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PALEODIETS AND PALEOENVIRONMENTS OF LATE MIOCENE
GAZELLES FROM NORTH CHINA: EVIDENCE FROM
STABLE CARBON ISOTOPES
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(1 Department of Geology and Geophysics, University of Utah Salt Lake City, UT 84112, USA # corresponding author;
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(2 Department of Geology, University of Helsinki Helsinki, P. 0. Box 64, FIN-00014, Finland)

(3 Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences Beijing, 100044, China)

Abstract We use carbon isotopes in fossil tooth enamel to infer dietary preferences in Baodean ( Late
Miocene) gazelles from three classical localities in North China, along with putative browsers ( Cervidae)
and grazers ( Hipparion) from the same localities. The results suggest that these Late Miocene ecosystems
were dominated by C; vegetation, but contained a small fraction of C, vegetation ( probably less than ~
30% ). We find that the higher-crowned gazelles ( Gazella dorcadoides-type) consumed up to ~20% C,
plants, whereas G. paotehensis-type gazelles ( intermediate crown-height forms) and G. gaudryi-type
gazelles (low-crowned forms) had essentially pure C, diets. Cervidae consumed pure C, vegetation,
while Hipparion consumed some C, vegetation and is statistically indistinguishable from G. dorcadoides-
type gazelles. The carbon isotope data are consistent with a primarily browsing diet in G. gaudryi-type
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gazelles, and a larger fraction of graze in the diet of G. dorcadoides-type gazelles. Taken with the distri-
butions of these taxa, the data support the established concept of relatively closed habitats in the south-
east CLP ( Chinese Loess Plateau) compared to the northwest CLP during the Late Miocene. The direc-
tion and pattern of this environmental gradient may be an early signature of the East Asian Monsoon sys-
tem in this region.

Key words North China, Late Miocene, Gazella, carbonate isotope, paleodiet

1 Introduction

During the early part of the 20" century, extensive collections were made of fossil mammal
faunas from the Hipparion red clay in the loess plateau of North China. The fossils came from
dozens of localities ( Fig. 1), many of which were ‘dragon hone’ mines from which fossils
were extracted for traditional medicinal use. These often occurred in rich fossiliferous * pockets’
(Zdansky, 1923 ; see English translation by Jokela et al., 2005) , with generally well-preserved
and abundant material, much of which may represent instantaneous or accumulated mass death
assemblages ( Kurién, 1952).

Workers suggested early on
( Schlosser, 1903 ) that these lo-
calities could be separated into
those with a forest-like faunal as-
pect, primarily located in the

41°N

39

south, and those with steppe-like 3r

faunal aspects, located northward.

Among others, Kurtén ( 1952 ) 35

fully and classacally c%evel(v)ped I @ 'Gaudryi Localities' (forest affinity)
these ideas, and further identified 3110 Mixed Localities’ (mixed affinity)

the geographic separation as a 1 @ 'Dorcadoides Localities' (steppe affinity)
southeast to northwest pattern 31°

T T
(Fig. 1) similar to the modern L4 or e uz

distribution of summer monsoon Fig. 1 Map showing study area and distribution of * gaudryi” ,
rainfall and the northwestward ‘mixed’ , and ‘dorcadoides’ localities ( after Kurtén, 1952)
transition in North China from for-

est to steppe, and ultimately desert environments. These ideas are generally accepted today (e.
g., Fortelius et al., 2002 ; Zhang, 2006) and are supported by independent proxy data such as
plant macro- and micro-fossils ( Sun and Wang, 2005).

The forest-like faunas in the southeast typically contain abundant deer, other presumed
browsers like the giraffid Honanotherium, and the relatively low-crowned Gazella gaudryi.
Kurtén (1952) termed these ‘ gaudryi faunas’ and referred to localities with such faunas as
‘ gaudryi localities” . The steppe-like faunas in the northwest typically contain higher-crowned
forms such as the rhinocerotid Chilotherium, the ovibovid Urmiatherium, and Gazella
dorcadoides , and were termed by Kurtén ‘ dorcadoides faunas’ and ‘ dorcadoides localities’ .
Kurtén further recognized localities with elements of both types, which were termed *mixed lo-
calities” . Localities in the southeastern CLP are exclusively ‘ gaudryi’ localities, whereas those
in the northwest region near Baode are both ‘ dorcadoides’ and ‘ mixed’ localities ( Fig. 1).
Kurtén suggested that this region marked a transitional zone between two major ecological pro-
vinces, forest to the southeast and steppe to the northwest, with spatial ecological heterogeneity
or a shifting boundary in time, or both, giving rise to the occurrence of both types of faunas.

