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Abstract.—The Siwalik formations of northern Pakistan consist of deposits of ancient rivers that
existed throughout the early Miocene through the late Pliocene. The formations are highly fossil-
iferous with a diverse array of terrestrial and freshwater vertebrates, which in combination with
exceptional lateral exposure and good chronostratigraphic control allows a more detailed and tem-
porally resolved study of the sediments and faunas than is typical in terrestrial deposits. Conse-
quently the Siwaliks provide an opportunity to document temporal differences in species richness,
turnover, and ecological structure in a terrestrial setting, and to investigate how such differences
are related to changes in the fluvial system, vegetation, and climate. Here we focus on the interval
between 10.7 and 5.7 Ma, a time of significant local tectonic and global climatic change. It is also
the interval with the best temporal calibration of Siwalik faunas and most comprehensive data on
species occurrences. A methodological focus of this paper is on controlling sampling biases that
confound biological and ecological signals. Such biases include uneven sampling through time,
differential preservation of larger animals and more durable skeletal elements, errors in age-dating
imposed by uncertainties in correlation and paleomagnetic timescale calibrations, and uneven tax-
onomic treatment across groups. We attempt to control for them primarily by using a relative-abun-
dance model to estimate limits for the first and last appearances from the occurrence data. This
model also incorporates uncertainties in age estimates. Because of sampling limitations inherent
in the terrestrial fossil record, our 100-Kyr temporal resolution may approach the finest possible
level of resolution for studies of vertebrate faunal changes over periods of millions of years.

Approximately 40,000 specimens from surface and screenwash collections made at 555 localities
form the basis of our study. Sixty percent of the localities have maximum and minimum age esti-
mates differing by 100 Kyr or less, 82% by 200 Kyr or less. The fossils represent 115 mammalian
species or lineages of ten orders: Insectivora, Scandentia, Primates, Tubulidentata, Proboscidea,
Pholidota, Lagomorpha, Perissodactyla, Artiodactyla, and Rodentia. Important taxa omitted from
this study include Carnivora, Elephantoidea, and Rhinocerotidae. Because different collecting
methods were used for large and small species, they are treated separately in analyses. Small spe-
cies include insectivores, tree shrews, rodents, lagomorphs, and small primates. They generally
weigh less than 5 kg.

The sediments of the study interval were deposited by coexisting fluvial systems, with the larger
emergent Nagri system being displaced between 10.1 and 9.0 Ma by an interfan Dhok Pathan sys-
tem. In comparison to Nagri floodplains, Dhok Pathan floodplains were less well drained, with
smaller rivers having more seasonally variable flow and more frequent avulsions. Paleosol se-
quences indicate reorganization of topography and drainage accompanying a transition to a more
seasonal climate. A few paleosols may have formed under waterlogged, grassy woodlands, but
most formed under drier conditions and more closed vegetation.

The oxygen isotopic record also indicates significant change in the patterns of precipitation be-
ginning at 9.2 Ma, in what may have been a shift to a drier and more seasonal climate. The carbon
isotope record demonstrates that after 8.1 Ma significant amounts of C4 grasses began to appear
and that by 6.8 Ma floodplain habitats included extensive C4 grasslands. Plant communities with
predominantly C3 plants were greatly diminished after 7.0 Ma, and those with predominantly C4

plants, which would have been open woodlands or grassy woodlands, appeared as early as 7.4 Ma.
Inferred first and last appearances show a constant, low level of faunal turnover throughout the

interval 10.7–5.7-Ma, with three short periods of elevated turnover at 10.3, 7.8, and 7.3–7.0 Ma. The
three pulses account for nearly 44% of all turnover. Throughout the late Miocene, species richness
declined steadily, and diversity and richness indices together with data on body size imply that
community ecological structure changed abruptly just after 10 Ma, and then again at 7.8 Ma. Be-
tween 10 and 7.8 Ma the large-mammal assemblages were strongly dominated by equids, with
more balanced faunas before and after. The pattern of appearance and disappearance is selective
with respect to inferred habits of the animals. Species appearing after 9.0 Ma are grazers or typical
of more open habitats, whereas many species that disappear can be linked to more closed vege-
tation. We presume exceptions to this pattern were animals of the mixed C3/C4 communities or the
wetter parts of the floodplain that did not persist into the latest Miocene. The pace of extinction
accelerates once there is C4 vegetation on the floodplain.

The 10.3 Ma event primarily comprises disappearance of taxa that were both common and of
long duration. The event does not correlate to any obvious local environmental or climatic event,
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and the pattern of species disappearance and appearance suggests that biotic interactions may have
been more important than environmental change.

The 7.8 Ma event is characterized solely by appearances, and that at 7.3 Ma by a combination of
appearances and disappearances. These two latest Miocene events include more taxa that were
shorter ranging and less common, a difference of mode that developed between approximately 9.0
and 8.5 Ma when many short-ranging and rare species began to make appearances. Both events
also show a close temporal correlation to changes in floodplain deposition and vegetation. The 7.8
Ma event follows the widespread appearance of C4 vegetation and is coincident with the shift from
equid-dominated to more evenly balanced large-mammal assemblages. The 7.3 to 7.0 Ma event
starts with the first occurrence of C4-dominated floras and ends with the last occurrence of C3-
dominated vegetation. Absence of a consistent relationship between depositional facies and the
composition of faunal assemblages leads us to reject fluvial system dynamics as a major cause of
faunal change. The close correlation of latest Miocene species turnover and ecological change to
expansion of C4 plants on the floodplain, in association with oxygen isotopic and sedimentological
evidence for increasingly drier and more seasonal climates, causes us to favor explanations based
on climatic change for both latest Miocene pulses.

The Siwalik record supports neither ‘‘coordinated stasis’’ nor ‘‘turnover pulse’’ evolutionary
models. The brief, irregularly spaced pulses of high turnover are characteristic of both the stasis
and pulse models, but the high level of background turnover that eliminates 65–70% of the initial
species shows there is no stasis in the Siwalik record. In addition, the steadily declining species
richness and abrupt, uncoordinated changes in diversity do not fit either model.
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Introduction

One research goal of paleobiology is inves-
tigation of how external environmental, and
especially climatic, events shape species and
ecosystems over geologic timescales (e.g.,
Vrba 1980). Such investigations seek to relate
temporal patterns in species richness, com-
position, and ecological structure to concur-
rent environmental change. Previous investi-
gations in both marine and nonmarine set-
tings have found that a recurrent pattern in
the preserved record is alternation between
brief intervals of concentrated biotic change
and much longer periods with little or no
change, that is, ‘‘coordinated stasis’’ (Olson
1980; Webb 1984; Brett et al. 1996). Theoretical
considerations suggest such patterns should
be closely linked to environmental events and
evolutionary responses to them (Vrba 1985,
1995). Authors have debated, however, the rel-
ative importance of environmental versus bi-
otic factors, the causal relationships with en-
vironmental change, and even whether the
terrestrial vertebrate record does document

such patterns (e.g., Alroy 1996; McKinney et

al. 1996; Behrensmeyer et al. 1997; Prothero

1998, 1999). In addition, the appropriate tem-

poral and geographic scales for such investi-

gations are uncertain, because significant cli-

matic/environmental changes may be local-

ized and can occur in just thousands of years,

a level of resolution that is rarely found in fos-

sil sequences of long duration.

The Siwalik formations of northern Pakistan

consist of deposits of ancient rivers that ac-

cumulated throughout the early Miocene

through the late Pliocene. The preserved sed-

iments are highly fossiliferous and have been

a focus of paleontological research for over

100 years (see summaries in Barry et al. 1985;

Flynn et al. 1990; Badgley and Behrensmeyer

1995b). Since 1973, collaborative research be-

tween the Geological Survey of Pakistan (GSP)

and several American universities has result-

ed in the compilation of a large body of new

information on the age, sedimentology, and

vertebrate paleontology of these sediments.

Consequently the Siwaliks now comprise one
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of the best-known Cenozoic nonmarine re-
cords of both environmental and biotic
change, and they are an ideal site for exploring
the problems and implications of temporal
patterns of faunal change.

Previous analyses of Miocene Siwalik fau-
nal change found evidence for short periods of
high faunal turnover between longer periods
with low turnover, as well as indications of a
late Miocene decline in species richness. The
strongest peaks of both appearances and dis-
appearances were in the middle Miocene,
with turnover in the late Miocene being more
constant than in the middle Miocene, but there
was no evidence that increased extinction co-
incided with increased first appearances (Bar-
ry et al. 1990, 1995; Barry 1995). Related stud-
ies of species longevity, trophic structure, and
body size (Flynn et al. 1995; Gunnell et al.
1995; Morgan et al. 1995) have also docu-
mented differences between the middle and
late Miocene. These earlier analyses all used
500-Kyr intervals as the temporal unit of anal-
ysis.

Considerable evidence for significant late
Miocene Siwalik environmental change also
exists. This evidence comes from both the sed-
iments (Retallack 1991; Willis 1993a,b; Willis
and Behrensmeyer 1994, 1995; Zaleha 1997a,b)
and the stable isotopic content of paleosols
and fossils (Quade et al. 1989, 1992; Morgan et
al. 1994; Stern et al. 1994; Quade and Cerling
1995). Quade and others (1989, 1992, 1995)
first reported changes in stable carbon and ox-
ygen isotope ratios in both d13C and d18O val-
ues in the late Miocene, which they interpret-
ed as resulting from long-term changes in cli-
mate and vegetation that led to drier, more
seasonal climate and extensive grasslands.
Both mammalian and avian isotopic values
also show a transition from C3-dominated di-
ets to mixed and C4-dominated diets (Morgan
et al. 1994; Stern et al. 1994), but the dietary
evidence implies an earlier change than that of
the soil carbonates.

In the following, we summarize our work
on faunal and environmental change in the
Middle Siwaliks of northern Pakistan. In do-
ing this we extend our earlier inquiries by in-
cluding more species level taxa and improving
the time resolution fivefold, while trying to

present as much primary data as practicable.
In contrast to our previous analyses using 500-
Kyr intervals (Barry et al. 1990, 1991, 1995), in
this paper we use a temporal resolution of 100
Kyr. The use of intervals of shorter duration is
a compromise between analytic resolution
and having adequate data in each unit. It may
also be a lower limit imposed by the rock re-
cord. In addition, we restrict our analysis to
the interval between 10.7 and 5.7 Ma (inclu-
sive). This 5-Myr-long period approximates
the late Miocene, a time of very significant
global climatic change as well as more region-
al and local tectonic and habitat modifications.
It is also the interval for which we currently
have the best temporal calibration of Siwalik
faunas and most comprehensive data on spe-
cies occurrences. Equids first appear in the Si-
waliks at 10.7 Ma as immigrants from North
America, so this important faunal event marks
an appropriate starting point. We occasionally
include ‘‘pre-hipparion’’ intervals in our dis-
cussions to place trends into a larger context.

Our primary focus is on documenting pat-
terns of faunal turnover and ecological
change, and investigating the relationships be-
tween observed faunal patterns and changes
in the fluvial system, climate, and local habi-
tats. Methodological issues of dating and anal-
ysis are also significant concerns. We therefore
attempt to incorporate uncertainties in the
correlation and ages of localities in our anal-
yses, and seek to control for the diverse sam-
pling biases confounding the biological and
ecological signals. We begin with discussion
of the occurrence of the fossils and correlation
of the fossil localities to the Geomagnetic Po-
larity Time Scale, and then assess the suitabil-
ity and limitations of the vertebrate record for
our analyses. We next describe the Siwalik flu-
vial system and the changes it underwent dur-
ing the late Miocene, as well as the paleosol
and stable isotope evidence for late Miocene
environmental change. Finally, we analyze the
faunal data and discuss the relationships be-
tween patterns of observed faunal change and
indicators of environmental change. In doing
this, we assume that if ecological and evolu-
tionary change primarily results from envi-
ronmental and especially climate change, then
turnover events should temporally correlate to
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FIGURE 1. Map of the Potwar Plateau in northern Pakistan, showing the locations of regional networks of strati-
graphic sections along the Soan River (A), on the southern limb of the Soan Synclinorium near Chinji (B), and at
the eastern end of the Potwar Plateau near Hasnot (C). The location of sections at Jalalpur and Rohtas are also shown.
Barbed lines denote the boundaries of thrust sheets. Gray stippled area to east is a reservoir. Figure based in part
on Burbank and Beck 1991: Figure 2b.

environmental events (Vrba 1985, 1995). Giv-
en a sufficiently well sampled, temporally re-
solved, unbiased record, we would expect
turnover and other faunal events to (1) be con-
centrated in brief intervals separated by lon-
ger periods with little or no change and (2)
show a close temporal correlation to environ-
mental changes. Such correlations can be used
to infer causal links between faunal and en-
vironmental change.

Stratigraphic and Fossil Data

Occurrence of the Fossils

The Siwalik formations comprise Neogene
age fluvial deposits exposed widely through-
out the Indian subcontinent along the north-
ern and western mountains paralleling the
collision zone between India and Asia. In Pak-
istan, Siwalik sediments are especially exten-
sive on the Potwar Plateau, where they are ex-
posed in a folded belt extending from the Salt
Range in the south to the Margala Hills in the
north, and from the Jhelum River in the east

to the Indus on the west (Fig. 1). The deposits

fill basins with sediment eroded off adjacent

uplifted areas, and in some places single sec-

tions exceed 3000 m in thickness and incor-

porate 10 Myr of time. Taken together, the sed-

iments span the time interval from about 18

Ma to younger than 2 Ma. The sediments are

well exposed throughout the Plateau along

major streams and rivers, where the Pleisto-

cene Potwar Loess has been removed by re-

cent erosion. The combination of minimal de-

formation and faulting, great thickness, and

lateral continuity of exposure allows a more

detailed and temporally resolved study of the

stratigraphic succession of lithologies and fau-

nas than is usual in terrestrial deposits.

Siwalik lithologies include sandstones, silt-

stones, mudstones, and rare marls and clays.

The Potwar sequence is frequently divided

into six or more formations (Table 1) (Cheema

et al. 1977). Primary importance in most clas-

sification schemes is given to the relative pro-

portions of sandstones and fine-grained sed-
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TABLE 1. Siwalik formations of the Potwar Plateau.

Formation Age range (Ma)

Tatrot
Samwal
Dhok Pathan
Nagri
Chinji
Kamlial/Murree*
Murree

3.5 to 3.3
ca. 3.6 to ca. 1.5
10.1 to ca. 3.5
11.2 to 9.0
14.2 to 11.2
18.3 to 14.2
? to 18.3

* In the southern Potwar, the Kamlial and Murree Formations are not
differentiated. In the north, the Murree is considerably older than 18 Ma.

iments, so that Siwalik formations are distin-
guished on the basis of the size and frequency
of large sandstone bodies and the relative pro-
portions of silt and mudstones. Correlations
between outcrop exposures and sections
throughout the Potwar Plateau and elsewhere
are based on both magnetostratigraphy and
the lateral tracing of distinctive isochronous
lithological horizons (Behrensmeyer and
Tauxe 1982; Johnson et al. 1988; Badgley and
Tauxe 1990; McRae 1990; Kappelman et al.
1991; S. M. Raza unpublished data; K. A.
Sheikh unpublished data). In Table 1 the over-
lap in ages between formations represents the
approximate degree of known time transgres-
sion. All the formations are likely to be time
transgressive to some degree, even if not
shown.

Siwalik depositional environments include
small to very large channels, levees, paleosols,
and rare pond or swamp deposits. These de-
positional environments are present in all the
Siwalik formations but differ in their frequen-
cy of occurrence. Vertebrate fossils are found
in all lithologies, but are very rare in the thin
marls deposited in shallow ponds. The fossils
are thought to have accumulated as attritional
assemblages derived from nearby surround-
ings, but habitat specific associations of fossils
seem not to have been preserved (Badgley and
Behrensmeyer 1980, 1995; Badgley et al. 1995).
Fossil vertebrates are most common in the
small floodplain channels, where they typi-
cally occur as concentrations of disarticulated,
often fragmentary bones. In the small flood-
plain channels, a very few concentrations con-
tain 1000 or more specimens, but the majority
of concentrations have only 5–200 fossils. Be-
cause the large channel, levee, and paleosol fa-
cies contain only isolated specimens or small,

low-density scatters, our collections of fossils
from the different facies are biased toward
overrepresentation of small channel flood-
plain sites. This bias, in addition to those in-
troduced by taphonomic processes common
to the different facies, places strict limits on
our ability to reconstruct the living commu-
nities from the fossil assemblages (Badgley
1986a,b), and draw meaningful conclusions
from the occurrences of individual taxa. Some
of these limitations are considered in subse-
quent sections, where we discuss uncertain-
ties in our analyses. Specific concerns include
uneven sampling through time, differential
preservation of larger-bodied animals and du-
rable parts such as teeth, errors in age-dating
imposed by uncertainties in correlation and
paleomagnetic timescale calibrations, and un-
even taxonomic treatment across groups.

