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Fig. 4. Plot of I, versus V, at various V, from 
an organic IGFET on polycarbonate. 

ative gate bias increases, the Fermi level ap- 
proaches the delocalized band edge and more 
traps are filled. At an appropriately high volt- 
age, all of the trap states are filled. and any 
subsequently injected caniers are free to move 
with the inicroscopic mobility associated with 
carriers in the delocalized band. In devices with 
a 0.12-km-thick SiO, gate insulator, the nega- 
tive gate bias required to reach such carrier 
concentration levels was above 70 to 80 V. As 
shown in Fig. 2; the mobility saturates above 
this gate bias. indicating that all localized states 
are occupied. By using ligher dielectric con- 
stant insulators, a suffic~ent number of carners 
to fill all these traps are generated by the field 
effect at much lower gate voltages, and this is 
the reason that high mobilities are obsewed at 
such low voltages compared with the Si0,- 
based devices. Several localized trap levels 
have been reported for thin polycrystalline va- 
por-deposited films of pentacene at depths 
ranging from 0.06 to 0.68 eV (23), which could 
account for the aforementioned localized states. 
Brown et 01. (17) have used an alternative 
model, based on hopping polaron transport pro- 
cesses, to explain the gate bias dependence in 
organic semiconductor IGFETs. 

On a more practical note, all of the steps 
in the fabrication process of our low operat- 
ing voltage BZT-pentacene-based devices 
were performed entirely at RT. Initially, we 
used sol-gel-deposited BST films as the high 
F gate insulator (19); which required anneal- 
ing at 400°C, and although they produced 
excellent low-voltage device characteristics, 
they were not compatible with transparent 
plastic substrates. The RT fabricated devices 
we now report are compatible with transpar- 
ent plastic substrates. Given their operating 
characteristics, which are very close to the 
characteristics of the widely used a-Si:H 
TFT, they are good candidates for applica- 

tlons involving AMLCD or AMOLED d ~ s -  
plays on plastic substrates. Several efforts in 
the past to develop a-Si:H TFT-based liquid 
crystal displays on plastic have not been suc- 
cessful because of deterioration of the perfor- 
nlailce of those TFTs when a-Si:H was grown 
at temperatures below 150" to 200°C. 

To demonstrate the feasibility- of the above 
idea, we successfully fabricated pentacene- 
based TFT on very transparent plastic sub- 
strates (polycarbonate). The BZT gate insulator 
was 0.128 pill thick. Their performance was 
similar to devices fabricated on quartz or SO2/ 
Si substrates. Figure 4 shows the characteristics 
of such a device ( W  = 1500 pm and L = 69.2 
~111). Mobility was 0.2 cm2 Vp' sp '  , as calcu- 
lated in the saturation region. Mobility values as 
high as 0.38 cm2 Vp' sp '  mere measured froin 
devices with a WIL ratio of 4. These are the 
highest reported mobilities from devices fabii- 
cated on plastic substrates, and they are ob- 
tained at a maximum gate voltage of only 4 V. 
The highest mobility reported before for organ- 
ic IGFET on plastic substrates mas up to 0.1 
cm2 V-' s-' , and it required the operating 
voltage to be modulated between 0 and - 100 V 
(24). 
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Ancient Diets, Ecology, and 
Extinction of 5-Million-Year-Old 

Horses from Florida 
Bruce J. MacFadden,'" Nikos Solounia~,~ Thure E. Cerling3 

Six sympatric species of 5-million-year-old (late Hemphillian) horses from 
Florida existed during a time of major global change and extinction in terrestrial 
ecosystems. Traditionally, these horses were interpreted to have fed on abrasive 
grasses because of their high-crowned teeth. However, carbon isotopic and 
tooth microwear data indicate that these horses were not all C, grazers but 
also included mixed feeders and C, browsers. The late Hemphillian Florida 
sister species of the modern genus Equus was principally a browser, unlike 
the grazing diet of modern equids. Late Hemphillian horse extinctions in 
Florida involved two grazing and one browsing species. 

