psil at e dist al m e m br a n e) pri m aril y r e pr es e nts  . c o nt ort a i n t h e ar e a. Gr ai ns of C u pr ess a c e a e 

ar e attri b ut e d t o J u ni p er us-t y p e b e c a us e J. sc o p ul or u m, J. h ori z o nt alis , a n d J. c o m m u nis ar e 

pr es e nt i n t h e r e gi o n. 

T h e r el ati v e a b u n d a n c e of d o mi n a nt f u n cti o n al gr o u ps (s hr u bs a n d gr ass es v ers us e v er-
Arte misi a  þ  o ac e ae  gr e e n c o nif ers) w as c al c ul at e d wit h p oll e n p er c e nt a g es as 
 i n us  þ  s e u d ots u g a

. T h e p oll e n di a gr a m 

w as cr e at e d wit h t h e ri oj a R p a c k a g e [ 7 5 ]. Hi g h r ati o v al u es i n di c at e m or e o p e n v e g et ati o n a n d 

l o w r ati o v al u es i n di c at e m or e f or est e d v e g et ati o n. 

St atisti c al c h a r c o al a n al ysis 

St atisti c al a n al ysis of t h e B uff al o F or d L a k e c h ar c o al r e c or d w as p erf or m e d wit h C h ar A n al ysis 

s oft w ar e (htt ps://sit es. g o o gl e. c o m/sit e/ c h ar a n al ysis ) f or M at L a b f oll o wi n g t h e m et h o ds of 

Hi g u er a et al. [ 7 6 ]. C h ar c o al c o u nts w er e c o n v ert e d t o c h ar c o al a c c u m ul ati o n r at e ( C H A R; 
- 2  - 1p arti cl es c m  yr  ), w hi c h w as i nt er pr et e d as a n i n di c at or of fir e a cti vit y or bi o m ass b ur n e d. A 

5 0 0- yr l o w ess s m o ot h er, r o b ust t o o utli ers, w as us e d t o c h ar a ct eri z e l o n g-t er m b a c k gr o u n d 

c h ar c o al a c c u m ul ati o n r at es ( B C H A R) [ 7 7 ]. C h ar c o al p e a ks w er e i d e ntifi e d as si g nifi c a nt fir e 

e pis o d es ( a si n gl e or s e q u e n c e of fir es wit hi n t h e ti m e s p a n of t h e s a m pl e) if t h e y e x c e e d e d t h e 

9 9 t h p er c e ntil e of t h e l o c al C H A R n ois e distri b uti o n as d efi n e d b y a G a ussi a n mi xt ur e m o d el. 

R e s ult s 

C h r o n ol o g y 

T h e e xtr a p ol at e d a g e- d e pt h m o d el gi v es a b as al c or e a g e of 2 2 9 0 c al yr B P ( 2 σ  2 4 3 9 – 2 1 5 6 c al yr 

B P). T h e m e di a n s e di m e nt a c c u m ul ati o n r at e w as st a bl e at 0. 0 5 – 0. 0 7 c m yr - 1 fr o m t h e b as e of 

t h e c or e t o c. 1 0 0 c al yr B P ( 1 8 5 0 C E). S e di m e nt a c c u m ul ati o n r at e s h ar pl y i n cr e as e d i n t h e l at e 

1 9 t h - 1c e nt ur y a n d s u bs e q u e ntl y p e a k e d wit h a n i n cr e as e t o 0. 3 3 – 0. 5 0 c m yr c. 1 9 2 0s C E, st a bi-
- 1 - 1li z e d at 0. 2 5 c m yr  b et w e e n c. 1 9 3 0 – 1 9 6 0 C E, a n d t h e n r os e t o 0. 5 0 c m yr  a g ai n fr o m t h e 

1 9 6 0s C E t o t h e mi d- 1 9 8 0s C E. T h e m ost r e c e nt s e di m e nt a c c u m ul ati o n r at e of 0. 1 7 c m yr - 1 is 

l o w er t h a n t h e 2 0t h c e nt ur y a v er a g e b ut r e m ai ns el e v at e d r el ati v e t o t h e pr e- 1 0 0 c al yr B P 

( 1 8 5 0 C E) m e di a n. 

Lit h ol o g y 

T h e B F 1 9 s e di m e nt c or e c o nsist e d e ntir el y of br o w n, or g a ni c-ri c h m u d, si mil ar t o t h e d es cri p -

ti o n i n E n gstr o m et al. [5 1 ], w hi c h n ot e d t h at t h e B F 8 7 c or e c o nsist e d of 4 4 % or g a ni c c o nt e nt, 

3 9 % i n or g a ni c c o m p o n e nts, a n d 1 7 % c ar b o n at es b y dr y m ass. 
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F e c al st e r oi ds 

D e o x y c h oli c a ci d w as t h e m ost pr e v al e nt s e c o n d ar y bil e a ci d i n t h e d u n g of all s p e ci es a n al y z e d 

( bis o n [ 5 8 %], el k [ 5 1 %], m o os e [ 7 4 %], m ul e d e er [ 8 6 %], a n d pr o n g h or n [ 7 8 %]). El k d u n g als o 

c o nt ai n e d lit h o c h oli c a ci d ( 4 9 %), m o os e f e c es als o c o nt ai n e d lit h o c h oli c a ci d ( 2 1 %) a n d h y o -

d e o x y c h oli c a ci d ( 4 %), a n d m ul e d e er f e c es als o c o nt ai n e d lit h o c h oli c a ci d ( 1 4 %). El k a n d 

m ul e d e er d u n g di d n ot c o nt ai n d et e ct a bl e l e v els of h y o d e o x y c h oli c a ci d. Bis o n d u n g w as dis -

ti n g uis h e d fr o m ot h er s p e ci es b y r el ati v el y hi g h c o n c e ntr ati o ns of h y o d e o x y c h oli c a ci d ( 1 1 %), 

w hil e c h e n o d e o x y c h oli c a ci d w as o nl y d et e ct e d i n a si n gl e bis o n d u n g s a m pl e. Urs o d e o x y -

c h oli c a ci d w as n ot d et e ct e d i n t h e s a m pl es. 

M ulti v ari at e a n al ysis of f e c al st er oi ds i n di c at es t h at f e c al st er oi d pr ofil es of bis o n, el k, 

m o os e, m ul e d e er, a n d pr o n g h or n ar e disti n ct ( Fi g 2 ), a n d all o w c o m pl et e diff er e nti ati o n of 

m o os e, m ul e d e er, a n d pr o n g h or n a n d p arti al diff er e nti ati o n of bis o n a n d el k ( Fi g 2 C ). H o w-

e v er, m a n y f e c al st er oi ds h a v e si g nifi c a nt n o n- a ni m al e n vir o n m e nt al s o ur c es, s o it is n ot 

a p pr o pri at e t o us e a br o a d-s p e ctr u m a n al ysis of all st er oi ds t o i d e ntif y u n g ul at e c o ntri b ut ors 

t o mi x e d s e di m e nts, s u c h as s oils or l a k e s e di m e nts [2 1 ]. F or t his r e as o n, o ur l a k e-s e di m e nt 

a n al ysis f o c us es o n z o ost a n ols, w hi c h ar e str o n g i n di c at ors of f e c al i n p ut. 

Hi er ar c hi c al cl ust eri n g o n pri n ci p al c o m p o n e nts, b as e d o n t h e r el ati v e a b u n d a n c es of z o os -

t a n ols ( 5β -st a n ols: c o pr ost a n ol, e pi- c o pr ost a n ol, 2 4- et h yl c o pr ost a n ol, a n d 2 4- et h yl e pi c o pr os -

t a n ol) i n d u n g, diff er e nti at e d t hr e e u n g ul at e gr o u ps t y pifi e d b y m o os e (Fi g 3 , cl ust er 1), 

pr o n g h or n ( Fi g 3 , cl ust er 2), a n d bis o n a n d el k (Fi g 3 , cl ust er 3). Bis o n a n d el k w er e n ot diff er-

e nti at e d b y t h eir z o ost a n ol pr ofil es al o n e. T h e z o ost a n ol pr ofil es of u n g ul at es f or m a gr a di e nt 

d efi n e d b y t h e pr o p orti o n of 2 4- et h yl c o pr ost a n ol a n d 2 4- et h yl e pi c o pr ost a n ol v ers us c o pr ost a -

n ol a n d e pi- c o pr ost a n ol ( Fi g 3 B , P C 1). M o os e d u n g c o nt ai n e d t h e gr e at est pr o p orti o ns of 

2 4- et h yl e pi c o pr ost a n ol. M ul e d e er a n d pr o n g h or n d u n g h a d r el ati v el y hi g h l e v els of 2 4- et h yl -

c o pr ost a n ol. T h e d u n g of bis o n a n d el k w as hi g h er i n c o pr ost a n ol t h a n m ul e d e er a n d m o os e, 

a n d el k d u n g c o nt ai n e d r el ati v el y hi g h q u a ntiti es of e pi- c o pr ost a n ol. 