We use two terms to designate the prove-
nience of our fossils; locality and survey block.
A locality, as we use the term here, is limited
temporally and spatially. Most localities en-
compass a few tens to several hundred square
meters of outcrop and have a single sedimen-
tary layer as the source of the fossil bone. The
duration of accumulation of the fossil material
in a given locality is thought to be brief, and
generally between a few tens to, rarely, at most
50 Kyr (Behrensmeyer 1982; Badgley 1986b;
Badgley et al. 1995; Behrensmeyer et al. 1995).

A survey block or collecting level is an al-
ternative to designating and documenting in-
dividual localities for the many isolated fossils
of biostratigraphic interest, such as single
equid or bovid molars. Survey blocks differ
from localities in that they are more extensive
in area, span a greater stratigraphic thickness,
and usually include fossils from multiple sed-
imentary layers. Survey blocks included in
this paper span between 30 and 350 Kyr and
extend laterally 1 to 2 km. Many of these sur-
vey blocks have been systematically searched,
with all identifiable surface fossils recorded;
others represent less-coordinated collecting of
well-preserved material. Fossils collected
from both survey blocks and localities are
used in the analyses of this paper.

The Siwalik fossil collections have been
made using a variety of techniques. Most of
the larger specimens, and some of the smaller,
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TABLE 2. Biostratigraphic survey results.

Survey block Age (Ma)
Duration

(Myr)

Collect-
ing

effort
(hours)

Scrap
found

ID
Fossils
found

ID
Mam-
mals

found
Eq-
uids

Bo-
vids

Gir-
affes

Rhi-
nos

Pro-
bosc.

KL07
KL09 1 10

KL08
KL11 1 21

KL12
ML04 1 05

KL16
ML06

KL02 1 14
DK01 1 ML07 1 KL13

KL01
KL03

KL05 1 06
KL04
KL20
RK01
RK02

7.289
7.561
7.719
7.949
8.485
8.658
8.733
8.787
8.840
9.001
9.184
9.270
9.543
9.703
9.784

10.307
10.385

0.324
0.292
0.125
0.344
0.149
0.123
0.137
0.246
0.126
0.155
0.043
0.062
0.126
0.109
0.139
0.114
0.124

10.3
7.8

13.3
18.3
10.4
10.6
10.5

8.3
10.7
15.1

9.5
13.8
12.8
12.7
11.3

9.5
6.5

100
94

181
—

210
206
154

76
179
176
180
125
169
154
—

148
48

42
28
95

164
139
148
104

46
123
108
130
100
140
147

42
80
37

32
24
63

148
98

107
78
39
81
80

102
78

108
129

39
66
29

1
2
5

22
10

8
15

8
14
14
24
15
14
17

7
5
0

4
4

14
24
15

7
4
5
8
6
4
4
5

14
2
6
6

0
0
0
6
4
0
4
0
3
4
3
6
3
4
3
3
5

2
1
3

12
6
0
8
0
5
5
4
7
8

11
1
6
1

1
3
3
0

14
14

8
4

15
9

12
2

13
2
0
5
1

were collected from the surface of naturally
eroded outcrops. Quarrying is mostly unpro-
ductive, because even in the richest concentra-
tions the density of fossils in the rock is low.
Only four sites in the 5-Myr interval have been
excavated to any extent (localities Y182, Y260,
Y270, and Y311). On the other hand, screen-
washing bulk samples has been successful in
providing remains of very small species, such
as rodents and insectivores. Over 60 sites have
been screenwashed to date, and most of these
localities also have remains of large species.
We have also made controlled biostratigraphic
surveys to document the relative number of
fossils and the relative abundance of taxa at
different levels (Table 2). These biostratigraph-
ic surveys involved carefully searching and
recording all occurrences of fossil bone along
extensive, strike-parallel belts of outcrop
within the well-defined stratigraphic intervals
that comprise the survey blocks. During each
survey we kept a record of the number of
hours spent searching, and all finds were
identified as closely as possible and tabulated,
although most fossils were not collected. We
believe the resulting data give less biased es-
timates of the abundance of fossils and the rel-
ative proportions of taxa than other collecting
procedures.

Harvard-GSP localities and survey blocks
are assigned unique letter prefixes and num-

bers, and their geographical positions are
marked on topographic maps or overlays of
aerial photographs. We also have a locality
card file that includes a brief lithological de-
scription of each locality, sketch maps and
cross-sections, Polaroid ground photographs,
and other information (Behrensmeyer and
Raza 1984). Collected fossils are cataloged
with a field number, coded description of the
specimen, taxonomic identification, notation
of the locality or survey block, and a score for
predepositional damage (Barry 1984). A very
small number of fossils collected by Barnum
Brown and G. Edward Lewis and now in the
American Museum of Natural History and the
Yale Peabody Museum are well enough doc-
umented as to provenience and stratigraphic
horizon to include in our fossil and locality
databases. Unfortunately the extensive collec-
tions made during the colonial era by the Geo-
logical Survey of India and its predecessors
cannot be included, because the geographic
and stratigraphic data are inadequate. This
means that type specimens and other Siwalik
fossils described by Falconer, Lydekker, and
Pilgrim cannot be incorporated in our bio-
stratigraphic analyses.

Both the GSP-Harvard Siwalik specimen
and locality catalogs are configured as dBase
files. In addition we have a species file, which
contains information on each fossil species,
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and related auxiliary files. The entire speci-
men database presently includes over 40,000
records of vertebrate and nonvertebrate fossils
from 1291 localities and survey blocks, 86% of
which are well-documented localities found
since 1973. As noted, our project database also
includes a few selected records for fossils in
the American Museum of Natural History and
Yale Peabody Museum collections that can be
confidently placed in our stratigraphic frame-
work. The data presented in this paper are de-
rived from these databases.

Chronostratigraphic Framework

The drainage patterns of the Potwar Plateau
are characterized by a latticelike arrangement
of intermittent streams and smaller river trib-
utaries (‘‘kas’’ or ‘‘nala’’ in local vernaculars),
which have incised shallow ravines in the
gently dipping Miocene-age strata. The major
streams run perpendicular to strike, are typi-
cally spaced every 3–5 km, and are connected
along strike by lateral valleys.

The chronostratigraphic framework of this
paper is based on 20 measured sections that
range between 250 and 3200 m thick, as well
as 27 shorter sections. Of the 47 sections, 19 of
the 20 long sections have determined magnet-
ic-polarity stratigraphies, and 16 of the short-
er have at least some magnetic determina-
tions. Apart from the two sections at Rohtas
and Jalalpur (Opdyke et al. 1979; Johnson et al.
1982), the included sections form three region-
al networks (Fig. 1): one on the northern limb
of the Soan Synclinorium at Khaur, another on
the southern limb near Chinji, and a third at
the eastern end of the Potwar Plateau near
Hasnot. Because exposures are continuous
within each region, we are able to correlate
sections in each regional network by means of
lithological horizons, as well as by magnetic
polarity. However, because of the distance and
absence of continuous linking exposures be-
tween regions, chronostratigraphic correla-
tions between the three areas depend on the
magnetic-polarity stratigraphy. No sections
were correlated on the basis of biostratigra-
phy.

In the Siwaliks individual stratigraphic sec-
tions of sufficient thickness to contain six or
seven magnetic transitions (on the Potwar

typically about 250 m) can usually be corre-
lated to the Geomagnetic Polarity Time Scale
(GPTS) (Johnson and McGee 1983). Although
sections recording fewer transitions normally
cannot be independently correlated to the
GPTS, they can still be confidently placed in
the chronostratigraphic framework by deter-
mining their stratigraphic relationships to the
longer and better-constrained sections. This
has been done by laterally tracing isochronous
lithological horizons, such as sandstone bod-
ies or paleosols (Behrensmeyer and Tauxe
1982; Johnson et al. 1988; Badgley and Tauxe
1990; McRae 1990; Kappelman et al. 1991; K.
A. Sheikh unpublished data). In making cor-
relations to the GPTS, it is not always possible
to match every observed magnetic transition
to a GPTS magnetic boundary, either because
of sampling problems (Johnson and McGee
1983) or because of the presence of very short
magnetic intervals not documented in the
GPTS (Kappelman et al. 1991).

Appendix 1 lists the thicknesses and refer-
ences for the sections used to construct the
chronostratigraphic framework for the Potwar
Siwaliks. In most cases we use the same po-
larity zonation and correlation to the GPTS as
the references, or have made only trivial
changes. In a few cases subsequent work has
led us to make substantial reinterpretations of
the polarity zonations or the correlations, and
we comment on these in the remainder of this
section. We also present results of new work
done in the Hasnot area and provide more de-
tails for already published sections in the
Khaur region.

Jarmaghal Kas. Johnson et al. (1982) made
no specific correlations for the middle third of
this section. New details in the GPTS of Cande
and Kent (1995) dictate different preferred
correlations for the intervals between the base
of 3An and the top of 4An. We now correlate
the N5 interval of Johnson et al. (1982) to
3An.1n, the N4 interval to 3An.2n, N3 to 3Bn,
N2 to 3Br.2n through 4N.2n, and N1 to 4An.

Andar Kas. Johnson et al. (1982) again
made few specific correlations for this section,
but we have correlated more of the observed
transitions to the GPTS. Specifically we cor-
relate the N7 interval of Johnson et al. (1982)
to 3An.1n, N6 to 3An.2n, the top of N4 to the
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3Br.3r/4n.1n transition and its bottom to
4n.2n/4r.1r, the top of N0 to the top of 5n.1n
and the bottom to the base of 5n.2n, N1 to
5r.2n, and the top of N2 to 5r.3r/5An.1n and
its bottom to the base of 5An.2n. We make no
correlations between the top of zone R4 and
the base of R1, nor below the base of N2.

Dhok Saira. This recently measured section
parallels the upper part of the Dhala Nala sec-
tion of Johnson et al. (1982). At its base the sec-
tion is continuous with the lower Dhala Nala
section, and its uppermost 20 m can be cor-
related by means of the Pillar Sand to the ‘‘Ta-
trot’’ and ‘‘Pillar’’ I–VI sections of McMurtry
(1980). The stratigraphic and magnetic polar-
ity data, together with our preferred correla-
tion to the GPTS, are shown in Figure 2. The
base of the uppermost N4 polarity zone is at
the same stratigraphic level as a polarity tran-
sition in all of McMurtry’s (1980) Pillar sec-
tions, and we follow his correlation of the
transition to the 3An.2n/3Ar transition. The
long reversed interval between 132 and 53 m
is supported by only a few reversed sites,
most of which are in the upper portion (R3).
The lower part (R2) is in a single, thick sand
in which our sampling efforts failed because
the magnetics were unfavorable. If our corre-
lation is correct, future sampling at this hori-
zon should show normal polarity represent-
ing 4n.1n. A single low-quality site 92 m above
the base suggests the presence of a short nor-
mal zone (N2). It could be the 3Br.2n zone. The
upper Dhala Nala section of Johnson et al.
(1982) also had a normal zone at this horizon.
We have correlated the base of N1, which is
sparsely sampled, to the base of 4r.1n, rather
than the base of 4n.2n, because this correlation
preserves the proportionality of the thickness
of the zones.

Lower Dhala Nala. Johnson et al. (1982) did
not discuss this section in detail, but they did
present lithologic and magnetic logs in their
Figure 11. They correlated the section by
means of marker beds to Kotal Kund, but they
made no specific correlations to the GPTS oth-
er than to note it was very similar to their Ko-
tal Kund section. Subsequently the section
was extended downward an additional 329 m,
and polarity determinations made for the up-
per 150 m (unpublished data from the late

Noye Johnson personal communication 1981).
Although the virtual geomagnetic pole lati-
tudes and data quality are not available to us,
we present the stratigraphic and polarity data
in Figure 3. Our preferred correlation to the
GPTS is the same as that of Johnson et al.
(1982). In drafting Figure 3 we have assumed
that the lowest normal sample at the base of
the measured section is near the base of the
5n.2n interval. However, because that corre-
lation is not confirmed by an underlying re-
versed site, we do not use it to determine the
ages of any fossil sites in the section. The
sparse sampling in the upper quarter of the
N1 interval makes correlation of the N1/R1
transition particularly difficult. It is likely one
or more reversed zones were missed in the in-
terval between 300 and 400 m. The correlation
of N4 is from the Dhok Saira section discussed
above. New magnetic samples have recently
been collected from the upper 200 m and from
an additional 100 m below the base of this crit-
ical section, but the results are not yet avail-
able.

Dhok Pathan Rest House. Polarities for this
section were shown in Barry et al. (1980), but
no details or correlations were given. The
magnetic polarity and stratigraphic data are
shown in Figure 4 (unpublished data from the
late Noye Johnson personal communication
1980), together with a preferred correlation to
the GPTS. Unfortunately, the position of the
Soan River and structural complexities make
it difficult to measure the complete section ac-
curately. We think that the gap shown in Fig-
ure 4 below the 300-m level may be underes-
timated. The section includes the ‘‘U’’ Sand-
stone interval (Behrensmeyer and Tauxe 1982),
which allows the base of the section to be
placed in magnetozone 4Ar.1r. Nearby sec-
tions (Barry et al. 1980) indicate that the R1 in-
terval should contain a substantial normal in-
terval correlating to 4An. The N3 magneto-
zone is unbounded at its top, but rather than
extrapolating locality ages from rates of the
subjacent zones, we have used sediment ac-
cumulation rates from the same interval in the
Kaulial Kas section. We do this because the
two subjacent Dhok Pathan magnetozones are
very short and their inconsistent rates give un-
realistic estimates.
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FIGURE 2. Dhok Saira lithologic log, magnetic polarity zonation, and correlation to geomagnetic polarity timescale
of Cande and Kent (1995), with upper 70 m of Lower Dhala Nala section. Black shaded areas indicate paleosols;
light-gray areas, fine-grained overbank; stippled areas, sandstone; cross-hatched areas, covered intervals; double-
headed arrows, sandstones used to correlate lithologic sections; and dotted lines, correlations to geomagnetic po-
larity timescale. R, r 5 reversed site, N, n 5 normal site, X 5 indeterminate site. Uppercase letters indicate sites
with samples having consistent polarity; lowercase letters indicate sites with questionable polarity.

The Dhok Pathan Rest House section is par-
ticularly important because much of the Dhok
Pathan fauna of Pilgrim, Brown, and Lewis
apparently came from the vicinity of the Dhok
Pathan Rest House. The most fossiliferous

beds are above the Hilltop Sand in the N2, R3,
and N3 magnetozones. It is from these levels
that the older collections presumably came.

Hasal Kas. Tauxe and Opdyke (1982) ther-
mally demagnetized and reanalyzed the sam-
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FIGURE 3. Lower Dhala Nala lithologic log, magnetic polarity zonation, and correlation to geomagnetic polarity
timescale of Cande and Kent (1995), with lower 70 m of Dhok Saira section. Symbols as in Figure 2.

ples of Barndt et al. (1978), and then related
them to a remeasured lithological section. We
follow Tauxe and Opdyke’s (1982) polarity as-
signments and correlations to the GPTS, but
we make four additional assignments by cor-
relating their R11 polarity zone to 4Ar.2r and
the R10 polarity zone to 4Ar.3r. Nevertheless

the polarity zonation of the upper third is not
well defined, and many of the correlations of
polarity reversals are based on lithological
correlations to the nearby Mahluwala Kas and
Ratha Kas sections.

Kaulial Kas. Tauxe and Opdyke (1982) dis-
cussed this section, and we follow their cor-
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FIGURE 4. Dhok Pathan Rest House lithologic log, magnetic polarity zonation, and correlation to geomagnetic po-
larity timescale of Cande and Kent (1995). Symbols as in Figure 2. The double-headed dotted arrow marks the
correlation of the U-level to the GPTS as established by Behrensmeyer and Tauxe (1982).

relations with two minor differences. First, we
correlate the uppermost N7 zone to 3Br.1n,
rather than 3Bn. This results from recognition
of two new small polarity zones in the GPTS.
Zone 3Br.2n is then missing, with zone N6 cor-
related to 4N.1n, in agreement with Tauxe and
Opdyke (1982). It follows then that zone N5 is

a new normal zone in 4n.1r, not recorded in
the standard GPTS. We note that it is based on
a single sample of normal polarity and that it
is the correlation implied by Tauxe and Op-
dyke (1982). Second, we treat the N3 zone as a
new normal interval, not as 4r.1n as implied by
Tauxe and Opdyke (1982). It is noteworthy
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that N3 is based on a single sample having a

VGP latitude near zero (Tauxe and Opdyke

1982: Fig. 4i). Zone 4r.1n is unrecorded in the

Kaulial Kas section.

In the Chinji region there are many addi-

tional long and short sections, including those

of Kappelman et al. (1991). The focus of this

study, however, is limited to the interval be-

tween 10.7 and 5.7 Ma. We have therefore in-

cluded only two sections (Gabhir and Chita-

parwala) that extend down into the early and

middle Miocene to provide a baseline for our

study.