This paper seeks to evaluate two related questions. First, do isotope dala support the no-
tion that the higher-crowned G. dorcadoides consumed more grass than the lower-crowned G.
gaudryi? Second, are isotope data consistent with the idea of more humid, forested environ-
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ments to the southeast, and more arid, steppe-like environments to the northwest? In addition,
are we able to address the question of whether the global Late Miocene C, vegetation expansion
(Cerling et al., 1997) influenced North China. To answer these questions, we use carbon iso-
topes and focus on gazelles, equids, and cervids from three classic localities; Locality 30, a
“ dorcadoides-type’ locality near Baode, Shanxi Province; Locality 49, a ‘ mixed-type’ locality
also located near Baode, and Locality 73, a ‘ gaudryi-type’ locality located near Wuxiang,
Shanxi Province (Fig. 1).

Carbon isotopes reveal the extent to which an animal fed on plants using the C, photosyn-
thetic pathway versus plants using the C, pathway. This is useful for paleodietary studies, be-
cause nearly all browse plants (e. g., trees, shrubs, and forbs) use the C, pathway, whereas
graze plants (grasses, sedges) use either the C; or C, pathway. Within the graze plants, there
is a very strong correlation between the percentage of species using the C, pathway, and grow-
ing-season ( = rainy season) temperature, with higher temperatures favoring C, grasses
( Ehleringer et al., 1997). Further, a very small fraction of browse plants utilize the C, path-
way, less than 5% of species in most ecosystems, and these are more predominant in arid eco-
systems. In continental Asian deserts, C, dicots in the families Chenopodiaceae and Polygo-
naceae may comprise a larger fraction of plant biomass ( Pyankov et al., 2000).

Therefore, if there truly was a southeast-northwest environmental gradient in North China
during the Late Miocene, such that habitats to the northwest were relatively open compared to
those to the southeast, we might expect a minimized grazing potential in the southeast and C;-
based diets in most herbivorous mammals there. Forest giving way to steppe to the northwest
would permit more grazing, and if C, grasses were environmentally favored (e. g., due to warm
rainy seasons, or sufficiently low atmospheric CO, ), we might expect a C, isotope signal in
grazing herbivores, and possibly even in browsing herbivores eating C, dicots that are a minor
component of some arid ecosystems. It should be stressed, however, that carbon isotopes cannot
distinguish between C; grasses and C; browse. Therefore, findings such as those outlined above
would support the concept of such an environmental gradient, but would not prove the existence
thereof.

2  Methods

2.1 Fossil material

We analyzed fossil material housed in the Lagrelius Collection at the Museum of Evolution,
Uppsala University, Sweden. Al each locality, we analyzed Gazella specimens, along with
Hipparion and Cervidae material. The latter two were sampled to provide putative grazing and
browsing reference points that the Gazella results could be compared with. The Cervidae materi-
al includes specimens labeled as “Pliocervid” and Cervocerus novorossiae ( = Cervavitus no-
vorossiae ) .

Gazelles from the Late Miocene of north China are in need of revision and correlation with
other Eurasian species. For this study we utilized the most recent assignments of the material in
the Lagrelius collection, and grouped them into 3 *types’ following Kurtén (1952). The *G.
gaudryi-type’ consists of specimens identified as G. gaudryi ( Schlosser, 1903 ) and G. sp.
(aff. gaudryi) (Bohlin, 1935). The ‘G. paotehensis-type’ consists of those identified as G.
sp. ( 7 paotehensis) (Teilhard de Chardin and Young, 1931). Finally, the *G. dorcadoides-
type’ consists of those identified as G. dorcadoides ( Schlosser, 1903 ) and G. sp.
(7 dorcadoides). The assignments utilized here are those from placards associated with the
specimens when we sampled them during June 2005. We proceed with these assignments, reco-
gnizing that future revision may improve the results of the present study.