The fossil record of horses (family Equidae) ly Miocene [-55 to 20 million years ago 
over the past 55 million years is a classic (Ma)], horses had short-crowned teeth, indi- 
example of macroevol~~tion. In the traditional cating a browsing diet of leafy and soft 
interpretation, during the Eocene through ear- plants. After -20 Ma, fossil horses under- 

went an explosive adaptive radiation result- 
'Florida Museum o f  Natural  History, University of ing in numerous clades with high-crowned 
Florida, Cainesville, FL 32611, USA. ' ~ e ~ a r t m e n t  o f  (hipsodont) teeth adapted for irazing on 
Anatomy, N e w  York College o f  Osteopathic Medicine, 
N e w  York Institute o f  Technology, O ld  Westbury, NY abrasive pa*icu1ar1y grasses. This 
11568. USA. 3 D e ~ a r t m e n t  o f  C e o l o ~ v  and Ceoohvs- bebVeell obsen/ed crown 
ics, University o f  ~ t a h ,  Salt Lake C~~TUT 841 1 2 , ' u h  height and interpreted diets of extinct horses 

*To w h o m  correspondence should be addressed. E-  is a widely accepted model of long-term ad- 
mail: bmacfadd@flmnh.ufl.edu aptation and evolution ( I ) .  
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Traditional morphological studies of tooth 
crown height integrated mith isotopes and 
microwear provide a powerful method for 
testing and refining prellous hypotheses 
about fossil horse diets and ~nacroevolution. 
Carbon isotopic ratios measured from fossil 
tooth ellamel indicate the relative proportions 
of C, (plants in which the first product of 
photosynthesis is a 3-carbon acid) and C, 
(plants in which the first product of photo- 
synthesis is a 4-carbon acid) plants in diets of 
extinct herbivores ( 2 ) .  In modem terrestrial 
ecosystems, C, plants include most leafy. 
moody, and other soft plants (browse) and 
cool growing season or aquatic grasses. 
whereas C, plants include most tropical and 
temperate grasses. These differe~lces in C, 
(Calvin) and C, (Hatch-Slack) photosynthetic 
oathwavs oroduce different nronortions of 

8°C values range from -9.0 to - 1.7 per 
mil, indicating a range in the proportion of C, 
and C, plants in the ancient diets. Micromear 
indices (MI) range from browsers (MI < 
- 1.5; Fig. 2) to principally grazers (MI > 
- 1.5). In our inteipretations of Bone Valley 
horse diets, the combination of 8I3C values 
and microwear patterns is the most info~nla- 
tive (10). Body size is also of co~lsiderable 
interest in understanding species interactions 
within communities. Estimated body sizes 
range from the very small P. sin~psoni (5 1 kg) 
and I\.'. n~ii ioi  (63 kg), to intermediate-sized 
A. stoclcii (101 kg), C. enisliei (105 kgj, and 
:\:, eltr:).sh,le (141 kg). to large D, file.\-ictriizrs 
(268 kg) (11). 

The ancient diets interpreted for the Bone 

, . 
stable carbon isotopes (I2C and "C) incor- A 
porated into plant tissues. C, plants have 
8°C values ranging from -36 to -22 per 
mil (3) ,  mith a mean of --27 per mil, 
whereas the S1'C values of C, grasses range 
froin - 16 to -9 per mil, with a mean of 
--I3 per mil (4). \Vith the use of tooth 
enamel microwear. diets can be determined 
by analysis of distinctil-e microscopic pat- 
terns of scratches and pits on fossil herbivore 
teeth that indicate the mastication of different 
plant foodstuffs (that is, grass versus browse) 
( 5 ) .  

Here me present carbon isotope. tooth 
crown height. and enamel mlcrowear data for 
six contemporaneous and apparently sym- 
patric fossil horse species from the late 
Henlphillian (latest Miocene to early Plio- 
cene, -5 Ma) Bone Valley deposits of central 
Florida. The Bone Valley horses are an ex- 
celle~lt group to study because they (i) have a 
rich and well-sampled fossil record, (ii) rep- 
resent two diverse clades of ad\-anced hyps- 
odont horses with similar dental 111orpholo- 
gies and body sizes, (iii) existed during a time 
of major global change in terrestrial ecosys- 
tems ( 6 ) .  and (il-) preceded a terrestrial mam- 
mal extinction event at -4.8 Ma (7). 

