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POPULATION DYNAMICS OFARCHAEOHIPPUBLACKBERGI
(MAMMALIA; EQUIDAE) FROM THE MIOCENE THOMAS FARM FOSSIL
SITE OF FLORIDA

Jay A. O’Sullivai

The Thomas Farm fossil site, Gilchrist County, Florida, is the most fossiliferous Hemingfordian terrestrial site easseithe Mi

sippi River. Taphonomy indicates that the formation of the fossil deposit occurred over a period of at most thousands of years
a geologic instant. Thomas Farm contains one of the earliest and numerically largest populations of the sineliaephippus

Although the sample of mandibles is small (MNI=30), | was able to recognize nine age grdaelsdeohippus blackbergis

the age at which a femaijuusgives birth to her first offspring (3-3.5 years) approximately correlates with eruption of the third
molar (3.5-4 years), it is estimated from tooth eruption data that a fAmalkckbergiyielded her first foal between 1.5-2 years

of age. Amortality spike for individuals with m3 coming into occlusion is interpreted as representing mortality dugézifitras
combat between males. Potential longevityXoblackbergis estimated at about 5 years.

Key Words:ArchaeohippusEquidae; life table; Miocen®arahippus Thomas Farm

_ 'NTRODUCTION _ small herbivores are capable only of processing small
The Miocene horse genagchaeohippugGidley 1906)  amounts of food, and thus are dependent on high quality
may be an example of phyletic dwarfism. Phyletic pgrhage (Janis 1976). However, they are well suited to
dwarfism, in its broadest sense, is size decrease in ansryive in environments with a dry season during which
cestral-descendant lineages, and is a form of paedomOt,sqrces are available only in small patches, and are
phosis, the retention of ancestral juvenile character stateg, ;g good indicators of such environments (Ravosa et
in descendant species. Itis either the result of neotenyy| 1995).
where somatic growth is retarded and sexual maturity is Life history variables such as age of reproductive

not, or progenesis, where somatic growth rate is Un-matrity and gestation length are correlated with body
changed but sexual maturation rate is accelerated, caug;, ¢ (Eisenberg 1981). Compared with artiodactyls
ing an early onset of sexual maturity. Attainment of e issadactyls have large neonates and long gestations
sexual maturity is strongly correlated with a dramatic (Millar 1981). Size reduction through dwarfing might
decrease in somatic growth rate in organisms with de+,5,e providedArchaeohippuswith a way to reduce
terminate growth such as vertebrates (Alberch et al.jig history parameters such as gestation length and age
1979). of first reproduction relative to larger, plesiomorphic

Body size has a strong influence on mammalian g jigs, thus increasing ecological distance and reducing
physiology, life history, and ecology (McNab 1980; interspecific competition.

Eisenberg 1981). Thus, asingle hete_rochronic_dwarfing The Thomas Farm fossil site of Gilchrist County,
event can affect each of these (McKinney & Gittleman Florida, is an early Miocene (ca. 18 million years) ter-

1995). The ecological benefits of size reduction in yegyig) site (Simpson 1932; Pratt 1990). Taphonomic
Archaeohippugould include reduction of competition - gnqysis indicates that the formation of the fossiliferous
for resources with other ungulate species. In partlcular,deposit occurred over a period of at most thousands of
years (Pratt 1990). Thomas Farm contains one of the
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tified from Thomas Farm, fossils of three-toed equids try of A. blackbergi At present, however, the identity
account for 54% of the identifiable megafaunal speci- of the nearest plesiomorphic sister taxon of
mens recovered (Pratt 1990). The most common taxorArchaeohippuss unclear. In addition, comparisons will
is Parahippusleonensisthe mesodont sister taxon of be made with Hulbert's (1984) study of the population
merychippine, hipparionine, and equine horses (Hulbertof ParahippudeonensigTable 3) from Thomas Farm.
& MacFadden 1991). The largest and rarest of the Nine age classes are recognized for
Thomas Farm equids is the browgemchitherium  Archaeohippugaws that correspond to those used by
clarencei (MacFadden 2001), while the smallest is Hulbert (1984) orParahippudeonensidfrom Thomas
Archaeohippushlackbergi Farm. Figure 1 presents representative mandibles for
The brief period of fossil accumulation provides age classes 2 through 9, and Table 4 lists these and ad-
an almost instantaneous sampling of the fauna. Thedlitional referred specimens. Age classes one through
Thomas Farm fossil site formed as a sediment cone withirfive are based on patterns of tooth eruption, while classes
a sinkhole; thus it is not as taphonomically biased as asix through nine are based on tooth wear criteria. Crown
stream deposit (Pratt 1990). Therefore, taxa can beneight measurements were taken at the metaconid. |
treated as relatively intact populations in life table analy- will note how these classes differ fér blackbergi
ses of demographics. Hulbert (1984) performed such aversus other taxa to which they have been applied.
study using mandibles d¢tarahippusleonensisfrom Unworn heights were rarely available because
Thomas Farm. He determined that the mortality profile occlusion and wear coincide with full eruption. Not all
did not indicate a catastrophic accumulation of individu- of Hulbert's (1984) wear-based age class criteria for
als, but rather an attritional assemblage that accumuParahippus leonensis are applicable to the
lated over many years. Archaeohippuslackbergisample. For example, the
The study presented here is an analysis of the populinguaflexid is not as strongly developediirblackbergi
lation structure ofArchaeohippusblackbergifrom as inP. leonensisthus the linguaflexid does not persist
Thomas Farm with a comparison Rarahippus  through as many classesAnblackbergi Miohippus
leonensisfrom the same locality (Hulbert 1984) and obliquidenstypically loses the p2 metaflexid after half
other equid populations. Although the present study doeshe crown height is worn down.
not attempt to resolve the question of which form of In Miohippusobliquidens permanent premolars
paedomorphosis produced this dwarf genus, exploringdisplay more wear than m2 throughout the life of the
the population dynamics of this taxon is part of a largeradult dentition, and this is very obvious by class 5. This
study of heterochrony and the evolution of wear pattern suggests that the permanent premolars
Archaeohippus This study also provides insight into erupt before m2 comes into occlusion. This was also
the workings of the dynamic life table as applied to fos- observed in otheMiohippusspecies (e.gMiohippus
sil samples. equinanu} but is not characteristic &rchaeohippus
Abbreviations used in this study: m, molar; MCZ, blackbergior Parahippusleonensis which clearly
Museum of Comparative Zoology, Harvard University; erupt the m2 before the p2-p4.