Kurtén (1952) reported tooth crown height measurements of gazelles in each group, and
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the results are recast here in Fig. 2. Because we have access only to the average, standard de-
viation, and range of the data measured by Kurtén (1952) , we do not perform statistical analy-
sis of these data. However, on the basis of computing means and variances, Kurtén (1952)
considered the difference in m3 height to be ‘certainly’ significant between G. dorcadoides-
and G. gaudryi-types, ‘almost certainly’ significant between G. dorcadoides- and G. paotehen-
sis-types, and ‘probably’ significant between G. gaudryi- and G. paotehensis-types ( Kurtén,
1952.64 ). Visual inspection of the data in Fig. 2 largely supports these conclusions.

2.2 Stable isotope methods
The isotope delta (8) notation is X G. dorcadoides
= ’ b,.[ : 4 i {> G. paotehensis
defined as, in the case of carbon iso- O G gaudryi

topes, 8°C = (R/R, -1) x 1000, 25 ; 1h4
where R_ is the "C/"*C ratio of the sam- [ i 1
ple, and R, is the BC/™C ratio of a o[ I : L2
standard. Here the standard is PDB, and I i | ' * [
the carbon data are reported on the PDB , | ' i Q ga I
scale. The units of & are per mil (%), 8 'S¢ ! : TR s
which is essentially equivalent to parts § | | i [
per thousand deviation from the stand- “—E 10k i Jos®
ard. I : 1 2
Enamel samples were removed from i : ] g
teeth by grinding with a diamond-impreg- 5r i 06
nated drill bit an(.] (:(.)]]e(:ling the r?suiling [ m3 height | 3 length Hypsodonty
powder over weighing paper. Samples ol | Index ok

were pretreated with 3% H,0, and 0. 1

M CH,COOH ?}uffer solution for 15 mi- Fig. 2 Tooth crown heights and lengths, and hypsodonty
nutes ea(':h ’ WTth ea‘.ch‘ step followed by index, for third lower molars of Baodean gazelles
several rinses in deionized water. Sam- Tpe open circles, open diamonds, and stars show the mean
ples were reacted at 90°C in a common values for G. gaudryi-type, G. paotehensis-type, and G.
acid bath device, and the resulting CO, dorcadoides-type gazelles, respectively; the gray boxes show
was analyzed in dual-inlet microvolume the standard deviation, and the white boxes show the total
mode usi'rlg a Finnigan MAT 252 mass range of different individuals ( data from Kurtén, 1952)
spectrometer. All data were normalized to NBS-19 (3”C = 1.95%c PDB).

To calculate the percent C, vegetation in diet, we follow Passey et al. (2002) and use ma-
rine planktonic foraminifera data to estimate the 8" C value of ancient atmospheric CO,. Data
from Pagani et al. (1999) suggests a value for Late Miocene atmospheric CO, of ~ -5.5%o,
using the foraminifera — atmospheric CO, fractionation factors discussed in Passey et al.
(2002). Combined with fractionations between CO, and biomass of —16.7%c and —4. 7% for
C, and C, plants, respectively, this gives end member values of -22. 1% (C,) and 11. 4%o
(C,) for Late Miocene vegetation. We use an enamel-diet fractionation of 14%o¢ ( Cerling and
Harris, 1999; Passey et al., 2005). Thus, a pure C; end member diet should be - 8. 4%,
and a pure C, diet 3.7%c, and we assume a linear mixing model such that % C, = 8.26 x3"C
+ 69. 8. These estimates are conservative, and should be viewed as the minimum possible
fraction of C, vegetation in diet for each given 8" C value.

2.3 Statistical approach
Our sample sizes are relatively small, and we utilize parametric and non-parametric statistics
at the a = 0.05 level. We use the unpaired t-test and Mann-Whitney test (k =2, where k is the
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number of taxa being compared) , or ANOVA followed by Fisher’s PLSD, and the Kruskal-Wal-
lis test followed by Dunn’s Method (k >2), to determine significant differences hetween and
among populations. In the following discussions, we refer to pairs of samples as ‘significantly dif-
ferent’ when p-values are less than 0. 05 for both the parametric and non-parametric tests, and
“likely different’ when p-values are less than 0.05 for one of the tests.

3 Results

3.1 General ecosystem carbon isotope signal

Isotope data are reported in Table 1, and illustrated in Fig. 3. Carbon isotopes indicate
C;-based diets for all taxa, ranging from pure C; vegetation for all cervids, G. gaudryi-type,
and G. paotehensis-type gazelles, to 0 — 18% C, vegetation for G. dorcadoides-type gazelles,
and 0 -33% C, vegetation for Hipparion. While animal diets do not necessarily record the aver-
age photosynthetic pathway of biomass in an ecosystem, they are usually a good indicator of the
dominant vegetation types. To this extent, the carbon isotope results suggest C,-dominated eco-
systems in this region during the Late Miocene, complemented by a small but significant fraction
of C, vegetation.

