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A B S T R A C T

Despite extensive research on the evolutionary history and ecology of horses, surprisingly little is known about
the daily and seasonal movements (i.e. mobility) of extinct species. We used strontium isotope ratios (87Sr/86Sr)
in tooth enamel to estimate mobility patterns of equids from two Miocene fossil sites in northern Florida, USA:
Thomas Farm (ca. 18Ma) and Love Bone Bed (ca. 9.5–9Ma). The species included in our sample have a range of
body sizes (45–252 kg) and reconstructed diets. Gomphotheres and tapirs from Love Bone Bed were also in-
cluded to represent browsers. Based on modern species' behavior, we predicted small-bodied and browsing taxa
living in closed habitats had limited mobility and 87Sr/86Sr similar to local northern Florida limestone. We
anticipated larger-bodied and grazing taxa living in open environments had increased mobility, with higher and
more variable 87Sr/86Sr reflecting larger movements across differing geologies. Contrary to expectations, the
majority of taxa at both sites have higher 87Sr/86Sr than expected for local Eocene bedrock and instead are
similar to contemporary Late Oligocene to mid-Miocene seawater. The most plausible explanation for these
findings is that most individuals foraged close to the paleo-coastline, where vegetation would have been in-
fluenced by marine-derived strontium via sea spray or precipitation. Tapirs have considerably higher and more
variable 87Sr/86Sr than horses or gomphotheres at Love Bone Bed, which may reflect foraging on aquatic ve-
getation in the river channel that is preserved at the site. Our results suggest that horses were relatively se-
dentary in Florida, even during their peak radiation.

1. Introduction

The evolution of horses (Equidae) is one of the most widely studied
radiations in the history of mammals (MacFadden, 1992). During the
Miocene Epoch, ca. 23–5million years ago (Ma), closed forests shifted
into open grasslands (Latorre et al., 1997; Passey et al., 2002; Retallack,
1997) and ungulate diversity exploded into novel grazing habitats.
Between 23 and 8Ma, the number of equid genera more than quad-
rupled (MacFadden, 1992; Maguire and Stigall, 2008; O'Sullivan, 2008;
Strömberg, 2004). Concurrent morphological changes, including higher
crowned teeth, increased limb length and body mass, and a reduction in
toe number, all suggest that horses adapted to fill the new grazer niche
in more open environments (Alberdi et al., 1995; Damuth and
MacFadden, 1990; MacFadden, 2005). These morphological changes,
combined with an increasingly open habitat, imply that, over time,
equids increased the spatial extent of their landscape use (e.g., mobi-
lity). However, this has not been comprehensively explored.

Here, we use strontium isotope ratios (87Sr/86Sr) in tooth enamel to
investigate mobility of co-occurring equids with differing body masses
and reconstructed diets. We include taxa from two sites in northern
Florida, USA dating to the early (ca. 18Ma) and late Miocene (ca.
9.5–9Ma; Fig. 1). We predict that species foraging within limited
geographic areas (i.e. smaller bodied or browsing taxa from closed
habitats) will have similar 87Sr/86Sr to local limestones. Taxa that
moved seasonally, or had broader home ranges (i.e. larger bodied or
grazing taxa from open habitats), should have higher and more variable
87Sr/86Sr, reflecting foraging across more geologically complex areas,
potentially from regions beyond the largely homogenous Florida car-
bonate platform (Fig. 2).

1.1. Strontium isotope background

Strontium has four naturally occurring isotopes: 84Sr, 86Sr, 87Sr, and
88Sr. Three of these are stable; however, 87Sr is produced through the
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radioactive decay of rubidium (87Rb; reviewed in Capo et al., 1998).
Both chemical composition and age influence 87Sr/86Sr in rocks
(Banner, 2004; Capo et al., 1998). For example, potassium-bearing
minerals have more naturally occurring 87Rb. Consequently, silica-rich
igneous, metamorphic, and clastic sedimentary rocks have higher
strontium isotope ratios than mafic volcanics (Bataille and Bowen,
2012). Carbonates contain an abundance of strontium and have
87Sr/86Sr comparable to seawater (~0.707 to 0.709; Capo et al., 1998;
Bentley, 2006; McArthur et al., 2001). Age also impacts 87Sr/86Sr; older
rocks have higher 87Sr/86Sr than younger rocks due to the accumulation
of 87Sr from radioactive decay. Nevertheless, due to the long half-life of
87Rb (48.8 billion years), the ratio of 87Sr to 86Sr is relatively stable over
ecologically meaningful timescales.

Within most terrestrial settings, the main source of biologically
available (bioavailable) strontium is surface geology (reviewed in
Åberg, 1995; Banner, 2004; Bentley, 2006; Capo et al., 1998). Weath-
ered bedrock leaches strontium into ground and surface water systems.
This bioavailable strontium is then taken up by plants and subsequently
incorporated into animal tissues through diet and drinking water (Capo
et al., 1998). Due to strontium's large mass, there is negligible isotopic
fractionation during physical and chemical reactions (Banner, 2004).
Thus, the 87Sr/86Sr in an animal's tissues closely reflects the 87Sr/86Sr of
the underlying bedrock and therefore can be used to track faunal
movement across regions of varying geology.

In some settings, atmospheric deposition of dust and marine-derived
strontium via wind or precipitation can also contribute to the bioa-
vailable strontium pool (Fig. 3; Åberg, 1995; Capo et al., 1998; Raiber
et al., 2009). Exogenous dust is the primary source of bioavailable
strontium for plants growing on rocks with low strontium concentra-
tions or weathering rates; both dry and wet deposition of dust in these
settings can greatly influence bioavailable strontium and even conceal
the signal of weathering bedrock (English et al., 2001; Graustein and
Armstrong, 1983; Hartman and Richards, 2014; Miller et al., 2014;
Raiber et al., 2009; Reynolds et al., 2012). However, the influence of
dust on 87Sr/86Sr in regions dominated by carbonate bedrock appears to
be relatively insignificant (Reynolds et al., 2012; Schulting et al., 2018).
This is most likely because high strontium concentrations in carbonates,
combined with their potential to rapidly weather, can overwhelm the
local bioavailable strontium pool (Bern et al., 2005).