p, premolar; UF, Florida Museum of Natural History, The later wear classes iArchaeohippus
University of Florida. blackbergiare different than ifParahippusleonensis
This is due to the low crown height Af blackbergi

MATERIALS AND METHODS teeth. For example, the last wear stage.déonensis

A life table analysis of a fossil population uses the pro- has all lingual reentrant angles worn away on all but m3
portions of individuals in each age class to estimate popu{Hulbert 1984:fig. 3). These features are present in the
lation characteristics such as age-related mortality, av-enamel ofA. blackbergidown to the root of the tooth.
erage longevity, and fecundity. Such an analysis (TableSuch complete loss of occlusal detail on all teeth would
1) was performed on the population&rthaeohippus  be much rarer irA. blackbergithan in the higher
blackbergifrom Thomas Farm (Table 2)Miohippus crowned dentition oP. leonensiswhich does not pos-
obliquidengTable 3), a taxon from the Orellan Harvard sess detailed features near the roots.

Fossil Reserve in Goshen County, Wyoming, was in- Wear classes ir\rchaeohippus blackbergre
cluded in the analysis to reflect the plesiomorphic condi- defined as follows:

tion of a larger equid modeled to be close to the ances- Class 1 - dp2-dp4 erupted, no m1 eruption;



Table 1. Life table foArchaeohippublackbergifrom the early Miocene Thomas Farm fossil site in Gilchrist County, Florida. Quantity n(x) is the number of mandibl@s

and dp2s or p2s from the original sample that belong to a class. Quantity d(x) is N(x) adjusted to fit a hypotheticahpafudat, and it can be obtained with the (é’
following formula: dx=[N(x)/N*1000]. Quantity I(x) of class 1 is set at 1000, but for subsequent classes I(x+1)=I(x)-&ity@o(x) is fecundity, and it has been [~
estimated as described in the text. For class x, reproductive output =I(x)*m(x). Age-specific mortality q(x)=d(x)/I(>@geAvagevity for a class is §
e(x)=(0.5duration(x)*d(x) + 1.5duration(x)*d(x)+1 + 2.5duration(x)*d(x)+2 ...until the oldest cohort in the population)/I(x). z
3
c
2
Female Female Female Male Male Male S
Class(x) N(X) dx [N(x)/N*1000] N(x) d(x) I(X) N(x) d(x) I(X) I(X) g
QD
1 29 333 0.5N(2) 167 500 0.5N(2) 167 500 1000 g
2 4 46 0.5N(2) 23 333 0.5N(2) 23 333 667 8
3 6 69 0.5N(3) 34 310 0.5N(3) 34 310 621 S
4 11 126 0.3N(4) 38 276 0.7N(4) 76 276 552 ®
5 22 253 0.3N(5) 76 238 0.7N(5) 177 200 425 S
6 5 57 0.8N(6) 46 162 0.2N(6) 1 23 172 g
7 3 34 0.7N(7) 24 116 0.3N(7) 10 1 115 i
8 4 46 0.8N(8) 37 92 0.2N(8) 9 1 80 )
9 3 34 0.7N(9) 24 55 0.3N(9) 10 -8 34 &
totals 1000 469 31 518 -18 0 (g'
class (xX) m(x) 2m(x) 3m(x) I)m(x)  2*(x)m(x) 3*x)m(x) q(x) Duration(years) e(x)
1 0.0 0.0 0.0 0 0 0 0.3 0.6 1.9
2 0.0 0.0 0.0 0 0 0 0.1 0.6 2.1
3 0.0 0.0 0.0 0 0 0 0.1 0.6 1.6
4 0.5 1.0 15 138 276 414 0.2 0.6 1.2
5 0.5 1.0 15 119 238 357 0.6 0.6 0.9
6 0.7 14 2.1 113 227 340 0.3 0.6 1.1
7 0.7 14 2.1 8l 163 244 0.3 0.6 0.9
8 0.7 14 2.1 64 129 193 0.6 0.6 0.6
9 0.7 14 2.1 39 77 116 1.0 0.6 0.3
totals 555 1109 1664

15514
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Table 2. Number of jaws and second deciduous and permagdynamic life table (see Deevey 1947 for detailed de-

nent premolars ofArchaeohippusblackbergifrom Thomas

scription), was constructed féwchaeohippus Con-

Farm in each age class, and the proportion of the sample ofention requires an adjusted population of 1000. For a
either category these represent. Second premolars were plac%mme size of 58 , this is achieved by multiplying N(x)

in age classes based primarily on wear criteria. In both cat

egories, a sudden increase occurs in class 5. This class
signaled by the occlusion of the m3, which is interpreted to
correlate with the attainment of sexual maturity.