E u cli d e a n dist a n c e t o cl ust er c e ntr oi ds q u a ntifi es t h e si mil arit y of l a k e s e di m e nt z o ost a n ol 

si g n at ur es t o t h os e of m o d er n d u n g s a m pl es (Fi g 3 A ). Pl otti n g si mil arit y o v er ti m e r e v e als t h at 

t h e z o ost a n ol si g n at ur e of t h e l a k e-s e di m e nt s a m pl es m ost cl os el y r es e m bl es t h at of bis o n a n d 

el k t hr o u g h o ut t h e r e c or d ( Fi g 3 D , Cl ust er 3). Br o ws ers s u c h as pr o n g h or n a n d m ul e d e er m a y 

h a v e c o ntri b ut e d m o d estl y t o t h e z o ost a n ol c o m p ositi o n of t h e s e di m e nt, wit h gr e at est r el ati v e 

c o ntri b uti o ns ar o u n d c. 2 0 0 0 C E (Fi g 3 D , Cl ust er 2). M o os e w er e n ot w ell r e pr es e nt e d b y t h e 

l a k e-s e di m e nt z o ost a n ol si g n at ur e, s u g g esti n g li mit e d l o c al pr es e n c e i n t h e B uff al o F or d c at c h-

m e nt o v er t h e p ast t w o mill e n ni a ( Fi g 3 D , Cl ust er 1). 

I nfl u x es of z o ost a n ols a n d bil e a ci ds w er e g e n er all y l o w a n d st a bl e t hr o u g h o ut t h e s e di m e nt 

r e c or d ( B F 1 9) u ntil t h e mi d- t o l at e 1 9 t h c e nt ur y, w h e n i nfl u x es b e g a n t o i n cr e as e dr a m ati c all y 

u ntil p e a ki n g i n t h e e arl y 2 0 t h c e nt ur y ( Fi g 4 p a n el C; S 2 Fi g ; S 7 a n d S 8 T a bl es). F e c al st er oi d 

i nfl u x es r e m ai n e d v ari a bl e b ut g e n er all y d e cr e as e d, a p pr o a c hi n g l o n g-t er m a v er a g es i nt o t h e 

2 1 st c e nt ur y ( Fi g 5 ). 

F e c al st er oi d l e v els w er e m or e str o n gl y c orr el at e d wit h el k a n d bis o n bi o m ass b et w e e n 

1 9 2 0 – 1 9 7 0 t h a n b et w e e n 1 9 7 1 – 2 0 2 0, p arti c ul arl y f or lit h o c h oli c a ci d c o n c e ntr ati o n, w hi c h 

s h o w e d a si g nifi c a nt p ositi v e c orr el ati o n 1 9 2 0 – 1 9 7 0 (r = 0. 8 3 5, p = 0. 0 3 9; ( S 3 Fi g ). 

P oll e n 

T h e p oll e n r e c or d i n di c at es t h at t h e v e g et ati o n ar o u n d B uff al o F or d L a k e e x p eri e n c e d o nl y 

mi n or fl u ct u ati o ns i n r el ati v e d o mi n a n c e a n d li mit e d s p e ci es t ur n o v er d uri n g t h e p ast c. 2 3 0 0 

y e ars ( S 2 Fi g ; S 6 T a bl e ).  i n us  a n d  s e u d ots u g a  p oll e n d o mi n at e t h e r e c or d wit h 4 5 – 6 6 %, a n d 
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Fi g 2. C h a r a ct e ri z ati o n of f e c al st e r oi d p r ofil es bis o n, el k, m o os e, m ul e d e e r, a n d p r o n g h o r n b as e d o n t h e r el ati v e a b u n d a n c es of st e r ols, st a n ols, 
a n d st a n o n es a n d bil e a ci ds i n i n di vi d u al d u n g s a m pl es. Distri b uti o ns of ( A) st er ols, st a n ols, a n d st a n o n es a n d ( B) bil e a ci ds i n d u n g s a m pl es b y 
s p e ci es ( m e a n ±  S E). ( C) S c or e pl ot a n d ( D) bi pl ot s h o wi n g t h e first t w o pri n ci p al c o m p o n e nts of t h e f e c al st er oi d pr ofil e P C A. C h e n o d e o x y c h oli c a ci d, 
a n d urs o d e o x y c h oli c a ci d w er e e x cl u d e d fr o m pri n ci p al c o m p o n e nts a n al ysis. N u m b er of i n di vi d u als: bis o n: 1 8, el k: 7, m o os e: 7, m ul e d e er: 2, 
pr o n g h or n: 6. S e e S 5 T a bl e f or c o m p o u n d i nf or m ati o n. S e e S 3 & S 4 T a bl es f or i n di vi d u al s a m pl e i nf or m ati o n a n d f e c al st er oi d distri b uti o ns. 
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P o a c e a e a n d Art e misi a  t o g et h er a c c o u nt f or 2 5 – 4 3 %.  o p ul us  a p p e ars s p or a di c all y i n t h e B F 1 9 

a n d B F 8 7 r e c or ds. S ali x  p er c e nt a g es fl u ct u at e, wit h a g e n er al d e cli n e t o w ar ds pr es e nt. 

C o nif er (  i n us  a n d  s e u d ots u g a ) p er c e nt a g es r el ati v e t o t h os e of st e p p e s hr u bs (Art e misi a ) 

a n d gr ass es ( P o a c e a e) p e a k e d a b o v e t h e l o n g-t er m a v er a g e t wi c e d uri n g t h e 2 0 t h c e nt ur y 

(Fi g 5 ). T h e first p e a k o c c urr e d at c. 1 9 3 0 C E a n d t h e s e c o n d at c. 1 9 7 0 C E. P er c e nt a g es of 

S ali x , a n i m p ort a nt ri p ari a n s p e ci es a n d f or a g e f or el k, w er e b el o w t h e l o n g-t er m a v er a g e 

t hr o u g h o ut t h e 2 0t h c e nt ur y ( Fi g 5 ). 

C h a r c o al 

T h e c h ar c o al r e c or d i n di c at es v ari a bl e fir e a cti vit y o v er t h e l ast 2 3 0 0 y e ars at B uff al o F or d L a k e 

(S 9 T a bl e ). B a c k gr o u n d c h ar c o al ( B C H A R), w hi c h i n di c at es bi o m ass b ur ni n g tr e n ds, w as 
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Fi g 3. C h a r a ct e ri z ati o n of 5 β -st a n ol ( z o ost a n ol) p r ofil es of s e di m e nts f r o m B uff al o F o r d L a k e i n r el ati o n t o t h e d u n g p r ofil es of u n g ul at es. ( A) 
P C A s c or e pl ot of z o ost a n ols i n d u n g, wit h l a k e s e di m e nt s a m pl es as s u p pl e m e nt ar y o bs er v ati o ns. Cl ust ers ar e d efi n e d b y H C P C ( p a n el C). ( B) P C A 
c orr el ati o n cir cl e d e pi cti n g c orr el ati o n b et w e e n t h e first t w o pri n ci p al c o m p o n e nts b as e d o n t h e r el ati v e a b u n d a n c e of z o ost a n ols. ( C) H C P C 
d e n dr o gr a m of z o ost a n ol distri b uti o ns f or i n di vi d u al u n g ul at e d u n g s a m pl es. ( D) E u cli d e a n dist a n c e of l a k e-s e di m e nt s a m pl es t o cl ust er c e ntr oi ds 
(fr o m p a n el A). S h ort er dist a n c e i n di c at es gr e at er si mil arit y of t h e z o ost a n ol si g n at ur es of l a k e s e di m e nt s a m pl es t o t h e c e ntr oi ds of t h e cl ust ers s h o w n 
i n p a n el A, a n d t h us is a n i n di c at or of d o mi n a nt t a x a. T h e l a k e s e di m e nt s a m pl es, w hi c h m ostl y f all wit hi n Cl ust er 3 ( p a n el A) a n d ar e all cl os est t o t h e 
c e ntr oi d of Cl ust er 3 ( p a n el D), str o n gl y i n di c at e t h at bis o n a n d/ or el k w er e t h e pr e d o mi n a nt c o ntri b ut ors of f e c al m att er t o B uff al o F or d L a k e o v er t h e 
l ast 2 mill e n ni a. 
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r el ati v el y hi g h at c. 2 0 0 0 c al yr B P ( 5 0 B C E). B C H A R t h e n d e cli n e d t o a mi ni m u m at c. 1 0 0 0 