Marine-derived strontium can be deposited in terrestrial settings via
sea spray or precipitation. The extent to which marine-derived

strontium influences the terrestrial bioavailable strontium pool, and the
distance that it can be detected inland, are not well-constrained and
likely vary as a function of regional climate patterns. The influence of
marine strontium is detectable up to ca. 70–100 and 160 km inland
from the windward coast in Australia and Scandinavia, respectively
(Andersson et al., 1990; Quade et al., 1995; Raiber et al., 2009).
Marine-derived strontium may dominate the bioavailable strontium
pool in regions with high annual precipitation, such as Hawaii and
Great Britain (Chadwick et al., 2009; Evans et al., 2010; Stewart et al.,
2001). Even fewer studies have specifically investigated the influence of
sea spray because it is often isotopically indistinguishable from pre-
cipitation. Sea spray-derived strontium appears to be limited to within
1 km from the ocean on both windward and leeward coasts in Ireland
(Snoeck, 2014) and the Caribbean (Schulting et al., 2018). To the best
of our knowledge, these are the only studies that have explicitly at-
tempted to quantify the distance inland from the coast that marine-
derived strontium is detectable.

1.2. Background on equids

Equids first appeared in North America during the Eocene and
persisted on the continent for over 55million years (MacFadden, 2005;
Mihlbachler et al., 2011). Over time, they evolved from Hyracotherium
sp., a small (ca. 24–35 kg), unspecialized hooved herbivore, into a fa-
mily adapted for speed and open country (MacFadden, 1992, 1986). By
the early Miocene, there were 4–5 horse genera, all of which had three
toes, elongated metapodials, and an increased body mass relative to
their ancestral groups (ca. 50–150 kg). Tooth enamel complexity in-
creased and tooth crown height shifted from brachydont (low-crowned
teeth) to hypsodont (high-crowned teeth) in response to grassland ex-
pansion and increased consumption of abrasive grass and grit
(MacFadden, 1992). By the end of the Miocene, equid species diversity
had increased to over 15 genera (Mihlbachler et al., 2011). The ma-
jority of these taxa were larger than 240 kg and had hypsodont teeth,
suggesting heavy reliance on grasses (MacFadden, 1986). However,
some species stayed relatively small and had mesodont (intermediate-
crowned) teeth, suggesting dietary niche partitioning among genera.

1.3. Patterns of mobility in ungulates

In this paper, mobility is defined as the daily and seasonal
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Fig. 1. Map of Florida showing bedrock geology and reconstructed paleo-coastlines for (a) 20Ma and (b) 10 and 8Ma (Markwick, 2007; Scott et al., 2001). Estimated
bioavailable 87Sr/86Sr for different-aged carbonates is based on expected 87Sr/86Sr for contemporary seawater (McArthur et al., 2001).

J.P. Wallace et al. Palaeogeography, Palaeoclimatology, Palaeoecology 516 (2019) 232–243

233



movements of an individual related to foraging, mating, caring for
young, and other social dynamics. Two important drivers of ungulate
mobility are preferred habitat type (open versus closed) and body size
(Ofstad et al., 2016). Ungulates inhabiting open environments are
generally more mobile than those from closed habitats due to an
abundance of lower quality forage and increased distance between
areas used for predator avoidance. For example, in eastern South Da-
kota, USA, pronghorn antelope (Antilocapra americana) inhabiting
grasslands have home ranges between 19.7 and 127 km2 (Jacques et al.,
2009) while forest-dwelling white-tailed deer (Odocoileus virginianus)
have considerably smaller home ranges of 1.1–4.3 km2 (Sparrowe and
Springer, 1970).

Ungulate home ranges also increase allometrically with body size
(Ofstad et al., 2016). For example, large grazing elk (Cervus elaphus) in
the western USA have home ranges between 71 and 129 km2 (Anderson
et al., 2005), whereas smaller-bodied grazing bighorn sheep (Ovis ca-
nadensis) occupy smaller home ranges between 6.1 and 35.3 km2 in the
same region (Singer et al., 2001). Similarly, large browsers, such as
moose (Alces alces) in central Sweden, have larger home ranges
(13–26 km2) than co-occurring smaller-bodied browsing roe deer (Ca-
preolus capreolus), which have very small home-ranges (0.01–1.2 km2;
Cederlund, 1983; Cederlund and Sand, 1994).

1.3.1. Equid mobility
The mobility of modern equid species reflects dispersal from natal

bands and daily and seasonal foraging patterns. All contemporary
equids have similar social structures in that one dominant male controls
a group of multiple females. Offspring emigrate from their natal herds
between the ages of one and three years, often in conjunction with the
birth of their mothers' next foal (Feh, 2005; Kaseda et al., 1997). Female
dispersal to a new group usually coincides with estrous, which naturally
prevents inbreeding. Subadult males are often chased away from their
natal groups and form small bands, or bachelor groups, until they are
strong enough to obtain and defend their own herds (reviewed in
Ransom and Kaczensky, 2016).

Daily and seasonal mobility patterns for equids vary depending on
resource availability. Similar to other ungulates, equids that occupy
areas with abundant resources are more likely to be relatively seden-
tary. For example, Canadian feral horses (Equus ferus) that inhabit the
forests and grasslands of the Rocky Mountain foothills have a home
range of roughly 15 km2 and reintroduced Eurasian herds of Przewalski
horses (E. ferus przewalskii) in Mongolian mesic steppe grasslands in-
habit areas of 3–78 km2 (reviewed in Ransom and Kaczensky, 2016).
Populations living in highly seasonal environments, or regions with
widely dispersed resources, have greater mobility. African zebra (e.g. E.
quagga burchellii and E. grevi) seasonally travel up to 100 km in one
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Fig. 2. Map of the southeastern U.S.A. illustrating the regional bedrock geology (adapted from United States Geological Survey, 2016) and estimated regional
bioavailable 87Sr/86Sr (Bataille and Bowen, 2012; Hoppe and Koch, 2007; McArthur et al., 2001).
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direction and the Asiatic wild ass (E. hemionus) in the southwest Gobi
Desert has a home range between 18,186 and 69,988 km2 (reviewed in
Ransom and Kaczensky, 2016).