Class Mandibles (N) % p2s (N) %

1 0 0 0 0
2 2 6 2 8
3 4 12 2 8
4 4 12 7 28
5 11 33 11 44
6 4 12 1 4
7 2 6 1 4
8 3 9 1 4
9 3 9 0 0
Total 33 25

Class 2 - m1 erupting or erupted, no m2;
Class 3 - m2 erupting or erupted, no m3;
Class 4 - p2-p4 erupting or erupted, m3
partially erupted (ifequus the eruptions of p2
and p3 erupt during class 3 at 2.5 years, while
p4 erupts during class 4 at 3.5 years, coinci-
dent with the start of m3 eruption);

Class 5 - m3 fully erupted, some wear;
Class 6 - m3 fully wearing except heel, which
may have slight wear on enamel, but no
exposed dentine iArchaeohippus
blackbergi

Class 7 - m3 heel worn, m1 metaflexid is tiny
(Miohippusobliquidensm2 metalophid fully
attached to metastylid);

Class 8 - m3 heel heavily work(
obliquidensm3 metalophid attached to
metastylid);

Class 9 - all teeth heavily worn.

In Parahippusleonensis p3 and p4 (and prob-
ably p2) erupt at the same time akdblackbergierupts
p2-p4 nearly simultaneously, not sequentially &gjuus
(Hulbert 1984).

From a sample of mandibles (MNI=33) and 25

deciduous and permanent lower second premolars, dotal

by 17.24. Age at which adulthood is attained in fossil

Rorse populations can be calculated by comparing esti-
mated rates of tooth wear with eruption of the third molar,
an ontogenetic event strongly correlated with attainment
of sexual maturity in modern horses and other ungulates
(Sisson 1927).

Wear rates are estimated at the constant 1 mm
per year known for white-tailed dee®docoileus
virginianug (Hilson 1986), which share the browsing
habit presumed for the low-crownédchaeohippus
Uniformity of wear in fossil equids has been demon-
strated in the past (Van Valen 1964). Unlike Van Valen'’s
(1964) sample oMerychippusprimus or Voorhies’
(1969) sample oProtohippusct. perditus there is no
evidence of seasonality of death assemblages at Tho-

Table 3. Number of jaws dfiohippusobliquidensfrom the
Harvard Fossil Reserve aRdrahippudeonensigrom Tho-

mas Farm (from Hulbert, 1984) in each age class, and the pro-
portion of the sample these represent. Whebliquidens
distribution differs from that oArchaeohippuslackbergiin

a) the greater representation of class 1 individuals; b) the
lesser representation of juvenile classes 2-3; and c) the less
distinct mortality spike in early adulthood, which extends
through classes 4-6. TReleonensiglistribution differs from

that ofA. blackbergiin a) the greater representation of class
1individuals; b) the very different mortality profile which lacks

a spike at classes 4 and 5, but instead increases gradually
through class 8.

Miohippusobliquidens Parahippusleonensis
Class Mandibles(n) % Mandibles (n) %

1 3 13 3 4
2 1 4 5 7
3 1 4 9 12
4 4 16 8 1
5 6 24 6 8
6 4 16 12 16
7 3 12 14 19
8 2 8 14 19
9 2 8 3 4
25 74
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Figure 1. Occlusal views of representative specimeAsobfaeohippus blackberfiom Thomas Farm, Gilchrist County, Florida, for age classes two through nine.
A) UF 155953 Class Two; B) UF 19755 Class Three; C) UF 154015 Class Four; D) UF 165496 Class Five; E) UF 211314 Clas$®2K)idss Seven; G) UF 164738
Class Eight; H) UF 3530 Class Nine.
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mas Farm. Thus, one can not assume that each agfst pe a characteristic of equids (at least extant equids).
class represents a cohort of births that occurred one However, according to Bunnell (1987 p. 146), (i)t

year after the preceding age class. In the present studyg nossible that the browsing habitat ...encourages mul-
the age of individuals must be estimated from tooth wearijp|e pirths,” at least in artiodactyls, as a consequence of
within each age class. This was complicated by thejhe fyriive juvenile defense tactics available in that habi-

large degree of variation in initial crown height within (4t | jtter size is negatively correlated with adult weight
the Thomas Farm sample. Variation in initial crown height ;, o therian mammals (Eisenberg 1981; Millar 1981);

exceeded estimated annuakar rate, a phenomenon  herefore, it is possible that the present limit on perisso-

observed by Van Valen (1964) fod. primusand gty Jitter size is a consequence of large body size in

Pseudhipparion(=Griphippug gratum all extant perissodactyls. Twinning is more common

among small artiodactyls such as muntjacs and

FiRsT RePRODUCTIONIN MODERN FEMALES chevrotains than among large artiodactyls (Walker 1964);
Some feral maressquuscaballug of the Gran-  the Chinese water dedrydopotes inerm)sbears lit-

ite Range of Nevada give birth at two years of age grs of four to seven young. These points raise the pos-
(Berger 1986). Relative to othEguus this is unusu-  gihjlity of multiple births in populations of small, forest-

ally early, and may correlate with a period of rapid popu- gye|jing three-toed horses. It is likely that the modemn
lation growth, possibly in response to the removal of cattle e issodactyl reproductive pattern (annual cycle with one
from the region. Pregnancies were detected in 72% O{jear gestation of a single embryo) is not an example of
yearlings in a Wyoming population (Wolfe et al. 1989). “npyiogenetic constraint,” but is instead an artifact of
However, this study suggested that the method used t¢n¢ recent evolutionary history of the group, a combina-
detect pregnancy in most study animals (measuremenfion of allometric constraint and reduced diversity of
of progesterone levels) tended to greatly overestimate,erissodactyls in modern faunas. Also, it is likely that
pregnancy rate. Observations of subsequent foaling b¥gestation length if\rchaeohippuswvas less than the
these yearlings were not included in their study. In other{1_12 months oEquus In environments without pro-
studies cited by Berger (1986; also Garrott & Taylor o nced seasonal availability of resources, births need
1990), the earliest age of first reproduction for feral mares;, ot pe seasonal. Thus evenAichaeohippuspro-
was three years. Density dependent increases of foaly,,ceq only one offspring per birth, with short gestation

