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Abstract  
Badgley, C. and Gingerich, P. D., 1988. Sampling and faunal turnover in Early Eocene mammals. Palaeogeogr., 

Palaeoclimatol., Palaeoecol., 63: 141-157. 

Faunal turnovers in the fossil record are episodes of synchronous appearance and disappearance of species from a 
community, often resulting in net change in species richness. We studied the biostratigraphic record of faunal 
turnover involving early Wasatchian (early Eocene) mammals from the Clark's Fork Basin, Wyoming, U.S.A. Two 
faunal turnovers occur in this record - -  one at the base of the Wasatchian, comprised mainly of appearances of 
taxonomically and ecologically distinctive species, and a later one, Biohorizon A of Schankler (1980), comprised 
mainly of disappearances, especially of carnivorous species. This study focuses on Biohorizon A. 

In the record of the Clark's Fork Basin, Biohorizon A may be an artifact of sampling. Sample size and species 
richness are highly correlated (r = 0.95) throughout this record. Moreover, sample size and species richness 
fluctuate markedly between successive stratigraphic intervals; peaks of appearances coincide with large sample sizes 
and peaks of disappearances with low sample sizes. The peaks and valleys in fossil productivity over time mask the 
real timing of appearances and disappearances of species. Changes in fossil productivity in the stratigraphic section 
may result from changes in exposure area, taphonomic factors, or ecological factors. 

Evaluation of the effects of sampling is a necessary prerequisite for investigating the chronological and ecological 
significance of faunal turnovers. 

Introduct ion  Fauna l  tu rnover s  have  been recognized over  
a considerable  r ange  of spat ial  and temporal  

Fauna l  t u rnove r  refers to change  in species scales. At  a large scale, for example, Kitchel l  
composi t ion  of a fauna  t h r o u g h  the disappear-  and Carr  (1985) modelled diversif icat ion of  and 
ance of some species and the appea rance  of in te rac t ions  among  three  Phanerozo ic  mar ine  
o ther  species. The d i sappearances  may  be local  faunas  (at the family level) as compiled by 
or global  ex t inc t ions  or  may  be only  t empora ry  Sepkoski  (1981). At  a small  scale, for example, 
d isappearances;  the appearances  may  be local  Schank le r  (1980) identified episodes of  extinc- 
or global  first appearances  or  else reappear-  t ion and immigra t ion  wi th in  the mammal ian  
ances  of taxa  t h a t  were former ly  present.  The f auna  for par t  of the ear ly  Eocene,  wi th in  par t  
fossil record  abounds  in fauna l  turnovers ,  of a deposi t ional  basin. At  an in termedia te  
They mark  m a n y  chrono log ica l  boundar ies  in scale, for example, Webb (1984) described 
the geological  t ime scale. The major  faunal  o r ig ina t ion  and ex t inc t ion  within  the mammal-  
tu rnovers  - -  those of  broad  t axonomic  scope ian fauna  of  Nor th  Amer ica  dur ing  the middle 
and wide geographic  c o v e r a g e - - a r e  impor t an t  to late Miocene  and also the in t e rchange  of  
as events  in ecological  and evo lu t iona ry  his- mammals  be tween Nor th  and South  Amer ica  
to ry  and as guides to reg ional  corre la t ion ,  dur ing  the late Neogene.  
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While the essence of faunal turnovers is the turnover in the early Eocene history of mam- 
synchronous a p p e a r a n c e a n d d i s a p p e a r a n c e o f  mals from the Bighorn Basin, Wyoming 
taxa, two other aspects are relevant to under- (U.S.A.). Sample size reflects taphonomic or 
standing their mechanism and significance: net ecological influences on the fossil record. This 
change and rate of change in the number of aspect of faunal turnover  is rarely given 
species present, that  is, species richness. Fau- explicit consideration in evaluation of the rate 
nal turnovers may be rapid (from 103 to 105 yr) or the putative mechanisms of faunal change. 
to slow (some 106 yr) in geological time. Some In the example presented here, we find a close 
paleontologists have considered different correlation between the components of faunal 
causal mechanisms to pertain to slow versus turnover and changes in sample size through 
rapid faunal turnovers (e.g., Olson, 1980; Vrba, the stratigraphic section. 
1985), al though this issue remains open. In 
many clear instances of turnover, neither the Background 
rate of change of species richness nor the rates 
of species appearances and disappearances can The Bighorn Basin of northwestern Wyo- 
be specified precisely, owing to the absence of ming, U.S.A. (Fig.l), records a set of major and 
absolute chronological markers. A substantial  minor faunal turnovers in the early Cenozoic 
degree of faunal turnover could result in a net history of mammals from western North 
change of zero in species richness, but  the America. Major  faunal turnovers correspond 
usual pat tern involves a net increase or to the transitions between the North American 
decrease. Webb (1984) proposed two types of land mammal ages (e.g., Puercan, Clarkfor- 
faunal turnover - -  those in which extinctions kian, Wasatchian). Minor faunal turnovers 
outnumber originations and those in which often correspond to faunal zones within land 
originations outnumber extinctions. These mammal ages. Faunal  zones are typically based 
types, distinguished on the basis of change in on stratigraphic ranges of one to a few taxa, 
species richness, are associated with different while faunal turnovers are based on surveys of 
environmental causes, the whole fauna. 

