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Abrupt perturbations of the global carbon cycle during the early Eocene are associated with rapid global warming
events, which are analogous in many ways to present greenhouse warming. Mammal dwarfing has been observed,
along with other changes in community structure, during the largest of these ancient global warming events, known as
the Paleocene-Eocene Thermal Maximum [PETM; ~56 million years ago (Ma)]. We show that mammalian dwarfing
accompanied the subsequent, smaller-magnitude warming event known as Eocene Thermal Maximum 2 [ETM2
(~53 Ma)]. Statistically significant decrease in body size during ETM2 is observed in two of four taxonomic groups analyzed
in this study and is most clearly observed in early equids (horses). During ETM2, the best-sampled lineage of equids decreased
in size by ~14%, as opposed to ~30% during the PETM. Thus, dwarfing appears to be a common evolutionary response of
some mammals during past global warming events, and the extent of dwarfing seems related to the magnitude of the event.

Climate change affects plants and animals in ways that are poorly understood. Much can be learned from the study of climate change in the
geological past and its effect on contemporaneous biotas. Early Eocene
global warming events, or “hyperthermals,” are associated with large
perturbations of the global carbon cycle and thus serve as analogs of
modern-day global warming. The largest of the hyperthermals was
the Paleocene-Eocene Thermal Maximum (PETM), which occurred
approximately 56 million years ago (Ma) and lasted about 180,000 years
(1, 2). The PETM is recognized in the geological record by marine and
terrestrial carbon isotope excursions (CIEs) of about −3 per mil (‰)
and −3 to −6‰ (2–4), respectively, and an increase in global temperatures of 5° to 8°C within 10,000 years (2, 5, 6).
Consequences of the PETM’s rapid shifts in carbon cycling and atmospheric temperatures were recorded in both marine and terrestrial
records, including profound biotic turnover and ecologic change in the
terrestrial realm. One of the most extensively studied terrestrial records
of the PETM is located in the Bighorn Basin of Wyoming. Here, the
event is characterized by transient changes in vegetative composition,
from warm temperate paleofloras to those that are indicative of dry
tropical and subtropical climates (2). Terrestrial records of the PETM
are also accompanied by significant mammalian turnover, including the
abrupt introduction of several modern mammalian lineages (including
perissodactyls, artiodactyls, and primates) and mammalian dwarfing in
both immigrant and endemic taxa, observed through changes in the size
of fossilized adult teeth [we use the term “dwarfing” to simply describe
an observed size decrease, whether it be an evolutionary response or a
response that involves other processes as well (for example, migration
and ecophenotypic change)] (7–11). Since the discovery of the PETM in
deep-sea cores and continental sections, subsequent smaller-magnitude
CIEs have also been discovered in marine records (12, 13). The second
largest hyperthermal of the early Eocene, known as ETM2, occurred
about 2 million years after the PETM (approximately 53.7 Ma) and was
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associated with a deep-sea CIE of >1.4‰ and ~3°C warming (12, 13)—
about half the magnitude of the PETM (13). Another smaller-amplitude
hyperthermal, identified as “H2,” appears in the marine record about
100,000 years after ETM2 (approximately 53.6 Ma), with a CIE of ~0.8‰
and ~2°C warming (13).
More recently, geochemical evidence of ETM2 and H2 was uncovered in terrestrial sedimentary deposits within the Bighorn Basin,
with CIEs of −3.8 and −2.8‰, respectively (14, 15). However, their effects on terrestrial climates and ecosystems are not yet documented.
Preliminary results indicated that these hyperthermals were not associated with previously identified mammalian turnover events [(14);
see the study of Chew (16) for a suggestion of turnover within this interval in the southern Bighorn Basin], and no detailed study has yet been