Few studies have explored the mobility of Miocene equids. It has
been postulated that a small early Miocene equid, Parahippus sp., was
relatively sedentary based on modern forest-dwelling artiodactyls with
similar body masses and diets (Hulbert, 1984). Conversely, the mid-
Miocene equid, Neohipparion cf. leptode, is thought to have migrated
seasonally, like modern zebras, based on distinct age classes and the
absence of foals within an attritional fossil assemblage (Hulbert, 1982).
Lastly, Tütken and Vennemann (2009) analyzed 87Sr/86Sr for a single
Anchitherium aurelianense from the Middle Miocene in Southern Ger-
many and determined this individual was relatively sedentary, although
it may have traveled up to 50 km to the northeast.

1.3.2. Using strontium isotopes to track mobility
Strontium isotope ratios in an animal's bones or teeth can be used to

distinguish relatively sedentary from highly mobile individuals, or trace
an individual's movement across regions with variable geology (Britton
et al., 2009; Hoppe et al., 1999; Hoppe and Koch, 2007; Price et al.,
1985). Dispersal from a natal herd, seasonal migration, and daily
movement within a home territory or range can be tracked using
strontium isotopes. Foraging on different types of vegetation may also
influence 87Sr/86Sr in herbivores (Crowley et al., 2018; Hedman et al.,
2009; Maurer et al., 2012; Radloff et al., 2010). Whereas deeper rooting
plants gain the majority of their strontium from bedrock, shallow
rooting plants are more likely to be influenced by atmospheric de-
position (Fig. 3; Graustein and Armstrong, 1983; Reynolds et al., 2012).

This geochemical tool has been used to examine foraging territories
and migration patterns for modern herbivores, including African ante-
lope, zebra, and elephants (Koch et al., 1995; Radloff et al., 2010; Vogel
et al., 1990), as well as North American and European caribou (Britton
et al., 2011, 2009; Gigleux et al., 2017). Strontium isotopes have also
been used to reconstruct the mobility of various Quaternary herbivores
in Europe and North America, including bison, caribou, horse, deer,
mammoth, and mastodon (Baumann and Crowley, 2015; Britton et al.,
2011; Hoppe, 2004; Hoppe and Koch, 2007; Pellegrini et al., 2008;

Widga et al., 2010). Studies on older taxa are more rare and have fo-
cused on Miocene hominids (e.g. Copeland et al., 2011).

We are only aware of three studies that have used strontium iso-
topes to investigate the mobility of extinct horses. As mentioned above,
87Sr/86Sr suggest Anchitherium aurelianense had a small home range in
southern Germany (Tütken and Vennemann, 2009). Pellegrini et al.
(2008) measured 87Sr/86Sr for four Pleistocene Equus hydruntinus in
western and central Italy. Low variability in 87Sr/86Sr among in-
dividuals suggests they were also relatively sedentary. Lastly, Hoppe
and Koch (2007) analyzed 87Sr/86Sr for a diversity of Pleistocene her-
bivores, including three Equus sp. from Northern Florida. The authors
concluded that one individual likely stayed in Florida while the other
two individuals traveled ca. 150 km north into Georgia.

2. Methods

2.1. Regional setting

The geographic focus of this study is Northern Florida, USA, which
has relatively homogeneous bedrock and is known for its abundant
Miocene fossil deposits. The region is underlain by the Florida Platform,
which is composed of a thick sequence of Paleocene to Oligocene car-
bonates (Fig. 1; Scott, 1992). The strontium isotope ratios leached from
these rocks should be relatively low and comparable to con-
temporaneous seawater: ca. 0.7077–0.7078 for the Eocene and
0.7078–0.7083 for the Oligocene (Fig. 1; McArthur et al., 2001). Sev-
eral hundred kilometres to the north, bedrock is composed of older
sediments as well as metamorphic and igneous rocks that date back to
the formation and uplift of the Appalachian Mountain range during the
early Paleozoic (Fig. 2). These rocks should have considerably higher
(≥0.7110) and more variable 87Sr/86Sr than limestone (Capo et al.,
1998; Hoppe et al., 1999; McArthur et al., 2001). Published 87Sr/86Sr
for modern surface water, plants, and rodents from the region reflect
underlying geology. Samples from northern and central Florida have
strontium isotope ratios that are broadly consistent with those expected
for carbonates (0.7075–0.7092; Hoppe et al., 1999; McArthur et al.,
2001). In contrast, samples from Georgia have higher and more variable

Precipitation 

& dust

Sea spray

Bedrock

Fig. 3. Schematic showing anticipated sources of bioavailable strontium in Miocene Florida. The influence of marine-derived strontium should be highest closest to
the coast. Vegetation rooting depth (arrows) may also influence 87Sr/86Sr; whereas weathering bedrock should be the dominant source for deep-rooted trees, grasses
with shallow root systems may be more susceptible to atmospherically deposited strontium.
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ratios, ranging from 0.7103 to 0.7633 (Hoppe et al., 1999; Samson
et al., 1995; van Breemen and Dallmeyer, 1984).

Throughout the Miocene, global sea levels were higher than they are
today. Oxygen isotope data, supported by seismic stratigraphy, indicate
the global sea level was ~130metres above modern sea levels (mamsl)
during a high stand ca. 19Ma (Abreu and Anderson, 1998; Haq et al.,
1987). In Florida, the maximum sea level at 19Ma was ca. 100mamsl
(Mallinson et al., 1994; Missimer, 2002), which resulted in the con-
tinental landmass barely extending into northern Florida (Fig. 1a).
Global sea level continued to fluctuate, but the general trend was a
gradual decline, paralleling a decrease in temperature (Haq et al., 1987;
Lewis et al., 2007; Scott, 1997). In the later Miocene, sea levels were
roughly 50 mamsl. However, a transgression ca. 9.5Ma in Florida
raised sea level from modern levels to 20mamsl (Haq et al., 1987;
Missimer, 2002), which may have created a strait that separated Florida
from the North American continent (Fig. 1b).

Minor eustatic sea level fluctuations and longshore drift allowed for
the progressive influx of North American clastic sediment onto the
Florida Platform from the Oligocene to the Late Miocene (Missimer,
2001; Missimer, 2002; Missimer and Maliva, 2017; Scott, 1988). At
least seven major pulses of sediment derived from the Appalachians
reached Florida throughout the Cenozoic, including one in the Middle
Miocene (Boettcher and Milliken, 1994; Gallen et al., 2013; Missimer
and Maliva, 2017; Scott, 1992). Although much of the Miocene strati-
graphic record in northern Florida is represented by unconformities
(Scott, 1997), increased clastic input may have created localized geo-
logic and isotopic variability within an otherwise essentially homo-
genous region.