The present paper il lustrates the role of Here, we discuss the record of a faunal 
sample size in the record of an apparent faunal turnover in early Wasatchian (early Eocene) 
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Fig.1. Location of the Bighorn Basin in northwestern Wyoming, western United States with enlargement of the Bighorn 
Basin. The Clark's Fork Basin is the northwestern portion of the Bighorn Basin. The study area of Schankler (1980) centers 
around Elk Creek, that of Bown centers around Fifteen Mile Creek. 
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Fig.2. Three episodes of faunal turnover in early Eocene mammals, as identified by the frequency of "extinctions" 
(disappearances, this paper) and "immigrations" (appearances, this paper) versus stratigraphic level in the central Bighorn 
Basin. The Clarkforkian-Wasatchian boundary is below the lowest level represented here. Redrawn from Schankler (1980). 

deposits of the Clark's Fork Basin, in the turnover, involving many of the same taxa, 
northwestern corner of the Bighorn Basin. We occurs in the same relative position as Schank- 
refer to this turnover as "Biohorizon A", a name ler's Biohorizon A. We have provisionally 
proposed by Schankler (1980). Schankler formu- considered this turnover to be the same bio- 
lated Biohorizon A on the basis of the biostrati- chronological event and have called it Biohori- 
graphy of fossil localities in the Willwood zon A (e.g., Gingerich, 1982, 1983b, 1985; 
Formation of the central Bighorn Basin, specifi- Gunnell, 1985). By correlation to the magnetic 
cally, in an area of about 650 km 2 along Elk, polarity time scale of Berggren et al. (1978), 
Antelope, Dorsey, and Fifteen Mile Creeks Biohorizon A is estimated to lie between 51.5 
(Fig.l). Schankler (1980)recognized three epi- and 52.0 myr in the Clark's Fork Basin 
sodes of faunal turnover in early Wasatchian (Gingerich, 1982). Below, we present the bio- 
deposits of the central Bighorn Basin (about stratrigraphic data that  define Biohorizon A in 
100 km southwest of the Clark's Fork Basin): the Clark's Fork Basin, describe the geological 
Biohorizons A, B, and C (Fig. 2). He established context of Wasatchian fossil assemblages, and 
these by plotting first and last appearances and evaluate the pat tern of fossil productivity 
a few reappearances of taxa in 600m of through the Wasatchian in relation to the 
Wasatchian section. The three biohorizons pattern of biostratigraphic change. 
mark short intervals with a high frequency of 
*~extinctions" and *'immigrations", relative to Ma te r i a l s  and  m e t h o d s  
longer intervals with less faunal change. 
Biohorizon A comprises a large peak of extinc- Data for this study come from two sources, 
tions and a minor peak of immigrations, representing broad-scale and fine-scale records 

As defined by Schankler (1980), Biohorizon A of faunal change in the Clark's Fork Basin. 
marks the boundary between the lower and The first set of data consists of all mammalian 
upper units of the Haplomylus-Ectocion specimens catalogued at the University of 
Range-Zone and also divides the lower and Michigan Museum of Paleontology (UMMP) 
middle Graybullian sub-ages of the Wasatch- from the Wasatchian portion of the Clark's 
ian land mammal age. Gingerich (e.g., 1983a) Fork Basin. Catalogued specimens collected 
regards Biohorizon A as the transition from between 1975 and 1985 by Gingerich and co- 
Sandcouleean (early Wasa tch ian ) to  Graybul- workers form the basis for determining bio- 
lian (middle Wasatchian) sub-ages, stratigraphic ranges of early Wasatchian mam- 

In the Clark's Fork Basin, a minor faunal malian species. In this sample, specimens were 
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or ig ina l ly  col lec ted  f rom one or  more  hor izons  pos tc ran ia l s ,  i so la ted  t ee th  of  we l l -known 
wi th in  a r e s t r i c t ed  s t r a t i g r a p h i c  i n t e rva l  in a taxa ,  and  incomple te  j aws  of  t a x a  a l r eady  
l imited geog raph i c  a rea ,  des igna ted  a local i ty ,  a b u n d a n t l y  r ep re sen ted  by jaws.  In  the  fine- 
Loca l i t i e s  were  t ied to local  s t r a t i g r a p h i c  scale  s tudy  of  Biohor izon  A, all  fossil ma t e r i a l  
sec t ions  and  the i r  s t r a t i g r a p h i c  pos i t ions  re- ident i f iable  as to ske le ta l  p a r t  or  t a x o n  was 
corded to the  n e a r e s t  5 m. This  broad-sca le  collected.  D a t a  p re sen ted  he re  r e p r e s e n t  all  
r ecord  spans  700 m of  sect ion.  The  second  set  of  gna th i c  and  den ta l  m a t e r i a l  of  mammal s ;  of  
d a t a  cons is t s  of  m a m m a l i a n  fossils co l lec ted  this  ma te r i a l ,  the  more  comple te  j aws  a re  
f rom seven  foss i l i ferous  hor izons  t h a t  span  an  c a t a l o g u e d  ind iv idua l ly  in the  U M M P  cata-  
i n t e rva l  of  40 m e n c o m p a s s i n g  Biohor izon  A. logue. Thus ,  t he re  is a smal l  a m o u n t  of  ove r l ap  
These  f ine-scale samples  were  co l lec ted  by in the  two sets  of  da ta .  
Badg ley  and  co-workers  dur ing  the  field sea- The  geologica l  con tex t  of  fossil a s semblages  
sons  of  1984 and  1985. The  s t r a t i g r a p h i c  in the  Biohor izon  A s tudy  a r e a  was  assessed  
p l a c e m e n t  of  co l lec t ing  hor izons  was  m e a s u r e d  f rom a de ta i led  s t r a t i g r a p h i c  s tudy  of  fossilifer- 
to the  n e a r e s t  0.5 m. ous as well  as non-foss i l i ferous  units .  Sedimen- 