carried out investigating within-lineage mammalian body size change
as done for the PETM (17).
Using the newly documented terrestrial records of ETM2 and H2,
this study addresses two important questions: (i) Similar to the PETM,
is mammalian body size change also found in association with ETM2
and H2? If so, (ii) is there a relationship between the magnitude of a
hyperthermal and/or carbon cycle perturbation and the degree of mammalian dwarfing? Understanding the similarities and differences between
biotic responses to the PETM and these other smaller hyperthermals is
important for determining what kinds of biological responses might be
typical for rapid global warming events like what we are experiencing
today.
Mammalian fossils used in this study were collected from localities
within the northern Bighorn Basin of Wyoming that stratigraphically
span known locations of the ETM2 and H2 CIEs. The Bighorn Basin
is located in northwestern Wyoming, approximately 130 km east of
Yellowstone National Park (Fig. 1). The basin formed during the Laramide orogeny and is bordered by the Beartooth Mountains to the northwest, Bighorn Mountains to the east, and Owl Creek Mountains to the
south. It is composed of up to 4500 m of stratigraphically continuous synorogenic continental sedimentary deposits that accumulated through the
early Paleogene (18–20). The fossils in this study are from the Willwood
Formation, which is composed dominantly of channel sandstones and
brightly colored pedogenically modified overbank mudstone deposits
(paleosols), suggesting paleoenvironments of open-canopy forests and relatively dry floodplains (21, 22). Aside from numerous fossil mammals,
the Willwood Formation also preserves fossil reptiles, birds, amphibians,
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and plants (18). The early Cenozoic began with minimal-to-no polar ice
caps and high global temperatures that reached their long-term peak during the Early Eocene Climatic Optimum (~52 to 50 Ma) (23). Within the
Bighorn Basin, atmospheric mean annual temperatures during the
PETM were estimated to reach between 19° and 26°C (2, 6, 24).
The thick, stratigraphically continuous [on 100,000-year to 400,000year time scales; (15)] deposits of the Bighorn Basin have long promoted
high-resolution studies of ecology, evolutionary trends in flora and fauna, and most recently, past climate (2, 25, 26). Since the early 1990s,
stable carbon isotope studies of pedogenic carbonates have been conducted in the paleosols of the basin to develop continental records of
hyperthermal CIEs (14, 15, 27–29). The carbon isotopic composition
of pedogenic carbonate is useful for recording CIEs because soil CO2,
from which the carbonate precipitates, ultimately tracks atmospheric
d13C (27). Today, soil CO2 at depths greater than ~30 cm is dominantly
a product of root respiration and within-soil organic matter decomposition because atmospheric CO2 has an insignificant direct influence
at this depth (30, 31). Combining a ~4.4‰ 13C enrichment (relative to
plant tissue) through diffusion of CO2 to the atmosphere with an enrichment of ~10.5‰ due to temperature-dependent carbonate precipitation
fractionations, the d13C of soil carbonates today mirror the d13C of
overlying flora with an offset of ~−15‰ (28, 30, 31). Because pCO2
may have changed over time, it should be noted that these 13C enrichment values are present-day estimates (32–34). Carbonate nodules will
form when high soil CO2 production and organic decay lead to acidic
solutions that leach the upper part of the soil. These fluids percolate down
into the soil and, in combination with an increase in the concentration of
Ca2+ or pH, promote calcite precipitation (30).
D’Ambrosia et al., Sci. Adv. 2017; 3 : e1601430
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Fig. 1. Bighorn Basin and sample localities. The Bighorn Basin is located in northwestern Wyoming, USA. Upper Deer Creek (UDC), Gilmore Hill (GH), and White
Temple (WT) stratigraphic sections are located within the McCullough Peaks
region of the northern Bighorn Basin (outlined by a dashed box, see close-up
in fig. S1).