Ages of Localities and Assignment to

Intervals

Most localities are in exposures near the

streams along which we have measured local

stratigraphic sections and are typically less

than 1 km off the line of a section. To establish

stratigraphic relationships for individual lo-

calities, we have then traced lithological mark-

ers back into the nearest section. These hori-

zons are usually paleosols or small sandstone

bodies, types of lithologies that have been

demonstrated to be isochronous over the dis-

tances involved (Behrensmeyer and Tauxe

1982). Any such correlation has a degree of

uncertainty. To preserve this uncertainty, we

have recorded the stratigraphic positions of

localities as being bracketed by uppermost

and lowermost bounds in the sections. We are

confident that localities are not above or below

these bounds, but we assume that the locality

could be at any level within the bracketed in-

terval with equal likelihood.

To order faunal events in time, we had to as-

sign each locality an absolute age, which can

be interpolated from its stratigraphic position

relative to known marker horizons or time

lines. Ages can be estimated to varying de-

grees of accuracy. Estimates for the ages of 555

localities and survey blocks that lie between

10.7 and 5.7 Ma are presented in Appendix 2.

The algorithm used to determine these ages is

based on interpolation between two points of

known age. In this paper all points of known

age are magnetic polarity transitions, but in

principle, radiometric dates and biostrati-

graphic or isotopic events of known age could

also be used. The formula for finding an age
is

Age 5 UAge 1 ((LAge 2 UAge)/T)SD,

where UAge and LAge are, respectively, the
ages of the top and bottom of the geomagnetic
zone, T is the stratigraphic thickness of the
magnetozone in the local section, and SD is
the stratigraphic distance between the locality
and top of the magnetozone. In this formula-
tion the quantity (LAge 2 UAge)/T is the av-
erage rate of sediment accumulation in the
section during the geomagnetic interval. Some
localities lie in truncated topmost or bottom-
most magnetozones, and interpolation cannot
be used to estimate their ages. In these cases
ages are extrapolated, using the rate of sedi-
ment accumulation of the sub- or superjacent
magnetic interval and the stratigraphic dis-
tance between the locality and the under- or
overlying magnetic transition.

Input data used in the calculations include
(1) the stratigraphic position of the locality in
a local lithological section, (2) the stratigraph-
ic positions of the magnetic transitions in the
same section, and (3) the ages of the magnetic
transitions, as derived from correlation of the
section to the Geomagnetic Polarity Time
Scale. From these input data, the quantities
used in the above formula can be calculated.
We have two further refinements in our cur-
rent implementation. The first is to derive sep-
arate age estimates for the possible upper and
lower limits of the stratigraphic positions for
localities traced into sections. This allows our
estimate to incorporate the uncertainty in the
correlation of the locality to a stratigraphic
section. When the stratigraphic position is
precisely determined, these age estimates will
be the same. The second refinement involves
using the highest and lowest possible posi-
tions of the magnetic transitions in the litho-
logical sections. Magnetic transitions are
bracketed by sites of different polarity, and by
convention the transition is placed at the mid-
point between those sites. Noting the actual
site horizons incorporates uncertainties in the
stratigraphic positions of the magnetic tran-
sitions by generating two age estimates, one
for the highest position and one for the lowest.
When the magnetic transitions are strati-
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FIGURE 5. Differences between estimated maximum
and minimum ages of 555 localities between 5.7 and 10.7
Ma (inclusive).

graphically constrained, these age estimates
will converge. Taken together, these two re-
finements produce conservative estimates for
a pair of maximum and minimum ages for
each locality (i.e., the largest reasonable range
of possible ages).

Five hundred fifty-five localities in our da-
tabase are between 10.7 and 5.7 Ma and have
both a minimum and a maximum age esti-
mate (Appendix 2). The difference between
the maximum and minimum estimates varies
considerably among localities, with the larg-
est being 1.025 Myr (Fig. 5). However, the ages
of most localities are better delimited, as
shown by the frequency distribution of the
differences in Figure 5. Nearly 60% (n 5 332)
of the 555 dated localities have a temporal res-
olution equal to 100 Kyr or less, whereas 82%
(n 5 457) have a resolution of 200 Kyr or less.

For the purposes of our analyses, it is nec-
essary to assign each locality to a single 100-
Kyr interval and to identify localities too
poorly dated to be assigned. If interval bound-
aries are drawn at 60.05 (e.g., the 7.5-Ma in-
terval has boundaries at 7.45 and 7.55 Ma),
then 149 (27%) of the 555 localities included in
Appendix 2 have both maximum and mini-
mum age estimates in the same 100-Kyr inter-
val. These localities can unambiguously be as-
signed to that interval. However, 183 (33%) of
the localities straddle two intervals, even
though the difference between their maximum
and minimum ages is less than 100 Kyr du-
ration. These localities cannot be so unambig-
uously assigned. In addition, a third group of
125 (23%) localities have differences that are
greater than 100 Kyr and less than 200 Kyr,
but they straddle two or three intervals. These

latter two classes of localities do, however,
overlap one interval by at least 50% of their to-
tal duration. If the percent overlap with any
interval is assumed equivalent to the proba-
bility that the true age lies within the interval,
then these two groups of localities can be as-
signed to the interval with the greatest over-
lap. This will be the same interval containing
the midpoint between the two age estimates.
If a locality does not overlap with any interval
by 50%, then it is left unassigned and excluded
from our analyses. This is the case for the 98
(18%) localities with age spans greater than
200 Kyr.

The boundaries between intervals are arbi-
trary and it is possible that this arbitrary di-
vision might affect the patterns we wish to de-
scribe. The foregoing discussion used inter-
vals centered at multiples of 0.1, with bound-
aries at 60.05. To test the robustness of some
our conclusions, we have redone some of our
analyses using 100-Kyr intervals with bound-
aries at the multiples of 0.1 and centered at
0.05. (For instance, the 7.5-Ma interval has
boundaries at 7.4 and 7.5 Ma, and is centered
at 7.45 Ma.) These alternative analyses did not
show significant differences.

Data Quality in the Siwalik Fossil Record

Comparisons of species richness and espe-
cially turnover depend on assumptions about
the ages of the fossils and the preservational
biases of the assemblages. If the patterns of
species richness and faunal turnover are to be
interpreted usefully, it is necessary first to
consider the reliability and resolution of the
dates, as well as the reliability of the fossil oc-
currence data.

Reliability of Age Estimates for Fossil Sites

The algorithm used to determine the ages of
Siwalik localities makes several assumptions
that affect the potential for errors in our esti-
mates and the reliability of the ages. The most
basic assumption is that the rate of sediment
accumulation remains constant within each
magnetic interval. Because sedimentation in
fluvial systems is stochastically episodic, with
many short hiatuses that collectively may rep-
resent more time than the accumulated sedi-
ment (Sadler 1981), the assumption is known
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FIGURE 6. Number of localities per interval. Data from
Appendix 2, n 5 457.

to be violated (Johnson et al. 1988). However,
if no contained hiatus is large relative to an
interval’s duration and if the stratigraphic dis-
tribution of the many small contained hiatus-
es is random, then interpolation of ages can
still be done (Badgley et al. 1986). This as-
sumption of approximate sedimentological
uniformity is consistent with correlations be-
tween our individual sections, which typically
show the same magnetic intervals having the
same relative stratigraphic thickness in sepa-
rate sections.

Second, we assume that the probability of a
locality lying somewhere between its upper
and lower stratigraphic limits has a uniform
distribution, with zero probability above and
below the marked range. This is a conservative
assumption, because it produces a wider
spread between the maximum and minimum
age estimates than if we assumed some other
probability distribution, such as a normal dis-
tribution around the center of the interval.

A third assumption is that the age estimates
of the magnetic transitions of the Geomagnet-
ic Polarity Time Scale are correct. These ages
are derived from interpolations between dat-
ed tie points in the marine record, and they
assume constancy in oceanic ridge spreading
rates. The age interpolations are vulnerable to
errors in the ages of tie points, which in sev-
eral cases are rather poorly constrained, and
to error in identifying inflection points in the
spreading-rate curves (Cande and Kent 1992,
1995). (See Pilbeam et al. 1996 for discussion
of a particular case.) Numerous published
geomagnetic polarity timescales are in use, re-
flecting different choices of tie points, spread-
ing rates, and inflection points. Each variant
timescale gives different estimates for the ages
of Siwalik localities, with maximum differenc-
es close to 500 Kyr for the interval at 10.7–5.7
Ma. In previous publications we have used the
timescales of Mankinen and Dalrymple
(1979), Berggren et al. (1985), and Cande and
Kent (1992). In this paper we use the now
widely accepted timescale of Cande and Kent
(1995).

Other potential sources of error in our age
estimates are not included in the expressed
uncertainties. Mistakes in field correlations
between the localities and sections are impor-

tant in this respect. In placing localities strat-
igraphically we have tried to express the un-
certainties in our correlations and preserve
them through the steps of our analysis. Nev-
ertheless, the potential remains for undetect-
ed errors. Errors in placement of magnetic
transitions are also possible, although to some
extent alleviated by the refinement of using
upper and lower positions of the transitions to
calculate a pair of ages. This is again a con-
servative approach, and future paleomagnetic
work refining the placement of transitions in
our sections should improve the precision of
our estimates. Finally, there may be a source
of error in our correlations between the local
magnetic sections and the geomagnetic time-
scale. These correlations are fundamentally in-
terpretations of data, and we have undoubt-
edly misidentified some magnetic transitions.
In this paper we present only a single favored
correlation, although there may be plausible
alternatives. In most cases additional field-
work will resolve these problems.

Quality of Fossil Occurrence Data

Throughout the late Miocene nearly all Si-
walik stratigraphic intervals have some fos-
sils, and in many the record is really very
good. Nevertheless, there are considerable dif-
ferences in the number of fossils between in-
tervals, as well as in the length of gaps be-
tween successive localities. This is illustrated
in Figures 6 and 7A,B, which show, respec-
tively, the number of localities and the number
of cataloged large- and small-mammal speci-
mens in each 100-Kyr interval between 10.7
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FIGURE 7. Number of catalogued fossils per interval. A, Large mammals (n 5 11,779). B, Small mammals (n 5
2730).

and 5.7 Ma. Figure 8 shows the distribution of
gaps over the same interval.

The bias in fossil recovery results from a
combination of factors that include (1) the area
of outcrop and quality of exposure, (2) the
types and mix of depositional environments,
and (3) differences in the number of hours
spent prospecting and collecting at individual
levels. However, Figure 9, which shows the re-

lationship between the number of surveying
hours and the number of fossils encountered
during biostratigraphic surveys (data from
Table 2), demonstrates that the greater abun-
dance of fossils in some intervals is not due
solely to collecting effort or outcrop area.
Rather, greater abundance is also due to the
intrinsic productivity of the lithologies.

Figures 6 and 7 show that the late Miocene
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FIGURE 8. Gap age against duration. Gap age is the midpoint of the gap. Gap duration is calculated as the difference
in age between chronologically successive localities. Data from Appendix 2; n 5 456.

FIGURE 9. Number of mammalian fossils found in sur-
vey blocks per hour of searching.

record on the Potwar Plateau is best over the
approximately 2-Myr period between about
7.9 and 10 Ma, with all intervals having some
fossils. In this same 2-Myr period, productiv-
ity is usually higher than that of the adjacent
periods (Fig. 9), and the duration of gaps be-
tween localities is very much lower (Fig. 8).
The details differ depending on whether gap
lengths, number of localities, or fossil abun-
dance is considered, but the record is notice-
ably poorer before 10 Ma and after 7.9 Ma;
and it is especially so after 7.1 Ma.

This bias in the relative abundance of the

fossils could in itself account for differences in

the patterns of first and last occurrences, and

thus in our assessments of the number of spe-

cies in each stratigraphic interval (Badgley

and Gingerich 1988; Badgley 1990). In previ-

ous papers we have therefore used two mea-

sures to determine whether data from differ-

ent intervals could be compared and to esti-

mate range extensions over intervals of poor

record. These measures were interval-quality

scores (Barry et al. 1990, 1995) and an index of

completeness (Barry et al. 1995; Maas et al.

1995). The approach taken in this study, how-

ever, does not require either, because we now

use a procedure (Shaw 1964; Koch 1987) to es-

timate range extensions directly from the oc-

currence data. This method uses counts of the

number of fossils from each interval and the

number of specimens in each taxon to assess

the likelihood of discovering a fossil of a spec-

ified taxon at a specified level.

Other biases affecting the reliability of the

fossil occurrence data result from diverse

taphonomic processes and the methods used
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to make the collections. The fragmentary na-
ture of almost all Siwalik fossils also creates a
bias that makes more-easily identified taxa, or
those that can be identified from more skeletal
elements, appear to be relatively more com-
mon. All these biases limit paleoecological in-
ferences, such as assessing relative abundance
of taxa or recognizing habitat specificity, but
we presume they are the same for all intervals
under study and do not affect comparisons
between intervals.

Environmental Change

A fundamental question in paleobiology in-
volves the relationship between environmen-
tal change and faunal evolution. In the Siwalik
sequence, we have the opportunity to examine
diversity fluctuations and other faunal pat-
terns in relation to shifts in depositional en-
vironments and vegetation as well as to global
and regional climate change. In this next sec-
tion we review the evidence and interpreta-
tions for environmental change in the Potwar
region during the late Miocene. In doing so we
use several published sources, including stud-
ies of the sediments and paleosols, as well as
data on stable isotopes from the paleosols and
fossil mammals. Other than for very rare spec-
imens, there is no plant record for the Potwar
Siwaliks.

Because we focus foremost on the relation-
ships between local environmental and faunal
change, our discussion is limited to the Po-
twar Plateau (;30,000 km2). The small local
geographic scale makes it possible to test
whether changes in the fluvial system caused
the faunal changes.

The present climate of the Potwar is warm
and humid, with very marked monsoon sea-
sonality. Spring months are dry and very hot,
summer months bring the monsoon rains
(with half the annual precipitation), and au-
tumn and winter are cool and drier. Precipi-
tation is highly variable throughout the Pla-
teau and from year to year. Rainfall averages
about 500–700 mm/yr over much of the Pla-
teau, but can vary from 250 to 1300 mm/yr
from one year to the next (Anonymous 1985;
Shukla 1987). Much of the annual variation is
due to differences in the intensity of monsoon
rains, which are also highly irregular in time

of onset. As discussed below, climate appar-
ently changed through the study interval, but
it can be characterized during the middle and
late Miocene as warm and humid with a
strong monsoon circulation and marked sea-
sonality.

Lithological Evidence

Detailed environmental reconstructions
have been made for the Siwalik formations, re-
constructions that, because of an inadequate
plant record, draw heavily on sedimentologi-
cal evidence and models based on the modern
analogs provided by the Indus and Ganges
Rivers. Although some work has been done on
the Dhok Pathan Formation (Behrensmeyer
and Tauxe 1982; Behrensmeyer 1987; Badgley
and Tauxe 1990), most of the relevant field
studies in the Potwar have focused on the
middle Miocene Chinji Formation and the
lower part of the middle-to-late Miocene Na-
gri Formation, with the transition between
these two formations at ca. 12–10.5 Ma being
of special interest (Retallack 1991; Willis
1993a,b; Willis and Behrensmeyer 1994, 1995;
Badgley and Behrensmeyer 1995b; Behrens-
meyer et al. 1995; Zaleha 1997a,b). Here we
also use these studies to characterize the tran-
sition between the late Miocene Nagri and
Dhok Pathan Formations. We believe this is
justified because comparisons of the Chinji
and Dhok Pathan Formations indicate similar-
ities in their depositional environments and in
their transitional stratigraphic relationships
with the intervening Nagri Formation (Beh-
rensmeyer and Tauxe 1982; Behrensmeyer
1987; Retallack 1991; Willis 1993b; Zaleha
1997a,b). Particularly noteworthy are the sim-
ilarities between the Chinji/Nagri transition
and the vertical and lateral changes docu-
mented between the Nagri and Dhok Pathan
Formations. Ongoing research is documenting
lateral and vertical change in lithofacies, pa-
leosols, and isotopic composition within the
Dhok Pathan Formation in the Khaur and Has-
not areas, with the continuing goal of inte-
grating this information with the paleontolog-
ical evidence we present below.

The Miocene Siwaliks were deposited in a
very large scale fluvial system, one compara-
ble in size to the modern Indus or Ganges sys-
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tems. These modern rivers occupy divergent
basins paralleling the northern and western
mountains and bounded by the Indian craton
to the south and east. This arrangement of
mountains, basins, and major drainages is a
result of the tectonic movement of the subcon-
tinent against Asia and existed throughout the
Miocene. However, paleochannel directions
and paleocurrents indicate that the paleo-
Ganges system may have extended farther
west and drained the Potwar region (Beck and
Burbank 1990), which now is connected to the
Indus drainage. The reconstructed Miocene
Indo-Gangetic system extended over 2000 km
to the east and 1000 km to the south, with
floodplain widths on the order of 100 to 500
km. Thus, the Potwar Plateau encompassed
only a small part of this ancient foreland basin
and can give us only limited information on
the whole system (Willis and Behrensmeyer
1995). In the Miocene, the Potwar study area
was probably some 100–200 km to the south-
east of the mountain front where its rivers
originated (Zaleha 1997b). This distance is
about the same as at present. At ca. 10 Ma, the
Potwar region was at approximately 298N lat-
itude, that is 48 south of its current position
(Tauxe and Opdyke 1982).