ing rates were observed in the study of Garrot and Tay-4nq year-round reproduction it is probable that a repro-
lor (1990). Mares 3 to 5 years old experienced an in-

crease in foaling in response to a 51% population de-

crease during the previous winter, however, 2-year-old

mares were not observed to foal. According to Klingel Table 4. List of age classes Afchaeohippus blackbergi
(1969), mares of the Plains zebEaljurchelliboehm) from Thomas Farm, Florida, and specimens assigned to each.
attain puberty and exhibit mating behavior between 13-

15 months, but do not deliver a foal until approximately
3.5 years. Considering the typical equid gestation lengt
of 11-12 months, conception approximately correlates
with the eruption of the second molar at 2 years (Sisso
1927), whereas first foaling correlates with the eruption
of the third molar at 3.5-4 years (Sisson 1927).

hCIass Referred Specimens

UF 155953
MCZ 7296, UF 19917, MCZ 6964, UF 19755
UF 158523, UF 165340, UF 19889,
UF 154015, UF 165925, UF 165495

5 MCZ, 6996, MCZ 6934, UF 19760, UF 19977,
MCZ 6998, UF 43012, UF 1246, UF 171652,
UF 174141, UF 165496, MCZ 6933,
MCZ 4455, MCZ 6247
MCZ 3685, MCZ 237, MCZ 7291, MCZ 3884
MCZ 6932, MCZ 4456
MCZ 6238, MCZ 7586, UF 164738, MCZ 6992
UF 3530

LITTER SzE IN MODERN FEMALES

Litter sizes in extant perissodactyls very rarely
exceed one embryo per pregnancy (Millar 1981). Of
the 10 pregnant palaeotheres recovered from the Mess
fossil site, all were carrying single embryos (Briggs 2001).
Multiple ovulations are common Equus multiple births
are not (Stabenfield & Hughes 1977). Therefore, dis-
crimination against additional ova after one is fertilized
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ductive output estimate of one offspring per year may4 and 8. Based on wear, class 8 specimens lived ap-
be an underestimate. proximately 2.5 — 3 years longer than class 4 specimens.
Within the life table analysis, the impact of multiple Potential longevity for individuals in the sample can
birth litters on population maintenance will be explored. be estimated by adding tooth wear from deciduous
The duration of each age class is estimated at 7 monthgremolars to that of permanent teeth. | used the follow-
(see Results). This means that once a female had starté@dd two methods. 1) Average dp2 total crown height
to reproduce, her fecundity could be as high as 1.7 lit-loss (representing tooth wear during classes 1 - 3) = 1.2
ters per year. The actual calculation of these rates ignm. This added to the average p2 total crown height

also presented in the Results section. loss (classes 4 - 9 = 3.96 mm) yields a total of 5.16 mm
for classes 1-9. 2) Average dp2 total crown height loss
FirRsT REPRODUCTIONIN MODERN MALES EqQuibs (classes 1 - 3) = 1.2 mm plus average m1 total crown

Male equids are fertile by about 3 years of age Neight loss (classes 2 - 9) = 4.34 mm yields a total of
(between the eruptions of M2 and M3), but age of first °-94 MmM. So, based on ~ 1mm loss/year, these two
reproduction for males is somewhat later than in females €Stimates give a maximum life expectancy (derived from
approximately 5 years (Klingel 1969; Berger 1986), which 0Pserved dental wear) of ~ 5 - 5.5 years for the popula-
corresponds with the eruption of the canine teeth (4 - 510N of A. blackbergifrom Thomas Farm.
years according to Sisson, 1927). In specidsqoius Since the _m1 erupts before the dp2 is lost, the lower
access to females is limited to dominant males, and isOf the two estimates may be the more accurate. An

often resolved between males by threat display and Com<§1Iternate estimate based on the t_allest (relatively) un-
bat, which can involve the canines (Klingel 1969; worn m1 at 6.34 mm (class 3 specimen UF 19755 plus

Eisenberg 1981; Berger 1986). In the Granite Rangethe ~1 mm crown height loss from dp2 by class 3 di-

i vided by 1 mm annual wear yields a greatest potential
study (Berger 1986), males aged 7 - 10 years were morFongevity of 7.3 years, at which point the cheek teeth

suclcessgjl at n::lraspre]: Ck;f'(;r:: OnI.I'Ct t.h?jr.] oltder ag?d yf[)ungedrwould be almost completely worn.

malesb._ thveri S_Ciug ('jr it rat!os _|nd_|cate a |§s tc_)wa_r Estimation of age at which m3 erupts can be de-
maie bir S.( -3:1.0), adult ratios indicate a reduction Nyived from dp2 loss from classes 1-3 of 1.2 mm + ml
the proportion of males to females (0.76:1.0) (Berger