Through the use of carbon isotope analyses of pedogenic carbonate,
ETM2 and H2 have recently been identified in the McCullough Peaks
region of the northern Bighorn Basin (fig. S1). Five stratigraphic sections
now capture the ETM2 and H2 CIEs in this area—GH (Gilmore Hill),
WT (White Temple), UDC (Upper Deer Creek), WB (West Branch), and
CSH (Creek Star Hill). GH and UDC were first reported by Abels et al.
(14), WB and CSH were first reported by Abels et al. (15), and WT is
newly described in this study. This study also provides an updated,
higher-resolution, GH isotope section that leads to a revised correlation
between GH and UDC. Our updated version of the GH isotope section
integrates both the new data and the previous data by Abels et al. (14).
The stratigraphic sections are correlated via tracing of stratigraphic horizons, including a distinct purple marker bed known as Purple 2 [P2; first
identified by Abels et al. (14), which lies in the center of the ETM2 CIE in
all sections; Fig. 2 and fig. S2]. The correlation of these sites has also been
constrained through magnetostratigraphy and correlation of the CIEs
(14, 15). In addition, precession and eccentricity scale patterns from
the McCullough Peaks CIEs are very similar to marine CIE patterns,
further confirming correlations between sections (15).
Stable isotopes of fossil mammal tooth enamel were analyzed to
complement the paleosol carbonate analyses, to confirm the stratigraphic
position of specimens within the CIEs, and to investigate the paleoecology
of these extinct taxa. Because of the precipitation of mammal tooth enamel during ontogenesis, certain teeth may serve as records of an organism’s
paleoecology, including isotopic information about ingested water and
consumed vegetation. This is possible because tooth enamel is composed
of bioapatite, Ca5(PO4, CO3)3(OH, CO3), which precipitates in equilibrium with body water (35–37). Furthermore, in terms of preservation,
enamel is more resistant to recrystallization and postmortem diagenesis
than is bone or dentine because of comparatively smaller amounts of collagen and a larger crystal size (38, 39).
Carbon isotopes in tooth enamel of noncarnivores reflect the d13C of
consumed vegetation, which tracks d13Catmosphere through isotopic fractionation processes associated with photosynthesis (33, 39, 40). Oxygen
isotopes in mammalian body water ultimately record the isotopic values
of ingested meteoric water and, with the use of established physical models
for a range of mammal sizes, can be used to estimate d18Ometeoric water,
which is in turn linked to local atmospheric temperature (35–37, 39, 41).
Using tooth size as a proxy for body size, evidence for mammalian
dwarfing has been recorded in terrestrial records of the PETM (7, 8, 10).
Teeth in adult mammals scale proportionally to body size. Of all tooth
positions, the first lower molar (M1) tends to exhibit the strongest correlation between crown area and body weight across most taxonomic
groups of mammals. However, the crown area of other molars are also
highly correlated with body size (see Materials and Methods for further
discussion of body size calculations) (42–44). A high-resolution study
focusing on the earliest equid Sifrhippus demonstrated a decrease of at
least 30% in body size during the first 130,000 years of the PETM,
followed by a 76% rebound in body size during the recovery phase of
the PETM. It is possible that the PETM records begin on an unconformity within the central and southern Bighorn Basin, and as a result, early PETM fossil records may not encapsulate the true extent of
dwarfism. Assuming pre- and post-PETM environmental conditions
were equal, pre- and post-PETM body size could also be assumed as
equal. In this case, on the basis of a comparison between mid- and
post-PETM body size cited in the high-resolution study of Secord et al.
(10), the extent of early equid PETM dwarfing may have reached ~44%.
For the purpose of comparison, our ETM2 and H2 study focuses on
body size change in the early equid lineage Arenahippus pernix (see
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Materials and Methods for note on taxonomy). Fossils of early equids
are common in lower Eocene deposits of the Bighorn Basin, making a
comparison between the PETM and ETM2 hyperthermal events possible. This study further investigates three other commonly occurring
mammalian lineages: Diacodexis metsiacus, an early rabbit-sized artiodactyl that had cursorial/saltatorial locomotive adaptations (45);
Hyopsodus simplex, a generalist herbivorous archaic ungulate with
weasel-like body proportions (45); and Cantius abditus, an early frugivorous primate similar to modern lemurs (45), although sample
sizes for these three lineages were less favorable.