Reconstructions of the Siwalik rivers depict
drainages coalescing into trunk rivers run-
ning to the Arabian Sea and Bay of Bengal
along the axes of the two divergent basins.
Large submarine sediment fans attest to the
existence of these Indus-size trunk rivers in
the Miocene (Rea 1992), but deposits of the ax-
ial system draining the late Miocene Potwar
are not preserved, either because it flowed
eastward to the Bay of Bengal or, if flowing
south to the Arabian Sea, was confined by the
slope of the floodplain to the margin of the de-
positional basin (Willis 1993a,b; Willis and
Behrensmeyer 1995). Channel and floodplain
deposits of large and small tributaries to the
trunk river are preserved, however. These trib-
utaries are interpreted to be of two subtypes.
The first are deposits of large streams that
emerged from the mountains at widely spaced
intervals (100–200 km) and flowed several
hundreds of kilometers southeast across the
floodplain to join the trunk river (Fig. 10).
These second-order streams, which we refer to

as ‘‘emergent’’ or ‘‘upland-sourced’’ streams,
carried relatively unweathered sediment from
the mountains and deposited it to form dis-
tally broadening, low-gradient megafans.
Similar in size and morphology to modern
Punjab rivers such as the Jhelum, the Miocene
upland-sourced streams were braided and
typically had channel belts more than 5 km
wide with individual channel widths on the
order of 200 to 400 m. They drained adjacent
and distant mountain regions, flowed
throughout the year, and were prone to avul-
sion during unusual flood events. Abandoned
channels then became sites of short-lived
lakes or swamps with more gradual sedimen-
tation, while the active channels moved to
lower and perhaps quite distant areas on the
fan. Because of the instability of the channels,
alluvial ridges along channels did not form,
nor did channels migrate laterally to form ex-
tensive sheet bodies (Behrensmeyer et al.
1995).

In contrast, the second subtype are deposits
of generally smaller, braided rivers having
channel belts ;1–2 km wide and channels 70–
200 m wide. Some of these third-order streams
may also have had mountain sources, whereas
others had sources in foothills or from
groundwater on the floodplain (Fig. 10). Be-
cause they were confined to areas between the
fans of the larger emergent rivers and carried
finer, reworked material eroded from the
floodplain, we refer to them as ‘‘interfan’’ or
‘‘lowland-sourced’’ streams. Their sources
were closer to or even on the second-order
floodplains, so their flow was probably influ-
enced more by floodplain precipitation than
by precipitation in distant, mountainous re-
gions. Consequently, flow varied more
throughout the year than in the larger, emer-
gent streams. Channels of the third-order
streams also seem to have been less prone to
very large flood events but nevertheless had a
more frequent rate of avulsion than the sec-
ond-order, emergent streams (Willis 1993b;
Zaleha 1997b).

As a result of the deposition on alluvial fans
and interfan areas, the sloping floodplain was
a mosaic of low and high areas, with local re-
lief on the order of 10 m and at most a few
hundred meters elevation difference across
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FIGURE 10. Reconstruction of late Miocene Siwalik fluvial system in plan view. Numbers refer to orders of streams
as discussed in text. 1 5 axial trunk river, shown flowing eastward to the Bay of Bengal. 2 5 emergent or upland-
sourced rivers, draining mountains and tributary to the axial trunk river. 3 5 interfan or lowland-sourced streams,
arising on the floodplain or near the mountain front and generally tributary to the axial or second-order rivers. 4
5 small streams of the floodplain, often ephemeral. Note that the third- and fourth-order streams may also have
drained into low areas on the floodplain, creating seasonal swamps or ponds as indicated by gray stippled areas.
The boxed inset approximates the size of the modern Potwar Plateau.
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the floodplain (Willis 1993b). Low areas were
sites of short-lived, perennial or seasonal
ponds and swamps. Such low areas would
have been rapidly filled by crevasse-splays
and levees associated with the larger second-
and third-order channels, and with sediment
from even smaller fourth-order floodplain
streams (Fig. 10) (Willis 1993a; Zaleha 1997a).
Preserved floodplain deposits therefore con-
sist predominantly of low-angle crevasse-
splay lobes that built out into low areas, some
of which contained wetlands or lakes, along
with minor contributions from levees and
small floodplain channels (Behrensmeyer et
al. 1995; Willis and Behrensmeyer 1995). The
preserved features of the fourth-order flood-
plain streams indicate that they typically cut
into preexisting floodplain deposits, had sin-
gle rather than braided channels, and were
much smaller (10 to less than 100 m wide)
than the individual channels of the third-or-
der streams. The preserved deposits are most-
ly ribbon shaped, indicating that the channels
did not migrate laterally, perhaps because
they were stabilized by vegetation (Willis
1993a). Flow in these smaller channels was ap-
parently slower and more episodic through-
out the year than in the major channels and
may have ceased at times as the smaller chan-
nels became sites of ponded water (Willis
1993a). In all three formations the smaller
floodplain channels are exceptionally impor-
tant as sites of vertebrate bone accumulation.
Most of the larger fossil localities are from
such depositional environments or from fine-
grained fills associated with the tops of sec-
ond- or third-order channels (Badgley and
Behrensmeyer 1980, 1995; Behrensmeyer 1987;
Badgley et al. 1995; Behrensmeyer et al. 1995;
Willis and Behrensmeyer 1995).

Floodplain paleosols are well developed,
common, and varied throughout the whole of
the Siwalik sequence, although they have been
studied in detail only very locally (Retallack
1991). The Chinji and Dhok Pathan Forma-
tions both have a larger number of well-dif-
ferentiated paleosols than the Nagri, in keep-
ing with overall differences in proportions of
channel and overbank deposits. None of the
formations have paleosols that are readily as-
signed to modern soil types, although they are
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broadly similar to modern soils of the Indo-
Gangetic plain (Retallack 1991; Behrensmeyer
et al. 1995; Quade and Cerling 1995), espe-
cially those forming under 258C mean annual
temperature and 1400 mm/yr precipitation
(Behrensmeyer et al. 1995). The nine paleosol
series described by Retallack (1991) (Table 3)
differed primarily in topographic setting, fre-
quency of disturbance, degree of maturity,
drainage, and parent material, as well as in-
ferred vegetation and precipitation. At all
stratigraphic levels, however, the paleosols
give evidence of seasonal differences in the
water table that produced waterlogging with
formation of Fe-Mn nodules, followed by des-
iccation with leaching and precipitation of cal-
cium carbonates. Leaching of matrix carbon-
ate was essentially complete on coarse depos-
its and well-drained sites. There is also evi-
dence for intense oxidation at the time of soil
formation, which depleted organics and pre-
sumably helped destroy bone in mature pa-
leosols as well (Willis 1993a; Behrensmeyer et
al. 1995; Zaleha 1997b).

Temporal changes in the Siwalik fluvial sys-
tem have been documented, but the degree to
which they are related to climate or subsi-
dence, or are due simply to autocyclic dynam-
ics of the fluvial system, is not clear (Willis
1993b; Zaleha 1997b). The transition between
the Chinji and Nagri Formations has been in-
terpreted as due to the progradation of a sec-
ond-order emergent system over a smaller,
third-order interfan system (Willis 1993b; Za-
leha 1997b). The Nagri and Dhok Pathan tran-
sition, on the other hand, seems a well docu-
mented case of the coexistence of two contem-
poraneous systems (Behrensmeyer and Tauxe
1982), the larger of which diverted from the
study area between 10.1 and 9 Ma. Chinji
floodplains were apparently more poorly
drained than those of the Nagri Formation,
with the abundance of lacustrine deposits and
iron-concretion-rich paleosols indicating great-
er seasonal waterlogging (Willis 1993b; Beh-
rensmeyer et al. 1995; Willis and Behrensmey-
er 1995). Floodplain deposition in the Chinji,
and perhaps Dhok Pathan, Formation was also
more episodic than in the Nagri, with longer-
lived small floodplain channels. Initially, flow
in these small channels was continuous year-

round, but in later stages it became more ep-
isodic with periods of subaerial exposure as
the channels were abandoned and later infil-
led. By contrast, in the Nagri Formation even
the initial stages of channel flow may have
been more seasonal, with deposition of sedi-
ment occurring mostly during floods (Willis
1993a; Willis and Behrensmeyer 1995). Specif-
ic, important differences between the rivers of
the Nagri and Dhok Pathan Formation include
decreased channel size and discharge in the
latter, as well as decreased avulsion period
(Zaleha 1997b).

Our lateral facies studies in the Kaulial Kas
section and nearby sections (Behrensmeyer
1987) provide a general reconstruction of the
landscape in the Khaur region between 10.1
and about 7.0 Ma. Before ca. 9 Ma, in the up-
per part of the Nagri and lower part of the
Dhok Pathan Formations, channels hundreds
of meters wide were separated by fine-grained
interfluves with modest topographic relief.
The highest areas in these interfluve flood-
plains were associated with low-angle cre-
vasse-splay fans, and the lowest areas with
abandoned channels. Levees were generally
poorly developed and channels show little ev-
idence of lateral migration, indicating fre-
quent avulsion. Floodplain soils are carbon-
ate- and iron-rich and oxidized, suggesting
seasonal alternation between waterlogged
and moist-dry with intense bioturbation. The
interfluves were crossed by small channels
tens of meters wide that were tributaries or
distributaries associated with the larger chan-
nels and probably active mainly during flood
periods. The physical habitat between 10.1
and ca. 9 Ma varied on a scale of tens to hun-
dreds of meters from floodplain silt-clay soils
to sandy splay substrates to channel corridors
with wet to dry beds depending on the sea-
son.

After ca. 9 Ma, in the upper part of the Dhok
Pathan Formation, large scale, braided chan-
nels draining foothill source areas were more
common in the Khaur region, expanding the
area covered by sandy substrates (e.g., aban-
doned or seasonally dry channels) at the ex-
pense of silt/clay soils. Small-scale, erosional
floodplain channels became much less fre-
quent, reflecting a reduction in the role of such
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channels in distributing floodwaters. This dif-
ference could reflect a shift in the rainfall re-
gime and/or an increased role of the major
rivers in controlling the topography and
drainage of the alluvial plain. Low-angle cre-
vasse-splay fans continued to create minor
positive relief on this plain, but overall the in-
terfluves were broader, flatter, and more ho-
mogenous than in the upper Nagri and lower
Dhok Pathan Formations. Lateral variation in
the physical habitat was on the order of hun-
dreds to thousands of meters. Pedogenic car-
bonate is more poorly developed in the upper
Dhok Pathan floodplain soils, which are
leached of matrix CaCO3, and this may reflect
more effective soil drainage with less oppor-
tunity for vertical transpiration and evapora-
tion of water-logged soils during the dry sea-
son.

This reconstruction of environmental
change through time applies only to the
Khaur region. It is likely that other parts of the
Siwalik alluvial plain were changing at differ-
ent rates and in different ways, providing
varying ecological opportunities for the flora
and fauna. Mountain-proximal regions, such
as Khaur, were subject to the effects of en-
croaching lowland-sourced fluvial systems
earlier than mountain-distal regions to the
south. Nevertheless, the environmental devel-
opments seen in the north are indicative of
what would be expected throughout the larger
Siwalik system in the late Miocene, as low-
land-sourced rivers became more dominant
and the climate changed to greater seasonal
aridity with more intense monsoons.

Retallack (1991) described and named nine
paleosol series from two short sections in the
lower Dhok Pathan Formation at ca. 9.4 and
8.6 Ma. In these two sections, which are with-
in and just above the Nagri–Dhok Pathan tran-
sition, he documented differences in the fre-
quencies of soil types (Table 3). He interpreted
the dissimilarities as resulting primarily from
differences in parent material, local topogra-
phy, and drainage. Seasonality of rainfall and
levels of disturbance may also have affected
soil type (Retallack 1991). The Bhura Series
and Sonita Series in particular are a couplet of
frequently occurring, moderately developed
paleosols that formed in similar settings on

similar parent material but differed in drain-
age and intensity of seasonal drying. The Lal
Series and Naranji Series are another pair of
mature paleosols that differed primarily in to-
pographic setting, parent material, and dis-
tance from channels, and secondarily in drain-
age. Retallack’s overall interpretation is that
his sample of younger paleosols (at 8.6 Ma)
formed closer to the channels and were better
drained, with perhaps more marked season-
ality. These observations on the paleosols can
be related to the replacement of the emergent
Nagri system by an interfan system, and they
may also indicate a different climatic regime.
However, although there are statistically sig-
nificant contrasts between the older and youn-
ger sections in the frequencies of Lal, Bhura,
Sonita, and Naranji soils (Table 3), subsequent
work in the Kaulial area indicates that his con-
clusions should be viewed with caution. We
find Retallack’s sections were too short and
too laterally restricted to include a represen-
tative sample of the soils of the two time in-
tervals. Furthermore, both intervals have
much more variation in soil features associat-
ed with lateral and vertical differences in the
fluvial systems than can be accommodated by
his system of soil classification.

Retallack (1991) found no evidence for ex-
tensive grasslands (e.g., ped structure, mas-
sive fine roots), although he suggested that
the Pila Series and Kala Series paleosols
formed under occasionally waterlogged,
grassy woodlands. Paleosols belonging to ei-
ther series are uncommon, occurring only four
times among 111 recognized paleosols, and
are found only in the older section. Neverthe-
less, yellow and light-colored soils become
more common after 8 Ma. These could be ex-
amples of his Pila or Pandu soils, or they
might be unrecognized soil types. Fewer pa-
leosol types were reported by Retallack (1991)
in the upper section (four versus eight in the
lower), which he interpreted as evidence for a
less varied landscape in the younger time in-
terval. However, considering the much smaller
number of recognized soil horizons in the up-
per section (31 versus 80), these proportions
are not different. Nevertheless, our own ob-
servations suggest that the upper part of Dhok
Pathan Formation (ca. 9.0–5.5 Ma) is less var-
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FIGURE 11. Isotopic values of paleosol carbonates by age. A, d13Carbon. B, d18Oxygen. Ages from Appendix 3. All
isotopic data are from Quade and Cerling 1995.

ied than the lower part (ca. 10.1–9.0 Ma) in

types of paleosols; in the sizes, geometry, and

frequency of channels; and in local topogra-

phy. The difference between the older and

younger parts of the Dhok Pathan Formation

is also expressed in the decreased frequency

of fossil-preserving environments in the up-

per Dhok Pathan (Fig. 6) (Behrensmeyer 1987).

It is noteworthy that at any stratigraphic

level there is always considerable diversity in

soil types, and by inference considerable di-

versity in vegetation. Low areas contained

seasonal swamps or ephemeral ponds, where-

as the paleosols suggest that other areas had

extensive wet upland and lowland forests, dry

old-growth deciduous woodlands, tall river-

ine or gallery forest with lush undergrowth,

and wet grassy wooded meadows, as well as

tracts of secondary growth and early succes-

sion (Retallack 1991). These vegetation types

would have been common, coexisting ele-

ments of the landscape. It seems likely that or-

ganisms concentrated in some areas, and

maybe especially in the lush vegetated corri-

dors along the streams during the dry season.

Animals may also have retreated to the higher

crevasse-splay fans during flood periods or

migrated off the floodplain altogether. After

ca. 9 Ma, the decreased environmental vari-

ability, increased soil drainage, and particu-

larly the diminished network of vegetated

channel corridors on the alluvial plain would

have reduced the diversity of habitats avail-

able to the Siwalik flora and fauna.

Isotopic Evidence

Temporal changes have also been found in

the stable isotopic content of Siwalik paleosols

and fossil material (Quade et al. 1989, 1992;

Morgan et al. 1994; Stern et al. 1994; Quade

and Cerling 1995). Quade and others (Quade

et al. 1989, 1992; Quade and Cerling 1995) first

reported differences in stable carbon and ox-

ygen isotope ratios in soil carbonates in three

Potwar sections, noting rapid shifts in both

d13C and d18O values in the late Miocene. Qua-

de and others initially reported the ages of

their samples using the Berggren et al. (1985)

timescale. We have now recalculated the ages

of the Kaulial and Jalalpur samples using the

Cande and Kent (1995) timescale (Appendix 3,

Fig. 11A). (The upper, post-9-Ma part of the

Gabhir section is not included because of un-

certainties in correlation to the magnetic po-

larity timescale.) The new ages show that the

beginning of the d13C shift is slightly younger

than 8.1 Ma, when a value greater than

29.0‰ first appears in the Kaulial section.