The six late Hemohillian Bone Vallev hors- 
es include four species of thee-toed hipparioni- 
nes. that is. tiny PsezerNz@pniion siiiysoili, 
small hirizilil;,pzts iiliiloi. and medium-sized 
Cor.iizohippur.ioi1 einsliei and .Yeoh@paiioiz ezc- 
i~,s&le; and two one-toed equines, that is, me- 
dium-sized Astroh@p~ts stockii and large Dino- 
lziyy~cs nzesicunza (8 ) .  All of the Bone Valley 
horses had high-crowned teeth (Fig. l) ,  and 
traditionally they would be interpreted as gaz-  
ers (1. 9). However, one problem with this 
interpretation is that all six closely related and 
sylnpatric species would be competing for the 
same general food resource. 

Hypsodonty indices (HI; Table 1) range 
from 2.1 for C. einsliei to >3.5 for P. siinp- 
soni. \vllich indicate species with high- 
crowned to very high-crowned teeth. Mean 

Valley horses include a broad spectrum from 
C, grazers, to C,-C, grazers-mixed feeders, 
to principally C, browsers (Fig. 3). An MI of 
3.6 and 613C of - 1.7 per mil indicate that the 
medium-sized ili ezrrphle fed almost exclu- 
sively on C, grasses. An MI of 4.1 and S1'C 
of -5.7 per mil indicate that the tiny P. 
sinlpsoni fed on C, and C, grasses in roughly 
equal proportions. Likewise, an MI of 2.5 and 
S1'C of - 5.1 per mil indicate that the tiny i\< 

ininor was a mixed C,-C, grazer. With an MI 
of 1.6 and 813C of -3.6 per mil, the inter- 
pretation of the diet of C. enlsliei remains 
enigmatic. It seems to have been a mixed 
feeder but with both browse (low 411) and C, 
plants (high 6I3C value), which is a combi- 
nation rarely encountered in modern ecosys- 

MAPL ; /1 
I % 

Fig. 1. Upper molars of the six Bone Valley horse species (A to F) in early to middle wear, external 
(top) and occlusal (bottom or right) views. Pseudhipparion simpsoni (A), N. eurystyle (B), N. minor 
(C), C. emsliei (D), A. stockii (E), and D. mexicanus (F). Hypohippus chico (G) is a middle Miocene 
Florida horse from older (.-I5 Ma) Bone Valley levels that shows a short-crowned, presumed 
browsing tooth. HI is the maximum molar crown height (MCRNHT) divided by the greatest length 
(MAPL). Compiled from original illustrations and specimens in the University of Florida Vertebrate 
Paleontology collection. 
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tems. A S1'C of -9.0 per ~ n ~ l  and lo\\ h1I of  
0.8 for A. stockii indicate that it \vas a bro~vs-  
er. Like~vise, a S1'C of 7 . 7  per n11l and lolv 
LM1 of 0.4 indicate that D, iiir.~icciiiiis \vas 
principally a brolvser (although not as spe- 
cialized as other bro\vsers in the Bone \'alley 
fauna) (12).  