2.2. Site descriptions

Specimens were selected from two Miocene fossil sites in northern
Florida that are known for their abundant and diverse fossil horses:
Thomas Farm and Love Bone Bed (Fig. 1). Thomas Farm is a Hemi-
ngfordian (ca. 18Ma) sinkhole in Gilchrist County (29.9° N, 82.8° W).
Fossils have been recovered from unconsolidated Miocene fluvial and
cave sediments that cut into Eocene Crystal River limestone (Pratt,
1990). Lower cyclic layers of clay and sandy clay contain the majority
of larger faunal remains; upper layers of limestone sand contain
abundant microfauna. The dominant large-bodied species (comprising
roughly 70% of identifiable macrofaunal remains) is the equid Para-
hippus leonensis (Hulbert, 1984). Remains from two other equids, Ar-
chaeohippus blackbergi and Anchitherium clarencei, have also been re-
covered. Other fauna include camels, deer, canids, alligators, turtles,
rodents, and bats (Pratt, 1990, 1989). The abundance of browsing un-
gulates and short-limbed carnivores suggest the surrounding environ-
ment was wooded or relatively closed (Pratt, 1990). Furthermore, the
presence of aquatic fauna and plants indicate the sinkhole may have
acted as a perennial water source (Pratt, 1990).

Love Bone Bed is a well-studied Clarendonian (ca. 9.5–9.0Ma) fossil
deposit located ca. 47.5 km southeast of Thomas Farm in Alachua
County (29.5° N, 82.5° W). Fossils were buried in fluvial sands and clays
of the Miocene Alachua Formation (Webb et al., 1981), which filled a
meandering river channel cutting into Late Eocene Crystal River lime-
stone. Over 84 aquatic and terrestrial species have been identified at
Love Bone Bed, nine of which are horses (Feranec and MacFadden,
2006; Hulbert, 1993). Other taxa include canids, rhinoceros, camels,
gomphotheres, tapirs, rodents, alligators, turtles, and euryhaline bull
sharks (Webb et al., 1981). Based on the stratigraphy and species re-
covered, Webb et al. (1981) proposed three depositional terrestrial
environments for this locality: marine-influenced streambank, forest,
and open savannah. Carbon and oxygen isotope data for terrestrial
fauna (Table 1; Feranec and MacFadden, 2006) support Webb's re-
constructed environments.

2.3. Species descriptions

We sampled two equids from Thomas Farm: Archaeohippus black-
bergi and Parahippus leonensis (Table 1). Archaeohippus blackbergi is the
smallest equid found at Thomas Farm, with a mean body mass of
roughly 45 kg (MacFadden, 1986). Brachydont teeth and dental mi-
crowear patterns indicate it was a browser, or possibly a frugivore
(Mihlbachler et al., 2011; O'Sullivan, 2005; Semprebon et al., 2016).
These dietary inferences, combined with paleoenvironmental re-
constructions, suggest A. blackbergi was a forest dweller (O'Sullivan,
2005). Parahippus leonensis was a relatively small horse (mean body size
ca. 85 kg) characterized by mesodont teeth (MacFadden, 1986). Its
tooth wear patterns and carbon isotope data indicate a diet consisting of
mixed leaves and grass in a woodland habitat (Hulbert, 1984;
Mihlbachler et al., 2011; Moran, 2014; Semprebon et al., 2016).

We sampled five equid species from Love Bone Bed: Nannippus
westoni, Neohipparion trampasense, Cormohipparion ingenuum, C. plicatile,
and Protohippus gidleyi (Table 1). While larger than Archaeohippus and
Parahippus, N. westioni was a relatively small (ca. 101 kg) horse that had
hypsodont teeth (Damuth and MacFadden, 1990; MacFadden, 1986;
Mihlbachler et al., 2011). On the basis of tooth-crown height and en-
amel complexity, this species was likely a grazer (MacFadden, 1992).
Carbon and oxygen isotope data are consistent with this species reg-
ularly foraging in a relatively open habitat at Love Bone Bed (Feranec
and MacFadden, 2006).

Neohipparion trampasense is the ancestral species of the genus
Neohipparion, which proliferated in the late Miocene (Hulbert, 1987).
Florida individuals weighed ca. 180 kg, which was 5–10% smaller than
populations in the Great Plains (Hulbert, 1987). Neohipparion trampa-
sense had hypsodont cheek teeth, indicating a diet dominated by grasses
(MacFadden et al., 1999). Carbon and oxygen isotope values also sug-
gest that N. trampasense inhabited an open environment at Love Bone
Bed (Feranec and MacFadden, 2006).

Cormohipparion ingenuum and C. plicatile weighed ca. 153 kg and ca.
223 kg, respectively (Damuth and MacFadden, 1990). These species
had hypsodont cheek teeth, suggesting a diet dominated by grasses
(Damuth and MacFadden, 1990; MacFadden et al., 1999). Carbon and
oxygen isotopic data indicate that both species frequented relatively
open habitats at Love Bone Bed (Feranec and MacFadden, 2006), al-
though C. ingenuum might have spent more time in a slightly more
closed habitat than C. plicatile (Table 1).

Protohippus gidleyi was a relatively large (ca. 252 kg) horse (Alberdi
et al., 1995; MacFadden and Dobie, 1998; Mihlbachler et al., 2011).
Tooth wear patterns and hypsodont teeth indicate it was adapted for
grazing (Fraser and Theodor, 2013). Carbon and oxygen isotope data
for P. gidleyi at Love Bone Bed are similar to those for C. ingenuum and
suggest this species lived in a moderately open habitat, possibly an
ecotone between riparian forest and open savanna (Table 1; Damuth
and MacFadden, 1990; Feranec and MacFadden, 2006).