c al yr B P ( 9 5 0 C E), a n d gr a d u all y i n cr e as e d o v er t h e n e xt 8 0 0 y e ars; c h ar c o al a c c u m ul ati o n 

r a pi dl y i n cr e as e d fr o m 2 0 0 c al yr B P ( 1 7 5 0 C E) t o pr es e nt. L o c al fir es, i n di c at e d b y si g nifi c a nt 

c h ar c o al p e a ks, w er e i nfr e q u e nt b et w e e n 2 3 0 0 – 1 0 0 0 c al yr B P ( 3 5 0 B C E- 9 5 0 C E), wit h o nl y 

t w o si g nifi c a nt e pis o d es o c c urri n g d uri n g t his p eri o d at c. 2 2 5 3 a n d 1 6 5 9 c al yr B P (c. 3 0 3 B C E 

a n d 2 9 1 C E). L o c al fir es b e c a m e m or e fr e q u e nt fr o m 1 0 0 0 c al yr B P ( 9 5 0 C E) t o pr es e nt wit h a 

m e a n fir e r et ur n i nt er v al of < 1 0 0 y e ars ( Fi g 4 ). 
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Fi g 4. U n g ul at e c o m m u nit y d y n a mi cs a n d ass o ci at e d e n vi r o n m e nt al v a ri a bl es at B uff al o F o r d L a k e a n d t h e l o w e r L a m a r V all e y d u ri n g t h e l ast c . 
2 3 0 0 y e a rs. ( A) B uff al o F or d L a k e s e di m e nt si mil arit y t o bis o n a n d/ or el k d u n g si g n at ur e, ( B) u n g ul at e f ossil pr es e n c e at L a m ar C a v e, ( C) z o ost a n ol 

 o ac e a e  i nfl u x at B uff al o F or d L a k e, ( D) p oll e n p er c e nt a g e r ati o, Arte misi a  þ  ; tr a c ki n g c h a n g es i n s a g e br us h st e p p e a n d f or est c o v er, ( E) s e di m e nt 
 i n us  þ  s e u d ots ug a  

a c c u m ul ati o n r at e ( c m yr - 1), a n d ( F) c h ar c o al a c c u m ul ati o n r at es a n d l o n g-t er m C H A R tr e n ds (r e d li n e; l o w ess s m o ot h er; wi n d o w = 5 0 0 yr). 
St atisti c all y si g nifi c a nt ( +) a n d i nsi g nifi c a nt (•) c h ar c o al p e a ks i d e ntif y p ast fir e e pis o d es, b as e d o n a t hr es h ol d d efi n e d as t h e 9 9 t h p er c e ntil e of t h e l o c al 
C H A R n ois e distri b uti o n. 
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Di s c u s si o n 

A n al ys es of f e c al st er oi d si g n at ur es of u n g ul at e s p e ci es pr o vi d e n e w i nf or m ati o n o n h er bi v or e-
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t ur es of m o d er n d u n g s a m pl es d e m o nstr at e t h at m ost Y ell o wst o n e u n g ul at e s p e ci es c a n b e dif-

f er e nti at e d b y t h eir f e c al st er oi d pr ofil es wit h t h e e x c e pti o n of bis o n a n d el k. C o m p aris o n of 

c h a n g es i n f e c al i n p ut b as e d o n z o ost a n ol a n d bil e a ci d i nfl u x es ( Fi g 5 B & 5 C ) wit h a m ulti-

pr o x y r e c o nstr u cti o n of v e g et ati o n ( p oll e n), fir e ( c h ar c o al), a n d l a k e pr o d u cti o n (s e di m e nt 
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N ati o n al P ar k r e v e als l o n g-t er m v ari ati o ns i n h er bi v or es a n d e n vir o n m e nt al c h a n g e at t h e 
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Fi g 5. Hist o ri c al Y ell o wst o n e N o rt h e r n R a n g e bis o n a n d el k m a n a g e m e nt r e gi m es i n c o m p a ris o n t o r e c o r ds of u n g ul at e 
p r es e n c e a n d e n vi r o n m e nt al c h a n g e at B uff al o F o r d L a k e. ( A) N ort h er n R a n g e el k (r e d) a n d bis o n ( bl a c k) bi o m ass tr e n ds, b as e d 
o n s ur v e y r e c or ds [ 4 1 , 4 3 , 4 4 , 6 8 – 7 0 ], wit h k e y e v e nts n ot e d b el o w. El k c o u nts b ef or e a eri al s ur v e ys b e g a n i n 1 9 5 2 ar e c o nsi d er e d l ess 
r eli a bl e ( d ott e d li n e, 1 9 1 6 – 1 9 5 2). H y p ot h eti c al pr e-s ur v e y tr e n ds ar e u n c ert ai n a n d t h us i n di c at e d wit h q u esti o n m ar ks (li g ht er 
d as h e d li n es). ( B) I nfl u x of t ot al z o ost a n ols (s u m of 2 4- et h yl c o pr ost a n ol, 2 4- et h yl e pi c o pr ost a n ol, c o pr ost a n ol, a n d e pi c o pr ost a n ol) 
a n d ( C) i nfl u x of lit h o c h oli c a ci d. H ori z o nt al gr a y li n es i n p a n els B a n d C i n di c at e a g e u n c ert ai nt y ( 9 5 % c o nfi d e n c e r a n g e) ass o ci at e d 
wit h s a m pl e d e pt hs. ( D) Bi o g e ni c sili c a c o n c e ntr ati o ns fr o m B F 8 7 [ 5 1 ] s h o w c h a n g es i n al g al pr o d u cti o n. ( E) S e di m e nt 
a c c u m ul ati o n r at es b as e d o n B F 1 9 & B F 8 7 c o m p osit e a g e- d e pt h m o d el ( gr a y li n e), wit h l o ess s m o ot h er (li g ht br o w n), m ar ki n g 
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p eri o ds of i n cr e as e d l a k e pr o d u cti vit y a n d/ or s e di m e nt r e d e p ositi o n. ( F) R ati o of p oll e n p er c e nt a g es of st e p p e-s hr u b t a x a ( Art e misi a  
+ P o a c e a e) t o d o mi n a nt tr e e t a x a (  i n us  +  s e u d ots u g a ). ( G) P o a c e a e a n d ( H) S ali x  p oll e n p er c e nt a g es. T h e d as h e d h ori z o nt al li n es 
i n all pl ots i n di c at e l o n g-t er m m e a ns fr o m 2 2 9 0 t o 1 0 0 c al yr B P ( 3 4 0 B C E t o 1 8 5 0 C E). 
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c at c h m e nt s c al e. Hist ori c al r e c or ds pr o vi d e i m p ort a nt c o nt e xt f or u n d erst a n di n g h o w h u m a n 

m a n a g e m e nt h as i nfl u e n c e d u n g ul at e h a bit at us e i n t h e l o w er L a m ar V all e y ( S 1 0 a n d S 1 1 

T a bl es). 