The  two da t a  sets  differ  in the i r  r ep resen ta -  t a r y  e n v i r o n m e n t s  were  e v a l u a t e d  on the  basis  
t ion  of  the  o r ig ina l  fossil  assemblages .  In  the  of  field d o c u m e n t a t i o n  of  l i thologies  f rom hand  
field, fossil  a s s emb lages  of  the  Wi l lwood forma-  specimens ,  ve r t i ca l  facies  v a r i a t i o n  in mea-  
t ion  occu r  as a s c a t t e r  of  d i s a r t i cu l a t ed  and  sured  sect ions ,  and  l a t e ra l  facies  v a r i a t i o n  in 
of ten incomple t e  e lements ,  u sua l ly  w e a t h e r e d  l a t e r a l ly  co r r e l a t ed  sect ions.  On the  basis  of  
f rom ident i f iable  s t r a t i g r a p h i c  hor izons  t h a t  pe r sona l  o b s e r v a t i o n s  and  c a t a l o g u e d  records  
p roduce  fossils a long  m u c h  of  t he i r  exposure  of  the  U M M P ,  we conc lude  t h a t  the  geologica l  
(Bown and  Kraus ,  1981b; Winkler ,  1983; th is  con tex t  of  o the r  ea r ly  W a s a t c h i a n  local i t ies  in 
paper) .  The  broad-sca le ,  c a t a l o g u e d  sample  the  C la rk ' s  F o r k  Bas in  is b road ly  s imi la r  to 
f rom the  W a s a t c h i a n  is a se lec t ive  cu l l ing  of t h a t  of  foss i l i ferous  hor izons  in the  Biohor izon  
these  su r face  fossil  a ssemblages .  J a w s  a re  the  A s tudy  area .  
mos t  n u m e r o u s  c a t a l o g u e d  i tems,  i so la ted  We cons t ruc t ed  a b i o s t r a t i g r a p h i c  r a n g e  
t ee th  of  a s so r ted  t a x a  are  nex t  in abundance ,  c h a r t  for  ea r ly  W a s a t c h i a n  m a m m a l s  of  the  
and  n o n - m a m m a l i a n  r e m a i n s  and  m a m m a l i a n  C la rk ' s  F o r k  Bas in  based  on the  b road-sca le  
pos t c r an i a l s  a re  the  leas t  n u m e r o u s  ca ta-  c a t a l o g u e d  records  of  the  U M M P  (Fig.3). The  
logued  i tems.  M a t e r i a l  co l lec ted  but  no t  ca ta-  d o c u m e n t e d  i n t e rva l  spans  700 m, f rom jus t  
logued f rom a loca l i ty  is a ss igned  the  s t a tu s  be low the  C l a r k f o r k i a n - W a s a t c h i a n  b o u n d a r y  
" m i s c e l l a n e o u s "  and  t h e n  g iven  a s ingle  cata-  to 200 m be low the  top  of  the  sect ion.  The  
logue  n u m b e r  for  each  co l lec t ing  visit .  The  qua l i ty  of  the  b i o s t r a t i g r a p h i c  record  for  each  
" m i s c e l l a n e o u s "  m a y  inc lude  n o n - m a m m a l  species  was  de t e rmined  f rom the  sample  sizes 
m a t e r i a l  (e.g., rept i le ,  fish, p lant ,  mollusc) ,  for  each  20-m s t r a t i g r a p h i c  i n t e rva l  and  f rom 

Fig.3. Biostratigraphic range chart of early Wasatchian mammals from the Clark's Fork Basin. Mammals are listed by order, 
with Condylarthra divided into herbivorous and carnivorous subunits. Excluded are mammalian orders comprising 
predominantly small taxa (less than 100 g estimated body weight), because remains of such taxa are generally too rare to be 
informative of the timing of faunal change. Species names, ranges, and phyletic transitions are taken principally from the 
UMMP catalogue records as of 1985, with additional information from Gingerich and Gunnell (1979), Gingerich (1983b), 
Gunnell (1985), and Ivy (1982). The quality of the record for each species is indicated by the width of the line. Heavy lines 
indicate records of good quality. Lines of medium width indicate records of medium quality. Thin lines indicate "spotty" 
records. (See text for further explanation.) Gaps of 200 m or greater are represented as blank areas with a question mark. 
Single specimens with large gaps below or above are marked as an x. For species represented by lines, small horizontal ticks 
at the base (resp. top) indicate the first (resp. last) records in the Clark's Fork Basin. The absence of a tick at the left (resp. 
right) indicates that the record continues below (resp. above) the interval represented. Numbers at the left indicate the 
stratigraphic position (in meters) at which the species is first recorded, if lower than the Clarkforkian-Wasatchian 
boundary. The stippled band marks Biohorizon A. 
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C~ W a  BiohorlzonA 

,°?o , ,  17o ,,? . . . . . . . . . . . . . . . . . . . . . .  
iiii!iiil 

PRIMATES 
Ignocius #roybuNionus 1 1 5 0  ? ............. ? x 
Phenocolemurproecox 1 4 o 5  :::::::::::::::::: q 

::+::::F ? x Phenaco/emur sirrmnsi : :; ~:~:i:~:~:~ 
Tin/morays groybu//iensis 1 2 8 0  ? x ::::::::;:::::;: 
Niptomomys doreenae 1 2 9 O  . 
Arctodo~tomys wilsoni ' i::ii i~i~ii! . . . . . . . . . . . . . . . .  
Arctodontom2s nuptu~ ............. i . ,,j 
M~o.o.~op. o.gu., i~. . .  .............. 2 
Microsyop$ n sp ::::::.:::: 
Tetonoldes t~u,cu/us !i;iii;iiii;il ~ • 
Talon/us stein/ ~ L  m ,  i. 
Talon/us homunculus " "  
Conti., t o m , ~  
Can#us ralstoni : :.h ::i::::: 
Cant/us mckennoi :'- 
Coot, o ,  t r ,~o~os "~ 

RODENTIA ;;;:;~: ~ 
Acrltoparornys o tovu ,  1 1 5 0  
Acr/foporomy$ ° fwoter /  1 1 5 0  . . . . . .  ? 
Po,omys taur~s ,980 i;'!;'.i:lli; ' 
[~Tromys cope/" ii!;;:;i ? x 
Poromys n. sp x ~ : : :  x 
Lophioporom¥$ murmu$ x 
Microporomys n sp 1 2 8 0  " ? ? x 
Reithroporomys c~ R debequensls ~ : ~ i : :  
Knightomys n. sp x :: ::;: : 