To generate comparative data on obligate browsing taxa at Love
Bone Bed, we also sampled tapirs (Tapirus webbi) and gomphotheres
(Gomphotherium sp.). Tapirs (Tapiridae) have changed very little since
their first appearance in the early Eocene, ca. 56–48Ma (DeSantis and
MacFadden, 2007). They have brachydont teeth and relatively large
body masses ranging from 150 to 375 kg (Clauss et al., 2003; García
et al., 2012; Medici, 2010). Extant tapirs inhabit dense, closed-canopy
forests often associated with riparian environments and have average
home ranges of ca. 2.5 km2 (Foerster and Vaughan, 2002; Medici,
2010). Their diet consists of leaves, fruits, and aquatic plants (Medici,
2010). Miocene tapirs likely behaved similarly. Carbon and oxygen
isotope data are not available for T. webbi at Love Bone Bed; however,
data for its congener, T. simpsoni, support a closed forest habitat
(Feranec and MacFadden, 2006; Fraser and Theodor, 2013; Hulbert,
2005; MacFadden and Cerling, 1996).

Gomphotherium (Gomphotheridae) was a genus of proboscidean that
radiated throughout the Miocene. Species identity has not been
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determined for the individuals found at Love Bone Bed. Estimated body
masses for the genus range from 4173 to 6078 kg (Larramendi, 2016).
Brachydont teeth and tooth wear patterns indicate gomphotheres were
primarily browsers (Fox and Fisher, 2004; Fraser and Theodor, 2013).
Both carbon and oxygen isotope data suggest that the Gomphotherium
sp. at Love Bone Bed inhabited a closed or riparian habitat (Feranec and
MacFadden, 2006).

2.4. Sample selection, preparation, and analysis

We analyzed 89 teeth from nine taxa (Table S1). All specimens were
loaned from the Florida Museum of Natural History. For each equid
species, we selected 8–11 third molars to avoid capturing a nursing
signal (Bryant et al., 1996; Hoppe et al., 2004). We selected 10 second
or third molars for gomphotheres and eight molars for tapirs (molar
position was unavailable).

We chose to analyze tooth enamel rather than bone for a number of
reasons. First, enamel is more likely to retain its original strontium
signature. Unlike bone, enamel is naturally resistant to diagenetic
processes due to its non-porous, crystalline structure (Stack, 1955).
Second, minor diagenetic alteration can almost be completely removed
through sample pretreatment (Hoppe et al., 2003). Third, biogenic
87Sr/86Sr has previously been reported in tooth enamel for Miocene
whales, hominins, proboscideans, and an equid (Copeland et al., 2011;
Hoppe et al., 2003; Tütken and Vennemann, 2009). Fourth, teeth are
much more abundant and readily identifiable for equid species at our
fossil localities. Lastly, specimens from both Thomas Farm and Love
Bone Bed have previously been analyzed for carbon and oxygen iso-
topes, and the resulting data have been considered biogenic (Feranec
and MacFadden, 2006; Moran, 2014).

A handheld Dremel tool equipped with a dental drill bit was used to
extract ~20mg of enamel powder from each specimen. To incorporate
temporal variability within each tooth, enamel was removed along a ca.
2 mm wide band from the tooth crown to neck. Powdered enamel was
then chemically pretreated following Baumann and Crowley (2015).
Samples were soaked in 30% hydrogen peroxide at room temperature

for 24 h and then rinsed five times with ultrapure water. Powders were
then reacted with 1M acetic acid buffered with calcium acetate at 4 °C
for 24 h, rinsed five times with ultrapure water, and freeze dried.
Roughly 3–4mg of pretreated sample was weighed for analysis.

Strontium was extracted and analyzed in the Department of
Geology's Multicollector ICPMS Laboratory at the University of Illinois,
Urbana-Champaign. Samples were first dissolved in 0.5 mL of 3M nitric
acid and then filtered through Teflon mini-columns containing Eichrom
Sr-specific resin. They were then sequentially rinsed with 0.05, 3, and
8M nitric acid to selectively remove cations from the resin to isolate
strontium. Strontium was eluted from the resin with 3mL of ultrapure
water and 1mL of 0.05M nitric acid into 4mL autosampler vials.

Samples were analyzed on a Nu Plasma high resolution multi-
collector inductively-coupled plasma mass spectrometer. Data were
corrected for drift using the international standard NBS 987. Two in-
ternal laboratory references (‘Coral’ and ‘E&A’) were used to monitor
accuracy and precision.

3. Results

Strontium isotope ratios for all samples are between 0.70813 and
0.70934. Individuals from Thomas Farm have lower (Wilcoxon
χ2= 45.65, DF=1, p < 0.0001) and considerably less variable
87Sr/86Sr than Love Bone Bed (0.70832–0.70859 versus
0.70813–0.70934; Bartlett p < 0.0001; Table 2; Fig. 4). Data for all
individuals are provided in Table S1.

At Thomas Farm, there are marginally significant differences in
median 87Sr/86Sr between Archaeohippus blackbergi and Parahippus
leonensis (Wilcoxon χ2= 3.29, DF= 1, p=0.070), but no significant
differences in variance (Bartlett p= 0.52).

Among the Love Bone Bed fauna, there are significant differences in
87Sr/86Sr (Kruskal-Wallis χ2= 26.04, DF=6, p= 0.0002) and var-
iance (Bartlett p= 0.046), which are driven by tapirs and gom-
photheres. Tapirs have higher 87Sr/86Sr than all other taxa. More subtle
differences between gomphotheres and horses are not significant when
tapirs are excluded (Table 2; Fig. 4).

Table 1
Summary of morphological features and reconstructed ecology of analyzed taxa.

Species Tooth crown height Body mass mean and
range (kg)

Subsistencee Habitatf Mean δ18OVPDB

(‰)g
Mean δ13CVPDB

(‰)g

Thomas Farm

Archaeohippus blackbergi Brachydont 44.7a Browser/frugivore Woodland with open patches – –

Parahippus leonensis Mesodont 85.2a Mixed feeder Woodland with open patches 1.4 −11.2

Love Bone Bed

Cormohipparion ingenuum Hypsodont 153.3, 120–226b Mixed feeder Ecotone between forest and
open habitat

−1.7 −10.8

Cormohipparion plicatile Hypsodont 222.5, 156–315b Mixed feeder Open −1.5 −11.4

Nannippus westoni Hypsodont 100.7, 76–118b Grazer Open −1.1 −11.2

Neohipparion trampasense Hypsodont 179.5, 130–268b Grazer Open −0.5 −10.8

Protohippus gidleyi Hypsodont 252.3, 189–320b Grazer Ecotone between forest and
open habitat