Tlie en\ironmental and blotic context In 
\vhicli the Bone \-alley horses li\-ed as \yell as 
comparisons ~vitli modern ecological analogs 
pro\ ide a frame\vork lor understanding late 
Hernphillian ecology and extinctions. Paleo- 
ecological reconstl.ilctions 01 central Florlda 
at 5 Ma ~ n d ~ c a t e  Ion-e le~at lon  floodplain and 
eshlarine environments xvith a inosalc of local 
closed-canopy forests. \voodlands. and open- 
country grasslands (7) .  Recent carbon isoto- 
pic analyses of tlie entire late Ilcniphill~an 
Bone \-alley inammalian llerbi\ 01-e fiiulia in- 
dicate a combination ol'C, bra\\ bers. pobsible 
C; grazers. isotop~cally mixed feeders. ,lnd 
C grazers (12). Tlie Bone \'alley flora , ~ n d  
fal~na ha\ e sim~larities to di\ er\e CI-C', 
based modern communities in regions bucl~ a \  
East .Africa Modern terrestrial plant coninlit- 
nities in Florida include C;  bronse and aquat- 
ic plants year-round \I it11 a predominance of 
C, grasses. altliough sotile C :  grasses occur 
naturally during the Ivlnter ( I ? ) .  Ci~\en  paleo- 
environmental reconstr~~ctions for tlie I3onc 
Valley, the explanation for borne C' ;  gl-a\\i.\ 
in the diets of  P, si~iii~soiii and .\, i i ~ i i ~ o i  i \  not 
straightfor\\-artl. It could I-epl-e\cnt feeding on 
abrasive C; ailuatic plantb .;uch as reeda. 
rushes, and sedges [all 01' \\hicli are \icll 
represented In 1nodei-n Flor~tln i.coby\tcm\ 
(13)l. It is perplexing how one 01' the le;i\t 
hypsodont Bone Valle! horses. .\' iiiiiioi. 
(HI = 2.3). could ]la\-e been pr~ncipall! LI 

grazer. \'ci~iili/~piis iiiiiioi. probabl! compcn- 
sated for feeding on ah ra s l~  e ibodst~~l'l's. hut  
not being \ e n .  hypsotlont. b! l i a ~  ing a s~nal l  
body size and hence probable \hart potentla1 
indi\ idual life-span ( 13).  

Body size is extrernely important to un- 
tlerstanding dietan. adaptation5 and niche 
specializations. Aithin extinct gra/lng guiltls 
of terrestrial 1ie1-hi\ ores. body slze tentla to 
span a large range ( I . < ) .  This is not the case 
~vi th  tlie Bone \'alle! gl.a/ilig 1101-ses. Tlie 
srnall to medium bod\ si~c.5 (Table I ) of 
these horses are probabl! clue to tlie presence 
of other large-bodied maniinal~an grarel-s 01- 

grazers-mixed feedel-s in thc Bone \'alleq 
fauna, including rhinoceroses ant1 pro- 
boscideans (I?) .  The larger hod! i r e 5  see11 i n  
subsequent Plio-Pleistocene Eyiiii, Ins! rep- 
resent a morpliological shiti alter the extlnc- 
tion of late Hempllillian g r a ~ i n g  megaher-bl- 
\-ores such as rhinoceroses. 

The Bone Valley late I lemphillian repre- 
sents the latest occurrence of the eil~iitl grar- 
ing genera Pseiid/~il~,~~cirit,,~ and .\ro/ri/~pei- 
rioii. The genus Coriiioiii/~l~tri.ioil. pre\ ioual! 
\videspread in North A~nel-ica during the 

Table 1. Data for the SIX species of late Hemphillian Bone Valley horses from Florida and, as appropriate, 
comparisons with modern ungulates with known diets. Univariate and comparative statistics are 
presented elsewhere (22). 

Species1 813C Estimated 
HI* MI: body mass Interpreted Clade history 

taxon (per mil)+ diet1 after -4.8 Ma 
(kg)* 

N. eurystyle 
P. simpsoni 
N. minor 
C, emsliei 

A stockii 
D mexicanus 
Modern 

grazers' 
Modern 

browsers 

C, grazer 
C3-C, grazer 
C3-C, grazer 
?C, grazer1 

browser 
Browser 
Browser 

- 

- 

Extinct 
Extinct 
N. peninsulatus 
C. emsliei in 

Florida 
Extinct 
Equus spp. 