' minimum

CPuggf l%ce 4 plants 3.2 [Isotopic variation as a function of

3 0 1020 30 locality
Loc. 30 o @ @ Hipparion Hipparion was sampled at each of the
o @@ o G. dorcadoides  three localities, and has statistically indis-
@ e G. paofehensis  tinguishable carbon isotope values at Lo-
______ @ @08  Cenvidae  gities 30 and 49. ANOVA followed by
Loc. 49 %‘ OOO - doféigj:zzz F.isher' s PLSD suggests ‘a significant
4 > difference between Localities 30 and 73,
OO0 O O G. paotehensis . : :
O™ O G. gaudryi while the non-parametric Kruskal-Wallis
900D 0 : Cervidae test indicates no difference. Therefore
______ ® __:_;__ TTTTTTT __;ﬁ;P_G;f;ﬂ_ f:ﬁpparian likfel‘y consumed more C, vegeta-
PRPNPS : G. gaudryi  tion at Localities 30 and 49 compared to
Loc. 73 scoo | Cervidae Locality 73, but more data are needed to
el R SR B RPN PSR confirm this result. Cervids show no car-
-4 -2 -10 -8 -6 -4 bon isotope differences across the locali-
sl3c (PDB) ties, and have 8" C values consistent with
pure C, diets at each. G. dorcadoides-type
Fig. 3 Carbon isotope values of gazelles, cervids, gazelle data are from Localities 30 and 49

and Hipparion from Localities 30, 49, and 73 nniy, suggesl a AR component of C4

vegetation in the diet at each, and display
no significant difference between the localities. G. paotehensis-type gazelles likewise were sam-
pled at Localities 30 and 49 only. Carbon isotope values suggest pure C, diets, and do not differ
significantly between the two localities. G. gaudryi-type gazelles, sampled at Localities 49 and
73, also have carbon isotope ratios consistent with a pure C, diet, and do not differ between lo-
calities. Therefore, with the possible exception of Hipparion, these taxa consumed the same re-
lative proportions of C; and C, vegetation regardless of locality.

3.3 Isotopic variation as a function of taxonomy

There are a number of significant carbon isotope differences among taxa when all localities
are considered together (Table 2). Hipparion and G. dorcadoides-type gazelles both consumed a
measurable but small fraction of C, vegetation and are statistically indistinguishable. In contrast,
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Table 1 Stable isotope compositions of Baodean fossil mammals
Taxon  Sample 1D material” §°C  %C,” | Taxon  Sample ID  material” §Cc %C?
Locality 30 - “ dorcadoides” Locality 49 — “mixed” , continued
Gazella dorcadoides H. hippidiodus
M11487 R m3 -8.8 0 M256 cheek -7.3 10
M11490 L M3 -7.5 8 || H. plocodus
M11493 R P4 -7.8 5 M263 L DP2 -6.7 15
MI11502 L M3 -6.2 18 || H. platyodus
mean -7.6x1.1 M3824 L p2 -8.8 0
G. sp. ( 7 paotehensis) Cervavitus novorossiae
MI1320 L m3 -11.9 0 M9136 L. m3 -9.5 0
MI11345 R m3 -8.5 0 M9143 L M3 -10.0 0
M11344 R m3 -9.3 0 M9144 R M2 -9.6 0
mean -9.9+1.8 M9146 R m2 -11.2 0
Pliocervid indet. mean -10.1£0.8
M9826 R m3 -9.5 0
M9820 L m3 -10.4 0 || Pliocervid indet.
M9g13 R M3 -8.5 0 M9790 R M3 -9.8 0
MOg24 R m3 -9.1 0 M9791 L. M3 -9.8 0
M9828 R m3 -10.7 0 M9798 L. M3 -9.7 0
mean -9.7+0.9 M9799 R M3 -10.2 0
Hipparion fossatum M9802 L. M3 -10.7 0
M304 L P2 -7.8 5 M992 L m3 -10.9 0
M303 L. M3 -4.4 3 M993 L m3 -9.0 0
M3822 R m3 -7.7 (] mean -10.0 £0.6
mean -6.6+1.9
H. platyodus Locality 73 - “ gaudryi”
M343 L m3 -6.7 14 || 6. gaudryi
H. ptychodus M11185 L M3 -10.0 0
130 Hipp-3 cheek -8.2 2 MIT1189 R M3 -11.1 0
M11196 R m3 -11.8 0
Locality 49 — “mixed” M11197 R m3 -10.4 0
G. dorcadoides M11202 R m3 -10.1 0
M11473 R M3 -8.7 0 mean -10.7 £0.7
MI11480 R Ml =-7.5 8 || H. ptychodus
G. sp. (7 paotehensis) M350 R P2 -7.8 5
M11327 L M37 -11.9 0 M352 CHEEK -10.9 0
MI1328  L.M3 -9.0 0 M354 unknown -10.8 0
M11331 L. m3 -10.5 0 mean -9.8 + 1.8
MI11332 R m3 -12.6 0 || C. novorossiae
mean -11.0x1.6 M9444 R M3 -10.2 0
G. gaudryi M9445 L M3 -8.9 0
M11264 R M3 -9.2 0 M9452 L M3 -9.5 0
M11269 L m3 -10.5 0 M9455 L M3 -9.8 0
M11270 R m3 -11.8 0 M9457 R M3 -9.4 0
M11271 R M3 -10.4 0 mean -9.6 £0.5
M11275 L m3 -10.7 0
mean -10.5+0.9