, » loss from classes 3-5 of 1 mm as ~ 2.2 mm or 2.2 years.
1986). At least part of this male attrition must be due to There is a great amount of p2 wear associated

the cost of intraspecific competition, including mortality |, class 4. This is the ontogenetic period when

and em_igratiqn of males in search _of avaiIable_femalesArchaeohippusblackbergisheds dp2-dp4, erupts p2 -
Fecundity estimates forthe_ populatlowxfhaeohlppus _ p4, and begins to erupt m3, so this range of wear may
from Thomas Farm should include adjustments for a shiftingjicate that this is a longer interval than the rest. Or, it
of sex ratios if evidence for such a shift exists in the may be an indication that p2 erupts slightly earlier than
data. p3/p4, and thus bears a greater overall wear in class 4
RESULTS than in later classes when it is accompanied by the p3/
Average crown height loss on m1 from class 3 to class 54. |nEquuscaballus these teeth erupt sequentially.
is 1 mm. Although annual wear rates as low as 0.4 —The ages during which these teeth erupt are (from Sisson
0.6 mm have been observed in the Norwegian red dee1927): p2/P2 at 2.5 years, p3/P3 at 2.5/3 years, p4/P4 at
Cervus elaphugloe et al. 2003), ~1 mm is typically 3.5/4 years (taken together these are equivaleAt to
considered the annual cheek tooth wear rate for aplackbergiclass 4), and m3/M3 at 3.5 - 4 years. There-
browser (Hilson 1986). This suggests that a class Sore, the equivalent duration of this clas&irtaballus
Archaeohippus blackberdjived about one year longer is approximately 1.5 years, with these notable differ-
than a class 3 specimen. Acomparison of average crowences: the premolars do not erupt as simultaneously as
heights at different classes reveals a consistent patterrin A. blackbergj and there is greater overlap in the
Class 4 p4 crown heightis 5.5 mm and class 8 p4 crowrtiming of eruption of P4 and M3 i&. caballus
heightis 2.5 mm. Class 4 m3 crown heightis 5 mm and For Archaeohippus blackbergihe average wear
class 8 m3 crown height is 2.5 mm. Class 9 did notper class is ~ 0.6 mm, thus the average duration of a
differ substantially from class 8 in crown loss. Thus, on class is 7.2 months. The durations of the classés in
averageA. blackbergilost ~ 3 mm crown height from  blackbergj Parahippudeonensigfrom Hulbert 1984),
p4 and ~ 2.5 mm crown height from m3 between classesind Equuscaballus (from Sisson 1927) are given in
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Table 5. Estimated durations of age class@sdhaeohippus parison of mortality [q(x)] for classes 1 — 5 in the popu-
blackbergj Parahippuseonensigfrom Hulbert, 1984), and  |ations of Thomas Farmrchaeohippus blackbergind
Equuscaballus (from Sisson, 1927) bz_ased on eruption. Se- parahippus leonensigrom Hulbert, 1984). FoP.
quence and tooth wear. No wear criteria have been devised tPeonensis q(x) was combined for classes 4 and 5
determine classes 6+in caballus (Hulbert 1984); for the present study, that figure was
divided by 2. Compared with leonensisA. blackbergi
A blackbergi  Rleonensis Ecaballus class 4 q(x) is + 0.1 and class 5 q(x) is + 0.46. It is

Age (years) Age (years) Age (years) assumed here that these increased rates are due to in-
Class1 0-0.6 0-05 0—1 creased male mortality in thgse age classgs. With two
sets of q(x), | was able to split the sample into two sets
Class2  0.7-1.2 0.6-1.2 1-2 of N(x) for A. blackbergi one for females, and one for
Class3 1.3-1.8 13-22 2-3 males. From these, | calculated separate I(x) and d(x),
Class4 19-24 22-238 3-4 always with the goal of attempting to balance survivor-
Class5 25-3.0 2.8-35 3.5-4  ship, mortality, and reproductive output. Totals for each
Class6 3.1-3.6 3.6-46 n/a of these deviate from their optima. For instance, final
Class7 3.7-4.2 46-5.6 n/a I(x) for males is negative where it should be zero; this is
Class8 4.3-4.8 56—-7.0 n/a probably due to small rounding errors magnified by the
Class9 49-54 7.0 + n/a conversion of the original sample to a population of 1000.

Rate of reproduction in class 4 females is low (11-
25%, mean = 18%) in various studies cited by Berger
(1986), whereas births per female increase substantially
Table 5. Dental eruption ia. caballusis delayed rela-  in the later classes. In my analysis, class 4 m(x) of 0.18
tive to eruption in the Miocene taxa. The first two age was always insufficient to replace the initial population
classes inA. blackbergiand P. leonensisare of ap-  of 1000, so | had to assume that reproductive output in
proximately equal duration, with subsequent classes inclass 4 matched that of class 5. If this mathematical
P.leonensiganging in duration from 0.6 — 1.4 years. manipulation represents a biological reality, it suggests

For each age class, the life table (Table 1) includesthat maturation of the reproductive system of
N(x) = number of specimens in class x; Archaeohippus blackbergiccurred relatively earlier
d(x) = N(x)/N*1000, the number if individuals of the than inEquus
adjusted population that dies during class x; this was Estimated average longevity e(x) differs from po-
calculated separately for females and males as explainegbntial longevity as calculated from tooth wear (see
below; above). Estimated average longevity for a class is the
I(x) = population size at the beginning of class X; this ayerage number of years an individual in that class (x) is
was calculated separately for females and males as eXexpected to live, taking into account rates of mortality in
plained below; that class and all subsequent classes. In Table 1, the
m(x) = reproductive output of the population during class highest longevity is for class 2 (2.1 years), which is
X; this was calculated for litters including 1, 2, or 3 off- greater than that of class 1 (1.9 years). Although no

spring; individuals of class 1 were found in the sample, probably
I(x)m(x) = number of offspring born to the population due to taphonomic bias against such tiny neonates, | es-
during class x; timated 33% mortality, and inflated N(x) by 29 to ac-
q(x) = the proportion of mortality in class x; commodate this increase. This estimate is comparable

e(x) = average life expectancy for individuals alive in to that of Hulbert (1984), where class 1 mortality was
class x. Itis calculated ase(x) = (0.5duration(x)*d(x) + estimated at 40%. Any class with such high mortality
1.5duration(x+1)*d(x+1) + 2.5duration(x+2)*d(x+2) will have a reduced e(x). Average longevity for the