RESULTS

The carbon isotope values in paleosol carbonate (d13Cpc) at WT range
from −14.3‰ to −8.6‰, and the average is −10.9‰. There are two distinct and well-defined excursions reaching −13.7‰ at 905.3 m above
the PETM [based on a five-point moving average with a 95% confidence
interval (CI) of −14.0 to −13.3] and −11.3‰ at 938.8 m above the PETM
(95% CI, −11.9 to −10.7) (Figs. 2 and 3A and table S1). These two CIEs
at WT can be confidently correlated to the ETM2 and H2 CIEs in the
Deer Creek area of the McCullough Peaks (14, 15). The distinct P2
marker bed that falls within the lower isotope excursion at WT can
be traced to the ETM2 CIE through WB, CSH, and UDC (Fig. 2).
The smaller excursion that falls 33.5 m above the larger excursion at
WT is similar in magnitude to H2 at UDC, which falls 24.6 m above
the ETM2 in that section.
Isotopic analyses of the newly sampled GH section carbonate nodules resulted in a minimum d13C of −13.5‰ (based on a five-point
moving average; 95% CI, −14.3 to −12.7) at the 906.1-m level and a
maximum d13C of −9.0‰ (95% CI, −9.2 to −8.7) at the 921.1-m level
D’Ambrosia et al., Sci. Adv. 2017; 3 : e1601430
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(Fig. 2, fig. S3, and table S2). The previous GH minimum d13C was reported as −12.0‰ and the maximum as −8.7‰ (fig. S3) (14). The updated d13C minimum of −13.5‰ occurs within 2.7 m of P2 and thus
clearly represents the ETM2 CIE [and not the H2 CIE as originally proposed by Abels et al. (14)]. These new isotopic and lithostratigraphic
data now clearly show the stratigraphic expression of ETM2 and H2
across the entire McCullough Peaks escarpment (Fig. 2). In addition,
d13C of Arenahippus tooth enamel from GH and WT exhibited the
lowest values of −15.0‰ at 910.4 m, within the ETM2 CIE, indicating
that these fossils are in fact associated with the hyperthermal events
identified in the surrounding paleosol carbonate nodule records (Fig. 3B
and table S3). Although d18O of the same Arenahippus tooth enamel
appears to respond to ETM2 warming, there is a large amount of variability in the data (average ETM2 d18O ± 2s is 20.6 ± 3.5‰; fig. S4 and table
S3), which is also the case during the PETM (24.1 ± 3.5‰) (10). This variability likely reflects the impact of aridity on leaf water d18O or the impact
of multiple seasons of birth on d18O of the molar tooth enamel (46, 47).
When comparing ETM2 d13Cpc records to the observed and predicted M1 tooth size patterns of Arenahippus, it is clear that tooth size
exhibits a short-term decrease within the same stratigraphic bounds as
ETM2 (Fig. 3C and table S4). Just before the lower stratigraphic boundary of ETM2 (~899 m), the natural log of Arenahippus average tooth
area (±2s) is 3.63 ± 0.25 (equal to 37.71 mm2), which corresponds to
an estimated body size of ~7.70 kg (Table 1) (43). Arenahippus then
dwarfs in size by ~14% to an ln(tooth area) of 3.53 ± 0.30 (34.12 mm2)
or ~6.60 kg as the ETM2 CIE peaks around −14‰ d13Cpc. As the CIE
recovers to background d13Cpc, Arenahippus rebounds ~20% in size
to 3.65 ± 0.46 (38.47 mm2) or ~7.93 kg. The pre-CIE to CIE decrease
in Arenahippus body size is significant (P = 0.016, using a bootstrapping
analysis) (see “Statistical analyses”).
3 of 9
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Fig. 2. Stratigraphic framework. Lithostratigraphy, paleosol carbonate nodule isotope stratigraphy (d13Cpc), biozonation, and magnetostratigraphy of the GH, WT, and
UDC sections. The tan-shaded region highlights the body of ETM2 across all sections. The purple band represents the P2 marker bed, which can be visually traced
across all outcrop sections in the field, and is associated with the most negative values of the ETM2 CIE. *Modified from Abels et al. (14).
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Although data are more limited for Diacodexis, Hyopsodus, and
Cantius, both Diacodexis and Cantius follow similar trends to Arenahippus
in terms of decrease in body size occurring concordantly with the
ETM2 CIE (fig. S5 and table S4). Diacodexis shows a statistically significant (P = 0.010) pattern very similar to Arenahippus between the
pre- and mid-ETM2 records, beginning with an average ln(tooth area) of 2.63 ± 0.14 (13.87 mm2), which corresponds to a body size of
1.62 kg, and then decreasing by ~15% to an average ln(tooth area) of
2.53 ± 0.31 (12.55 mm2), which corresponds to a body size of 1.37 kg
within ETM2 (Table 1). Barring some anomalously small tooth sizes
found at the 851- to 852-m level in the Cantius data set, these primates show their smallest ln(tooth area) of 2.82 ± 0.18, or 16.78 mm2
within the peak d13Cpc values of the ETM2 CIE; however, this change
is not significant (P = 0.315). Hyopsodus exhibits no clear change in
body size through ETM2. Pre-ETM2 specimens exhibit an ln(tooth
area) of 2.21 ± 0.18, or 9.12 mm2. Hyopsodus then shifts to 2.22 ±
0.25, or 9.21 mm2, going into mid-ETM2 levels—a scant and statistically insignificant 0.01 natural log unit difference (P = 0.651; Table
1). Sample sizes in the post-ETM2 bin were very small (n = 1 to 7);
thus, the statistical power for these tests is very low. The resulting
body size changes from ETM2 to post-ETM2 for all taxa were therefore insignificant. No teeth for any of the studied taxa were found in
the H2 CIE; thus, no analyses of body size change across H2 could be
performed.
D’Ambrosia et al., Sci. Adv. 2017; 3 : e1601430
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DISCUSSION