Note; §"C values are relative to PDB £ values given as lo.

1) R, L. right and left, respectively; m, p. lower molar and premolar; M, P. upper molar and premolar; cheek,
CHEEK. lower and upper cheek teeth; D. deciduous.

2) Minimum estimate of the percent C, vegetation in diet. See Methods section.

Hipparion consumed significantly more C, vegetation than did G. paotehensis-type and G. gaud-
ryi-type gazelles, and likely consumed more than the cervids. Likewise, G. dorcadoides-type ga-
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zelles consumed significantly more C, vegetation than all of the other taxa exclusive of Hipparion.
There are no significant carbon isotope differences among G. paotehensis-type, G. gaudryi-type,
and cervidae.

Table 2  Significant differences between taxa ( «=0.05) for all localities grouped together

s"C Hipparion G. dorcadoides G. paotehensis G. gaudryi
Hipparion -
G. dorcadoides ns =
G. paotehensis a,b a,b -
G. gaudryi a,b a,b ns -
Cervidae a a,b ns ns

Note; a. Taxa are significantly different based on ANOVA followed by Fisher’s PLSD.
b. Taxa are significantly different based on Kruskal-Wallis followed by Dunn’s method.
ns. not significantly different according to either method.

When localities are considered individually ( Table 3), the same general patterns are ob-
served according to ANOVA followed by Fisher’ s PLSD, whereas the nonparametric Dunn’ s
method rarely indicates significant differences between pairs of species, despite the fact that the
Kruskal-Wallis test often suggests that significant differences exist. In particular, this is true of the
differences between Hipparion and G. paotehensis-type, G. gaudryi-type, and Cervidae, and of the
differences between G. dorcadoides-type and G. paotehensis-type, G. gaudryi-type, and Cervidae.
This may be an artifact of small sample sizes and the extremely conservative nature of Dunn’s
method (Dunn, 1964) , and we consider these pairs to be likely different in §"C.

Table 3 Significant differences between taxa (« = 0.05) for each locality taken separately

3"C Hipparion G. dorcadoides G. paotehensis G. gaudryi
Hipparion -
G. dorcadoides [ns], (ns), | =1 -
G. paotehensis [a], (a), { -} [a], (a), | - -
G. gaudryi [ -1, (a), {ns] [-1,(a), | -1} [-]1,(ns), { -} -
Cervidae [a,b], (a), {ns! [a], (a), | -} [ns], (ns), { =} [ -1, (ns), {nms}

Note: Loc. 30 = [ ], Loc. 49 = (), Loc. 73 = | |.
a. Taxa are significantly different based on ANOVA followed by Fisher’s PLSD.
b. Taxa are significantly different based on Kruskal-Wallis followed by Dunn’s method.
ns. not significantly different according to either method.