CONDYLARTHRA,  HERBIVOROUS 
Phenocodus intermedius 1 2 0 0  :';!:;:I:!;':I; 
Phenocodus vortmom 1 4 2 5  ;:!;:;;E i 
Phenocodus rO~$tU$ 1 4 4 0  ? 
Phenocodus brachyPCernus I i ; ; ; ; ;  ~ x 
Eclat /on porvus 3 4  ;:::: ::~::: 
~ctocion osbornionus 1 0 1 5  ::::::::;:;::::: 
Hyopsodus Ioomisi  I :::':':1]" i 
Hyopsodus iot idens :;i ?::::'., 
Hoplomylus simpson/ 1 0 9 0  
Hoplomylus spel'rianus I :!L!:!:!~::! 
Hoplomylus n. sp " 
Aphehscu$ nt'h'dus 1 0 8 0  ,~4 
Aphel/$cu$ n sp ~ :,,:,:,:,:, i 
Aphehscus wopthens/s 
Aphehscus t'nsl'dlbsus L 

P E R I S S O D A C T Y L A  
Homogo/Ox n sp I ] : : : :  
Homogolox protapiPinus 

Hyrocofherium n .~o 
Hyrocotheriurn perntx 

A R T I O D A C T Y L A  
O~ocodexls mets~ocus 
Diocodexls robustus ::::::::::: 

T I L L O D O N T I A  
Esthonyx grongerl 1 3 7 0  I : i :  ::: 
Esthonyx spofulorius P @:|~i-.. 
~sthonyx bt~ulcotu,  

PANTODONTA 
Coryphodon proterus 9 7 5  --~ . :  
Coryphodon spp '1' : : : :  : ::::: 

C R E O D O N T A  
Oxyoeno translens 1090 ? . . . . .  ; : : : : i : :  
Oxyoen° gulo . . . . . . . . .  I i d;i:d 
Ox¥oeno mtermed i °  ..................... ~ 
Pal°on/criB occldentohs + ..... ? 
~a,eomot, . .e /o.  . . . . . .  
Ar f i e  ze le  i j. 
A r f l °  shoshonlensls , (c(~,:; 

~r~io op,st~oto~o 
H¥oenodonhd, n gen. A, Sp I ...... 
Hyoenodonhd, n. gen. A ,  sp.  2 '  . . . . . . . .  
Prol lmnocyon n $l~ !:i~J::: 
Prol imnocyon otovus i ~ " "  " ' x  ? x 
Hyaenodonhd, n. gen. ~, n sp. 
H¥oenodo~/id, n gen. C, sp. / 
Hyoenodonhd, n. gen. C, sp. 2 : : : : : : :  
Hyoenodonh~, n. gen, C, ~ .  3 ......... 
Hyeenodonl~d, n. gen C, sp. 4 "'" 

CARNIVORA 
Oldymlchs proteus 9 7 5  ~ : [~ :  i 
Didym/ctis leptomylus I 
D/ldxmlctls curt /dens ~ : : ? 

Vivertovus ° t u t u s  1 4 5 5  : i 
viverrovus bowni 1 2 8 0  ? 

Vlverrovus n sp 
U/ntocyon rud/s 1 2 8 0  ; C W ,  
Vossocyon prom~oration v ~ v  
MfOCIS winkler/ ~ I 
Mioc~s deutschJ "=  ~ 
M~OClS exiguus : : :  ~; 
Vulpevus c f  Oustral/s x 

C O N D Y L A R T H R A  CARNWOROUB 
Thryptocodon anfiquus l O 8 0  
Dissacus praenunfius 1 1 5 0  
Dlssocus spp. 9 9 0  : '~ 
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the size of gaps in each species' record, mainly ances, each specimen is counted as both an 
within the interval 1520-1755 m (below Biohor- appearance and a disappearance. Speciation 
izon A). A "good" record has predominantly by anagenesis involves 33 of the 87 species 
large samples with small gaps: these ranged (38%) in Fig.3 (Gingerich and Gunnell, 1979; 
from 3 to 297 catalogued specimens per 20-m Gingerich, 1980, 1983b, 1985, 1986; Gunnell, 
interval, with gaps of less than 20m. A pers. comm., 1986). Changes in species corn- 
"medium" record has small to moderate sample position resulting from anagenesis were not 
sizes with more and larger gaps: these ranged counted as either appearances or disappear- 
from 0 to 19 catalogued specimens, with gaps of ances. 
from 20 up to 130 m, but mostly less than 50 m. 
A "spotty" record has small sample sizes - -  Resu l t s  
fewer than 12 catalogued specimens per 20-m 
interval - -  with gaps of 50-200 m. Taxa with The Wasatchian record of the Clark's Fork 
gaps of up to 200 m (not indicated in Fig. 3) Basin 
were considered to be present but not recorded 
(yet) by fossils. For taxa with gaps of greater The biostratigraphy of mammals from early 
than 200 m in Fig.3, the gaps were recorded Wasatchian sediments of the Clark's Fork 
for consideration as possible local extinctions Basin is the basis for identifying Biohorizon A. 
and reappearances. For taxa represented by Figure 3 documents the broad-scale stratigraph- 
from one to a few specimens for their entire ic ranges of 87 species known from early 
record, all individual specimens were plotted. Wasatchian localities. The interval recognized 
In addition to the biostratigraphic data, we as Biohorizon A occurs between 1750 and 
compiled the number of localities and the 1795m. Table I summarizes the principal 
number of catalogued specimens for each 20-m changes in species composition. Three species 
interval, appear near the base of the interval. Eight 