W e h y p ot h esi z e t h at f e c al st er oi d i nfl u x es at B uff al o F or d L a k e ( Fi gs 4 C , 5 B & 5 C ) i n di c at e 

a ni m al us e of t h e c at c h m e nt, es p e ci all y t h e l a k e m ar gi n. D at as ets d o c u m e nti n g hist ori c al 

u n g ul at e d e nsit y i n t h e ar e a s urr o u n di n g B uff al o F or d L a k e [ 4 3 , 7 8 ] c urr e ntl y l a c k s uffi ci e nt 

t e m p or al c o v er a g e t o all o w ri g or o us st atisti c al c o m p aris o n wit h o ur f e c al st er oi d d at a. C orr el a-

ti o ns of r e gi o n al el k a n d bis o n bi o m ass t o s e di m e nt ar y f e c al st er oi d l e v els s u g g est t h at l e v els of 

t ot al z o ost a n ols a n d lit h o c h oli c a ci d at B uff al o F or d L a k e w er e p ositi v el y ass o ci at e d wit h u n g u-

l at e n u m b ers i n t h e N ort h er n R a n g e b et w e e n 1 9 2 0 – 1 9 7 0 (S 3 Fi g ), w h e n wi nt er r a n g es w er e 

m or e s p ati all y r estri ct e d t h a n pr es e nt. W e a k er c orr el ati o ns d uri n g 1 9 7 1 – 2 0 2 0 ( S 3 Fi g ) m a y 

r efl e ct m ulti pl e m a n a g e m e nt c h a n g es i m pl e m e nt e d i n t h e e arl y 1 9 7 0s t h at l e d t o el k a n d bis o n 

wi nt er r a n g e e x p a nsi o n a n d p ossi bl y l ess us e of t h e c at c h m e nt d es pit e gr o wi n g p o p ul ati o ns 

o v er all. T h us, i n t h e a bs e n c e of est a blis hi n g a q u a ntit ati v e r el ati o ns hi p, w e fi n d s o m e e vi d e n c e 

f or a p ositi v e r el ati o ns hi p b et w e e n u n g ul at e a b u n d a n c e a n d f e c al st er oi d l e v els i n l a k e 

s e di m e nts. 

M ulti v ari at e a n al ysis i n di c at es t h at t h e f e c al st er oi d pr ofil e of s e di m e nt is m ost si mil ar t o 

bis o n a n d el k a cr oss all s a m pl es. T h er ef or e, w e ar e c o nfi d e nt t h at bis o n a n d/ or el k, ar e t h e 

d o mi n a nt f e c al st er oi d c o ntri b ut ors t hr o u g h o ut t h e r e c or d. I n t his c as e, a c at e g ori c al (s p e ci es 

A or s p e ci es B) i nt er pr et ati o n s e e ms r e as o n a bl e. W e t h us i nt er pr et d u n g-s e di m e nt si mil arit y 

( Fi gs 3 D & 4 A ) as a c at e g ori c al i n di c at or of d o mi n a nt t a x a, t h at is, t h e s p e ci es t h at c o ntri b ut e d 

m ost t o t h e s e di m e nt ar y f e c al st er oi d si g n al. 

W e h y p ot h esi z e t h at f e c al st er oi d i nfl u x es at B uff al o F or d L a k e pri m aril y r e c or d t h e i nt e n -

sit y of wi nt er u n g ul at e us e wit hi n t h at c at c h m e nt (Fi g 6 ). D uri n g wi nt er, u n g ul at e h er ds c o n-

c e ntr at e i n v all e y b ott o ms t o s e e k mil d er w e at h er a n d a c c ess t o hi g h q u alit y f or a g e ( e. g., 

s e d g es). Wi nt er c o n diti o ns als o h el p sl o w d e gr a d ati o n of f e c al st er oi ds b e c a us e l o w er t e m p er a -

t ur es r e d u c e mi cr o bi al a cti vit y a n d s n o w c o v er li mits d a m a gi n g s ol ar U V e x p os ur e. As t e m p er-

at ur es w ar m i n s pri n g, m elti n g s n o w c o ntri b ut es t o o v erl a n d fl o w t h at tr a ns p orts f e c al st er oi ds 

dir e ctl y i nt o t h e l a k e. D u n g d e p osit e d o n t h e fr o z e n l a k e s urf a c e c a n r a pi dl y i nt e gr at e i nt o t h e 

l a k e s e di m e nt as t h e i c e t h a ws i n s pri n g. I n s u m m er a n d f all, u n g ul at es ar e m or e wi d el y dis-

p ers e d a cr oss t h e l a n ds c a p e, r es ulti n g i n m or e diff us e d u n g d e p ositi o n p att er ns. F e c al st er oi d 

i nfl u x es t h us ar e li k el y m o difi e d b y s e as o n al w e at h er p att er ns t h at i nfl u e n c e u n g ul at e distri b u-

ti o n, f e c al st er oi d d e gr a d ati o n a n d tr a ns p ort ati o n, a n d s e di m e nt a c c u m ul ati o n i n t h e l a k e. F or 

e x a m pl e, w ar m t e m p er at ur es a n d li mit e d s n o w c o v er i n wi nt er m a y r es ult i n br o a d er a ni m al 

dis p ers al a n d m or e r a pi d d e gr a d ati o n of f e c al st er oi ds, t h er e b y w e a k e ni n g t h e u n g ul at e us e-

f e c al st er oi d i nfl u x r el ati o ns hi p at t h e l a k e. Dri er wi nt er c o n diti o ns mi g ht als o a c c o u nt f or 

r e d u c e d s e di m e nt a c c u m ul ati o n. 

It is pr o b a bl e t h at f e c al st er oi d si g n als pri m aril y r es ult fr o m t w o dis p ers al v e ct ors: 1) tr a ns -

p ort fr o m u pl a n ds vi a o v erl a n d fl o w; a n d 2) dir e ct d e p ositi o n of d u n g eit h er al o n g l a k e m ar -

gi ns or o n t h e fr o z e n s urf a c e i n wi nt er. Z o ost a n ols ar e n ot e asil y l e a c h e d b e c a us e t h e y ar e 

h y dr o p h o bi c a n d r e a dil y f or m d ur a bl e b o n ds wit h p arti cl es i n u p p er s oil l a y ers [ 1 6 , 1 7 , 7 9 ]. I n 

t h e N ort h er n R a n g e, u n g ul at es oft e n di e o n fr o z e n l a k es d uri n g wi nt er, f all t hr o u g h i c e, or 

b e c o m e mir e d i n fl o ati n g v e g et ati o n m ats al o n g l a k e m ar gi ns [ 8 0 ]. D e c o m p osi n g c ar c ass es 
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Fig 6. Seasonal patterns of ungulate landscape use in the Yellowstone Northern Range (circles) and hypothesized 

consequences for the deposition, dispersal, and preservation of fecal steroids (squares) at Buffalo Ford Lake, 

Wyoming. (A) During winter, ungulate herds concentrate in valley bottoms, leaving dung on frozen lake surfaces and 

embedded in snow. (B) Warm spring temperatures initiate a wave of greening vegetation that is grazed by ungulate 

herds, while fecal steroids enter water bodies via thawing ice surfaces and snowmelt runoff. (C) During summer and 

fall, ungulate herds are widely dispersed across the landscape, often residing at high elevation until snowfall begins. 
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A Winter 

B Spring 

C Summer and Fall 

0 Ungulate herds congregate in valley 
bottoms for milder weather and high-quality 
forage. 

[!] Dung is deposited in snow and upon the 
frozen lake surface. 

0 Herds seek greening vegetation as it 
progresses upslope. 

0 Dung enters the lake directly as the surface 
melts. 

0 Overland flow from melting snow and rain 
washes fecal steroids downslope. 

., 

,0 Herds are broadly distributed across the 
..-~-~-~-~--------,, greater landscape, with low local ungulate 

densities as animals seek forage and relief 
from pests and heat. 

[2] Dung and fecal steroids are incorporated 
into lake sediment. 

[!] Dung dessicates and decomposes. 
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T his s e as o n al u n g ul at e dis p ers al l e a ds t o li mit e d l o c al d u n g d e p ositi o n a n d f e c al st er oi d i n p uts fr o m tr a nsi e nt h er ds 
a n d i n di vi d u als. N ot e t h at bis o n, alt h o u g h n ot s h o w n, als o m o v e s e as o n all y. 
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r el e as e s u bst a nti al q u a ntiti es of f e c al st er oi ds [ 8 1 ]. F urt h er st u d y is n e e d e d t o q u a ntif y t h e r el a-

ti v e f e c al st er oi d c o ntri b uti o ns of d u n g fr o m li vi n g a ni m als v ers us c ar c ass es t o l a k e s e di m e nts. 