..until the oldest class in the population)/I(x). population is noticeably reduced during class 5 in re-
Mortality bias against males in adult classes re- sponse to a large increase in mortality in that class.
duces the proportion of males in each class. This af-  |n addition to the standard survivorship curve, a

fects estimates of fecundity per class. Female and malgarticularly informative graphic display of life table data
differential survival is here estimated (Table 6) by com- js the mortality curve (Dittus 1975). This is especially
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Table 6. Sex-specific mortality fé&wrchaeohippus blackbergalculated from a comparison with q(x) from Hulbert’s (1984) study
of Parahippus leonensisThe q(x) ofP. leonensigFig. 2) lacks the mortality spike seen in the q(xpoblackbergi and is
assumed to represent q(x) #rblackbergifemales. Additional mortality seen A blackbergiclasses four and five is due to
male combat. This is used to estimate adult sex ratios and fecundity in Table 1.

Class P. leonensis A. blackbergi A. blackbergi A. blackbergi
All All Females Males
1 0.34 0.33 0.33 0.33
2 0.07 0.07 0.07 0.07
3 0.14 0.11 0.11 0.11
4 0.125 0.23 0.125 0.225
5 0.125 0.59 0.125 0.585
6 0.28 0.33 0.33 0.33
7 0.45 0.3 0.3 0.3
8 0.83 0.57 0.57 0.57
9 1.00 1.0 1.0 1.0

true with life tables derived from fossils, because fossil first foal would be ~1.5 years, and age of normal first
assemblages directly inform us of within-class mortal- foaling would be 2-2.5 years.
ity. Fecundity, total life expectancy, etc., must be esti- As stated above, lBquus although physiological
mated, but mortality is represented by actual specimenseproductive maturity is attained in classes 4-5, males
in all classes but those subject to taphonomic bias (e.gare unable to win access to females until about classes
the delicate-boned neonates of class 1). The curve fo6-7 (coinciding with the completed eruption of the ca-
Archaeohippuslackbergifrom Thomas Farm (Fig. nine), with best success attained at ages 7-10 years
2) indicates that mortality is very high in classes 4 and 5,(Berger 1986). This has bearing on the increased mor-
which correspond with the early phase of sexual matu-tality in classes 4-5 (Fig. 2, see below for further discus-
rity. sion).
DISCUSSION Estimated fecundity m(x) for this sample produces

EsTIMATES OF FIRST REPRODUCTIONIN FoSSILS 555 individuals over all reproductive age classes. This

In modern horses, the eruption of the second per-does not replace the original population of 1000. This
manent molar (class 3) occurs at about 2 years, the seenay be due to: a) an age of first reproduction estimate
ond premolar erupts at 2.5 years (class 4) and the erupthat is too high; b) m(x) estimates that are too low be-
tion of the third permanent molar (class 4-5) occurs atcause females were more successful at foaling than the
about 3.5 to 4 years (Sisson 1927). As stated above, ilEquuspopulations studied by Berger (1986); c) I(x)m(x)
a rapidly growing population of fer@lquuscaballus estimates that are too low because birth sex ratios were
early reproduction was observed to occur in two-year-more female-skewed than the 1:1 ratio assumed here;
old mares (which corresponds to dental class 3-4 of thisor d) a combination of these factors.
study), with typical first foaling occurring among three- During the calculation of I(x)m(x) it was assumed
year-olds (class 4-5). Based on tooth wear, the approxithat births occurred in each of the adult age classes.
mate age range dirchaeohippuslackbergiduring This requires a gestation length of 7 months or less (a
class 3 was 1.3-1.8 years, class 4 was 1.9-2.4 yearsealistic assumption given the relatively small body size
and class 5 was 2.5-3.0 years (Table 5). If the correlaof the animals involvedquushaving a gestation of 11-
tion between tooth eruption and reproduction as seen inl2 months), virtually no interval between broods, and no
Equuswere present iA. blackbergj then age at which  breeding seasonality. This last is questionable given the
precociousA. blackbergifemales would deliver their  strong correlation between estrus and photoperiod in
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Archasohippus Equus(Stabenfield & Hughes 1977), although this may
100 be a consequence of the year-long gestatidagoius
00 | and a need therefore to time both mating and parturition
080 in the summer. Only when m(x) estimates were doubled
§::: I was reproductive output sufficient to replace the origi-
Zosol nal population, as can be seen in column 2*I(x)m(x) in
g 040 | Table 1. These calculations imply that multiple offspring
030 1 Nl litters, which are rare iBquus were necessary to main-
::: 1 Canine tain the population of Thomas Farirchaeohippus
000 . Ervee blackbergi
1 2 3 4 L [} 7 8 9
A cees AGE DEPENDENTMORTALITY
Parahippus A comparison of the population dynamics of Tho-
o0 mas FarmArchaeohippuslackbergiwith Hulbert’'s
090 | (1984) study ofParahippusleonensisdemonstrates a
080 1 fundamental difference between these sympatric equids.
§::: I In theA. blackbergisample, mortality in class 4 is high
Zosol (N =11 of the original sample of 58). Mortality in class
go.«)» 5 is higher (N = 22). The number Af blackbergi
030 1 ' mandibles in the Thomas Farm sample that preserve the
0207 symphysis and have canine teeth (and therefore permit
::,: . , ,. , . assignment to sex) is low. However, this peak (seen
1 2 3 Y s e ? . clearly in Fig. 2A) in mortality mirrors a pattern of age
B dependent mortality observed in mammal taxa from fe-
Miohippus ral horses (Berger, 1986) to monkeys (Dittus 1975), and
100 7 ' many others (see Mihlbachler 2001 for a review). This
o1 mortality pattern indicates death due to wounds sustained
L0707 by young males in battles over access to females with
gm I older, more experienced males.
gzﬁ | While the Archaeohippus blackberglata show
= 0301 a dramatic increase in mortality at attainment of age of
020 first reproduction (classes 4 and 5), tarahippus
::;: % # . , i leonensisage-specific mortality curve (Fig. 2B) shows
1 2 3 4 5 s T 8 9 only a slightincrease in mortality at this age, an increase
C Class that persists through class 8. An intermediate pattern