The shift is more or less completed by 5.9 Ma,

after which values less than 22.0‰ no longer

occur. (These beginning and end dates are re-

spectively, approximately 800 Kyr and 400

Kyr older than previously reported.) Howev-

er, as Quade and Cerling (1995) note, the shift

is complex and certainly not monotonic. Sam-

ples that are strongly 13C depleted occur even

after 7.4 Ma, which is when the oldest sample

with a value greater than 24.0‰ occurs. Val-

ues greater than 22.0‰ are present as early
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as 6.8 Ma, suggesting that the more restricted
interval between 8.1 and 6.8 Ma was the time
of greatest change. There is no apparent dif-
ference in the timing of the carbon isotopic
shift from the northwest at Kaulial to the
southeast at Jalalpur (Fig. 1).

The d18O shift noted by Quade and others
(Quade et al. 1989; Quade and Cerling 1995)
is also conspicuous and appears to be as rapid
as the carbon shift, although beginning earlier
(Appendix 3, Fig. 11B). In the well-dated Kau-
lial section, the oldest available sample is
greatly enriched relative to older samples
from the Jalalpur section. It indicates that the
shift in d18O values occurred as early as 9.15
Ma. Unfortunately, the ages of the Jalalpur
samples older than 8 Ma are imprecise and do
not establish the age of the transition’s lower
boundary. With the exception of one sample
with an age between 10.7 and 10.5 Ma, all are
less than 28.0‰, and the 9.15 Ma Kaulial
sample might therefore be taken as marking a
point of significant change. This date is at least
600 Kyr older than reported by Quade and
Cerling (1995) and 1.1 Myr older than the be-
ginning of the shift in carbon values. The d18O
shift is also complex (Quade and Cerling
1995). The transition takes place in phases and
lasts longer than the carbon transition. With
the exception of a strongly depleted sample at
7.27 Ma, Ma d18O values after 8 are greatly en-
riched compared with older ones, whereas
post-6-Ma values are even more enriched. The
interval between 9.15 and 7.27 Ma may delin-
eate a transitional period of unusually wide
variation, with the most intense change com-
ing before 8.0 Ma.

Paleosol d13C ratios reflect the isotopic com-
position of vegetation growing at the site of
soil formation (Cerling et al. 1989). Quade and
others consequently interpreted the reported
differences in carbon isotope ratios as due to
long-term changes in vegetation (Quade and
Cerling 1995). They considered d13C values
more positive than 29‰ to indicate the pres-
ence of at least a small number of plants using
the C4 photosynthetic pathway, while more
negative values indicated the presence of only
C3 plants. Paleosol nodules with d13C values
greater than 22‰ formed under pure C4

grasslands, while those with values near

25‰ formed under mixed vegetation aver-
aging about half C3 and half C4 during the pe-
riod of soil formation (Quade et al. 1989; Qua-
de and Cerling 1995). Accordingly, Quade and
others (Quade et al. 1989; Quade and Cerling
1995) interpreted the carbon shift to be a
change from C3-dominated plant communi-
ties to C4-dominated ones; that is, from
closed-canopy forest and woodland commu-
nities to more open types of vegetation.

The transition between C3- and C4-domi-
nated communities was rapid. Plant commu-
nities composed predominantly of C4 species
appear as early as 7.4 Ma, whereas pure C4

grasslands were present at 6.9 Ma. Commu-
nities composed exclusively or predominantly
of C3 species apparently disappeared from the
record after 7.0 Ma, when the last isotopic val-
ues less than 29.0‰ occur. Thus, although
initially the transitional plant communities
were spatial and temporal mosaics with for-
est, woodland, brush, and grassland, after 6.9
Ma apparently there were only grasslands
and mixed C3 and C4 communities, with little
or no pure C3 vegetation. The available evi-
dence also indicates that after 5.9 Ma C4 grass-
lands were the dominant and maybe only veg-
etation on the Siwalik alluvial plain (Quade et
al. 1989; Quade and Cerling 1995). It should
be noted, however, that the inferred absence of
C3 communities is based on negative evidence,
and there are numerous paleosols throughout
this time interval that were not sampled be-
cause they lack carbonate and/or free carbon
(see also Table 3). These soils may have con-
tinued to support C3 vegetation.

Because environmental and climatic factors,
such as CO2 partial pressure, light intensity,
rainfall, and temperature, govern growth and
competition between C4 and C3 plants, the car-
bon shift implies climatic and environmental
change. Most C4 plants are grasses adapted for
growth under higher temperature and lower
rainfall regimes than C3 grasses, trees, and
shrubs. Increasing seasonality and reduced
precipitation have therefore been cited to ac-
count for inferred temporal alteration in veg-
etation (Quade et al. 1989; Quade and Cerling
1995).

Carbon isotope ratios in mammalian tooth
enamel and avian eggshells (Quade et al. 1992;
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Morgan et al. 1994; Stern et al. 1994) have also
been used to reconstruct ancient Siwalik veg-
etation. In this case the d13C values of enamel
and eggshell reflect the isotopic composition
of the animal’s diet, but because animals can
be highly selective feeders, such isotopic data
cannot directly document relative composi-
tion of the vegetation. Rather, they only indi-
cate plant availability. Enamel samples also
represent very short intervals of time within
the animal’s life span (1–10 yr), whereas car-
bonate nodules form over longer periods
(100–1000 yr). The time-averaging of an iso-
topic signal over longer periods in soil nod-
ules could obscure any record of C4 vegetation
patches in a dominantly C3 environment. Both
mammal and avian isotopic data sets show a
transition from C3-dominated diets to mixed
C3/C4- and C4-dominated diets, with the tran-
sition being most striking after 8 Ma, as in the
paleosol carbonate data. Nevertheless, both
Morgan et al. (1994) and Stern et al. (1994)
found some evidence for a C4 dietary compo-
nent before 8 Ma. Although the values are
near the threshold for pure C3 vegetation (Cer-
ling et al. 1997), the animal data do suggest
that C4 vegetation was present earlier than the
paleosol evidence shows. This conclusion
gains support from occlusal microwear data
on teeth, which also document herbivores
with substantial amounts of grass in their
diet, even in the middle Miocene (Morgan et
al. 1994). Although seemingly in conflict with
the soil carbonate data, it is likely that certain
kinds of habitats, and especially disturbed
habitats with vegetation in an early stage of
succession, are not represented in the paleosol
isotopic record. Many Siwalik paleosols lack
pedogenic carbonate or have dispersed nod-
ules too small to sample, because either they
are immature or they formed on well-drained
or permanently waterlogged sites where car-
bonate was not precipitated during pedogen-
esis (Quade and Cerling 1995). Because car-
bonate deficient soils are unrepresented in the
isotopic samples, any vegetation restricted to
them is consequently also unrepresented (or
underrepresented) in the isotopically sampled
record. Underrepresentation is especially like-
ly for disturbed habitats with extensive open
areas and grasses, because they are most likely

to have formed on immature or well-drained,
nutrient-poor soils. Nevertheless, C4 vegeta-
tion must have become more widespread on
the floodplain after 8.1 Ma, because 13C-en-
riched nodules begin to occur at that time in
many different paleosols.

Paleosol d18O ratios are determined largely
by temperature, evaporation, and the d18O val-
ues of precipitation at the site of soil formation
(Quade and Cerling 1995), but interpretation
of the shift in oxygen ratios reported in the Si-
waliks is not straightforward. Quade and Cer-
ling (1995) outlined several climatic factors
that alone or together might have been re-
sponsible for the change, including an in-
crease in mean temperature by about 58C, a
decrease in total amount or an increase in the
seasonality of rainfall, a change in the sources
of precipitation, or increased direct evapora-
tion from the soil. Some of these same factors
are also implicated in the carbon isotopic
shift, but the connection between the carbon
and oxygen isotopic shifts is not understood.
Significantly, although the beginnings of the
two events are separated by over one million
years, the interval of most intense d18O change
ends just when the carbon shift starts at 8.1
Ma. In addition, the most negative d13C values
reported in the entire sequence are two sam-
ples from the Kaulial section at 9.15 and 8.97
Ma, which is when the d18O shift first starts.
However, no simple relationship between car-
bon and oxygen values exists, as many of the
13C-depleted samples from the upper part of
the Kaulial section are 18O-enriched, whereas
others are 18O-depleted (Quade and Cerling
1995).

Correlations to Oceanic and Himalayan
Tectonic Events

Quade et al. (1995) have documented a sim-
ilar carbon and oxygen isotopic shift begin-
ning at ca. 7.0 Ma in terrestrial sediments in
Nepal, whereas terrestrially derived sedi-
ments on the Bengal fan record a change in
d13C values after ca. 7.8 Ma (France-Lanord
and Derry 1994; date converted from Berg-
gren et al. [1985] timescale). Mineral assem-
blages and rates of deposition on the Bengal
and Indus fans also show marked contrasts
between ca. 8 and 7 Ma (Amano and Taira
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1992; Rea 1992; dates converted from Berg-
gren et al. [1985] timescale), whereas forami-
niferal evidence from the Arabian Sea sug-
gests the beginning of strong summer up-
welling at 9.4 Ma that continues to increase
until about 8.2 Ma (Kroon et al. 1991, dates
converted from Berggren et al. [1985] time-
scale). Although considerable uncertainty
over the chronology of Himalayan and Tibet-
an Plateau uplift still exists, the consensus is
that a phase of uplift and rapid erosion oc-
curred from as early as 11 Ma to as late as 6
Ma (Amano and Taira 1992; Harrison et al.
1993; Turner et al. 1993; Meigs et al. 1995; but
see also Copeland 1992; Burbank et al. 1993;
Coleman and Hodges 1995). Although an el-
evated Tibetan Plateau and Himalayas may
have existed long before 11 Ma, late Miocene
uplift is seen as important in generating or in-
tensifying the South Asian monsoon, as indi-
cated by the onset of summer upwelling in the
Arabian Sea (Prell and Kutzbach 1992; Rea
1992; but see also Ramstein et al. 1997). An in-
tensified monsoon may then explain the ob-
served d18O shift, through its effect on season-
ality and precipitation in northern India and
Pakistan in the interval between 9.4 and 8.2
Ma. Elevation of the Tibetan Plateau and Him-
alayas also may have been a critical factor in
the evolution of late Miocene cooling on a
global scale and consequent vegetation
change, through its effects on chemical weath-
ering rates, organic carbon burial, and atmo-
spheric CO2 content (Raymo and Ruddiman
1992; Molnar et al. 1993; Filippelli 1997). At-
mospheric CO2 content alone also has been
seen as a cause of the isotopic shifts, through
its direct effect on C3/C4 plant competitive re-
lationships (Cerling et al. 1993, 1997). Pagani
et al. (1999), however, found no evidence to
support the claim.

Climate, Depositional System, and
Vegetation

Although climate and interspecific compe-
tition are presumed to have been the primary
agents acting on the plant communities, the
depositional system also strongly affected the
vegetation and landscapes of the 10.7–5.7-Ma
interval. Preserved deposits include the sandy
channels of large and small streams, their as-

sociated silty and sandy levees and crevasse
splays, and the silt and clay fills of abandoned
channels, ponds, and other depressions (Beh-
rensmeyer et al. 1995; Willis and Behrensmey-
er 1995). Position on the floodplain relative to
the mountain front and axial trunk stream, as
well as distance from the channel belts, were
therefore important determinants of local to-
pography, soil substrate, drainage, and fre-
quency of disturbance. Because deposition
was on both alluvial fans and interfans, areas
of low and high elevation should have been ir-
regularly distributed and patchwork-like,
with low areas being both near to and distant
from the channels (Behrensmeyer et al. 1995;
Willis and Behrensmeyer 1995). Similarly, con-
ditions affecting soil formation varied with
proximity to the channels. Some areas would
have been sites of continuing frequent depo-
sition, whereas others would have had long
periods for soil development between epi-
sodes of deposition. Presumably vegetation
responded to specific local conditions. Con-
sequently, plant communities formed mosaics
that changed in an irregular manner over dis-
tances of hundreds of meters to a few kilo-
meters, owing to edaphic factors such as to-
pography, soil parent material, drainage, and
height of the water table. The amount and sea-
sonality of precipitation also would have been
critical, although varying on a larger regional
scale. Finally, high and unpredictable levels of
disturbance due to flooding, stream avulsion,
and fire would have left tracts of vegetation in
different stages of succession, adding to the
overall habitat mosaic. Forest glades, swamps,
and meadows, as well as areas of secondary
growth, should have been common features of
the landscape, present within what were oth-
erwise predominantly forests and woodlands.
More speculatively, brushland and perhaps
some grasslands also may have been present
prior to the widespread expansion of C4 veg-
etation. Presumably, this variety of vegetation
created a complex of habitats favorable to dif-
ferent animals.

Climate change per se also may have been
the primary agent affecting vegetation during
the study interval. Increasing seasonality, re-
duced precipitation, and an increase in the in-
cidence of fire have commonly been cited to
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account for inferred differences in vegetation,
as well as differences in the Siwalik sediments
and faunas (e.g., Krynine 1937; Quade et al.
1989; Retallack 1991; Quade and Cerling
1995). These effects, however, are difficult to
separate from those of the fluvial system’s dy-
namics. The latter were especially likely to
have been instrumental in transforming land-
forms and vegetation between 10.1 and 9 Ma,
when a large emergent river system (Nagri
Formation deposits) was replaced across the
study area by a smaller interfan system (Dhok
Pathan Formation deposits). The lower Dhok
Pathan interfan system had smaller streams
and narrower channel belts, with slower, more
seasonally variable flow and more frequent
avulsions than the emergent Nagri system
(Willis 1993b; Willis and Behrensmeyer 1995;
Zaleha 1997b). The lower Dhok Pathan system
also had a more widely fluctuating water ta-
ble, more frequent flood disturbances, and
perhaps a more variable spatial mosaic of
abandoned channels, soils, and topography.
Small floodplain channels, which are impor-
tant sites of vertebrate bone accumulation,
were initially very common on the interfan
Dhok Pathan system but became progressive-
ly less so after ca. 9 Ma (Behrensmeyer 1987),
whereas the preserved soils seem to have
formed nearer to the channels, where they
were better drained and more susceptible to
drying (Retallack 1991). After 9 Ma, the inter-
fluves were broader with less topographic re-
lief, and the physical environment appears to
have been more homogenous than in the lower
Dhok Pathan Formation.

Because small floodplain channels were so
common, fossil productivity is much higher
after 10 Ma in the interfan lower Dhok Pathan
system then it is in the older emergent Nagri
system. Differences in fossil productivity be-
tween the older and younger parts of the
Dhok Pathan Formation are also expressed in
decreased frequency of fossils in the upper
Dhok Pathan Formation, especially after 7.1
Ma.

Biostratigraphic Record

In the following sections we examine as-
pects of faunal change in the late Miocene of
the Siwaliks. To reconstruct a picture of such

change, we ideally would like to know for each
time interval the original relative species
abundances within the community, as well as
the patterns of species turnover. However, this
is not possible with fossil taxa because of the
taphonomic filters that modify death assem-
blages, fossil preservation, and recovery. As
discussed below, our approach assumes that
each species has a more or less constant abun-
dance over its duration. At present we see no
evidence for major fluctuations in abundance
in more than a few species, and our record
cannot detect and evaluate more subtle differ-
ences in abundance. At the family level, bio-
stratigraphic surveys and skeletal-element
analyses do show changing relative abun-
dances. For example, the numbers of recov-
ered astragali indicated that between 9.3 and
6.3 Ma tragulids decrease and bovids increase
in relative abundance (Barry et al. 1991; M. E.
Morgan unpublished data). We include some
discussion of abundance patterns, but here we
are more interested in the patterns of species
presence or absence through time.

We begin by examining the patterns of ob-

served first and last occurrences, that is, the dis-
tributions of empirically observed fossil data,
and using them to infer the distributions of
first and last appearances. We argue that these
inferred first and last appearances better ap-
proximate the ‘‘true’’ appearances and dis-
appearances of species in the Potwar. We then
use several approaches—comparative anato-
my, stable isotopes, occlusal microwear, body
size—to infer diet and habitat preference in a
number of these species in order to assess the
extent to which community structure changes
or remains stable over time. Finally, we ex-
amine the relationships between patterns of
faunal change and indicators of environmen-
tal change.

Because the Potwar sequence is a local se-
quence, it is worth noting that first and last ap-
pearances are likely to be due to geographic
range extensions and contractions, not to ac-
tual speciation or extinction events. This
would be the case for any local sequence. A
moment’s reflection reveals the enormous
amount and quality of data, in terms of geo-
graphical breadth and chronological control,
necessary to document a sequence of actual
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species originations, extinctions, and species-
wide dispersal events for these taxa. In what
follows ‘‘extinction’’ refers both to local ex-
tinctions resulting from range contractions
and to global extinctions. ‘‘Appearance’’ refers
to immigration as well as speciation.