O ur r es ults s h o w t h at t h e d u n g of m a n y N ort h A m eri c a n u n g ul at e s p e ci es c a n b e i d e ntifi e d 

b y br o a d-s p e ctr u m f e c al st er oi d c h ar a ct eri z ati o n. T o o ur k n o wl e d g e, t h e f e c al st er oi d pr ofil es 

of bis o n, el k, pr o n g h or n, a n d m ul e d e er h a v e n ot b e e n pr e vi o usl y c h ar a ct eri z e d. N ort h A m eri -

c a n m o os e d u n g, li k e t h at of E ur asi a n m o os e, is c h ar a ct eri z e d b y e x c e pti o n all y hi g h r el ati v e 

l e v els of 2 4- et h yl c o pr ost a n ol a n d 2 4- et h yl e pi c o pr ost a n ol [2 1 ]. M ulti v ari at e a n al ysis of st er ols, 

st a n o n es, a n d st a n ols wit h s e c o n d ar y bil e a ci ds of s a m pl e d s p e ci es s h o w e d c o m pl et e diff er e nti -

ati o n of s a m pl e d s p e ci es, e x c e pt bis o n a n d el k ( Fi g 2 ). T h e si mil arit y of bis o n a n d el k d u n g si g-

n at ur es m a y b e d u e t o di et ar y si mil arit y [ 8 2 , 8 3 ]. M ost bis o n a n d el k s a m pl es w er e c oll e ct e d 

fr o m t h e C S K T Bis o n R a n g e, w h er e a ni m als ar e r estri ct e d t o a s m all er ar e a wit h a l o w er s hr u b 

c o m p o n e nt t h a n t h e N ort h er n R a n g e [ 4 8 , 8 4 ]. T h es e c o n diti o ns m a y als o c o ntri b ut e t o hi g h er 

di et ar y o v erl a p t h a n w e mi g ht e x p e ct f or t h e N ort h er n R a n g e, w h er e h er bi v or es c a n a c c ess a 

br o a d er r a n g e of o pti o ns. Bis o n d u n g c o nt ai n e d h y o d e o x y c h oli c a ci d, w hi c h w as n ot d et e ct e d 

i n el k, a n d t h e r ati o of lit h o c h oli c a ci d t o h y o d e o x y c h oli c a ci d m a y pr o vi d e a m e a ns t o diff er-

e nti at e t h os e t a x a i n f ut ur e st u di es ( Fi g 2 ). H y o d e o x y c h oli c a ci d w as n ot d et e ct e d i n s o m e l a k e 

s e di m e nt s a m pl es, a n d it is n ot cl e ar w h et h er t h os e c as es r e pr es e nt tr u e bis o n a bs e n c es or if 

l e v els w er e si m pl y t o o l o w t o d et e ct. T his iss u e c a n b e a v oi d e d i n f ut ur e st u di es b y e xtr a cti n g 

f e c al st er oi ds fr o m l ar g er l a k e-s e di m e nt s a m pl es ( o urs a v er a g e d 0. 6 9 g). 

R es ults i n di c at e t h at bis o n a n d/ or el k w er e t h e d o mi n a nt h er bi v or es i n t h e B uff al o F or d 

L a k e ar e a o v er t h e p ast c. 2 3 0 0 y e ars (Fi g 3 A & 3 D ). Z o ost a n ol i nfl u x es w er e r el ati v el y l o w a n d 

st a bl e i n t h e l at e 1 9t h c e nt ur y b ef or e t h e est a blis h m e nt of Y ell o wst o n e N ati o n al P ar k ( Fi g 4 ). 

Z o ost a n ol a n d bil e a ci d i nfl u x es b e c a m e el e v at e d i n t h e 2 0 t h c e nt ur y ( Fi g 5 B & 5 C ), pr o b a bl y 

r efl e cti n g a l o c al c h a n g e i n u n g ul at e distri b uti o n p att er ns a n d d e nsiti es t h at is o bs er v e d i n 

r e gi o n al hist ori c al d at a [4 3 ]. T his c h a n g e c oi n ci d es wit h a s hift i n u n g ul at e m a n a g e m e nt fr o m 

o p e n h u nti n g i n t h e 1 8 6 0s a n d 1 8 7 0s t o wil dlif e pr ot e cti o n ( p u bli c h u nti n g w as b a n n e d i n 

1 8 8 4) a n d i nt e nsi v e u n g ul at e m a n a g e m e nt (t h e L a m ar V all e y w as h a y e d 1 9 0 7 – 1 9 5 1 [ 4 1 , 4 3 ]; 

Fi g 5 A ). 

T h e f ossil ass e m bl a g e of L a m ar C a v e, l o c at e d n e ar B uff al o F or d L a k e o n t h e r o c k y b a n ks of 

t h e L a m ar Ri v er, w hi c h pr o vi d es a dis c o nti n u o us r e c or d of u n g ul at e s p e ci es pr es e n c e o v er t h e 

s a m e ti m e s p a n as B F 1 9 ( d at e d t o c. 3 1 5 0 c al yr B P, 1 2 0 0 B C E), i n cl u d es t h e r e m ai ns of bis o n, 

el k, m ul e d e er, pr o n g h or n, a n d bi g h or n s h e e p [ 6 7 ]. I n c o ntr ast, t h e z o ost a n ol pr ofil e fr o m 

B F 1 9 cl e arl y i d e ntifi es o nl y t h e pr es e n c e of bis o n a n d/ or el k ( Fi g 3 A ). Alt h o u g h t h e u n g ul at e 

c o m p ositi o n of L a m ar C a v e m a y b e bi as e d b y t h e b e h a vi or of c ar ni v or es a n d s c a v e n g ers t h at 

tr a ns p ort e d b o n es t o t h e c a v e [6 7 ], t h e b o n e r e c or d s u g g ests t h at el k b e c a m e m or e a b u n d a nt i n 

t h e l ast c. 6 0 0 y e ars (l e v els 1 – 9). L o w q u a ntiti es of bis o n s p e ci m e ns o c c ur i n m ost str ati gr a p hi c 

l e v els of L a m ar C a v e, b ut n o n e w er e d et e ct e d wit hi n r e c e nt ( m o d er n- d at e d) l e v els. I n c o ntr ast, 

w hit e-t ail e d d e er a n d m o os e, w hi c h ar e n ot l o c all y a b u n d a nt at pr es e nt a c c or di n g t o P ar k r e c -

or ds ( S 1 T a bl e ), w er e als o n ot pr es e nt i n t h e L a m ar C a v e f a u n al r e c or d. Bi g h or n s h e e p b o n es 

w er e r e c o v er e d at L a m ar C a v e a n d t h es e a ni m als li k el y o c c u pi e d r o c k y cliffs al o n g t h e L a m ar 

Ri v er a n d at hi g h er el e v ati o ns. Bi g h or n s h e e p d u n g w as n ot a n al y z e d i n t his st u d y, b ut s h e e p 

o c c asi o n all y us e t h e B uff al o F or d L a k e c at c h m e nt [ 8 5 ]. W e ass u m e, h o w e v er, t h at t h e y w er e 

al w a ys l ess a b u n d a nt t h a n el k a n d bis o n i n t h e o p e n f or ests a n d st e p p e s urr o u n di n g B uff al o 

F or d L a k e [ 8 6 ]. 
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C o m p aris o n of t h e f e c al st er oi d i nfl u x es wit h hist ori c al a n d p al e o e n vir o n m e nt al d at a s u g -

g ests s o m e pr o b a bl e e n vir o n m e nt al i m p a cts of h er bi v or es i n t h e N ort h er n R a n g e, es p e ci all y 

d uri n g t h e l ast t w o c e nt uri es ( Fi g 5 B & 5 C ; T a bl e 2 ). It s h o ul d b e n ot e d t h at distri b uti o n p at-

t er ns a n d p o p ul ati o n tr e n ds b ef or e t h e 1 9 2 0s ar e hi g hl y u n c ert ai n. P o p ul ati o n c o u nts b ef or e 

a eri al s ur v e ys b e g a n i n 1 9 5 2 ar e c o nsi d er e d l ess a c c ur at e c o m p ar e d t o r e c e nt s ur v e ys usi n g 

m o d er n m et h o ds [ 4 3 ]. 