4 Discussion

4.1 Carbon isotopes and hypsodonty in gazelles

G. gaudryi-type and G. paotehensis-type gazelles have 3" C values that are consistent with pure
C, diets, whereas G. dorcadoides-type gazelles are significantly enriched in ®C compared to these
taxa, and have values indicating a small C, dietary component. These results indicate that G. gaud-
ryi-type and G. paotehensis-type gazelles were either browsers, mixed feeders, or C; grazers that
avoided C, vegetation. G. dorcadoides-type gazelles, on the other hand, have §"C values consistent
with mixed feeding and consumption of C, grass, or of pure grazing on C; and C, grasses, with the
C, grasses comprising the bulk of its diet. It is also possible that G. dorcadoides-type gazelles were
pure browsers that consumed a small fraction of C, dicots. Tooth crown height information alone
(Fig. 2) suggests that the relative proportion of graze (or abrasive foods in general) was greatest in
G. dorcadoides-type, least in G. gaudryi-type, and intermediate in G. paotehensis-type gazelles.
This information, combined with carbon isotope data, is consistent with the interpretation of G.
gaudryi-type gazelles as primarily browsers, and 6. dorcadoides-type gazelles as mixed feeders or
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grazers. G. paotehensis-types, while having higher-crowned teeth than G. gaudryi-type gazelles, do
not appear to have consumed more C, vegetation than that species. It may therefore have been a
browse-dominated mixed feeder that avoided consumption of C, vegetation. These dietary interpreta-
tions are the most parsimonious in terms of agreeing with the traditional interpretations of tooth crown
height and carbon isotopes. However, data from additional methods, such as microwear or mesowear
analysis, will be needed to evaluate the possibility of C; grass in the diets G. gaudryi-type and G.
paotehensis-type , and C, browse in the diet of G. dorcadoides-type gazelles.

In East Africa today, the sympatric gazelles G. granti and G. thomsonii may be good analogs
for the relationship between G. gaudryi-type and G. dorcadoides-type gazelles. Tooth crown
heights and mesowear analysis suggest that both G. granti and G. thomsonii are mixed feeders (Ja-
nis, 1988; Fortelius and Solounias, 2000). These classifications have been investigated using
stable isotope analysis, and the resulls suggest that Grant’s gazelle is a browse-dominated mixed
feeder ( ~22% grass), and that Thomson’s gazelle is a graze-dominated mixed feeder ( ~68%
grass) (Cerling et al., 2003 ). These diets are broadly similar to diets consistent with isotope data
for G. gaudryi-type, and G. dorcadoides-type gazelles, respectively. For G. gaudryi-types, a
22% grass diet would, in a setting where nearly all grasses are C;, be consistent with a nearly
pure C, isotope signal. For G. dorcadoides-types, on the other hand, a 68% grass diet would
probably result in a minor but resolvable C, carbon isotope signal. For instance, if 25% of gras-
ses during Locality 30 and 49 times were C,, then the total fraction of C, vegetation in the diet of
a 68% grass-eater would be 17% . This value is consistent with the carbon isotope results from G.
dorcadoides-type gazelles. For a 22% grass-ealer, the total fraction of dietary C, vegetation would
be only 6% , and this is consistent with carbon isotope data from G. gaudryi-type gazelles, espe-
cially since the % C, estimates given in Table 1 and Fig. 3 are minimum values.

4.2 North China and the global Late Miocene C, expansion

Wang and Deng (2005) studied carbon isotopes of fossil mammals from a 25 million year
fossiliferous sedimentary sequence in Linxia. Those herbivores consumed essentially pure C, vege-
tation during the entire record, although one Pleistocene Eguus individual appears to have had
significant C, vegetation in its diet. These results were interpreted to suggest that the East Asian
summer monsoon, which today allows for the existence of C, vegetation in the Loess Plateau, was
relatively weak until ~2 -3 million years ago.

The results presented here show unambiguous evidence of C, vegetation in Late Miocene eco-
systems in the lLoess Plateau. Why is C, vegetation present at Baode during the Late Miocene,
but not at Linxia? A simple explanation invokes the pattern of summer monsoon precipitation in
North China. The summer monsoon precipitation is greatest to the south and east, and it decrea-
ses in intensity to the north and west. Therefore, a Late Miocene summer monsoon system may
have been strong enough to provide sufficient summer precipitation for C, vegelation at Baode,
but not at Linxa, which lies much further to the west (Fig. 1). An alternative explanation may
reside in paleoelevation; Linxia currently resides ~1900 m, whereas Baode resides at ~ 1000 m.
If Linxia was significantly higher than Baode during Late Miocene time, then it is likely that
growing-season temperatures were lower at Linxia, and this would favor C, vegetation.