−2.1 −11.2

Gomphotherium sp. Brachydont –, 4173–6078c Browser Closed forest −1.2 −12.6

Tapirus webbi Brachydont 343.3, 248–455d Browser Closed forest −1.8 −13.2

a Body mass estimates for Thomas Farm equids are based on upper first molar anteroposterior lengths (MacFadden, 1986). Ranges of body size not indicated.
b Body masses for Love Bone Bed equids are based on the first molar anteroposterior lengths using the equation: log W= (3.263 ∗ log(upper M1 length))+ 1.337

(Damuth and MacFadden, 1990).
c Mass estimates for Gomphotherium sp. are calculated by the Graphic Double Integration volumetric method (Larramendi, 2016).
d Mass estimates for Tapirus webbi are based on humeri and femoral measurements from closely related Tapirus simpsoni (Damuth and MacFadden, 1990).
e Subsistence is inferred on the basis of tooth crown height, microwear patterns, and enamel complexity (Fraser and Theodor, 2013; Hulbert, 1984; MacFadden,

1992; Semprebon et al., 2016).
f Reconstructed habitats are based on a tooth crown height and comparison with modern forest-dwelling artiodactyls for Thomas Farm (Hulbert, 1984), and

carbon and oxygen isotope data for Love Bone Bed (Feranec and MacFadden, 2006).
g Data for Thomas Farm (P. leonensis) are from Moran (2014) and data from Love Bone Bed are from Feranec and MacFadden (2006).
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Further investigation of taxa at Love Bone Bed indicates no re-
lationships between log body mass and median 87Sr/86Sr or isotopic
variance (p > 0.05). However, significant differences are observed
among taxa with differing diets and reconstructed habitats (Table 3).
Steel-Dwass post hoc tests indicate that browsers (Gomphotherium sp.
and Tapirus webbi) have significantly higher 87Sr/86Sr than grazers
(Nannippus westoni, Neohipparion trampasense, and Protohippus gidleyi) or
mixed feeders (Cormohipparion ingenuum and Cormohipparion plicatile).
Variance also differs among groups (Bartlett p < 0.0001); browsers
have the largest variance while grazers have the smallest. Closed en-
vironment species (Gomphotherium sp. and Tapirus webbi) have higher
and more variable 87Sr/86Sr than taxa that likely inhabited moderately
open or open habitats (Table 3). Species from moderately open habitats
(Cormohipparion ingenuum and Protohippus gidleyi) have qualitatively
smaller variance and slightly higher 87Sr/86Sr than those from open
habitats (Nannippus westoni, Neohipparion trampasense, and Cormo-
hipparion plicatile; Table 3), but these comparisons are not significant.
Tapirs are the clear driver of these results and excluding them removes

any significance from diet or habitat comparisons (p > 0.05 for all
analyses; Table 3).

Because equids at Thomas Farm and Love Bone Bed differ iso-
topically (Wilcoxon χ2= 40.45, DF=1, p < 0.0001), we did not di-
rectly compare median 87Sr/86Sr among all equids. We did, however,
examine the relationship between log body mass and isotopic variance
across equid taxa from both sites as well as compare variance among
equid groups with differing reconstructed diets and habitats. Looking
across all equids, there is no relationship between log body mass and
87Sr/86Sr variance (r2= 0.058; p=0.60). However, variance differs
among taxa with differing diets (Bartlett p= 0.0032). Mixed feeders (C.
ingenuum and C. plicatile) have larger variance (0.00012) than either
grazers (N. westoni, N. trampasense, and P. gidleyi) or browsers (A.
blackbergi; 0.000063). Species preferring open or moderately open ha-
bitats have qualitatively, but not significantly, larger variance
(0.000087 and 0.000074, respectively) than those from closed forests
(0.000062; Bartlett p= 0.25).
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Fig. 4. Box plots of 87Sr/86Sr for all taxa at Thomas Farm and Love Bone Bed. Dashed circles encompass statistical outliers that were excluded from analyses. Shaded
boxes represent the range of 87Sr/86Sr expected for seawater during different time bins (McArthur et al., 2001).

Table 2
Summary strontium isotope data for each taxon at each site both including and excluding outliers.

Site Species N 87Sr/86Sr (mean ± 1 SD) Na 87Sr/86Sr (mean ± 1 SD)a

Thomas Farm Archaeohippus blackbergi 11 0.70849 ± 0.000063
Parahippus leonensis 12 0.70852 ± 0.000080 11 0.70854 ± 0.000051

Love Bone Bed Cormohipparion ingenuum 10 0.70875 ± 0.000090
Cormohipparion plicatile 10 0.70870 ± 0.00011
Gomphotherium sp. 10 0.70879 ± 0.000076
Nannippus westoni 9 0.70869 ± 0.00023 8 0.70876 ± 0.000094
Neohipparion trampasense 9 0.70873 ± 0.000053
Protohippus gidleyi 10 0.70877 ± 0.000060
Tapirus webbi 8 0.70911 ± 0.00016

a Statistical outlier for taxon excluded.
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4. Discussion

We anticipated that grazers and larger-bodied species would have
higher and more variable 87Sr/86Sr, reflecting a higher degree of mo-
bility across a larger array of geologies, than browsers and smaller-
bodied taxa. Unexpectedly, we did not find any differences in 87Sr/86Sr
among co-occurring equids nor did we detect relationships between
87Sr/86Sr and habitat type or body mass. However, variance differs
significantly among equids with differing diets. Additionally, Tapirus
webbi, a presumed dedicated browser, has elevated 87Sr/86Sr compared
to all other taxa at Love Bone Bed. Excepting tapirs, all analyzed spe-
cimens have strontium isotope ratios that are generally consistent with
limestone (ca. 0.707–0.709; McArthur et al., 2001). Yet, with the ex-
ception of the two outliers (one from Thomas Farm and one from Love
Bone Bed), none of the sampled individuals have 87Sr/86Sr compatible
with that expected for Eocene limestone (the bedrock at both sites) and
the two sites differ isotopically despite being on the same bedrock
(Fig. 4). Measured strontium isotope ratios are likely too low to reflect
foraging on Appalachian sediments (ca. 0.7103–0.7633; Fig. 2; Hoppe
et al., 1999; Samson et al., 1995; van Breemen and Dallmeyer, 1984).
Instead, most individuals have 87Sr/86Sr that resemble Miocene sea-
water (Fig. 4).