A fir e- hist or y r e c o nstr u cti o n d et er mi n e d t h at m ulti pl e st a n ds b ur n e d i n t h e s o ut h er n a n d 

e ast er n p orti o ns of t h e N ort h er n R a n g e i n 1 8 7 0 [ 8 8 ]. J o ur n al r e c or ds als o d o c u m e nt wi d e-

s pr e a d b ur ni n g i n t h e s u m m er of 1 8 7 0 n e ar T o w er J u n cti o n a n d attri b ut e t h es e fir es t o I n di g e -

n o us b ur ni n g f or t h e p ur p os e of dri vi n g g a m e [ 9 1 , 9 2 ]. T h e 1 8 7 0 fir e e v e nt is t h e pr o b a bl e 

s o ur c e of t h e si g nifi c a nt C H A R p e a k d at e d t o c. 1 8 7 6 ( 2σ  1 8 5 3 – 1 8 9 5) t h at o c c urr e d a mi dst r el -

ati v el y hi g h B C H A R l e v els t h at b e g a n t o i n cr e as e i n t h e 1 8 t h c e nt ur y. Risi n g B C H A R l e v els 

t hr o u g h t h e 1 8t h a n d 1 9 t h c e nt uri es i n di c at e i n cr e as e d n at ur al a n d/ or a nt hr o p o g e ni c fir es. T h e 

1 8 7 0 fir es, al o n g wit h r e p ort e dl y l o w el k, m o os e, a n d b e a v er p o p ul ati o ns, r el ati v el y m oist cli -

m at e c o n diti o ns, a n d w olf pr es e n c e at t h e ti m e ar e t h o u g ht t o h a v e c o ntri b ut e d t o a m aj or 

p uls e i n as p e n r e g e n er ati o n i n t h e N ort h er n R a n g e b et w e e n 1 8 7 0 – 1 8 9 0 [ 8 9 ]. I n s u p p ort of t his 

T a bl e 2. Ti m eli n e of i m p o rt a nt e v e nts r el ati n g t o bis o n a n d el k i n Y ell o wst o n e N ati o n al P a r k. A d a pt e d fr o m 
N ati o n al R es e ar c h C o u n cil et al. [ 4 8 ]. 

Y e a r/ P e ri o d E v e nt 

1 8 6 0s Bis o n i n P ar a dis e V all e y e xt er mi n at e d [ 4 0 ] 

1 8 6 9 – 1 8 8 3 M ar k et h u nti n g r e d u c e d p o p ul ati o ns of u n g ul at es a n d c ar ni v or es [ 8 7 ] 

1 8 7 0 E xt e nsi v e fir es i n t h e N ort h er n R a n g e [ 8 8 ] 

1 8 7 2 Y ell o wst o n e N ati o n al P ar k est a blis h e d b y Or g a ni c A ct 

1 8 7 0 – 1 8 9 0 M aj or p uls e of as p e n r e cr uit m e nt [ 8 9 ] 

L at e 1 8 7 0s S m all s u m m er c attl e o p er ati o n i n L a m ar V all e y [ 4 3 ] 

1 8 8 0s- 1 8 9 0s S m all y e ar-r o u n d c attl e a n d h ors e o p er ati o n i n L a m ar V all e y; h a y c ut at Sl o u g h, R os e, a n d S o d a B ut e 
cr e e ks [ 4 3 ] 

1 8 8 4 P u bli c h u nti n g wit hi n Y ell o wst o n e N ati o n al P ar k pr o hi bit e d b y L a c e y A ct 

1 8 8 6 U. S. C a v alr y assi g n e d t o pr ot e ct P ar k; b e gi n ni n g of eff e cti v e c o ntr ol of h u nti n g [ 8 7 ] 

1 8 9 0s Bis o n a bs e nt fr o m t h e N ort h er n R a n g e [ 4 0 ] 

1 9 0 0 – 1 9 3 5 I nt e nsi v e pr e d at or c o ntr ol; w ol v es e xtir p at e d [8 7 ] 

1 9 0 2 F e w bis o n r e m ai n e d i n Y ell o wst o n e N ati o n al P ar k; p o p ul ati o n s u p pl e m e nt e d wit h o utsi d e h er ds [ 4 1 ] 

1 9 0 7 – 1 9 1 5 Bis o n d a y- h er d e d a n d f e n c e d at L a m ar R a n g er St ati o n B uff al o R a n c h [ 4 1 , 4 3 ] 

1 9 0 7 – 1 9 5 1 Wi nt er h a y pr o visi o n i n L a m ar V all e y [ 4 0 ] 

1 9 1 8 U. S. N ati o n al P ar k S er vi c e ass u m e d c o ntr ol of Y ell o wst o n e N ati o n al P ar k 

1 9 2 0s I n cr e asi n g c o n c er n a b o ut o v er gr a zi n g; a cti v e m a n a g e m e nt t o c o ntr ol el k p o p ul ati o n 

1 9 2 0 – 1 9 6 8 I nt e nsi v e p o p ul ati o n c o ntr ol of bis o n a n d el k [4 3 , 8 7 ] 

1 9 2 1 – 1 9 3 7 L ar g e q u a ntiti es of h a y f e d t o bis o n a n d el k Sl o u g h Cr e e k [ 4 3 ] 

1 9 2 3 – 1 9 2 9 El k r e m o v e d pri m aril y b y h u nti n g o utsi d e P ar k b o u n d ari es [ 4 3 ] 

1 9 3 0s- 2 0 0 0s Li mit e d as p e n r e cr uit m e nt i n t h e N ort h er n R a n g e [ 4 3 , 8 9 ] 

1 9 5 2 B e gi n ni n g of a eri al el k p o p ul ati o n s ur v e ys [ 4 8 ] 

1 9 6 0s- 1 9 7 0s Bis o n wi nt er i n L o w er L a m ar V all e y [ 4 0 , 4 1 ] 

1 9 6 9 Y ell o wst o n e N ati o n al P ar k a d o pts “ n at ur al r e g ul ati o n ” p oli c y; i nt e nsi v e m a n a g e m e nt of bis o n a n d el k 
e n ds [ 9 0 ] 

L at e 1 9 7 0s Bis o n a n d el k wi nt er r a n g es e x p a n d [ 4 0 , 7 3 ] 

1 9 8 8 E xt e nsi v e fir es i n Y ell o wst o n e N ati o n al P ar k 

1 9 9 5 R ei ntr o d u cti o n of w ol v es 

1 9 9 5 – 2 0 1 5 Pr o p orti o n of el k h er d wi nt eri n g i n t h e N ort h er n R a n g e d e cli n es [ 7 8 ] 

htt p s:// d oi. or g/ 1 0. 1 3 7 1/j o ur n al. p o n e. 0 3 1 1 9 5 0.t 0 0 2  
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h y p ot h esis, z o ost a n ol a n d lit h o c h oli c a ci d i nfl u x es at B uff al o F or d L a k e ar e n ot gr e atl y el e v at e d 

a b o v e t h e pr e- 1 8 5 0 a v er a g e i n t h e y e ars f oll o wi n g t h e 1 8 7 0 fir es ( Fi g 5 B & 5 C ). 

T w o 2 0 t h c e nt ur y p e a ks of z o ost a n ol a n d lit h o c h oli c a ci d i nfl u x es m a y i n di c at e i n cr e as e d 

u n g ul at e pr es e n c e i n t h e B uff al o F or d L a k e ar e a ( Fi g 5 B & 5 C ). T h e l ar g est p e a k o c c urr e d c. 

1 9 2 3 ( 2 σ  1 9 1 4 – 1 9 2 9) w h e n t h e N ort h er n R a n g e el k p o p ul ati o n pr o b a bl y n u m b er e d b et w e e n 

1 1, 0 0 0 – 1 3, 0 0 0 a n d bis o n n u m b ers w er e risi n g ( Fi g 5 A ). Pr e d at or s u p pr essi o n, h u nti n g b a n 

e nf or c e m e nt i n Y ell o wst o n e N ati o n al P ar k, a n d wi nt er h a y f e e di n g alt er e d u n g ul at e distri b u -

ti o ns i n t h e e arl y 2 0t h c e nt ur y ( Fi g 5 ) [4 3 ]. A c c or di n g t o H o ust o n [4 3 ], t h e h a yi n g o p er ati o n 

al o n g Sl o u g h Cr e e k, 3. 5 k m u p v all e y fr o m B uff al o F or d L a k e, m ost str o n gl y i nfl u e n c e d t h e 

distri b uti o n of bis o n a n d el k fr o m 1 9 2 1 t o 1 9 3 7 w h e n l ar g e q u a ntiti es of h a y w er e pr o vi d e d. 