Fossil Material

The Siwalik fossil material consists primar-
ily of isolated dental, cranial, and postcranial
elements of mammals, reptiles, and fish. Most
of this material is fragmentary and difficult to
assign to species; however, occasional more-
complete specimens provide a comparative
basis for assigning fragmentary fossils to spe-
cies. We include in our analysis 115 mamma-
lian taxa from eight orders: Insectivora, Scan-
dentia, Primates, Tubulidentata, Lagomorpha,
Perissodactyla, Artiodactyla, and Rodentia
(Appendix 4). The major taxa omitted are the
Carnivora, Elephantoidea, and Rhinoceroti-
dae. These latter taxa contributed importantly
to the Siwalik Neogene mammalian commu-
nities, but we have eliminated them from anal-
ysis primarily because comprehensive identi-
fications of our material are still ongoing.

The stratigraphic occurrences reported here
are based on collections in the American Mu-
seum of Natural History and the Yale Peabody
Museum, as well as on collections made by the
GSP-Harvard project. In some cases speci-
mens that indicate significant range exten-
sions are known from very poorly dated lo-
calities but are not included because of the in-
adequate dating. Such specimens include the
types of Tragoportax salmontanus (ca. 7.9–8.1
Ma) and Nycticeboides simpsoni (ca. 8.8 Ma),
and a skull of Orycteropus browni (ca. 7.9 Ma).
In addition, the first occurrence of Hexaproto-

don sivalensis might be as old as 6.1 Ma or even
7.2 Ma, the first occurrence of Elephas plani-

frons as old as 5.9 Ma, and the first occurrence
of Hippohyus lydekkeri as old as 6.0 Ma.

With a few exceptions, the analyses of this
paper are done with species or presumed spe-
cies lineages that are treated as one taxon. The
most important exception is the equids, which
are represented by two or three species at all
but the earliest horizons. Some recent pro-
gress has been made on the species-level sys-
tematics of the group, which indicates that

there were probably no more than six species
in the Siwaliks during the late Miocene. The
bulk of the available material consists of iso-
lated teeth and skeletal elements that cannot
easily be assigned to recognized species. We
include the equids, however, because they are
an important ecological component of latest
Miocene fossil assemblages. Other exceptions
include lorisids, tree shrews, and dormice, all
of which are numerically insignificant. Where
relative abundances are cited, the figures are
based on counts of the number of cataloged
specimens, corrected for multiple specimens
thought to belong to one individual. Many
species are new and not yet described, and
others have not yet been confidently identi-
fied. In this paper we refer to such taxa by the
number of a locality that has a typical speci-
men (e.g., Dorcatherium ‘‘Y373 species’’ or
’’?Tragelaphini/D013 species’’). Some taxa
that we think may be new are referred to as
‘‘unnamed.’’

Stratigraphic Ranges and Pattern of First and
Last Occurrences

Appendix 4 gives the age of first and last oc-
currence on the Potwar Plateau for the 115
taxa occurring in the interval from 10.7 to 5.7
Ma. For each species, we define as a first or last
occurrence event (FO or LO) the locality on
the Potwar Plateau that we infer to be strati-
graphically the lowest or highest in the Potwar
composite stratigraphic column, and therefore
the oldest or youngest. Note that this is de-
pendent both on the empirical observation
that a fossil at a locality represents a particular
species and on the inference that a locality is
the lowest or highest in our composite section.
As discussed earlier, such inferences are gen-
erally firm. The ages used are the locality age
estimates discussed previously.

Figure 12 shows the observed stratigraphic
ranges ordered from oldest to youngest (data
from Appendix 4). Seventy-two species have
observed ranges (i.e., both the first and the last
occurrences) lying entirely within the 10.7–
5.7-Ma interval, and another 43 have either a
first or a last occurrence within the study in-
terval, giving a total of 187 events. With three
exceptions, there is a strong positive relation-
ship between the number of events and the
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FIGURE 12. Observed and inferred stratigraphic ranges of 115 taxa (data from Appendix 4). The numbers identify
taxa in Appendix 4.

number of collected specimens within an in-
terval, and this is especially so at 10.4 Ma, 10.0
Ma, 9.3–9.2 Ma, and 8.7 Ma (Fig. 13A,B). One
exception to the concordance of well-sampled
intervals and occurrence events is at 8.1–8.0
Ma, when there are many fossils of both large
and small mammals, but only a slightly above
average number of events. The other two ex-
ceptions are a broad interval of time between
7.0 and 7.3 Ma and the 6.4-Ma interval, during
which unusually large numbers of events oc-
cur despite only average or below average fos-
sil abundance.

The correlation between interval sample
size and number of first/last occurrences (Fig.
13C) introduces a bias, making interpretation
of the pattern of occurrences challenging
(Badgley and Gingerich 1988). That is, epi-
sodes of low and high turnover may be ‘‘real,’’
or they may be artifacts of taphonomic factors
that affected fossil productivity. Although se-
quences of first and last occurrences will rare-
ly record the ‘‘true’’ pattern of first and last
appearance, it is the ‘‘true’’ pattern we need to
know to discuss faunal dynamics adequately.
It is therefore necessary to take variation in the
number of specimens (‘‘data quality’’) into ac-

count, and to eliminate or at least minimize its
effects. Establishing confidence limits on spe-
cies ranges is thus an important step toward
understanding the dynamics of faunal change.
In the following we refer to these ‘‘true’’ first
and last appearances as ‘‘inferred first/last
appearances’’ (IFA/ILA), or when we are re-
ferring to their confidence interval limits, ‘‘in-
ferred first/last appearance limits’’ (IFAL/
ILAL). Because we have a long, continuous,
and relatively fossiliferous sequence in the Po-
twar Plateau, we are able to estimate such lim-
its for a significant fraction of first and last oc-
currences.

Calculating Limits for Chronostratigraphic
Ranges

In earlier papers (Barry et al. 1990, 1991,
1995) we analyzed the pattern of faunal turn-
over in the Potwar sequence by half-million-
year intervals, and we judged its reliability us-
ing ‘‘interval-quality scores’’ and indices of
completeness. Our goal was to assess the ex-
tent to which the actual fossil record reflected
the original fauna in any particular interval.
More recently (Pilbeam et al. 1996) we argued
that, in addition to assessing data quality by
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FIGURE 13. Relationships between number of specimens and number of events. A, Number of first and last occur-
rence events (gray bars) and number of specimens (black line) per interval for large mammals. B, Number of first
and last occurrence events (gray bars) and number of specimens (black line) per interval for small mammals. C,
Number of events against number of specimens for each interval (n 5 102).
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time intervals for the fauna as a whole, it is
also necessary to do so for each individual tax-
on. For each species we should ask, How con-
fident are we that the empirically observed
first or last occurrence estimates the actual
first or last appearance? And, if we lack con-
fidence in the first or last occurrence, what is
a reasonable limit to the species true strati-
graphic range?

There are several possible approaches to the
problem of inferring appearances from occur-
rences. Strauss and Sadler (1989), among oth-
ers, used a method based on the distribution
of the size of gaps between occurrences of a
prescribed species to (1) set expectations
about gap lengths and (2) estimate a confi-
dence interval for the position of the endpoint
of its stratigraphic range. We previously ap-
plied this approach to two genera, Sivapithecus

and Sayimys (Flynn et al. 1990). Marshall ex-
panded the Strauss and Sadler model in vari-
ous ways, most interestingly by first using an
approach that relaxed some assumptions
about the distributions of gaps and allowed
for the calculation of upper and lower bounds
on the confidence interval (Marshall 1994),
and subsequently using measures of fossil
preservation and recovery bias to calculate
confidence intervals (Marshall 1997). The dis-
tribution-free model (Marshall 1994), howev-
er, requires a rich fossil record, with at least
seven fossil localities per taxon to calculate a
50% confidence interval with a confidence
probability of 0.95. This is a condition not met
for many Siwalik species. In addition, the
stratigraphic distribution of gaps in the Si-
waliks (Fig. 8) plainly violates a remaining
critical assumption that there is no correlation
between stratigraphic position and gap du-
ration. To use gap-based approaches, there-
fore, it is first necessary to develop an inde-
pendent preservation and collecting bias func-
tion (Marshall 1997). This we have not yet
done.

Here we use instead an approach modified
from ideas developed by Shaw (1964) and
Koch (1987). This approach uses the abun-
dance of a prescribed taxon relative to the
overall abundance of the fossils within its ob-
served range to determine an expectation for
finding the taxon (its probability of occur-

rence). We then use the number of specimens
in adjacent 100-Kyr intervals outside the ob-
served range to place confidence limits on the
taxon’s range endpoints by determining at
what point the expectation is not reasonably
met. As with gap-based approaches, the re-
sulting confidence limits identify only a strati-
graphic interval over which the taxon appears
or disappears. They do not specify a shorter
interval in which the taxon is most likely to
have appeared or disappeared. However, we
subsequently cull the data, using in our anal-
yses only species with short confidence inter-
vals. We believe the confidence interval limits
of the taxa that are not culled closely approx-
imate the true first or last appearances.

For each taxon we estimate the IFA and ILA
limits by first calculating the probability of
collecting at least one specimen of the pre-
scribed species as:

rP 5 1 2 (1 2 n/m)i

where Pi 5 probability of finding taxon i; n 5

number of specimens attributed to taxon i over
its total observed range; m 5 total number of
specimens of either small or large mammals
present during the observed range of the tax-
on; and r 5 number of small or large mammal
specimens in the interval, or series of succes-
sive intervals, adjacent to the first or last oc-
currence of taxon i. (We evaluate small and
large mammals separately because of the dif-
ferent recovery methods—screenwashing ver-
sus surface collection.)

Our formulation differs from that of Koch
(1987) in two ways. First, he estimated the
probability of occurrence for a taxon (n/m) as
the number of times (n) it was present in a se-
ries of m samples or ‘‘collections,’’ whereas we
estimate the probability as the number of
specimens of the taxon relative to the total
number of fossils in one collection spanning
the whole observed range of the taxon. Sec-
ond, Koch (1987) calculated the probability of
the taxon occurring in a second series of r

samples, whereas we calculate the probability
of one occurrence in a single additional sam-
ple containing r specimens. In this way our
approach is closer to that of Shaw (1964). We
are, however, most interested in finding how
large m has to be, that is how many adjacent
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intervals have to be merged, before our expec-
tation of finding one additional specimen be-
comes unlikely (given some critical value of
Pi). We assume that the relative abundance of
the specified taxon does not change through-
out its stratigraphic range. That is, n/m as cal-
culated over the taxon’s whole range is a good
estimator of the probability of occurrence at
the ends of its range (Shaw 1964).

We have set the critical value for Pi to 0.8,
for us a reasonable balance between having an
adequate number of species for subsequent
analyses and having a high level of confi-
dence. The number of intervals required to ob-
tain a probability equal to or greater than 0.8
below the FO and above the LO were then
counted—these endpoints represent the limits
to the IFA or ILA range extensions, respec-
tively. As an example, the murid rodent cf.
Parapelomys robertsi has a FO in 8.1 Ma and a
LO in 7.2 Ma. Between 8.1 and 7.2 Ma, there
are 521 small-mammal specimens (m) in our
collections, 71 (n) of which are cf. Parapelomys

robertsi. In the intervals at 8.2, 8.3, 8.4, 8.5, and
8.6 Ma, there are 1, 0, 4, 1, and 77 small-mam-
mal specimens respectively. The cumulative
sums of the values for Pi are then: 0.136, 0.136,
0.519, 0.585, and 1.00. Using a cutoff value of
0.8, we would place the limit of the IFA con-
fidence interval in the 8.5-Ma interval, since
the high Pi value for the 8.6-Ma interval indi-
cates that it is unlikely that the species was
present in that interval. The true appearance,
however, could lie anywhere between 8.1 and
8.5 Ma. Similarly, there are 2, 17, and 2 small-
mammal specimens in the intervals at 7.1, 7.0,
and 6.9 Ma, giving successive probabilities of
0.254, 0.938, and 0.954, and a limit for the ILA
confidence interval of 7.1 Ma.

Although the need to differentiate between
observed and inferred appearances/disap-
pearances is clear, not all of the range exten-
sions are equally useful. For example, the limit
to the ILA range extension for cf. Parapelomys

robertsi falls within 100 Kyr of the observed
LO, but the limit for the IFA range extension
is 400 Kyr older than the FO. We believe that
the shorter ILA range extension is a more in-
formative, and therefore more useful, estimate
than the longer IFA extension. This is because
the closer the observed occurrence and in-

ferred limit, the smaller the confidence inter-
val and the more likely that the inferred ap-
pearances and disappearances, as equivalents
of statistical sample estimates, represent pop-
ulation parameters (i.e., the ‘‘true’’ endpoints).
Ideally we would prefer to use in our analyses
only those species for which the difference be-
tween the observed occurrence and the in-
ferred limit is less than 100 Kyr (the scale of
resolution we seek to achieve). Because doing
so would reduce our data set too much, we use
a 200-Kyr cutoff, which increases sample size
and remains justifiable on the grounds that
confidence intervals only twice the length of
the interval scale still provide sufficiently use-
ful information. Accordingly, we have culled
our data by eliminating all taxa with range ex-
tensions that differ from the corresponding
FOs and LOs by more than 200 Kyr. The 78
first or last appearances meeting these limi-
tations are marked in Appendix 4 with an as-
terisk, and the inferred limits are plotted in
stratigraphic order in Figure 14A, with the
number of points per interval in Figure 14B.

The Problem of Rare Species

Before discussing the patterns of Figure 14,
it is important to recognize that they are de-
rived from a highly reduced data set, and to
proceed with our analyses we must assume
that the culled data are representative of the
whole. This culling is particularly worrisome
if the reduced data set preferentially excludes
classes of species, such as those that are rare
or have short ranges (McKinney et al. 1996).

The data-culling procedure we use tends to
exclude rare species. This is because rare taxa
usually appear in only the most fossiliferous
intervals, and the limits to their appearances
and terminations in less fossiliferous adjacent
intervals will be known with less precision.
The problem is demonstrated in Figure 15,
which compares the frequency distributions
of abundances of species included to those of
species excluded from analysis. (Abundance
was determined as relative abundance over
the species’ observed stratigraphic range.) Al-
though the figure has relatively more very
rare species in the excluded set (32% versus
23%), and more common species in the in-
cluded set (35% versus 23%), the effect is
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FIGURE 14A. Seventy-eight culled first or last appearance events. Events in stratigraphic order. The numbers iden-
tify taxa in Appendix 4, with first appearances being on the lower border and last appearances on the upper.

weak. Importantly, some very rare species are

included in the analysis.

Figure 16, which compares the observed

durations of included and excluded taxa,

shows that the two distributions are very sim-

ilar, and that taxa with short durations, as well

as those with moderate and long durations,

are in both data sets. (The few taxa with very

long durations are mostly undivided lineages

of successive species. These lineages are un-

der study and will be progressively resolved

to the species level.) There are, however, inter-

esting differences in the stratigraphic distri-

butions of species when they are classified by

duration. Species of short duration tend to ap-

pear after 9 Ma, whereas species with long du-

rations are more likely to have appeared be-

fore 9 Ma. The pattern is apparent for both in-

cluded (Fig. 17A) and excluded (Fig. 17B)

taxa, whether observed or inferred ranges are

considered. Flynn et al. (1995) previously re-

ported the same changed pattern of species

longevity.

Data Analysis

Patterns of Inferred First/Last Appearances.

The two issues that we want to evaluate are
the following:

1. What is the pattern of appearances and
disappearances? That is, are the IFALs and IL-
ALs distributed fairly evenly, suggesting a rel-
atively steady rate of faunal change; or are
they clumped, suggesting a pulsed pattern of
faunal change; or neither?

2. Is there detectable change in the ecology
of the species over this 5-Myr period and, if so,
what is the nature of the change?

When we remove the taxa that do not meet
our criteria, we are left with less than one-half
of our original data (Figs. 12, 14). As noted, we
believe that significant new biases have not
been introduced by our selective culling and
that the remaining data should better repre-
sent the actual pattern of species first and last
appearances in the Siwaliks than the complete
data set. After culling, 78 faunal events re-
main, including 38 IFALs and 40 ILALs. The
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FIGURE 14B. Seventy-eight culled first or last appearance events. Number of events per interval. There are 38 first
appearances and 40 last appearances.

median number of events is 1 per 100-Kyr in-
terval (mean: 1.5), with an observed range
from 0 to 11 events per interval. Figure 14B
shows that there are many intervals with no
events and many intervals with one, two, or
three events, and that such intervals are dis-
tributed throughout the sequence. This sug-
gests that faunal change occurred at all times,
with a background level of three or fewer
events per 100 Kyr. However, a few intervals
seem to incorporate times of more elevated
faunal change and, although there is no sharp
discontinuity from background, they are of
special interest.