Faunal  change in Fig.3 is summarized in species disappear (terminal disappearances) 
several ways. We divided the 700-m section into within this interval; six of these eight are 
20-m increments (e.g., 1520-1535, 1540-1555, carnivorous mammals. Six species have gaps of 
etc.). We computed species richness for each greater than 200 m beginning within this inter- 
20-m interval, a count of all taxa with records val (temporary disappearances); remains of 
somewhere in the interval. We defined appear- these species occur again between 1970 and 
ances and disappearances for each interval in 2100 m. One plausible interpretation of these 
two parallel ways, as follows. Appearances gaps is temporary extinction and later re-entry 
included (1) the number of first records in the of these lineages in the Clark's Fork Basin, an 
Clark's Fork Basin, or (2) the number of first interpretation favored by Schankler (1981) for 
records plus the number of taxa that  "reap- the phenacodontids in the central Bighorn 
pear" after a gap of 200 m or more. Disappear- Basin. The quality of the record for each species 
ances included (1) the number of last records, involved in the turnover at Biohorizon A is also 
or (2) the number of last records (terminal indicated in Table I. Ten of the 17 species have 
disappearances) plus the number of taxa with spotty records; the remainder have records of 
ensuing gaps of 200 m or more (temporary medium quality. In sum, disappearances out- 
disappearances). Two taxa are known by speci- number appearances, a pattern that  also char- 
mens that  occur within only one interval. Such acterizes Schankler's Biohorizon A (Fig.2). 
taxa were counted as appearing and disappear- There are additional changes in faunal 
ing within the same interval. A few taxa are composition at Biohorizon A (Table II) that  do 
represented by two specimens separated by not fit into the categories of Table I. Two taxa 
gaps of 200 m or more; under the second are known only at this interval. Two rodent 
method of tallying appearances and disappear- species are represented by one specimen each 
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TABLE I TABLE II 

Principal taxa involved in the faunal turnover at Biohori- Additional taxa with biostratigraphic records especially 
zon A in the Clark's Fork Basin. Symbols indicate the pertinent to Biohorizon A, as explained in text. Symbols 
quality of the biostratigraphic record as explained in the as in Table I; + signifies a record of good quality. Based on 
text; signifies a spotty record. The remaining taxa have Fig.3. 
records of medium quality. Based on Fig.3. 

Taxa known only at this interval: 2 

Appearances: 3 Apheliscus wapitiensis 

Tetonius steini Hyaenodontid, n. gen. A, sp. 2 
Homogalax protapirinus 
Hyaenodontid, n. gen. C, sp. 3 Taxa represented by one specimen 

and large gaps above and/or below: 2 

Terminal disappearances: 8 Lophioparamys murinus 

Phenacodus vortmani Microparamys n. sp. 
Homogalax n. sp. 
Hyaenodontid, n. gen. B, n. sp. - Taxa that change names  through 
Hyaenodontid, n. gen. C, sp. 1 - anagenetic speciation: 9 

Didymictis leptomylus - Arctodontomys wilsoni - A. nuptus 
Viverravus bowni - Hyopsodus loomisi - H. latidens + 
Viverravus n. sp. Haplomylus speirianus - H. n. sp. 
Uintacyon rudis Hyracotherium grangeri - H. n. sp. 

Esthonyx spatularius E. bisulcatus + 
Temporary disappearances: 6 Oxyaena gulo - O. intermedia 

Arctodontomys lineage Arfia shoshoniensis - A. opisthotoma 
Paramys copei - Prolimnocyon n. sp. P. atavus 
Phenacoclus robustus Miacis cleutschi M. exiguus 
Phenacodus brachypternus 
Paleonictis occidentalis 
Wyolestes apheles 

count  the number  of species whose biostrati-  
graphic  ranges  pass t h rough  each interval  
(Fig.4). Thus, gaps do not  count  as t empora ry  

within  this in terval  and have  large gaps above extinct ions.  In Fig.4, an early, rapid rise in 
and/or  below this interval .  The records  of these species r ichness  marks  the bounda ry  between 
four  taxa  are even more sparse than  the the Cla rkfork ian  and Wasa tch ian .  Species 
~spot ty"  records.  In addit ion,  there  are nine r ichness  cont inues  to rise t h rough  the ear ly  
ins tances  of change  in species names wi th in  Wasa tch ian ,  then drops at  Biohor izon A and 
con t inuous ly  evolving lineages. Four  of these declines t h rough  the remain ing  Wasa t ch i an  
species have good records,  two have  poor  section. The final decline in species r ichness  
records,  and three  have  records  of  medium above 2100 m is an art ifact ,  reflecting proxim- 
qual i ty  up to Biohor izon A and spot ty  records  ity to the top of the sect ion in the Clark ' s  Fork  
above it. Basin. 

Change  in species number  wi th  time is In the second tabu la t ion  of change  in species 
depicted in Figs. 4 and 5. Since there  is little r ichness  (Fig.5), gaps grea ter  t han  200 m 
informat ion  about  absolute  t ime at this level of wi thin  a species '  range  count  as t empora ry  
resolut ion,  we use in terva ls  of s t r a t ig raph ic  d isappearances  and la ter  reappearances .  The 
th ickness  to indicate  re la t ive  time. (The results  resul t ing  pa t te rn  of  change  is an exaggera ted  
of this s tudy do not  depend on any  assumpt ions  vers ion of Fig.4, with two exceptions.  The 
about  the a m o u n t  of t ime represented  by each decline in species r ichness  above Biohor izon A 
interval.)  From Fig.3, we have  tabu la ted  stand- is reversed between 1950 and 1995 m and 
ing diversi ty for each 20-m interval  in two between 2040 and 2055 m, when, in this view, a 
ways. The first, more  t radi t ional ,  way  is to number  of  species ~'reappear" in the Clark ' s  
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Fig.6. A p p e a r a n c e s  and  d i s a p p e a r a n c e s  v e r s u s  s t r a t i g r a p h i c  level,  w i th  gaps  of 200 m or  more  c o u n t i n g  as  t e m p o r a r y  
d i s a p p e a r a n c e s  wi th  l a te r  r e appea rances .  Based  on Fig.3. 