Our Arenahippus and Diacodexis tooth size data demonstrate statistically
significant reductions in mammalian body size during ETM2 greenhouse
warming as was found during the PETM. With only two early Eocene hyperthermals to compare to date, it is not yet possible to determine an empirical relationship between body size and CIE magnitude. However, it is
clear that the smaller ETM2 CIE is associated with less extreme dwarfing,
whereas the larger PETM CIE is associated with larger-magnitude body size
change, suggesting a monotonic relationship. The dwarfing pattern is shown
most clearly by A. pernix, the best-sampled taxon in our study (n = 57).
Arenahippus decreases in size by ~14% going into the −3.8‰ ETM2
CIE, which is less than the ~30% decrease in body size going into the
−5.9‰ PETM CIE (Fig. 4) (10, 14). The precise percent body size change
measured across these hyperthermals partially depends on how the baseline
is chosen, but no matter how this is done, the proportional body size change
at the PETM is much greater than that at ETM2. Furthermore, given the
complex scaling of CIEs detected from pedogenic carbonates compared to
marine carbonate (15, 48, 49), it may be argued that it is instead more appropriate to compare our body size data with the marine surface water records of these CIEs because these come closest to atmospheric carbon
isotope changes. In addition, body size changes were driven by environmental changes that were a result of carbon cycle changes of which the
carbon isotopes are a derivative and not a direct measure. Either way, our
data still suggest a monotonic relationship with the CIE magnitude (Fig. 4).
4 of 9
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Fig. 3. Arenahippus isotopes and tooth size in response to ETM2. Comparison of d13C of pedogenic carbonate, d13C of Arenahippus tooth enamel, and Arenahippus
tooth size. Orange bands represent body of ETM2 and H2 CIEs. Purple band represents the P2 marker bed. (A) Isotopic data from paleosol carbonate nodules. UDC was
aligned with GH and WT using the P2 bed (see Fig. 2). Arenahippus tooth enamel carbon isotope values (B) in association with Arenahippus tooth sizes (C) were collected
across all three McCullough Peaks stratigraphic sections. Tooth size represents the observed M1 ln(tooth area) or the predicted M1 value based on tooth size regressions. Dark gray line represents a five-point moving average of all tooth size values, whereas the light gray shaded region represents the 95% CI for the mean. See figure
legend for section and tooth position designations. Black horizontal bars on tooth sizes represent propagated analytical error (2s).
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Table 1. Binned average tooth size and body size estimates across ETM2. Bold P values are significant and are based on bootstrapping analyses described
in Materials and Methods. P values were not determined for n < 5 [not applicable (N/A)].
Taxon

Arenahippus

Diacodexis

†‡

Hyopsodus

Cantius

P value

% Body size change
between bins

Pre to mid

−0.10

0.016

−14.3%

7.93

Mid to post

+0.08

0.032

+20.1%

0.14

1.62

Pre to mid

−0.10

0.010

−15.0%

2.53

0.31

1.37

4

2.71

0.57

1.83

Mid to post

+0.18

N/A

+32.9%

Pre

23

2.21

0.18

0.78

Pre to mid

+0.01

0.651

+1.94%

Mid

14

2.22

0.25

0.79

Post

2

2.06

0.59

0.62

Mid to post

−0.16

N/A

−7.36%

Pre

22

2.85

0.25

2.51

Pre to mid

−0.03

0.315

−4.26%

Mid

9

2.82

0.18

2.41

Post

1

2.77

—

2.22

Mid to post

−0.05

N/A

−7.79%

Sample
size (n)

Average tooth size
[ln(l × w)]

95% Confidence
interval*

Body size
estimate (kg)

Pre

21

3.63

0.25

7.70

Mid

29

3.53

0.30

6.60

Post

7

3.65

0.46

Pre

21

2.63

Mid

12

Post

*Equal to two SDs (2s). †Body size calculation based on the study of Legendre (43), “artiodactyl + perissodactyl” tooth area–body size regression. ‡Post-ETM2
calculations for Diacodexis and Cantius are based on a single data point. §Body size calculation based on the study of Damuth (44), “nonselenodont ungulates”
regression. ¶Body size calculation from Gingerich et al. (74) and Legendre (43), “primate” regressions.