There are several potential explanations for our results. First, the
isotopic composition of enamel may have been influenced by diagen-
esis. Second, taxa may have foraged on relatively young sediments
deposited during the Late Oligocene/Early Miocene (at Thomas Farm)
or mid-Miocene (at Love Bone Bed). Lastly, 87Sr/86Sr of vegetation
consumed by equids may have been impacted by marine-derived
strontium via precipitation, groundwater, or sea spray.

Diagenesis is unlikely due to the naturally resistant characteristics of
enamel to post-depositional alteration (Stack, 1955). Additionally,
biogenic carbon and oxygen isotopes have been found in specimens at
both sites (Feranec and MacFadden, 2006; Moran, 2014). Furthermore,
diagenesis would presumably have had a relatively uniform influence
on all specimens within each site. The occurrence of isotopic variability
within and among co-occurring taxa (particularly for Love Bone Bed
specimens) suggests specimens have not been systematically altered.

It is possible that elevated 87Sr/86Sr reflects foraging on younger
sediment. Florida is relatively flat; its current elevation ranges from 0 to
105m above sea level. Paleogeographic reconstructions suggest that
higher elevations in Northern Florida remained above sea level from
the earliest Miocene to recent (Markwick, 2007; Missimer and
Ginsburg, 1998), while lower areas were likely inundated with sea-
water. Although fossils at both localities are preserved in Eocene
limestone, the sites may have once been covered by thin layers of
younger sediments that were deposited during sea level highs. Major
sea level fluctuations occurred throughout the Miocene. Most notably, a
high stand around 19Ma that was ca. 100m above modern sea level
(Haq et al., 1987; Missimer, 2002) would have flooded both Thomas
Farm (ca. 18mamsl) and Love Bone Bed (48mamsl; Missimer, 2002).

Although subsequent transgressions were much smaller, on the order of
50mamsl ca. 13.5 Ma and ~20mamsl ca. 9Ma, the region surrounding
Love Bone Bed was likely periodically inundated (Fig. 1b; Haq et al.,
1987; Missimer, 2002). Reworked Miocene clays and sands are found
throughout northern Florida and often fill sinkholes or stream channels,
such as those at Thomas Farm and Love Bone Bed. These sediments
provide additional evidence that currently exposed bedrock was once
covered by younger material (Scott, 1988). Additionally, Miocene se-
diments are exposed just to the east of both fossil sites (Fig. 1). Variable
exposure of different-aged sediments could help explain why Thomas
Farm and Love Bone Bed are isotopically distinct. Under this scenario,
most individuals would have foraged predominantly on a thin layer of
young sediments blanketing the fossil localities, or exposed to the east,
while the two site outliers would have foraged on older exposed bed-
rock (Fig. 5a).

However, this scenario is based on several assumptions that weaken
its plausibility. First, the relative isotopic consistency among specimens
at each fossil site would either require that Miocene sediment was
isotopically homogenous or that its coverage was relatively uniform
when sampled taxa were alive. The influx of Miocene siliciclastic se-
diment derived from the Appalachians was not compositionally
homogenous (Missimer and Maliva, 2017). Progressive amounts of
quartz and clay were transported into Florida from the mid-Miocene to
the Pliocene. Moreover, the minimal presence of reworked Miocene
clays and sands at Thomas Farm (Scott, 1988; Pratt, 1990) along with a
relatively shallow river at Love Bone Bed (Webb et al., 1981) suggest
any Miocene sediment cover was thin and likely discontinuous. Second,
this scenario would require that individuals selectively foraged on
young sediment. Eocene-aged sediments are currently exposed at
higher elevations to the south and west of our fossil sites (Fig. 1). Based
on our knowledge of Cenozoic sea-level fluctuations, local Eocene se-
diment would have also been exposed at the time when Thomas Farm
and Love Bone Bed fauna were alive. It seems improbable that both
browsing and grazing species foraged exclusively on Miocene sediment
amidst a region of exposed Eocene bedrock.

Finally, it is possible that vegetation consumed by herbivores was
influenced by marine-derived strontium (Fig. 5b). Both Thomas Farm
and Love Bone Bed were located on the windward coast of Florida
during site deposition (Fig. 1) and, therefore, were presumably exposed
to marine-derived strontium either through precipitation, sea spray, or
potentially marine-influenced groundwater. Precipitation seems un-
likely for several reasons. Although marine-derived strontium has pre-
viously been observed in precipitation ca. 70–160 km inland from the
ocean (Andersson et al., 1990; Raiber et al., 2009), strontium con-
centrations in rainfall tend to be quite low (Capo et al., 1998). Con-
sidering northern Florida is underlain by readily weatherable, and
strontium-rich, carbonate bedrock, any influence of precipitation on
bioavailable strontium would likely be negligible (Bern et al., 2005).
Saline groundwater is also unlikely. Ocean water can infiltrate
groundwater systems, forming a brackish lens within shallow aquifers;

Table 3
Comparison of taxa with differing diets and habitats at Love Bone Bed. Tapirs drive significant differences among groups.

Type of comparison Category Taxa included Na Median and mean 87Sr/86Sr ± 1 SDa Nb Median and mean 87Sr/86Sr ± 1 SDb

Diet Browser Gomphotherium, T. webbi 18 0.70885, 0.70894 ± 0.00020 10 0.70882, 0.70879 ± 0.000076
Mixed feeder C. ingenuum, C. plicatile 20 0.70873, 0.70873 ± 0.000098 20 0.70873, 0.70873 ± 0.000098
Grazer Nannippus westoni, Neohipparion trampasense, P.

gidleyi
27 0.70875, 0.70875 ± 0.000069 27 0.70875, 0.70875 ± 0.000069

χ2= 16.37, df= 2, p= 0.0003 χ2= 4.33, df= 2, p= 0.11
Habitat Closed forest Gomphotherium, T. webbi 18 0.70885, 0.70894 ± 0.00020 10 0.70882, 0.70879 ± 0.000076

Relatively open C. ingenuum, P. gidleyi 20 0.70875, 0.70876 ± 0.000074 20 0.70875, 0.70876 ± 0.000074
Open C. plicatile, Nannippus westoni, Neohipparion

trampasense
27 0.70872, 0.70873 ± 0.000087 27 0.70872, 0.70873 ± 0.000087

χ2= 16.78, df= 2, p= 0.0002 χ2= 4.86, df= 2, p= 0.088

a Including tapirs.
b Excluding tapirs.
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however, saline lenses in modern northcentral Florida generally occur
ca. 255–407m below sea level (Williams and Kuniansky, 2016), which
is considerably deeper than the rooting depth for most vegetation in the
region (~5m; Canadell et al., 1996). Conditions were likely similar
during the Miocene.