Fork Basin. According to either Fig.4 or Fig.5, smallest operational units for collection of 
the base of the Wasatchian and Biohorizon A fossil material on the surface. Figure 7 indi- 
represent periods of greater than usual rate of cates the stratigraphic spacing and some facies 
change in species number, characteristics of the fossiliferous levels at one 

The number of appearances and disappear- locality. Each level consists of one or more 
ances of species for each 20-m interval (Fig.6) stratigraphic units; levels range in thickness 
best illustrates episodes of faunal turnover, from 0.3 to 3.0 m, with some lateral variability 
With temporarydisappearancesandtheassoci -  in thickness within each level. All levels 
ated reappearances counting as legitimate occur in fine-grained floodplain deposits with 
biostratigraphic events, the major faunal turn- pervasive pedogenic features. 
overs are clearly identified as an early episode Intensive surface collecting of all accessible 
dominated by appearances (the beginning of portions of the fossiliferous levels in the 
the Wasatchian Land Mammal Age) and a Biohorizon A study area yielded approximately 
later episode dominated by disappearances 1500 specimens identifiable to genus or species. 
(Biohorizon A). Before documenting the re- Species richness (oftaxa listed in Fig.3) ranged 
lationship between faunal turnover and sample from 8 to 29 among the collecting levels, with 
size in this record, we present some results of an overall decline from older to younger levels 
the fine-scale study of Biohorizon A. (Fig.8). These data depict, in an enlarged view, 

the same trend that  characterizes the cata- 
Biohorizon A study area logued data (Figs.3-5). 

In the Clark's Fork Basin, the stratigraphic Sedimentary environment of vertebrate fossil 
interval of Biohorizon A outcrops principally assemblages 
in an area of about 4 km 2 within badland hills. 
The area is subdivided geographically into The fine-grained, pedogenic facies of the 
several localities; each locality spans part or fossiliferous levels in the Biohorizon A study 
all of Biohorizon A, which is about 45 m in area is the source of virtually all vertebrate 
total thickness. Seven distinct fossiliferous remains in the Willwood Formation, both 
levels can be identified and traced laterally within the Clark's Fork Basin (e.g. Winkler, 
through much of the area. These levels are the 1983) and elsewhere within the Bighorn Basin 
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Fig.7. A stratigraphic section through Locality 3 1 0 ,  Species richness and sample size 
spanning the interval of Biohorizon A, with fossiliferous 
horizons identified by letters. (All horizons but f occur at 
Locality 310.) The stratigraphic position of f in localities The  biological  s ignif icance of  changes  in 
nearby is indicated; at Locality 310, level f and adjacent species r ichness  can  be eva lua ted  only  af te r  
floodplain sediments are cut out by a thick erosional 
sandstone, sample sizes are  t ak en  into account .  F igure  8 

i l lus t ra tes  how sample size (number  of speci- 
mens) and species r ichness  covary  for the 

(e.g. Bown, 1979; Bown and Kraus ,  1981a, b). Biohor izon  A s tudy area,  and Fig.9 i l lus t ra tes  
This  facies represen ts  the  f loodplain environ-  this  cova r i a t ion  for the  ear ly  W asa t ch i an  as a 
men t  t ha t  was a l t e rna t e ly  i nunda t ed  and whole.  (Figs.8 and 9 are  based on presence  or 
ae ra t ed  each  year .  Thus,  differences in fauna l  absence  in each  in te rva l  o f t a x a  l isted in Fig.3.) 
composi t ion  t h r o u g h  t ime c a n n o t  be a t t r i bu ted  In the  Biohor izon  A s tudy area,  sample sizes 
to d i f ferent  t aphonomic  processes  associa ted  exhibi t  a decl in ing t r end  from older  to y o u n g e r  
wi th  broad ly  dif ferent  sed imen ta ry  environ-  levels (Fig.8), a l though  the  decrease  in sample 
ments.  But,  bo th  in the  Biohor izon  A s tudy  size is no t  as cons is ten t  as the  decl ine in 
a rea  and e lsewhere  in the Wil lwood Forma- species number .  
t ion, the re  is cons iderable  va r iab i l i ty  wi th in  In order  to inves t iga te  the re la t ionsh ip  
the pedogenic  facies in the  re la t ive  propor t ions  be tween  sample size and species number  in the  
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macroscopic record, it was necessary to tally number, despite differences in the methods of 
the number of recorded species for each 20-m collection and documentation. 
interval. Figure 3 does not contain the requisite 
information, since taxa are represented there by D i s c u s s i o n  
biostratigraphic ranges but are not necessarily 
recorded in every 20-m interval. (Only taxa with The high correlation between sample size 
good records are found in every 20-m interval of and species number in Fig.10 indicates that we 
their biostratigraphic ranges between 1520 and have no basis for rejecting the following null 
1755 m; above this level, even the good records hypothesis: observed changes in species rich- 
show some gaps of 20 m or more.) Figure 9 ness are explained satisfactorily by changes in 
depicts, interval by interval, the numbers of sample size alone. This relationship is further 
specimens and of species recorded for the early illustrated in the correspondence between 
Wasatchian. Clearly, peaks in species richness biostratigraphic events (appearances, reap- 
coincide with peaks in sample size, and the drop pearances, and terminal and temporary disap- 
in species richness at Biohorizon A coincides pearances) and sample size (Fig.ll) .  All five 
with a large drop in sample size. peaks in appearances between 1500 and 1995 m 