Among the inferred first appearances, only
two intervals (7.8 and 7.1 Ma) have more than
three events. At 7.8 Ma, two of the five in-
ferred appearances are small mammals, the
murid Progonomys ‘‘new sp. at Y581’’ and the
rhizomyid Eicooryctes kaulialensis, and three

are large mammals, the tragulid Dorcatherium

‘‘Y373 species,’’ the bovid ‘‘Bovidae/Y905 un-
named species,’’ and the colobine cf. Presbytis

sivalensis. The first four of these also have their
first occurrences at 7.8, whereas the colobine
is first known from the 7.6-Ma interval. In this
case, the four coincident first appearances and
first occurrences give us confidence in the tim-
ing of this event. At 7.1 Ma, three of the in-
ferred events are rodents, the murids Parape-

lomys robertsi and Karnimata cf. huxleyi, and the
rhizomyid Rhizomyides sivalensis. The other
two are as yet undescribed bovids, known
only from a single interval. In this case, the
precise timing of the appearances is less cer-
tain, as four of the five taxa have their actual
first occurrences in the 7.0-Ma interval.

The inferred last appearances also show in-
tervals of marked faunal change, with one at
10.3 Ma and two others at 7.3 and 7.1 Ma. Five
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FIGURE 15. Frequency distribution of relative abundances of included taxa compared with that of excluded taxa.
(Relative abundance was determined over the species’ observed stratigraphic range as n/m, where n is the number
of specimens of the taxon and m is the total number of either small or large mammal specimens over the observed
range of the taxon.) Abundance classes at top; very rare: less than 0.1%; rare: 0.1%–1%; common: 1%–10%; abun-
dant: greater than 10%.

of the six events at 10.3 Ma involve large mam-
mals, including two suids, Conohyus sindiense

and Listriodon pentapotamiae, two tragulids,
Dorcatherium cf. majus and Dorcabune anthra-

cotherioides, and the giraffe Giraffokeryx punja-

biensis. The sole small mammal is an undes-
cribed species of cricetid rodent. Three of
these six taxa also have last occurrences at 10.3
Ma and two others at 10.4 Ma, and the timing
of the event seems reasonably placed at 10.3
Ma. Disappearing taxa at 7.3 Ma include the
murids Karnimata ‘‘Y024 unnamed species’’
and Progonomys nr. debruijni, the rhizomyid

Kanisamys sivalensis, the large tragulid Dor-

catherium ‘‘Y457 species,’’ the large bovid
‘‘Large Boselaphini/Y927 species,’’ and the
very small bovid Elachistoceras khauristanensis.
The first five taxa have their last occurrences
in the same 7.3-Ma interval. At 7.1 Ma there
are three large mammals, the suid Hippopota-

modon sivalense, the tragulid Dorcatherium

‘‘Y311 species,’’ and the giraffe Bramatherium

megacephalum, as well as the murid rodents we
refer to as cf. Parapelomys robertsi, cf. Mus

‘‘Y931 species,’’ and Karnimata cf. darwini.
Only one of these six has a last occurrence in
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FIGURE 16. Frequency distribution of observed durations of included taxa compared with that of excluded taxa.
Median duration of 62 included taxa was approximately 0.9 Myr. Median duration of 53 excluded taxa was ap-
proximately 1.4 Myr.

the 7.1-Ma interval; the other five are last
found at 7.2 Ma.

For each taxon, we place the events on Fig-
ure 14 at the limit of the potential range ex-
tension, without attempting to consider where
within the extension the event might actually
have been. An alternative procedure is to as-
sume that the probability of finding the ‘‘true’’
first/last appearance is the same for each suc-
cessive interval, and then to divide the event
equally among all the intervals in which it
might lie (Barry et al. 1990). For our purposes
this procedure is conservative, because it re-
sults in the distribution of events over time
that most underestimates the magnitude of
turnover maxima and minima, and best vi-
sually expresses the uncertainty of their ages.
Figure 18 is the resulting plot of the inferred
first and last appearances for the 78 events in

Figure 14, but with each event now parti-
tioned as described above. Inspection of this
figure leads us to the same conclusions. That
is, many intervals have little or no faunal
change, and a very few have apparently ele-
vated change that could be interpreted as
pulses. Among the latter is a period centered
on 10.3 Ma, which is best characterized by dis-
appearances, another at 7.8 Ma with the larg-
est number of first appearances, and a much
broader period from ca. 7.3 to 7.0 Ma, which
encompasses both appearances and disap-
pearances. It is important to note that the
three pulses cannot be attributed to changing
levels of fossil abundance because they occur
within intervals with consistently low num-
bers of specimens (Fig. 7A,B).

With 40 last and 38 first appearances, if turn-
over were constant we would expect 1.5 events
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FIGURE 17A. Observed and inferred stratigraphic ranges of 115 taxa (data from Appendix 4). Taxa included in
analyses (n 5 62).

to occur in each 100-Kyr interval. That is, each
interval would have slightly less than 2% of the
total turnover. At 10.3 Ma there are 9 events, at
7.8 Ma 5 events, and between 7.3 and 7.1 Ma 20
events (Fig. 14A,B). These three periods consti-
tute 11.5%, 6.4%, and 25.6% respectively of the
observed turnover (or summed 43.6%), against
expectations of 1.9%, 1.9%, and 5.7% (total
9.6%). A comparison to a uniform distribution
with 1.53 events per interval shows that this is
a highly significant difference (Kolmagorov-
Smirnov D0.5 5 0.22333, p K 0.01). We conclude
that turnover is not constant between 10.7 and
5.7 Ma.

We estimate that 43 species were present in
the 10.3-Ma interval because (1) they have
been found in the interval, (2) their inferred
range extension overlaps with the interval, or
(3) they are documented in both an older and
a younger interval. Of these 43 species, 6 dis-
appear in the interval and only 11 (30%) of the

remaining 37 survived to the 7.3-Ma interval.
(The discrepancy between this number and
Figure 14B is due to the inclusion of 14 species
in the 10.3-Ma fauna that were excluded from
the preceding analysis because their termi-
nations are too poorly known, e.g., Oryctero-

pus spp. Two of the 14 might range into the
7.3-Ma interval.) Similarly, of 31 species in the
7.3-Ma interval, only 11 (35%) persisted from
the 10.3-Ma interval. Thus, when looked at
from either perspective, about two-thirds of
the species change between the two bounding
events, and turnover seems to be relatively
rapid. With the exception of the secondary-ap-
pearance event at 7.8 Ma, turnover during the
period from 10.3 to 7.3 Ma also seems rather
steady (Figs. 14A,B, 18). Of the 11 species per-
sisting between 10.3 and 7.3 Ma, there is no
significant difference in the number of large
species (8) versus small species (3), compared
with those that disappear (14 and 18) (x2 5
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FIGURE 17B. Observed and inferred stratigraphic ranges of 115 taxa (data from Appendix 4). Taxa excluded from
analyses (n 5 53). The numbers identify taxa in Appendix 4.

2.751, p 5 0.097). We conclude that Siwalik
mammal assemblages do not exhibit stasis be-
tween 10.7 and 5.7 Ma.

The peaks reported here are not the same as
the late Miocene turnover peaks reported by
Quade and Cerling (1995) and Cerling et al.
(1998). Those authors calculated faunal
change indices by weighing the number of
first/last occurrences by the estimated num-
ber of species reported or inferred for each in-
terval, and consequently they reported high
levels of turnover at 9.3 Ma and between 8.3
and 7.8 Ma (dates converted to the Cande and
Kent [1995] timescale). Apart from theoretical
uncertainty about the expected relationship
between species richness and the number of
appearances on one hand and extinctions on
the other (Van Valen 1973; Webb 1984), there
are methodological problems with Quade and
Cerling’s indices. Quade and Cerling (1995)
and Cerling et al. (1998) used observed occur-

rences instead of inferred appearances, as well
as a measure of species richness (‘‘standing
richness’’) that is, as discussed in the next sec-
tion, at best poorly estimated and always un-
reliable. As a result, the reported index values
are very sensitive to the declining quality of
the latest Miocene Siwalik record. Similarly,
the turnover peaks reported by Köhler et al.
(1998) are also largely artifacts of the chang-
ing quality of the Siwalik record.

Number of Species per Interval. Species rich-
ness, the number of species found or inferred
to be present, is notoriously dependent on the
number of specimens collected. It is, neverthe-
less, of interest. In Table 4 and Figure 19A,B
we present data on species richness for the Po-
twar Siwaliks between 10.7 and 5.7 Ma. So
they would be comparable to other published
studies, these data are based on the observed
occurrences, not the inferred extensions, and
are calculated as ‘‘standing richness.’’ (Stand-
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FIGURE 18. Seventy-eight culled first or last appearance events, partitioned equally among all the intervals included
in the species’ range expansion. Top, Number of inferred last appearances per interval (n 5 40). Bottom, Number
of inferred first appearances per interval (n 5 38).

ing richness is the number of taxa known be-
fore and after the interval, plus the sum of first
occurrences, last occurrences, and only occur-
rences, divided by two. See Maas et al. [1995]
for elaboration and justification of this meth-
od.) The calculation assumes that an unre-
corded taxon is present in an interval if it is
known from both older and younger intervals
(the so-called range-through assumption).

As expected, Figure 19A,B shows strong ef-
fects of specimen number, with intervals hav-
ing few specimens registering few taxa. In a
previous study we concluded that intervals
with more than about 400 specimens of large
mammals or more than 150 small mammals
were roughly comparable in data quality
across intervals (Barry et al. 1995). If these
same criteria are used, few of our much short-
er intervals can be compared with each other
because few have that many specimens, and
there is consequently considerable uncertain-

ty about any trend in species richness over
time. Clearly the large decline in both data
sets after 7.5 Ma is an effect of declining re-
cord quality, as is the modest decline in small
mammals between 10.3 and 9.2 Ma. These re-
sults are inconclusive as to whether the num-
ber of species remains stable or changes in ei-
ther direction between 9.2 and 7.4 Ma, al-
though a separate analysis of small-mammal
richness recorded from single sites reinforces
the perception of declining numbers of species
(Flynn et al. 1998).

Other measures of species richness have
been proposed that are less sensitive to sam-
ple size (Magurran 1988). Among these is
Fisher’s a diversity index, which relates the
number of species (S) to the number of spec-
imens (N) using a log series model of species
abundances. (The value of a approximates the
number of species in the sample that should
be represented by a single individual. Note
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TABLE 4. Standing species richness by interval.

Interval
(Ma)

Large
mammals

Small
mammals

5.7
5.8
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3

5.0
4.5
3.0
2.0
2.0
4.5
7.0
6.5
5.0
5.0
5.0
6.0
7.5

10.0
11.0
13.5
16.0

1.0
1.0
1.0
1.0
1.0
1.0
1.0
4.5
5.0
5.0
5.0
5.0
5.5
7.0
7.0
8.5

10.0
7.4
7.5
7.6
7.7
7.8
7.9
8.0
8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9.0

17.0
18.0
17.5
17.0
17.0
17.0
19.0
18.5
18.0
17.5
17.5
19.0
20.0
21.5
22.5
21.0
20.0

12.0
12.0
12.0
12.0
10.5
10.5
12.0
11.0
10.5
11.0
11.0
10.0
12.0
13.0
13.0
13.0
13.0

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

10.0
10.1
10.2
10.3
10.4
10.5
10.6
10.7

20.0
21.0
21.5
20.0
20.0
20.0
20.0
20.0
20.0
20.5
18.5
17.0
16.5
16.5
16.5
17.0
17.5

13.0
14.5
11.5

9.0
9.0

10.0
11.0
11.0
11.0
14.5
17.0
18.5
20.0
19.5
19.0
19.0
19.0

also that here S is the number of species ac-
tually recorded in the interval, not ‘‘standing
richness,’’ which includes ‘‘range through’’
taxa.) Although the assumption that the abun-
dance data should fit a log series is restrictive,
the index is known to be robust, and inspec-
tion of our raw data from each interval sug-

gests that the species abundance patterns ap-
proximately fit log series. Figure 20A,B shows
the a values calculated for intervals with ad-
equate samples for large and small mammals
plotted against time, with 95% confidence lim-
its. (In the case of the small mammals, mini-
mum sample size was 25 specimens, but in-
tervals with a high proportion of unidentified
material also were excluded even if sample
size was large. Material from these excluded
intervals had been selectively culled for iden-
tification, and the subsample of identified fos-
sils is therefore not representative of the whole
assemblage in relative proportions. In the case
of the large mammals, minimum sample size
was 50, except for four intervals at the top and
bottom of the section. These were the intervals
at 6.4, 6.8, 10.4, and 10.7 Ma.)

Although there is a wide range of values in
both data sets, there is a trend toward decreas-
ing a in the younger intervals, most noticeably
in the small mammals. In both large and small
mammals, the magnitude of the decrease in-
dicates a substantial reduction in the number
of species, although certainly not as large as
suggested by Figure 19A,B. The trend of de-
creasing species richness is most apparent if
only the largest values are taken from the
whole series, but the wide total range in both
cases makes interpretation difficult—especial-
ly because adjacent intervals may have signif-
icantly different values. Inspection of the
abundance data suggests that before 7.5 Ma,
intervals with low a values either are domi-
nated by a single site (particularly so for the
small mammals) or have large numbers of
fragmentary equid teeth cataloged as separate
specimens. (The latter effect would include the
intervals at 7.9, 8.3, and possibly 8.5 Ma.)
Thus, we think that the very low values before
7.5 Ma are artifacts of taphonomy, or in a few
instances overzealous cataloging practices
that led to overrepresentation of equids. Nev-
ertheless, the low values after 7.5 Ma are likely
to reflect a real change in the number of spe-
cies.

A second richness measure is the Margalef
diversity index (Magurran 1988), which
makes use of the same information on the
number of species and number of specimens,
but as D 5 (S 2 1)/ln N. In both our large- and
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FIGURE 19. Number of species (triangles) and number of specimens (bars) per interval. A, Large mammals. B, Small
mammals.

FIGURE 20. Species richness indices over time. Bars on ‘‘log series a’’ points are upper and lower 95% confidence
limits. A, Large mammals. B, Small mammals.

small-mammal data sets the Margalef index
closely tracks Fisher’s a index (Fig. 20A,B), re-
inforcing the impression of overall declining
species richness in both large and small mam-
mals.

Relative Abundances within Fossil Assemblag-

es. Other diversity indices emphasize differ-
ences in the relative abundance of taxa, as op-
posed to the number of species. Among these
are the Berger-Parker, Simpson, and Shannon
Evenness indices, the first two of which mea-
sure the dominance of common species rela-
tive to the others, whereas the third measures
the evenness of the species abundances (Ma-
gurran 1988). The Berger-Parker index is usu-
ally represented as the inverse of the propor-
tion of the most common taxon relative to the
total sample, but here (Fig. 21A,B) we show it
as the basic proportion with 95% confidence
limits. (Confidence limits were calculated us-
ing the formulas of Ehrenfeld and Littauer
[1964].) The Simpson and Shannon Evenness
indices (Fig. 22A,B) both use the proportional
abundances of all species. The Simpson index
disproportionally weighs the most abundant
species, whereas the logarithmic transforma-

tion in the Shannon Evenness index weighs
species of intermediate abundance most
heavily. In using these indices we assume that,
although the relative abundances of the fossil
assemblages within a given interval do not
closely approximate those of the original liv-
ing communities (Badgley 1986b), the under-
lying taphonomic biases are constant between
intervals (i.e., isotaphonomic). Thus, the com-
parison of diversity indices between intervals
should reveal something about contrasts be-
tween the living communities, not just varia-
tion in taphonomic conditions. Our assump-
tion rests on the similarity through time of the
fluvial environments that preserved the fos-
sils.

Inspection of Figure 21A indicates that the
Berger-Parker index values for the large-mam-
mal assemblages delineate three distinct phas-
es. One phase encompasses intervals 10.0 Ma
and older, which have faunas with low dom-
inance; a second phase includes intervals from
9.8 to 7.9 Ma, which have faunas with consis-
tently higher (and sometimes markedly high-
er) dominance; and a third consists of inter-
vals 7.8 Ma and younger, which again have
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FIGURE 21. Relative abundance (species diversity) over time. Triangles represent value of inverse of Berger-Parker
index; bars indicate upper and lower 95% confidence limits. A, Large mammals. B, Small mammals.

FIGURE 22. Relative abundance (species diversity) over time. The Simpson index is a dominance measure; the Shan-
non index is an evenness measure. A, Large mammals. B, Small mammals.

more evenly balanced faunas displaying low
dominance. Although there is considerable
heterogeneity within each phase, x2 tests (with
a sequential Bonferroni correction) comparing
the relative abundances of the taxa in the in-
tervals at 10.0 and 7.8 Ma with those in the in-
tervals between 9.8 and 7.9 Ma confirm the
significance of the differences; the only non-
significant pairs are the comparisons with the
8.9-Ma interval (Table 5). In the same manner,
the Simpson and Shannon Evenness indices
(Fig. 22A) track the Berger-Parker index close-
ly, also forming three more or less distinct
phases. Notably, both indices show the same
changes in faunal dominance from evenly bal-
anced to one-taxon-dominated and back to
more evenly balanced. As with the Berger-
Parker index, the Simpson and Shannon Even-
ness indices show the anomalous 8.9-Ma in-
terval to have a more balanced fauna than in
either the immediately preceding or the fol-
lowing intervals. The 9.6-Ma interval is also
an outlier, registering on both indices as ex-
tremely uneven. However, the exceptional in-
dex values are probably artifacts of mistakenly

counting equid postcranials from one site as
separate individuals, with a resulting over-
representation.