Although this study did observe a decrease in body size for Arenahippus
and Diacodexis during ETM2, measurable teeth for all taxa were less
abundant in post-ETM2 stratigraphic levels in these sections, making
it difficult to derive meaningful post-CIE body size change estimates.
Furthermore, Diacodexis and Cantius first appeared in the Bighorn
Basin during the PETM, and their fossils have not yet been reported
at high enough resolution to record body size change within the
PETM, making pre- to mid-CIE dwarfing comparisons difficult
for these taxa. Despite the unavailability of pre- to mid-PETM tooth
size data for Diacodexis and Cantius, it should be noted that their
mid- to post-PETM decrease in body size of 10 to 14% is much less
than that for Sifrhippus (an early equid closely related to Arenahippus)
at the PETM (10). This suggests that their pre- to mid-ETM2 size
decrease would have also been quite small (assuming that their
post-PETM background size was equivalent to their pre-PETM size).
Thus, a smaller decrease in body size for the two lineages in this study
is not surprising. Hyopsodus’ body size did not change significantly
going into ETM2, which contradicts the ~46% decrease in body size during
the PETM (Table 1 and fig. S5) (10); however, this taxon is known from
only two specimens before the PETM (25); thus, body size estimates
across that CIE are very poorly constrained.
Drivers of body size change
Body size change during periods of climate change is commonly seen
throughout historical and geological records among mammals and other organisms (50). For instance, since the last glacial maximum, body
size trends in woodrat (Neotoma sp.) populations tracked known temperature fluctuations (smaller body sizes associated with warming) (51).
A similar trend was observed in historical records of pocket gophers
(Thomomys talpoides) (52). Both studies concluded that body size responses reflected microevolutionary change. Studies of modern animal
D’Ambrosia et al., Sci. Adv. 2017; 3 : e1601430
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populations have also yielded similar body size results. Soay sheep (Ovis
aries), red deer (Cervus elaphus), and California squirrels (Spermophilus
beecheyi) have all exhibited phenotypic responses to climate change
(53–55). The sheep and deer show a decrease in body size in response
to increasing temperatures (53, 55), while the squirrels show a decreased
body size in response to decreased precipitation (54). Secord et al. (10)
suggested that temperature change might have been the strongest driver
of body size change in equids during the PETM. Their results show a
strong negative correlation between body size and oxygen isotope values
(a proxy for atmospheric temperatures) of mammal teeth from various
coexisting lineages (10). Both body size and oxygen isotope data sets
exhibited a slight lag behind the d13C, suggesting temperature rather
than pCO2 (that is, via plant nutritional quality) was the most direct
driver of body size change.
Among the mechanisms proposed for body size change, the prevailing hypotheses often draw on modern observations of Bergmann’s
rule to argue that homeothermic mammals surviving at higher temperatures and/or lower latitudes generally exhibit a high surface area–
to–volume ratio to efficiently release body heat (50, 56). In this way,
Bergmann’s rule can also help explain why shifts to a smaller body size
may be a common response to warming higher-latitude regions. Similar
to modern-day observations, a smaller body size across the early Eocene
hyperthermal events may have resulted from immigration either of
smaller, lower-latitude members of the taxon’s population or, as an
anagenetic response of the whole lineage—or some combination of
the two (9, 10, 26, 57, 58).
Nutrient availability along with, and as a consequence of, rising temperatures and drought, may also have a direct effect on body size.
Assuming that a negative CIE equates to high pCO2, decreased water
and nutrient availability associated with increased pCO2 and temperature levels could limit plant growth and thus the body size of consumers
5 of 9