The correlation between root sample size and occur in intervals with peaks in specimen 
species number (Fig.10) is high for the combined number; two minor peaks in specimen number 
data sets (r = 0.95). (The square root is the (1800-1815 m, 1840-1855 m) are not associated 
appropriate transform for linearizing the scat- with appearances. The only reappearances 
terplot when the underlying model corresponds (following temporary disappearances) in Fig . l l  
to Poisson sampling (Snedecor and Cochran, occur between 1960 and 1975 m, likewise a 
1980).) The data from the Biohorizon A study local peak in sample size. All of the Wasatch- 
area by themselves exhibit a correlation coeffici- ian lineages with "good" records appear in the 
ent of r = 0.94 (n = 9); the UMMP catalo- first peak. Taxa that appear later have records 
gued data alone have a correlation coefficient of of "medium" or "spotty" quality. Among the 
r = 0.95 (n = 29), indicating a similarly tight species that appear at Biohorizon A, the three 
relationship between sample size and species principal appearances (Table I) occur within 
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intervals of very high sample sizes. Four Disappearances generally coincide with 
additional species are rare or unknown outside drops in sample size. The most pronounced 
this interval (Table If). Thus, the timing of example occurs at Biohorizon A. Fourteen 
appearances closely tracks peaks in fossil species disappear (six? temporarily) when sam- 
productivity, while the number and taxonomic ple size drops from 1027 specimens to 20 
identities of appearances depend on the prior specimens in successive 20-m intervals. Nine of 
history of appearances, the 14 species have poor records even when 
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sample sizes are relatively high (below 1780 m). disappearances occur even as sample sizes are 
The six reappearing taxa occur again in increasing (e.g., between 1700 and 1715m). 
intervals with moderate peaks of sample size. Clearly, substantial changes in faunal compo- 
The correlation between disappearances and sition were occurring through the early Was- 
drops in sample size at and above Biohorizon A atchian record. But since almost 90°//o 
indicates that  some temporary disappearances (r 2 = 0.88) of the apparent pattern can be 
are to be expected on the basis of changes in attributed to variation in sample size (Fig.10), 
sample size alone. (Whether the disappearance the real pattern of faunal change is little 
of a particular species is statistically signifi- constrained by data. 
cant can be determined under the assumption The apparent pattern is consistent with a 
of Poisson sampling, as Schankler (1981) dem- number of hypotheses of real faunal change. 
onstrates for phenacodontids.) These reappear- For example, all appearances (29 species) 
ances are an example of the "Lazarus effect" recorded between 1520 and 1815 m in Fig.3 
(Jablonski, 1986) in a fluvial environment, could have occurred at the beginning of the 

The anagenetic speciations that  occur at Wasatchian, to be detected in pulses as sample 
Biohorizon A in the Clark's Fork Basin sizes rose and fell. According to this hypothe- 
(Table II) do not in themselves offer persuasive sis, had the sample size between 1520 and 
evidence for a significant faunal change, since 1535 m been increased to 1000, many of the 29 
the separation between ancestral and descen- taxa would have been found, and some new 
dant species was sometimes determined on the ones as well (Koch, 1987). In the real data, this 
basis of a large gap in the record or by noting hypothesis suggests that  the appearances are 
the fact of the faunal turnover itself. These unveiled in pulses because progressively larger 
speciations are, in any case, arbitrary. All nine sample sizes are required for the rarer taxa. 
lineages that  change species name at Biohori- Another hypothesis is that  actual species 
zon A exhibit increase in size, as indicated by diversity did not change between 1780 and 
increased cheek-tooth area. But only in the 1795 m, but rather that  the apparent decrease 
case of Hyopsodus is size increase a distinct is due solely to the decrease in sample size. Had 
reversal of the trend (size decrease) jus tbe low our samples been enlarged to some 1000 
Biohorizon A (Fig.2, Gingerich, 1985). If new specimens between 1800 and 1815 m, many of 
taxonomic interpretations were to view any of the "disappearing" taxa would have been 
these changes as cladistic speciation events, present. Both these expectations derive from 
the number of appearances and disappearances the observed relationship between sample size 
recorded at Biohorizon A would be altered, but and species number (Fig.10). 
not the relationship between sample size and This relationship between sample size and 
species number that  we find in these data. species richness is widely known in ecology 

What  is the real pattern of appearances and and paleontology (e.g., May, 1975; Raup, 1975; 
disappearances of species? As the record Tipper, 1979; Koch, 1987). For a specified 
stands, new taxa of diverse taxonomic and geographic area and time - -  that  is, for a 
ecological affinities appear early in the Was- particular c o m m u n i t y -  larger sample sizes of 
atchian. Disappearances occur in pulses and individuals record ever increasing species 
involve species known from the Clarkforkian, richness. The relationship between sample size 
along with some of the Wasatchian immigrants and species number is typically non-linear; the 
(Fig.3). In general, appearances coincide with ratio of species number to sample size is 
increases in sample size, and disappearances generally greater in small samples than in 
coincide with decreases in sample size. Com- large ones. If the total number of species 
mon taxa appear early. When sample sizes fall present is fixed by assumption, there results 
off and later do not rise above moderate values, the familiar asymptote in species-versus-indi- 
a number of rare taxa disappear (Fig.ll). Some viduals and rarefaction curves. The ecological 
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basis for this pattern is the shape of species- there would be a significant environmental 
abundance distributions in nature. Communi- change with far-reaching sedimentological 
ties have a few common species and many rare taphonomic effects. It is possible, however, 
ones (Elton, 1927; May, 1975; Koch, 1987; and that such environmental changes could cause 
many others). But these distributions vary in a faunal turnover as well. 
detail, making it difficult to apply a universal (3) Changes in fossil productivity might be 
standard of correction for sample-size effects in caused by ecological changes in the fauna 
samples from modern and ancient communi- itself that  have taphonomic ramifications, such 
ties. as changes in the intensity of scavenging. In 

the case of Biohorizon A, this hypothesis 
Fossil productivity would be most plausible if taxa that  appear 

when fossil productivity is falling can be 
The striking correlation between sample size interpreted reasonably as having caused the 

and species number raises the important issue drop in productivity (e.g., the appearance of 
of the factors controlling fossil productivity in bone-crushing carnivorous species). If this 
a stratigraphic section. We suggest three ecological hypothesis were operative, then 
possibilities: area of exposure, taphonomic similar faunal changes elsewhere in the Big- 
changes, and ecological changes, horn Basin and in other basins should be 