- 

'Mean hypsodonty index (HI) = molar  c rown helght (MCRNHT) divided b y  the greatest anteroposterior occlusal length 
(MAPL) (Fig I), w i t h  late t o o t h  wear removed H I  for  P, simpsoni is a m i n i m u m  because of  ever-growing 
teeth  ;Mean values for  each species :Ratio o f  microwear scratches t o  pits per un i t  occlusal surface 
area. :With the use o f  regression equations t o  calculate body mass w i t h  highly correlated (r 2 0.9) variables 
(11) W i t h  the use o f  h13C and microwear data as principal determinants. l&13C  expected range based on 
prevlous studles o f  fossll mammal Ian herbivores (2, 72). Mls were calculated f r o m  the fo l lowing extant  species known  
t o  be prnc lpa l ly  grazers (27). Alcelaphus buselaphus (Ab, Coke's hartebeest), Axis axis (Ax; Axis deer), Bison bison (Bb; 
No r th  American bison), Cervus duvaucei i  (Cd; swamp deer), Connochaetes taurinus (Ct; wildebeest), Equus burche l l i  (Eb, 
Grant 's zebra), E. grevyi i  (Eg, Crevy's zebra), and Kobus ellipsiprymnus (Ke; waterbuck). Mean M I  for  grazers [N = 8, x 
= 3 2, s = 1 8, observed range ( 0  R.) - 1.6 t o  7.11 is statistically dif ferent (P -- 0.002, Wi lcoxon test; P -: 0.01, ana lyss 
o f  varlance and t test) f rom browsers (N = 7, x = 0 72, s = 0.5, 0 R. = 0.3  t o  1.7). =&13C expected range based 
o n  prevous studies o f  fossil mammal ian herbivores (2, 72). Mls were calculated f r om the fo l lowing extant species known 
t o  be prnc lpa l ly  browsers (27). Boocercus eurycerus (Be; bongo), Cephalophus dorsalis (Cdo, duiker), C. niger (Cn; 
black-fronted duiker), Giraffa camelopardis (Cc; giraffe), Litocranius weller i  (Lw, gerenuk), Tragelaphus imbaris (Ti; lesser 
kudu), and T. strepsiceros (Ts, greater kudu) 

+ *  Dinohippus 
mexicanus 

''I ... .- 
* 
L 0 
0 I) 

5 

Asfrohippus 
Stockii Ke 

Cormohipparion O OC 

O A x  
0 Ab 

Nannippus minor 

I I I 
I I 

1 i 35 1: 
Mean  n u m b e r  of sc ra t ches  

Fig. 2. Microwear is analyzed by 
p lot t ing the mean number o f  
scratches versus pits per un i t  
area (0.5 mm2).  Abbreviations o f  
modern browsers (shaded cir- 
cles) and grazers (open circles) 
are given in  the footnotes t o  Ta- 
ble 1. Extant grazers have, o n  
average, more scratches and less 
pits than browsers. 

\ I~occne .  hecamc cutl~ict throughout the con- 
tinent b! the entl of ths Hernpliillian (3 .8  
\ l a ) .  cxcept for thi. local perbiatence of (~ '  

c,iii\/iei into tlie I1lio-Plei.;tocene of Florida 
(16 ) .  ~ v h e n  a single 8 '  '( \slue of 6 . 3  per 
m ~ l  suggcata a m ~ x e d  C:-C, mixed diet (1-7). 
The sl.;ter species 01' Bone \'alle! .\ '~iiiiii/~/~us. 
\', /x~~iii\ii/ciriic. S L I I - \ ~ \ C S  Into tlie Plio-Pleis- 
toceni. tlirougl~out Yorth .\merica \\here it 
had a pri~icipall! grazing diet ( I  7). The genus 
.-i.\i~.o/~il~l~ii.\ hecanie extlnct b> the end of the 
tleml~lii1li;ln. \\hel-ea\ I). itie\-ic~~iii~i\ is the 

closest sistel- taxon of the earliest recognized 
specie5 of the extant genus Eq1r1i.s. for exam- 
ple. E. ".iitiil~/icitleil(." from the Pliocene of 
North America ( 18). 