4.3 Late Miocene environment and ecosystems in the Chinese Loess Plateau

Hypsodonty of fossil mammalian herbivores has long been used as an indicator of browsing
versus grazing preference, and thereby as a proxy for ancient vegetation types and climates. In
North China, there is a clear difference in average hypsodonty between localities in the southeast,
and those in the northwest. This pattern was recognized by early workers ( Schlosser, 1903;
Kurtén, 1952), and is supported by recent re-analyses ( Fortelius et al., 2002; Fortelius and
Zhang, 2006). The widely accepted interpretation is that environments in the southeast were sig-
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nificantly more humid and forested than those in the northwest.

Carbon isotope data presented here show that relatively low-crowned G. gaudryi-type gazelles
and cervids consumed pure C; vegetation, and therefore may have been primarily browsers. In con-
trast, high-crowned G. dorcadoides-type gazelles and Hipparion consumed C, vegetation, and there-
fore likely had significant fractions of graze in their diets. Intermediate-crowned G. paotehensis-type
gazelles consumed pure C, vegetation. These findings alone say nothing about spatial environmental
patterns in North China during the Late Miocene, but taken with the geographical distributions of
these taxa, they provide significant insight. G. gaudryi-type gazelles are the dominant gazelles in
southeastern localities, and these localities also have higher relative occurrences of cervids compared
to localities in the northwest (Kurtén, 1952). G. doreadoides-type gazelles are never found in the
southeastern localities, and are restricted to occasional appearance (and sometimes dominance, as
at Locality 30) at localities in the northwest. Hipparion enjoys a cosmopolitan distribution. There-
fore, the emergent pattern is one of lower-crowned, C;-feeders dominating southeastern localities,
and higher-crowned, C,-feeders present at, and often dominating, northwestern localities. Hippa-
rion, although the data are few, likely consumed less C, vegetation in the southeastern locality 73
compared to the northwestern localities 49 and 30. These results are supportive of the idea of rela-
tively forested environments in the southeastern CLP during Baodean time, giving way to progres-
sively open, steppe or forest-steppe environments in the northwestern CLP. To be conservative,
though, it should again be noted that carbon isotopes do not distinguish between C, grass and C,
browse. It is possible then, despite the observed hypsodonty patterns, that G. gaudryi-type, G.
paotehensis-type gazelles, and cervids were not exclusive browsers. Indeed, carbon isotopes are con-
sistent with pure C, grass diets for these taxa, and such an inference would imply very different
vegetational and climatic patterns during Baodean times. While this interpretation is non-parsimoni-
ous with respect to the usual interpretation of hypsodonty, and with respect to non-faunal proxies of
climate during Late Miocene time in China (Sun and Wang, 2005), additional data such as
microwear and mesowear of teeth will be needed to evaluate its possibility.

5 Conclusions

The main findings of this study can be summarized as follows:

1) Baodean ecosystems in the Chinese Loess Plateau were dominated by C, vegetation, but
contained a small but significant fraction of C, vegetation, as evidenced by up to ~20% C, vege-
tation in the diets of higher crowned gazelles, and up to ~30% in the diets of Hipparion. Thus,
C, vegetation was present in North China by the end of Late Miocene time, consistent with C,
vegetation distributions on other continents by this time.

2) The lower crowned G. gaudryi-type and G. paotehensis-type gazelles consumed pure C,
diets, whereas the higher-crowned G. dorcadoides-type gazelles consumed some C, vegetation.
The isotope evidence is consistent with the traditional view based on tooth morphology that G.
dorcacoides-type gazelles consumed more grass than G. gaudryi-type and G. paotehensis-type ga-
zelles. Further agreement between stable isotopes and morphology is shown by the finding that
cervids consumed pure C, diets, whereas Hipparion regularly consumed C, vegetation.

3) The stable isotope data are wholly consistent with the idea that environments in the south-
east CLP were more humid and forested than environments in the northwest CLP during Late Mio-
cene time. However, the isotope data do not require such an interpretation, as it is possible that
the C; signal in the lower-crowned taxa derives from C; grasses rather than C, browse. Additional
morphological study, focusing on mesowear and microwear, may help to evaluate this possibility.
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