can be seen in the age-specific mortality curve of
Miohippus obliquidengFig. 2C), with a moderate in-

. - . . crease in mortality at the start of the adult age classes.
Figure 2. A) Age-specific mortality curve fArchaeohippus . . . . . .
blackbergifrom the Miocene Thomas Farm fossil site of In addltlpn, using canine tooth size to |d6ntlfy the
Florida. Note the large increase in mortality at classes 4 and 556X Of specimens, Hulbert (1984) established that
which may be the consequence of male combat for access tFarahippusleonensisat Thomas Farm exhibits some
females. This is followed by a reduction in q(x) in the middle- sexual dimorphism in body sizeArchaeohippus
adult classes, indicating that most individuals that survive blackbergj while demonstrating dimorphism in canine
the mortality spike will survive to old age. B) Age-specific tooth size, does not demonstrate body size dimorphism.
mortality curve forParahippus leonensisom the Miocene  For example, MCZ 3685 is a small individual (p4 antero-
Thomas Farm fossil site o_f FIo_rlda. Mortal_ltylncreases slightly posterior length = 9.7 mm; depth of jaw at p2 = 14.4
in the mature classes, with highest q(x) in the oldest classesmm) with small canines (female). MCZ 7291 is a small

C) Age-specific mortality curve fdvliohippus obliquidens . .”. . a ]
from the Oligocene Harvard Fossil Reserve of Wyoming. Note Infd-|V|duaI (g4_a;-1;ecr)oposterlprr] Ier}gth _I 1?'0 mm; d_epth
the slight increase in mortality at classes 4 and 5, with a con 9" Jaw at p2 = 17.0 mm) with relatively large canines

tinually high mortality in all subsequent age classes. (male). MCZ 6997 is a large individual (p4 anteroposte-
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Table 7. Comparison of mandibular and dental measurements (in mm) of ThomasdraeohippublackbergiandParahippus
leonensis Note the absolutely taller canineirblackbergithe high standard deviations (due to greater canine wear) in indices
calculated foA. blackbergj and theP. leonensigndex/A. blackbergi indexwhich demonstrates that the caninédflackbergi

is relatively much larger than the canind?ofeonensis

P. leonensis Canine Height m1 Antero- Symphysis Medio- Canine Height/ Canine Height/
Posterior Length Lateral Width m1l Length Symphysis Width

UF 1289 4.3 21.6 0.20

UF 181919 4.6 16.5 0.28

UF 211464 3.9 20.2 0.19

UF/FGS 6426 4.5 18.3 0.24

UF 99392 5.2 13.7 16.5 0.38 0.32

UF 3514 5.6 14.2 18.0 0.40 0.31

UF 159629 51 14.5 20.4 0.35 0.25

average 4.8 0.38 0.26

standard deviation 0.02 0.05

A. blackbergi Canine Height m1 Antero- Symphysis Medio- Canine Height/ Canine Height/
Posterior Length Lateral Width m1l Length Symphysis Width