Downloaded from http://advances.sciencemag.org/ on April 11, 2018

‡¶

§

†

Natural log (ln)
unit difference

Bin

SCIENCE ADVANCES | RESEARCH ARTICLE

(50). Nutrient availability in soils can be further affected by increasing
temperatures, drought, and associated wildfires. This results in soil nitrogen losses, leading to even further reduced plant growth and net
primary productivity (50, 59). Ultimately, primary consumers may exhibit a reduction in body size.
Studies of modern lineages of plants, birds, and mammals indicate
that reproductive biology, specifically short generation times, may
amplify size declines in association with rising temperatures and
drought. For instance, drought conditions have been known to lead
to smaller offspring (50, 60). Given the close relationship between body
size and generation time in mammals, it is possible that as temperatures
and/or droughts increase, smaller mammal body size will ensue, followed
by shorter generation times, leading to a positive feedback cycle.
Lastly, it is possible that differing precipitation patterns between the
two hyperthermal events may have controlled differences in body size
change at the events, although the nature of the differing precipitation
patterns is not clear. Hydrological records of the PETM suggest more
variable and overall drier soils, which are likely linked to precipitation
changes (61, 62). Less precipitation may have exacerbated the dwarfing
response during the PETM—first in terms of type and quality of consumed vegetation and second in terms of offspring size. In contrast, hydrological records of ETM2 suggest an increase in soil moisture during
this event (15), perhaps mitigating the dwarfing response. In the same
way that the fundamental carbon cycle causes of the PETM and ETM2
may be different (15, 63), the mechanism for body size change at the two
events may also be different. However, irrespective of the exact mechanism, it is clear that body size dwarfing in some mammal lineages is
closely linked with hyperthermals and may be a common evolutionary
response. This suggests that dwarfing will be a likely natural response of
some mammals to future global warming.

MATERIALS AND METHODS

Field collection and taxonomic identification
The newly described WT stratigraphic section (base of section at
N44.5297712, W108.6757226; top of section at N44.5167142,
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Sampling for isotopic analysis
Carbonate nodules were ground flat using a 45–diamond grit lap wheel
to sample from the inside of the nodule. Before sampling, the ground
surfaces of the carbonate nodules were inspected for signs of alteration
(for example, sparry calcite or hematite inclusions). Nodules that were
visibly altered were excluded from sampling. Micritic carbonate was
ground from the polished nodule surface using a Foredom K.2230 flex
shaft rotary drill with diamond tip burrs (~1 to 2 mg of powder was
collected from each nodule).
Stable isotope results from Arenahippus tooth enamel were used to
complement the stable isotopic results from pedogenic carbonates. Isotopic analysis of mammal teeth was restricted to Arenahippus because they
were the most commonly appearing fossils in mid- to late-Wasatchian
6 of 9
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Fig. 4. Relationship between CIE magnitude and dwarfing extent. Body size
changes at PETM and ETM2, compared to both marine (circle) and terrestrial (diamond) expressions of the CIEs. Early equids show a decrease in body size of
~30% at the PETM [Secord et al. (10)], whereas there is only a decrease in size by
~14% at the ETM2. The PETM was a much larger magnitude event at ~3.4 ± 0.1‰
(benthic foraminifera) and ~5.9 ± 0.9‰ (terrestrial) above background d13C levels,
whereas ETM2 was a smaller-magnitude event at ~1.3 ± 0.2‰ (benthic foraminifera)
and ~3.8 ± 0.6‰ (terrestrial) above background d13C levels (Abels et al. (15)].