(1) Fossil productivity may be proportional correlated with similar changes in fossil pro- 
to the area of exposure for any stratigraphic ductivity, and no correlated changes in the 
interval. This factor is certainly critical within sediments themselves would be expected. 
the Biohorizon A study area: the pat tern of We cannot conclusively reject any of these 
badland topography results in a decrease of factors at present, although there is informa- 
available exposure up-section. One way to tion that  bears on each of them. With regard to 
evaluate this hypothesis would be to measure the factor of exposure area, the exposures in 
(e.g., by digitization of a base map) the the Clark's Fork Basin do become restricted 
exposure area of selected stratigraphic inter- and often steeper up-section, resulting in less 
vals, then correlate exposure area with the accessible outcrop area (but possibly more 
number of catalogued specimens. If the correla- rapid renewal of fossils by erosion) for higher 
tion were high, then there would be no basis levels. This general observation does not, 
for inferring a real faunal turnover  within the however, explain the modest increases in 
interval currently recognized as Biohorizon A. sample size above 1800 m. 

(2) Fossil productivity may be controlled by With regard to the taphonomic factor, the 
basin-wide changes in sedimentary or climatic Biohorizon A study area is capped by thick 
processes that  affect the preservation of mam- (over 30 m), multistoried sandstones (Fig.7), 
malian remains: for instance, change in the which extend laterally through the Clark's 
rate of sediment accumulation, change in Fork Basin. These sandstones probably ac- 
seasonality, or change in the duration of count for the initial drop in fossil productivity 
annual floods. In this case, similar changes in around 1800 m, since vertebrate  remains are 
fossil productivity should have occurred in the rarely found in this facies in the Willwood 
central Bighorn Basin, since it was part  of the Formation. Also, these sandstones probably 
same climatic and depositional system during signify a period of widespread erosion, as 
the Eocene. Also, such changes should have is associated with the '~boundary sandstone" at 
left some record within the sediments them- the base of the Wasatchian around 
selves, such as long-term changes through the 1500-1515 m (Kraus, 1980). But above the 
Wasatchian in the maturi ty of soils. If this interval of sandstone there is a return to 
factor were important, then the fact of a faunal predominantly fine-grained silts and silty 
turnover would be questionable, al though clays, the appropriate facies for vertebrate 
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remains. Thus, from the standpoint of sedimen- graphic change. Even though sample-size 
tary environments, the sample size should be effects are present in the biostratigraphic 
able to rise (as it does between 1840 and 1815 m) range chart  (Fig.3), in the graphs of change in 
to values typical of Biohorizon A and below, species richness through time (Figs.4 and 5), 

The pattern of fossil productivity in the and in the record of appearances and disap- 
central Bighorn Basin bears some similarity to pearances through time (Fig.6), the effects are 
that  of the Clark's Fork Basin. Schankler not immediately evident, since none of these 
(pers. comm., 1986) reports that  at localities figures document sample size per se. But when 
around Dorsey and Elk Creeks (Fig.l), sample changes over time in sample size are plotted 
sizes fall across Biohorizon A and remain together with species richness (Figs.8 and 9) or 
moderately low until  the level of Biohorizon B, appearances and disappearances (Fig.ll), the 
when sample sizes increase markedly. The nature of our inferential problem becomes 
decrease at Biohorizon A is not of the same clear. Sample size and species richness should 
magnitude as in the Clark's Fork Basin. Bown be highly correlated in modern and ancient 
(pers. comm., 1986) reports that  there is a communities. The confounding situation oc- 
decrease in sample size above Biohorizon A curs when large fluctuations in sample size 
based on localities around Fifteen Mile Creek. occur over time. In such situations, the record 

With regard to the ecological factor, the of appearances, disappearances, and species 
faunal turnover at Biohorizon A involves the richness is not a reliable indicator of actual 
appearance of one carnivorous species and the faunal change. 
loss of six others. This pattern neither suggests Species number and composition vary widely 
a mechanism by which faunal change could with sample size because so many species are 
cause the change in fossil productivity, nor rare. In the record of Biohorizon A in the 
quite rejects the possibility either. Clark's Fork Basin, many of the disappearing 

taxa are carnivorous species. These would 
Conc lus ion  have been rare in the original community 

because of their position in the trophic hierar- 
This study of the early Wasatchian record in chy. The herbivorous taxa that  disappear have 

the Clark's Fork Basin indicates that  changes medium to spotty records - -  low to moderate 
in sample size through a stratigraphic record numbers from stratigraphic levels with moder- 
may influence the perception of faunal turn- ate to large sample sizes. Whether for tapho- 
over. Although clearly a major change in nomic or ecological reasons, these species are 
faunal composition occurred early in the Was- never abundant in the fossil samples. Common 
atchian, the peaks and valleys in sample size species change principally by phyletic evolu- 
conceal the timing and rate of this change, tion. Thus, it is difficult to make a strong case 
Appearances are correlated with peaks in for a faunal turnover in the interval within 
sample size, and disappearances with valleys, which Biohorizon A has been located in the 
We cannot rule out the possibility that  the Clark's Fork Basin. 
observed pulses of appearances and disappear- Yet we refrain from concluding that  Biohori- 
ances, i.e., the faunal turnovers, are an artifact zon A does not exist in the Clark's Fork Basin 
of widely varying sample sizes through the or anywhere else. The primary historical 
section. Sample size is influenced by a number changes in the data presented here are a rise 
of ecological and taphonomic factors, includ- and fall in fossil productivity. These changes 
ing original population sizes and sediment may themselves have chronological and en- 
accumulation rates, vironmental significance as widespread events 

The role of sampling in this biostratigraphic within the basin of sedimentation. Biohorizon 
record was demonstrated only when sample A could be identified more clearly by the 
size was documented along with biostrati- collection of additional data, notably above 
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