UF 159954 7.8 11.6 0.67

UF/FGS 6561 3.3 9.5 0.35

UF 67023 4.4 12.8 0.35

UF 198915 7.2 9.5 12.2 0.76 0.59

UF 223350 7.6 10.2 12.4 0.74 0.61

UF 211616 3.9 8.6 12.0 0.45 0.32

UF 3530 5.4 9.7 12.6 0.56 0.43

average 5.7 0.63 0.48

standard deviation 0.15 0.15

rior length = 11.3 mm; depth of jaw at p2 = 19.4 mm) phic in canine size and monomorphic in body size
with small canines (female). The p4 anteroposterior (Eisenberg 1981). Morphology and age-specific mor-
length of MCZ 6997 is 16% larger than that of MCZ tality indicate thatArchaeohippus blackberdits this
3685 and 13% larger than that of MCZ 7291, and thelatter pattern. However, age/sex dependent mortality
mandibular depth beneath the p2 is 35% larger and 14%and sexual dimorphism in fossil and extant ungulates have
larger, respectively. been examined in detail by Mihlbachler (2001), who em-
In studies of modern ungulates, it has been sug-phasized that any attempt to interpret social behavior in
gested that annual competition for females selects forfossil perissodactyl populations is handicapped by the
larger body size in males (Eisenberg 1981, Janis 1982)relictual status of modern perissodactyl taxa. Many
However, this probably holds true for animals that useextinct perissodactyl taxa can have no living analogues
their entire body weight in attacks with horns or antlers. within the surviving equids, rhinos, and tapirs.
Hornless ungulates such as equids and chevrotainsuse A comparison of the lower canines of
their teeth and hooves, and are characteristically dimor-Archaeohippus blackbergind Parahippus leonensis
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class. As stated above, this differs from estimated po-
tential longevity as derived from observed dental wear
data. In equids, a third measure, greatest potential lon-
gevity, is estimated by dividing the height of unworn
cheekteeth by the rate of wear that will eventually ren-
der those teeth useless, a development that should result
in the death the animal by starvation. It should be noted
that, given the rarity of dentitions in this condition at from
Thomas Farm, greatest potential longevity is rarely
achieved.
The greatest average longevity in the Thomas Farm
sample ofArchaeohippublackbergiis found in class
2 at 2.1 years. In Thomas FaRarahippudeonensis
greatest e(x) is 4.06 in class 2, or 1.9 times tha. of
blackbergi This difference is a consequence of the
very different mortality patterns &. blackbergiand
P. leonensidiscussed above, which may indicate dif-
ferent modes of social organization in these two taxa.
Figure 3. Lateral views of mandibles of Thomas Farm equids Van Valen (1964) estimated potential longevity for
comparing A) the more tusk-like canine Afchaeohippus  the early Miocene equiMerychippusprimus (~10
blackbergi (UF 211616) and B) the incisiform canine of years) and middle Miocene equiRkeudhipparion
Parahipp.us leonensi®JF 3514)_. Cheek teethon UF 211616 gratum(~11 years). These are surprisingly similar, con-
are heavily worn, and the canine has a wear .facet that mad%idering the cheek teeth®fgratumare approximately
.thIS. tpoth even more sharply pointed than canines of younger; 5 times the height of the cheek teetiVbfprimus
individuals. The close correspondence in longevity appears to be
the result of an increase in the rate of tooth wear in the
younger taxon, probably the result of an increase in the
reveals distinct differences in structure and function. Theamount of grass in the diet Bf gratumrelative to the
lower canines ofA. blackbergiare long and tusk-like diet ofM. primus Thus, with its more abrasive diEt,
(Figs. 3A, 4A-B). The lower canines Bf leonensis  gratumneeded taller teeth than. primusin order to
are relatively small and incisiform (Figs. 3B, 4C-D). live ~1.1 times as long &8. primus
While wear on the occlusal surface of the canind3 of A very similar relationship is seen in potential lon-
leonensidgndicates they functioned like incisors, wear gevity in the sympatric horses from Thomas Farm.
on the anteromesial surface of the caninesAof Hulbert (1984) estimated annual cheektooth-wear rates
blackbergimade them shorter but sharper, as can bebetween 1.75 and 2.1 mm and greatest potential longev-
seen upon inspection of class 9 specimen UF 211616ty between 8.2 and 9.6 years Rarahippudeonensis
(Fig. 3A). Measurements (Table 7) demonstrate thatThe present study estimates annual cheektooth-wear
the canines of\. blackbergiwere not only relatively  rates of ~1 mm and observed potential longevity of 5
larger than those of the larger eqidleonensisbut years and greatest potential longevity of 7.5 years for
they were absolutely larger, as well. All of this evidence Archaeohippublackbergi Although the rate of tooth
supports the idea that, unliReleonensigsA. blackbergi  wear forP. leonensiss estimated at nearly twice that

males used their canines as weapons. of the rate forA. blackbergj the greatest potential lon-
gevity of the former is only about 1.09 to 1.28 times that
EsTIMATES OF AVERAGE AND POTENTIAL LONGEVITY of A. blackbergi

Average longevity e(x) is an estimate made using
lifetable data to determine the amount of time the aver-PALEOENVIRONMENTAL RECONSTRUCTIONOF THE THOMAS
age individual in a particular class will live. Average FaArRM FossiL STE BASED ON INTERPRETATIONSOF SOCIAL
longevity is a function of the amount of time contained STRUCTURE
in the class of interest and in all subsequent classes ver-  Hulbert (1984) suggested that the Thomas Farm
sus the number of individuals alive at the start of thatenvironment was woodland, which implies a forest with
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Figure 4. Additional views of mandibular symphyses with canines. A) Occlusal and B) lateral \Aegismebhippus blackbergi
UF 223350. C) Occlusal and D) lateral view®afahippus leonensi&/F 1289.

open patches init. His evidence for this comes from hising the social dynamics of extinct equid species as being
interpretation of the diet dParahippusleonensisas necessarily homologous to the social dynamics of the
being a mix of browse and graze and his reconstructiorfew extant equid species available to study apply to the
of the social structure &% leonensisas being similarto  question of then using those interpretations for environ-
that of forest-dwelling deer. However, this social struc- mental reconstruction. The evidence of male combat is
ture may have persisted i leonensidong after its  not in itself informative of group structure or resource
subsistence base had shifted toward more open countrgvailability, as such behavior is exhibited by harem-main-
where both browse and graze are available. Herdingaining moderrfEquusin open country (Berger 1986) as
and harem defending as seen in some species of modvell as by more solitary deer in forests (Eisenberg 1981).
ern Equusmay be relatively recent innovations, since

they are by no means universal among extant equids. CONCLUSIONS

These are not at all typical reproductive strategies inThis study ofArchaeohippudblackbergifrom Tho-
burros Equusasinug (Eisenberg 1981). In addition, mas Farm adds to the body of knowledge concerning
objections raised above as to the validity of reconstruct-the most productive early Miocene terrestrial fossil site
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in the eastern United States. It provides an interestingncluding the probable presence of intense male intraspe-
contrast with Hulbert’s (1984) study of the sympatric cific competition in the population dkrchaeohippus
equidParahippusleonensis These populations differ blackbergi It adds to the growing body of published
in mortality profile as demonstrated by plotting age-spe- analyses of population dynamics of fossil mammals that
cific mortality [q(x)]. As interpreted here, this is sug- increase our knowledge of the evolution of mammalian
gestive of greater mortality due to intermale combat in ecology, life history, and social behavior.
the population ofA. blackbergi
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