After explosi\-e speciat~on, apparently in 
response to global climate change and the 
spread of grasslantls. tlie farnily E q ~ ~ i d a e  
reached its maximum dl\-ersity of  a dozen 
genera in North America during the middle 
Miocene. about 15 Ma ('). Thereafter. North 
.American horse dilersity declined. During 
the earlier part of  t h ~ s  decline in the middle 
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Fig. 3. Mean Sq3C versus MI for C3 Diet  I C3/C4 M i x e d  1 C, D ie t  
the Bone Valley horses (large 5 , I 

symbols w i t h  vertical lines,' d$a 
f rom Table 1; individual 8l3C 

Pseudhipparion 
sample data are indicated by  simpsoni *- 
small symbols). 4 

0 Neohipparion eurystyie 

m m  m +  m m  m 
Nannippus minor 

13 
6 CpDB (per m i l )  

Miocene (-15 to 10 Ma), more primitive. 
short-crowned (HI < 1) clades became ex- 
tinct [including "browsing" anchitheres such 
as Hpohippus (Fig. lG)]. These extinctions 
apparently resulted from a loss of forested 
habitats as grasslands spread (7. 19). Late 
Miocene (-10 to 5 Ma) horse extinctions 
resulted from a different cause, apparently 
related to expansion of C, terrestrial ecosys- 
terns (20). The Bone Valley horses existed 
shortly before a major extinction event at 
-4.8 Ma. This event resulted in a drop in 
diversity from eight horse genera in North 
America during the late Miocene to three 
genera in the succeeding Pliocene (7). Three 
separate equid clades. 11ICIn1i@ptls, Cor-mohip- 
par-ion, and Dinoh@plrs/Eqt~~~s. all related to 
the Bone Valley horses, survived locally in 
Florida into the Plio-Pleistocene after -4.8 
Ma. Fossil and extant species of E q t ~ ~ l s  have 
been almost exclusively grazers (12, 17; 21), 
and, as such, there was a major dietary shift 
from the browsing seen in late Hemphillian 
D. nzexicanus from Florida. This dietary tran- 
sition may already have occurred elsewhere 
in North America because S13C data indicate 
that some local populations (Mexico) of late 
Hemphillian Ditioh@p~~s were principally 
grazers (17). Although we interpret Florida 
D. niexicant~s as principally a browser; the 
presence of two individual S1'C values of 
-4.7 and -1.5 per mil (Fig. 3) suggests that 
some individuals of the Bone Valley popula- 
tion were feeding on C, grasses. The subse- 
quent transition to widespread grazing in 
Eqlrus apparently occuired rapidly during the 
early Pliocene in North America between 
-4.8 and -4.5 Ma. 

where in North America at -5 Ma. Relative to 
other contemporaneous sites in North Anlerica. 
(i) Bone Valley horses exhibited a greater over- 
all diversity of six, rather than four, species (7, 
19); and (ii) one species (C. enzsliei) survived 
the late Hemphillian extinction event locally in 
Florida. Modern ecological studies indicate that 
greater herbivore diversity can be supported by 
more diverse plant communities. Along with 
the Hemphillian grasslands that were wide- 
spread in North America; the ancient Florida 
landscape also included additional plant diver- 
sity in marsh and estuarine communities. This 
greater habitat and plant diversity in ancient 
Florida apparently supported a more diverse 
horse fauna. 

Before this study, traditional hypotheses 
about horse evolution would have asserted 
that the Bone Valley hypsodont horses indi- 
cated a grazing adaptation. This now must be 
modified in light of the carbon isotope and 
microwear evidence. Our study indicates that 
the Bone Valley horses partitioned their 
available food resources across a broad spec- 
trum from almost pure C, grazers to princi- 
pally C, browsers. The Bone Valley horses 
remained hypsodont, even though they were 
not all grazers, because of phylogenetic con- 
straint and the irreversibility of macroevolu- 
tion. The ancestral clades from which Bone 
Valley horses descended probably evolved 
high-crowned teeth adapted for grazing. 
Once hypsodonty evolved, it was impossible 
to return to being short-crowned browsers, 
even though the descendent Bone Valley 
horses had markedly changed their diets. 
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