Foraging closer to the coast on vegetation regularly exposed to sea
spray may be more plausible. During the Miocene, the Floridian
coastline was much further inland than its present-day position (Fig. 1;
Markwick, 2007). Although coastline reconstructions are approximate,
they suggest that both Thomas Farm and Love Bone Bed were close to
the shoreline when fossils accumulated. The aquatic faunal assemblage
at Love Bone Bed is dominated by freshwater taxa, but remains from
marine and estuarine vertebrates, including several species of bony fish,
sharks, and a sea cow, are also present (Webb et al., 1981). If, indeed,
both sites were near the coast, then it may be reasonable to attribute the
observed 87Sr/86Sr to sea spray (Fig. 5b). Under this scenario, the two
statistical outliers with lower 87Sr/86Sr presumably would have foraged
further inland, where there was less of an influence of marine-derived
strontium.

In summary, there are several possible scenarios that could explain
elevated strontium isotope ratios for herbivores in Miocene Florida.
Individuals may have foraged on young marine sediments that were
deposited during sea level high stands or they may have foraged close
to the coast and consumed vegetation that was influenced by marine-
derived strontium. Additional studies that explore strontium isoscapes

in modern coastal settings across a diversity of geologies and climatic
regimes are needed to further disentangle these scenarios. Regardless,
neither of these scenarios supports our original predictions that equid
species with larger bodies or grazing adaptations moved more than
those with smaller bodies or browsing adaptations. Comparable and
relatively homogenous isotope data among taxa are inconsistent with
horses foraging across a diversity of sediments or geologies. Instead, our
results suggest that all equid taxa, regardless of diet, habitat, or body
size, foraged relatively close to the shoreline and, with the exception of
two individuals, did not forage on older bedrock further inland.

A lack of evidence for large scale movement may reflect locally
abundant resources or movement predominately along the Floridian
coast, perhaps as a result of a small geographic home range restricted
by rising sea levels. Modern feral horses that inhabit islands and bea-
ches along the east coast of North America or southern France may be
reasonable analogues (Duncan, 1992; Rubenstein, 1981; Seliskar, 2003;
Zervanos and Keiper, 1998).

Our strontium isotope data do not support a previous suggestion
that Neohipparion migrated seasonally (Hulbert, 1982). They more
closely align with predictions of localized movement for Parahippus
(Hulbert, 1984) and an early Miocene equid from Germany (Tütken and
Vennemann, 2009). Although additional work is warranted, our results
do not support the idea that grazing adaptations and increased body
size were accompanied by increased mobility, even during the peak
radiation of equids.
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Fig. 5. Possible scenarios that could explain elevated 87Sr/86Sr (0.7083–0.7090) at Love Bone Bed: (a) foraging on Miocene-aged sediments; (b) influence of marine-
derived strontium via precipitation or sea spray.
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4.1. Why are tapirs isotopically distinct?

Strontium isotope data for Tapirus webbi are considerably higher
than other taxa at Love Bone Bed (Fig. 4). Based on what we know
about the foraging behavior and evolutionary history of tapirs, it is
improbable that individuals moved seasonally or traveled long dis-
tances to forage. Instead, tapirs may have had access to a unique
strontium source, most likely due to their semi-aquatic (fluvial) habit
and consumption of aquatic plants. Distinct 87Sr/86Sr has been observed
for terrestrial versus aquatic or semi-aquatic taxa in other settings
(Hamilton, 2018; Hedman et al., 2009; Maurer et al., 2012; Sillen et al.,
1998). The river channel at Love Bone Bed is filled with Miocene sili-
ciclastics (Webb et al., 1981), which presumably have higher and more
variable 87Sr/86Sr than local limestone. Therefore, river water, as well
as aquatic and riparian plants growing in and adjacent to the river
channel at Love Bone Bed, may have been isotopically distinct from
other available vegetation (Curtis Jr and Stueber, 1973; Hamilton,
2018). Although all fauna at Love Bone Bed likely had access to the
river, drinking water contributes nominally to 87Sr/86Sr in animal tis-
sues (Lewis et al., 2017). Tapirs are the only taxon expected to have
regularly consumed aquatic vegetation. Thus, the river at Love Bone
Bed should have impacted tapirs more than other co-occurring taxa that
primarily foraged on terrestrial vegetation (Fig. 5). Slightly elevated
87Sr/86Sr for gomphotheres (the only other browser sampled at Love
Bone Bed), as well as larger variance for mixed feeders, may reflect
drinking water, infrequent feeding on aquatic plants, or a small con-
tribution of river water to vegetation growing in a riparian forest cor-
ridor (Hamilton, 2018; Sillen et al., 1998; Lewis et al., 2017).

5. Conclusions

Here, we provide the first test of the hypothesis that morphological
and dietary adaptations for grazing in open habitats resulted in in-
creased mobility. We had anticipated that strontium isotope ratios in
tooth enamel would elucidate differences in mobility among co-occur-
ring equids and other large-bodied herbivores in Miocene Florida with
varying body masses and morphological adaptations. Surprisingly, the
majority of individuals have higher 87Sr/86Sr than expected for local
Eocene bedrock and co-occurring taxa are statistically indistinguish-
able. Tapirs are an exception. Elevated 87Sr/86Sr for this group most
likely reflects consumption of aquatic vegetation growing in the river
bed at Love Bone Bed.

Our data suggest that Miocene equids in Florida were relatively
sedentary. While these results are broadly consistent with what re-
searchers have previously suggested for Miocene taxa (Hulbert, 1982;
Tütken and Vennemann, 2009) they are in stark contrast to Pleistocene
equids from the same region (Hoppe and Koch, 2007). Analysis of Late
Miocene and Pliocene equids from Florida could prove useful for es-
tablishing when horses became more mobile in the region. Additional
studies in modern settings will also greatly enhance our ability to use
strontium isotopes as a paleoecological tool.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.11.036.
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