I nfl u x es of z o ost a n ols a n d lit h o c h oli c a ci d r e a c h t h eir r e c or d m a xi m a at t his ti m e, s u g g esti n g 

t h at h a y pr o visi o ni n g m a y h a v e c o ntri b ut e d t o i n cr e as e d u n g ul at e pr es e n c e i n t h e B uff al o F or d 

L a k e c at c h m e nt. D e cli ni n g p oll e n a b u n d a n c es of f or a g e t a x a ( e. g., P o a c e a e a n d S ali x ) a n d s a g e-

br us h st e p p e r el ati v e t o f or est t a x a b et w e e n t h e 1 9 0 0s a n d 1 9 4 0s ar e c o nsist e nt wit h risi n g el k 

us e of t h e B uff al o F or d L a k e ( Fi g 5 F – 5 H ). V e g et ati o n m o nit ori n g d at a fr o m t his ti m e ar e 

i ns uffi ci e nt t o q u a ntif y t h e eff e cts of u n g ul at e p o p ul ati o n gr o wt h o n v e g et ati o n c o m p ositi o n 

a n d str u ct ur e. H o w e v er, a n offi ci al r e p ort i n 1 9 3 3 e x pr ess e d c o n c er n a b o ut t h e eff e cts of u n g u -

l at es o n t h e c o n diti o n of L a m ar V all e y s oils a n d gr assl a n d, n oti n g t o ps oil er osi o n, s e v er e o v er-

gr a zi n g, a n d pr olif er ati o n of gr a zi n g- a d a pt e d pl a nts [ 9 3 ]. 

Hi g h f e c al st er oi d i nfl u x es i n t h e e arl y 2 0 t h c e nt ur y ar e als o ass o ci at e d wit h el e v at e d l e v els 

of bi o g e ni c sili c a t h at p e a k e d c. 1 9 1 2 ( 2σ  1 9 0 1 – 1 9 2 0; Fi g 5 D ), a n d a t e n-f ol d i n cr e as e i n s e di-

m e nt a c c u m ul ati o n r at e at B uff al o F or d L a k e c. 1 9 2 3 ( 2σ  1 9 1 4 – 1 9 2 9; Fi g 5 E ); b ot h ar e si g ns of 

i n cr e as e d l a k e pr o d u cti o n [5 1 ]. E n gstr o m et  al . o bs er v e d t h at t his p h as e of i n cr e as e d s e di m e nt 

a c c u m ul ati o n li k el y r es ult e d fr o m i n-l a k e s e di m e nt r e distri b uti o n or i n cr e as e d al g al pr o d u c -

ti o n, r at h er t h a n i n cr e as e d er osi o n, b e c a us e it w as n ot a c c o m p a ni e d b y a c h a n g e i n s e di m e nt 

c o m p ositi o n [ 5 1 ]. 

C o n c er ns a b o ut u n g ul at e o v er p o p ul ati o n a n d h a bit at d e gr a d ati o n i n t h e N ort h er n R a n g e 

l e d t o a c ulli n g pr o gr a m t h at pr o gr essi v el y r e d u c e d bis o n a n d el k p o p ul ati o ns b et w e e n 1 9 3 1 – 

1 9 6 7 ( Fi g 5 A ) [4 8 , 5 0 ]. F e c al st er oi d i nfl u x es g e n er all y s h o w a n e g ati v e tr e n d d uri n g t h e c ulli n g 

p eri o d ( Fi g 5 B & 5 C ), wit h t h e n ot a bl e e x c e pti o n of a p e a k i n z o ost a n ols at c. 1 9 6 4 ( 2σ  1 9 5 4 – 

1 9 6 7; Fi g 5 B ). Aft er wi nt er h a y pr o visi o ni n g c e as e d i n 1 9 5 2, t h e pri m ar y bis o n wi nt er r a n g e 

s hift e d t o t h e l o w er L a m ar V all e y, w h er e B uff al o F or d L a k e is l o c at e d ( Fi g 1 ) [4 1 ]. T his ar e a 

s er v e d as t h e h er d’s wi nt eri n g gr o u n ds t hr o u g h t h e 1 9 6 0s a n d e arl y 1 9 7 0s, u ntil t h e wi nt er of 

1 9 7 5 – 1 9 7 6 w h e n s e v er e w e at h er dr o v e bis o n t o s e e k n e w f or a gi n g sit es i n t h e w est er n p orti o n 

of t h e N ort h er n R a n g e [ 4 0 , 4 1 ]. Hi g h l o c al bis o n us e of t h e l o w er L a m ar V all e y fr o m t h e l at e 

1 9 5 0s t o t h e e arl y 1 9 7 0s m a y a c c o u nt f or t h e s e c o n d 2 0 t h c e nt ur y d e cli n e i n s a g e br us h st e p p e 

p oll e n r el ati v e t o f or est t a x a c. 1 9 7 0 at B uff al o F or d L a k e (Fi g 5 F ). 

N ort h er n R a n g e u n g ul at e p o p ul ati o ns gr e w r a pi dl y aft er 1 9 6 9 w h e n Y ell o wst o n e N ati o n al 

P ar k e n d e d t h e c ulli n g pr o gr a m a n d i niti at e d a n e w p oli c y of “ n at ur al r e g ul ati o n” [ 4 4 , 7 0 , 9 0 , 

9 4 ]. I nt er esti n gl y, f e c al st er oi d i nfl u x tr e n ds s e e m t o h a v e d e c o u pl e d fr o m N ort h er n R a n g e 

p o p ul ati o n d y n a mi cs at c. 1 9 7 5 – 1 9 8 0, w h e n wi nt eri n g bis o n a n d el k p o p ul ati o ns b e g a n t o s hift 

d o w n v all e y ( Fi g 5 ). Aft er t h e wi nt er of 1 9 7 5 – 1 9 7 6, w est w ar d bis o n m o v e m e nts c o nti n u e d 

a n n u all y, r es ulti n g i n r e d u c e d wi nt er us e of t h e l o w er L a m ar V all e y [ 4 0 ]. T h e i nt e nsit y of wi n-

t er us e b y el k li k el y als o d e cr e as e d at t his ti m e, as el k wi nt er r a n g e e x p a n d e d b ot h i nsi d e a n d 

o utsi d e t h e P ar k [ 9 5 ]. A mi n orit y of t h e h er d b e g a n mi gr ati o ns o ut of Y ell o wst o n e N ati o n al 

P ar k aft er 1 9 7 5 [ 4 3 , 7 3 ], a n d i n f oll o wi n g d e c a d es t h e pr o p orti o n of el k wi nt eri n g o utsi d e P ar k 

b o u n d ari es i n cr e as e d aft er w olf r ei ntr o d u cti o n a n d as s n o w d e pt h i n cr e as e d at hi g h er el e v a -

ti o ns [7 8 ]. S a g e br us h st e p p e p oll e n s u bs e q u e ntl y i n cr e as e d, wit h l e v els of s hr u bs a n d gr ass es 

s ur p assi n g t h e l o n g-t er m m e a n (Fi g 5 F ). T his v e g et ati o n s hift c orr es p o n ds wit h d e cli ni n g f e c al 
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steroid influxes (Fig 5B & 5C), which may suggest that reduced local ungulate use led to recov-

ery of upland forage taxa. Increasing sagebrush steppe dominance in the late 20th and early 

21st centuries (Fig 5F) may also be related to conifer mortality from the 1988 Yellowstone fires, 

which burned 40±50% of the Buffalo Ford Lake catchment and much of the surrounding area 

[96]. 

Fecal steroid influx was low in Buffalo Ford Lake before the reintroduction of wolves in 

1995 (Fig 5B & 5C). Increased pressure from predators may have further reduced bison and/or 

elk use of the catchment and accounted for the lower steroid levels in the sediments. Elk in the 

Northern Range often avoid open habitats like the Buffalo Ford Lake catchment during times 

of day when wolves are active [97, 98], and elk have been shown to reduce herd sizes or move 

in response to wolf hunting pressure [99, 100]. Therefore, it is possible that elk spent more 

time near Buffalo Ford Lake when wolves were extirpated (�. 1926±1995). On the other hand, 

elk selected for more open habitat in the winter following wolf reintroduction compared to 

when wolves were absent [101]. Fecal steroid influxes at Buffalo Ford Lake approached historic 

lows in the 1990s and have remained low since (Fig 5B & 5C). This observation is consistent 

with decreasing elk density between the years 1987±1994 and 2005±2011 in the elk count unit 

that includes the Buffalo Ford Lake catchment (unit #52) [102]. The pollen record suggests 

limited local willow and aspen abundance despite predator restoration and reduced local 

ungulate use (Fig 5H and S2 Fig). This is consistent with other observations that show limited 

willow and aspen recovery following predator restoration [103, 104]. 