W108.6720318; WGS 84 datum) and updated component of the GH
section (base of updated part of section at N44.521012, W108.650241;
top of updated part of section at N44.519680, W108.64923) were
measured using a Jacob’s staff and Abney level. The tops and bases of
individual beds were identified in the section by digging through
overlying weathered material to the underlying rock. Each bed was then
described in terms of color and grain size.
Carbonate nodules were collected from the WT and GH sections by
trenching through the highly weathered overburden into underlying
rock until in situ nodules were uncovered. Stacked transects of these
trenches spanned a total of >100 m. Nodules were sampled every
~10 to 50 cm within the trenches. Each sample of carbonate nodules
was cataloged and noted in relation to the measured stratigraphic
section.
Fossil specimens tend to accumulate in surface exposures along small
hills and slopes in the McCullough Peaks region. All fossils discovered at
WT and GH were recorded with Global Positioning System (GPS) and
collected during summer field seasons from 2009 to 2015. UDC fossils
were recorded with differential GPS and were collected during the summers of 2010 to 2012. All specimens were measured into the nearest
established stratigraphic section and cataloged in the University of Michigan Museum of Paleontology. These data were then transferred to an
existing relational database that is used to organize paleontological
information. Fossils are often found in situ as they erode out of the
outcrop. A study focused within the PETM interval at Polecat Bench
in the Bighorn Basin has shown that there is potential for some downslope movement of fossils after erosion (64). The amount of down-slope
movement is dependent on variables such as erodibility of the fossil
source horizon’s rock type and the length in time that the source horizon
has been exposed to this erosion. Other factors likely include topographic
characteristics such as slope angle (65). This down-slope mixing would
tend to increase the variance of observed body sizes within stratigraphic horizons and thus dampen any body size patterns that may be observed (64).
All specimens that were included in this study were identified as being from within one of the following four species based on the morphological characteristics available: A. pernix (66), D. metsiacus (67),
C. abditus (68), and H. simplex (69). These taxa have been thought to
be part of anagenetic lineages that evolved through the early Eocene in
the Bighorn Basin and thus are typically referred to as chronospecies
(5, 7, 66, 68, 70, 71). Some disagreement exists over the best taxonomy to
use for some of these taxa [for example, see the studies of Froehlich
(72, 73)]; however, the morphological continuity of these lineages is well
established on the basis of the densely sampled stratigraphic and paleontological record available in the Bighorn Basin (45, 66, 68, 71).
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Body size
Tooth measurements were made on teeth of Arenahippus, Diacodexis,
Hyopsodus, and Cantius. All teeth were collected from localities stratigraphically spanning ETM2 and H2. Using Fowler-Sylvac Ultra-Cal
Mark III digital calipers, the length and width of every tooth crown were
measured (in millimeters) three times, and the mean of these measurements was used. Tooth size was converted to body size using a relevant
linear regression that is based on the tooth size–body size relationship in
all artiodactyls and perissodactyls (43), nonselenodont ungulates (44),
and primates (43, 74).
To compare all tooth positions on the same scale, we normalized
non-M1 tooth area measurements to their predicted M1 size using tooth
size regressions. The predicted M1 tooth areas were developed from regressions based on all jaws available with M1 and associated M2, M1 and
associated M3, and M1 and associated P4 (fig. S6). In certain cases, very
few jaws from a particular taxon had both M1s and associated M3s or
P4s, etc. In this case, a regression was not formulated, and the other teeth
were not used. For instance, a particular taxon may have many M1s with
associated M2s but very few M1s with associated M3s; thus, the M3 size
data were not used. When multiple teeth existed from a single individual
(that is, an observed M1 and/or multiple predicted M1s), only the observed M1 was included in the analyzed data set (or the next “best” predicted tooth is used, on the basis of regression strength). When a single
individual with both teeth of the same position existed, an average of the
tooth size was used.
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Statistical analyses
Moving averages with 95% CIs were calculated for tooth size data within
each lineage to identify stratigraphic patterns. The natural log of each
observed and predicted M1 was plotted against a stratigraphic level. A
five-point running mean of tooth size was then applied across the stratigraphic intervals. If multiple teeth occurred at the same stratigraphic
interval, then an average of the teeth was taken before the application
of the running mean. Upper and lower 95% CIs were then applied to the
five-point moving average values.
A simple binning technique was used to calculate the average tooth
size, and thus average body size, change across the CIEs. Teeth were
determined to be within a CIE if they came from stratigraphic levels
with paleosol carbonate d13C values of less than −11.5‰. This cutoff
value was based on a natural gap in the d13C data that lies approximately
halfway between the lowest CIE d13C value (−14.3‰) and highest
background d13C value (−8.6‰). As a result, the ETM2 CIE falls between 900 and 915 m above the PETM, and H2 falls between 932 and
939 m. Note that only two paleosol carbonate values represented the H2
CIE given this criterion, and no tooth specimens from any taxa in our
study fell within this limited stratigraphic range.
The natural autocorrelation of tooth size data throughout a lineage
made it difficult to apply standard statistical analyses; thus, a bootstrapping approach was used here instead. Tooth size data from each lineage
were bootstrapped to determine whether pre-CIE tooth sizes were significantly different from CIE tooth sizes and whether CIE tooth sizes were
significantly different from post-CIE tooth sizes. Tooth size data from
each lineage were binned into pre-CIE, CIE, and post-CIE groups
according to the criterion outlined above. The number of tooth size data
points in each bin was determined for a given lineage (npre-CIE, nCIE, and
npost-CIE). The original data set for each lineage was then resampled with
replacement (bootstrapped) 1000 times, creating subsamples with the
same npre-CIE, nCIE, and nPost-CIE as the original sample. At each iteration,
the difference was calculated between the means of the bootstrapped subsamples. The distribution of the differences between the means of the
bootstrapped subsamples was then used to determine the significance
of the observed difference between the means of the pre-CIE, CIE, and
post-CIE tooth size subsamples. Observed differences falling in a 2.5% tail
of the bootstrapped distribution were considered significant. No teeth for
any of the studied taxa were found in the H2 CIE; thus, this approach
could not be used to study the hyperthermal.
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