Recent trends in relative ungulate dominance may account for shifts in fecal steroid signa-

tures and quantities in Buffalo Ford Lake sediments. Elk biomass exceeded bison biomass in 

the Northern Range throughout the 20th century (Fig 5A). In the mid-1990s, elk populations 

began to decline and bison populations started to grow. Bison biomass surpassed elk biomass 

in 2010 and continued to rise after. Compared to bison, elk dung tends to have higher levels of 

epimerized stanols (epicoprostanol and 24-ethylepicoprostanol), relative to the stanol precur-

sors of those compounds (coprostanol and 24-ethylcoprostanol; Figs 2A, 3A & 3B). This differ-

ence may explain why the relative prevalence of epimerized stanols decreased in Buffalo Ford 

Lake as bison became more dominant in recent years (Figs 3D & 4A). In addition, a recent 

uptick in fecal steroid influxes �. 2019 may reflect the recent increase in bison abundance in 

the Northern Range [105]. 

Corresponding shifts of fecal steroid influxes and sediment accumulation rates suggest that 

increased ungulate use may have contributed to nutrient enrichment of Buffalo Ford Lake in 

the 20th century (Fig 5B, 5C & 5E). This interpretation is supported by diatom and geochemis-

try records at Slough Creek Lake (44.924, -110.352), which is 2.4 km SE of Buffalo Ford Lake 

and near historic haying grounds along Slough Creek. These records show two 20th century 

peaks in biogenic silica, planktonic diatoms, and sediment accumulation rates that are con-

temporaneous with fecal steroid peaks at Buffalo Ford Lake [51]. Cessation of winter haying in 

1952, bison and elk winter range expansions in the late 1970s [40, 73], and reintroduction of 

wolves in 1995 and natural recovery of cougars [106] may have progressively reduced ungulate 

use near both Buffalo Ford Lake and Slough Creek Lake. Sediment accumulation rates and 

fecal steroid influxes at Buffalo Ford Lake have approached lower pre-1850 averages in recent 

decades (Fig 5B, 5C & 5E). 

Our results suggest that interspecific variability of fecal steroids is underpinned by dietary 

strategies and associated differences in herbivore physiology and anatomy. Dung of browsers, 

moose, pronghorn, and mule deer [107, 108], is characterized by relatively high proportions of 

β-sitosterol transformation products, 24-ethylcoprostanol and 24-ethylepicoprostanol, and 

lower proportions cholesterol transformation products, coprostanol and epi-coprostanol (Fig 

2). In contrast, bison and elk, which tend to consume more herbaceous plants [108, 109], are 
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characterized by higher proportions of cholesterol, coprostanol, and epi-coprostanol. Nearly 

all enteric cholesterol in herbivores is endogenic and not dietary, since plant tissues contain 

only trace amounts [110]. Sources of enteric cholesterol in ruminants include bile [111] and 

intestinal cell shedding [112]. Intestinal epithelial cells turn over rapidly (every 4±5 days) 

[112], and, compared to browsers, grazers possess multiple traits that might increase concen-

trations of cell-derived cholesterol including longer digestive tracts, with more surface area 

and longer retention times, after accounting for body mass [113±115]. Longer retention times 

in grazers may also contribute to greater microbial production of coprostanol and epi-copros-

tanol. The prevalence of fecal coprostanol and epi-coprostanol seems to result from general 

physiological and anatomical differences stemming from dietary specialization of grazers and 

browsers [113, 116]. Further inquiry is needed to discern generality of and the physiological 

mechanisms underlying the relative abundance of stanols derived from zoosterols versus 

phytosterols. 

Limitations and opportunities 

Fecal steroids at Buffalo Ford Lake are illustrative of the applications and limitations of fecal 

steroid biomarkers to detect changes in ungulate abundance, dominance, and behavior. Fur-

ther work is needed to validate the relationship between local animal use and fecal steroid lev-

els in lake sediments. Fecal contributions from non-dominant mammals to sediments are not 

readily detected using the fecal steroid profiling approach used here. However, some non-

dominant species may be detectable with species-specific compounds. For example, urso-

deoxycholic acid is a potential indicator of bear presence [117]; it was detected in nearly all 

sediment samples at Buffalo Ford Lake and not in any ungulate dung tested here. Comprehen-

sive fecal steroid analysis of more animal species will reveal the degree of specificity provided 

by fecal steroids, especially secondary bile acids. 

Although regional population size is an important driver of local ungulate use, large herbi-

vores, including bison and elk, can travel great distances [118, 119] and generally use landscapes 

unevenly [120±122]. Large herbivores may concentrate in or avoid certain areas in response to 

predator pressure, forage availability and quality, water distribution, thermal regulation needs, 

or other factors [101, 123±125]. Additionally, shifting seasonal migration patterns over time can 

change spatial occupancy and local densities. For example, the Lamar Valley was a primary win-

tering ground for Yellowstone elk in the 1960s, yet by the early 21st century fewer elk wintered 

there due to mortality of adult females and calves, and meanwhile bison numbers have 

increased [118, 126]. Fecal steroids in lake sediments within small catchments are unlikely to 

match these broad-scale population dynamics and greater success may come from the analysis 

of multi-site networks designed to capture spatial and temporal variability of mobile herds. 

Fecal steroid records from multiple catchments are also needed to develop quantitative compar-

isons with regional animal abundance. Given the region's wealth of existing lake-based paleoen-

vironmental data [51, 127±129], detailed information on past and present animal populations 

[41, 43, 44, 118, 120, 130], and stakeholder interest in conservation informed by paleobiology 

[49, 131, 132], the Yellowstone Northern Range is an ideal setting to refine interpretations of 

sedimentary fecal steroid records and develop new records at regional scale. 

Conclusions 
Fecal steroid biomarkers in lake sediments are promising tools to help managers and conserva-

tionists understand wild ungulate patterns through time. Although written records in the 

Americas are limited to the past several hundred years, sediments containing lipid biomarkers 

extend to the Pleistocene and beyond [133, 134]. Analysis of the Buffalo Ford Lake record 
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d e m o nstr at es h o w s u c h r e c or ds c a n b e us e d t o i d e ntif y d o mi n a nt u n g ul at e t a x a, pr es e n c e, a n d 

e n vir o n m e nt al i m p a cts o v er m ulti pl e ti m es c al es. T h e B uff al o F or d L a k e r e c or d pr o vi d es 

i m p ort a nt c o nt e xt f or u n d erst a n di n g u n g ul at e o c c u p a n c y of a w at ers h e d t h at is c o nsist e nt 

wit h r e gi o n al r e c or ds of t h eir m a n a g e m e nt a n d s e as o n al p att er ns of us e. S p e cifi c all y, o ur 

r es ults p oi nt t o t w o mill e n ni a of c o nti n u o us pr es e n c e of bis o n a n d/ or el k a n d e x c e pti o n all y 

hi g h i m p a cts b y t h es e u n g ul at es i n t h e 2 0 t h c e nt ur y w h e n h u nti n g w as b a n n e d, pr e d at ors w er e 

s u p pr ess e d, wi nt er f or a g e w as s u p pl e m e nt e d wit h h a y, a n d r a n g e e x p a nsi o ns w er e a cti v el y 

dis c o ur a g e d. 

W h er e as ot h er st u di es h a v e us e d f e c al st er oi ds t o i d e ntif y a ni m al c o ntri b ut ors t o f e c al m at -

t er i n a gri c ult ur al s etti n gs ( e. g., [6 , 2 1 ]) a n d t o r e c o nstr u ct l o c al us e b y h u m a ns a n d d o m esti c 

li v est o c k o v er ti m e ( e. g., [1 8 , 3 8 ]), t his st u d y est a blis h es pr o of of c o n c e pt f or t h e a p pli c ati o n of 

f e c al st er oi ds i n l a k e s e di m e nts t o d et er mi n e p ast pr es e n c e of n o n- d o m esti c, n ati v e h er bi v or es 

i n wil d s etti n gs. C ali br ati o n st u di es ar e n e e d e d t o e v al u at e t h e s e nsiti vit y of f e c al st er oi ds t o 

c h a n g es i n l o c al h er bi v or e d e nsit y a n d s e as o n al us e, a n d f urt h er d e v el o p m e nt of bi o m ar k er 
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