With very few exceptions, after 10.7 Ma
equids are the most common fossils. They of-
ten attain very high relative frequency in our
collections (Fig. 23), and their changing rela-
tive abundance controls the various domi-
nance-evenness indices. In our preceding dis-
cussion of species richness, we noted that high
equid relative abundance in the intervals at
7.9, 8.3, and 8.5 Ma might be in part an artifact
arising from overemphasis on collecting and
cataloging equid teeth. However, such an ar-
tifact cannot explain all of the high values
from 9.8 to 7.9 Ma (Fig. 23), and there are
plainly intervals in which equids strongly
dominate the faunas and intervals in which
they do not. The observed change in domi-
nance is supported by our biostratigraphic
survey data (Table 2, Fig. 24), which shows the
proportion of equids relative to that of bovids
rising at 9.8 Ma and then falling at ca. 8.5–8.0
Ma. We think it is likely that the shift after 10
Ma from balanced to unbalanced equid-dom-
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TABLE 5. Comparisons of relative abundances of large
mammals at 7.8 and 10.0 Ma with relative abundances
in intervening intervals.

Inter-
val

(Ma)

Most
com-
mon
taxon

All
other
taxa

x2

(7.8 Ma)
p

(7.8 Ma)
x2

(10.0 Ma)

p
(10.0
Ma)

7.8
7.9
8.0
8.1
8.3
8.5
8.7
8.9
9.2
9.3
9.5
9.6
9.7
9.8

10.0

20
114
251

38
95
50

103
39

336
633

37
150

44
32

425

47
81

146
38
38
40
60
51

348
469

36
45
24
20

876

16.336
26.282

5.996
31.518
10.271
21.214

2.976
9.090

19.499
6.282

48.496
16.444
11.949

0.230

0.000*
0.000*
0.014*
0.000*
0.001*
0.000*
0.084
0.003*
0.000*
0.012*
0.000*
0.000*
0.001*
0.631

0.230
48.954

118.530
9.666

78.438
19.610
58.526

4.308
51.352

148.591
10.054

140.365
29.453
18.633

0.631
0.000*
0.000*
0.002*
0.000*
0.000*
0.000*
0.038
0.000*
0.000*
0.002*
0.000*
0.000*
0.000*

* Significant at 0.05 (with a sequential Bonferroni correction).

FIGURE 24. Relative abundance of equids and bovids
over time, calculated as percentage of total number of
large mammals.

FIGURE 23. Relative abundance of equids over time contrasted with the Shannon Evenness index. Percent equids
calculated as the number of equid specimens over the total number of large mammal specimens in each interval.
Bars on ‘‘percent equid’’ points are upper and lower 95% confidence limits. Intervals with very small samples ex-
cluded.

inated faunas is the result of an increase in the
number of equid species, which are treated as
one taxon in our current analysis. We also
speculate that the shift back to more balanced
faunas at 7.8 Ma may reflect a reduction in the

number of equid species. Finally, on Figures
20, 21, and 22 we have included some ‘‘pre-
hipparion’’ intervals to place trends in species
richness and abundance into a larger context.
The large mammals of the 11.3-Ma interval
show intermediate dominance, although the
giraffe Giraffokeryx punjabiensis is by far the
most abundant taxon. This species persists
into the 10.3-Ma interval, but at much reduced
abundance.

None of the dominance/evenness diversity
indices show a trend for the small mammals,
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TABLE 6. Comparisons of relative abundances of small
mammals at 7.8 and 8.1 Ma with relative abundances in
intervening intervals.

Inter-
val

Most
com-
mon
taxon

All
other
taxa

x2

(7.8 Ma)
p

(7.8 Ma)
x2

(8.1 Ma)
p

(8.1 Ma)

6.4
7.2
7.3
7.8
7.9
8.1
9.2
9.3

10.2

70
17
24
16
13

155
197

15
21

110
41
44
10
32

149
276

26
36

4.792
7.817
5.299

7.270
1.068
3.985
3.985
4.408

0.029
0.005*
0.021

0.007*
0.301
0.046
0.046
0.036

6.652
9.177
5.482
1.068
7.667

6.512
2.998
3.844

0.010
0.002*
0.019
0.301
0.006*

0.011
0.083
0.050

* Significant at 0.05 (with a sequential Bonferroni correction).

although the three indices closely track each
other. The assemblages at 7.8 and 8.1 Ma are
separated from the others on the Berger-Park-
er and Simpson indices, but x2 comparisons
(with a sequential Bonferroni correction) of
the relative abundances of taxa between these
and the other intervals indicate few compari-
sons are significant at a 0.05 level (Table 6). As
noted, small-mammal assemblages tend to be
dominated by single localities and could re-
tain a strong taphonomic imprint of predation
or hydraulic sorting.

Body Size. The overall pattern of size struc-
ture within a group of related taxa can pro-
vide additional information about guild re-
sponses to change induced by abiotic and/or
biotic events. Within the two most abundant
and well-studied groups, muroid rodents and
artiodactyls, there is significant change in
body size structure between 10 and 9 Ma
(Morgan et al. 1995 with revised age esti-
mates; M. E. Morgan unpublished data).
Among the rodents, notably larger species of
both the Muridae and Rhizomyidae appear.
Size estimates are derived from M1 area (see
Morgan et al. 1995 for data and methods). Mu-
rids first appear at 13.7 Ma and do not change
notably in size until the appearance of Karni-

mata ‘‘Y388 unnamed species,’’ estimated at
about 60 g and first occurring at 9.2 Ma (IFAL
9.9). This species is more than twice the size
of its presumed ancestor, Karnimata ‘‘Y450 un-
named species,’’ estimated at about 25 g and
last occurring at 9.6 Ma (ILAL 9.4). The two
later species, cf. Parapelomys robertsi at 8.1 Ma

(IFAL 8.6) and Parapelomys robertsi at 7.0 Ma
(IFAL 7.2), continue this increase. Among the
rhizomyids, there is size increase within the
long-lived Kanisamys lineage with the first oc-
currence of K. sivalensis at 9.3 Ma (IFAL 9.5).
In addition, several large species of the genus
Brachyrhizomys (rhizomyids that were com-
parable in size and habits to living, fossorial
bamboo rats) also appear between 10 and 9
Ma, and even larger species such as Brachyr-

hizomys choristos appear at 8.4 Ma (IFAL 8.5).
Other notable large rodent species appearing
later are the rhizomyid Protachyoryctes tatroti,
thought to be a large derivative of Kanisamys

sivalensis (Flynn 1982), at 7.8 Ma (IFAL 8.0),
Rhizomyides sivalensis at 7.1 Ma (IFAL 7.1), and
the porcupine Hystrix sivalense at 8.0 Ma (IFAL
8.0). Leporids, which typically weigh more
than 1 kg, have an IFAL of 7.8 Ma.

Body weight can be estimated for the five
dominant Siwalik artiodactyl families (an-
thracotheres, suids, giraffes, tragulids, and
bovids) from dimensions of the astragalus
(Morgan et al. 1995.) Taken as a group, the five
taxa occupy a nearly continuous range of sizes
that expands markedly just before 10 Ma. In
the giraffes, the observed size change at 10.3
Ma occurs at a species boundary, when Giraf-

fokeryx punjabiensis, estimated at 233 6 8 kg (n
5 51), is replaced by Bramatherium megacephal-

um, estimated at 840 6 32 kg (n 5 27) (Fig. 25).
Although most astragali cannot be attributed
to species, a marked size increase also occurs
between 11 and 10.3 Ma with the first ap-
pearances of the Selenoportax and Tragoceridus

lineages (early populations estimated at 114 6

4.5 kg, n 5 26, and 53 6 1.3 kg, n 5 70 re-
spectively) (Fig. 25). Both giraffes and bovids
exhibit continuing size increases after 10 Ma,
but trends are difficult to quantify in the ab-
sence of associated cranial and postcranial re-
mains that could be used both to recognize
species and to estimate size. Nevertheless,
horn cores of cf. Protragelaphus skouzesi at 8.8
Ma (IFAL 8.8) and ‘‘Large Boselaphini/Y927
species’’ at 8.0 Ma (IFAL 8.1) record the ap-
pearance of very large bovids and postcranial
remains indicate the presence of species
weighing nearly 250 kg. In addition, late oc-
curring individuals of Bramatherium megace-

phalum and the Tragoceridus lineage all tend to
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FIGURE 25. Weight estimates for bovids and giraffes, based on distal width of astragalus (DWA). Bovid regression:
2.894 log10(DWA) 1 0718. Giraffe regression: 2.725 log10(DWA) 1 0.776.* *

be noticeably larger than older conspecifics.
Large suids of the genus Hippopotamodon also
appear at 10.2 Ma (IFAL 10.2), and in the an-
thracothere Hemimeryx lineage there is a size
increase at about 10 Ma.

Ecomorphological Analyses. Ecomorpholog-
ical studies provide a means of assessing the
ecological requirements of species, which then
allow evaluation of differences in community
composition. Our objective is to determine to
what extent ecologically related groups of
taxa behave similarly in their patterns of first
and last appearances, or how their patterns
might be related to other documented differ-
ences. That is, can we detect critical environ-
mental thresholds for species occupying sim-
ilar niches or sharing key limiting resources
such as certain types of vegetation and water
availability? Ecomorphological approaches
used here include a variety of dietary studies,
such as qualitative morphological studies of
the dentition, occlusal microwear studies, and
isotopic analyses of enamel apatite, as well as
body size estimates from dental and postcra-
nial remains (Gunnell et al. 1995; Morgan et
al. 1994, 1995; M. E. Morgan unpublished
data). We also use information from compar-
ative and functional studies of closely related

extant taxa (Flynn 1982). We identified taxa
likely to have arboreal and/or closed habitat
requirements and those with grazing and/or
open habitat requirements.

Thirty-eight taxa have IFALs between 10.7
and 5.7 Ma. With the possible exception of the
large hominoid Sivapithecus parvada, known
only from one locality at 10.0 Ma, none of the
remaining 37 IFALs can be characterized eco-
logically either as restricted to forested envi-
ronments or as completely arboreal. However,
several newly appearing taxa might be indic-
ative of more-open conditions, including a
species of Giraffa (IFAL 9.1 Ma), the large an-
tilopine cf. Protragelaphus skouzesi (IFAL 8.8
Ma), the gerbil Abudhabia pakistanensis (IFAL
8.6 Ma), a second very large bovid with high-
crowned teeth that we refer to as ‘‘Large Bo-
selaphini/Y927 species’’ (IFAL 8.1), and an in-
determinate species of Hippotragini (IFAL 6.9
Ma). Other appearing taxa not meeting the
criteria for inclusion in the turnover analysis
that have strong ecological signals include the
leporids at 7.8 Ma—interpreted as able to uti-
lize relatively open environments—and the
hippopotamid Hexaprotodon, a likely grazer
probably present by 6.1 Ma and possibly as
early as 7.2 Ma. Rhizomyid rodents, which are
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present throughout the middle and late Mio-
cene in the Siwaliks, show an increase in hyp-
sodonty at 9.5 Ma with the IFAL of Kanisamys

sivalensis, and marked hypsodonty at 7.8 Ma
with the IFAL of Eicooryctes kaulialensis (Flynn
1982). Finally, although we cannot directly as-
certain the individual diets of any of the bovid
species because of difficulties in associating
teeth with horn cores (the basis of species
identifications), we can say that, overall, bo-
vids show an increased reliance on C4 grasses,
judging from stable carbon isotope analysis of
bovid teeth (Morgan et al. 1994).

Forty taxa have ILALs during this 5-Myr in-
terval, including several with arboreal, closed,
or moist habitat requirements. These include
species of the Sivapithecus clade (ILAL 8.4 Ma),
deinotheres and chalicotheres (both ILAL 8.0),
and seven species of tragulids. The latter were
dominant or equal in abundance to bovids un-
til 10 Ma, but in the late Miocene they became
much rarer as well as less diverse (Barry et al.
1991; M. E. Morgan unpublished data). Other
locally disappearing taxa, which were culled
from our turnover analysis but are still rele-
vant, include the ctenodactylid rodent Sayimys

chinjiensis (ILAL 9.4 Ma), the tree squirrel Ra-

tufa (ILAL 8.8 Ma), lorisids (ILAL 8.8 Ma), cri-
cetids (ILAL 8.2 Ma), and dormice (ILAL 7.3).

The concordant ILALs of three very large
bodied mammals at 10.3 Ma (Giraffokeryx pun-

jabiensis, Conohyus sindiense, and Listriodon pen-

tapotamiae) is interesting considering their
high relative abundances and long species du-
rations. These three taxa coexisted in the Si-
waliks for at least 4 million years, including
0.4 Myr after the first appearance of equids. At
the same time, two new large herbivores ap-
pear in the Potwar record, the giraffid Bra-

matherium megacephalum and the suid Hippo-

potamodon sivalense. Both may have evolved in
situ. These two new species are much larger
than any earlier artiodactyl species. This ob-
served size shift within the artiodactyls sug-
gests restructuring of at least a segment of the
herbivore guild. However, molar microwear
patterns of Bramatherium megacephalum and its
possible ancestor Giraffokeryx punjabiensis are
similar (both are browsers), as are the mi-
crowear patterns of H. sivalense and the dis-
appearing suids C. sindiense and L. pentapota-

miae (M. E. Morgan unpublished data). Stable
carbon isotope analysis of Hippopotamodon

suggests that it included C4 grasses in its diet
(Morgan et al. 1994).

The rodent faunas between 10.7 and 5.7 Ma
were dominated by rhizomyids and murids.
Cricetids are last recorded at 8.6 Ma with an
ILAL of 8.2 Ma. Among the murids, species
turned over completely between 9.6 and 9.3
Ma, and between 8.4 and 7.8 Ma. Most of this
turnover is attributed to congeneric replace-
ments of species with short durations. In con-
trast, the youngest cricetids are all long-rang-
ing species that first appear in the middle
Miocene. It is presently difficult to assess the
ecological significance of the observed Siwalik
murid and cricetid species differences.

Discussion and Conclusions

Previous analyses of Siwalik mammal as-
semblages used coarser levels of time resolu-
tion and concentrated on species composition,
with only passing discussion of body size and
species richness (Barry et al. 1991, 1995; Barry
1995). In this paper we have used 100-Kyr in-
tervals in place of 500-Kyr intervals and de-
veloped additional measures of ecological di-
versity and structure. One hundred thousand
years may be the finest level of resolution pos-
sible for studies of terrestrial vertebrate faunas
over periods of millions of years because of
sampling limitations inherent in the fossil re-
cord. In other published analyses of terrestrial
assemblages, observed first and last occur-
rences, instead of inferred appearances, have
been used to estimate species ranges and
turnover. Thus the changing quality of the var-
ious fossil records is not usually considered to
be important in shaping the patterns under
analysis. We believe this failure potentially
compromises the results and conclusions of
any study, and a crucial part of our present ef-
fort has been to allow for the incompleteness
of the fossil record and the biases it introduc-
es. To do this we have used observations of
first and last occurrences to infer local first
and last appearances, which are then used as
the estimators of the endpoints of species
ranges. We have also weighed the basic obser-
vations by how well constrained the ages of lo-
calities are, rejecting those that are too impre-
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FIGURE 26. Summary diagram, showing temporal relationships of changes in the depositional system, isotopes,
vegetation, and fauna. Horizontal bands delineate periods with greater faunal turnover. Hatched regions denote
approximate time periods during which a feature of the depositional system changes. The arrow labeled ‘‘increasing
seasonality’’ marks the interval between Retallack’s (1991) two paleosol sections.

cise. In the following we relate the biotic dif-
ferences derived from our analyses to the in-
dicators of environmental change.

Environmental and Faunal Change

Our previous analyses of Siwalik mammal
assemblages documented brief periods of
high turnover between longer periods of low-
level turnover, a pattern that could be inter-
preted as demonstrating coordinated stasis,
although the evidence for pulses in the late
Miocene was weak at best (Barry 1995; Barry
et al. 1995). Our more resolved data set now
shows stronger evidence for three very brief
periods of high turnover in the late Miocene,
and as we show in the following there is con-

cordance between faunal turnover and some
Siwalik environmental events. In Figure 26 we
graphically summarize these relationships.

The depositional systems of the Potwar un-
derwent substantial changes during the late
Miocene. The Nagri and Dhok Pathan For-
mations are interpreted as having been de-
posited by coexisting emergent and interfan
river systems, with the larger emergent Nagri
system being displaced from the study area
beginning at ca. 10.1 Ma (Willis and Behrens-
meyer 1995). After 9 Ma, the floodplains of the
interfan Dhok Pathan deposits were less well
drained, with smaller rivers having more sea-
sonal flow than previously (Zaleha 1997b).
Comparison of two paleosol sequences, at 9.4
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and 8.6 Ma (Retallack 1991), also suggests re-
organization of topography and drainage ac-
companying a transition to a more seasonal
climate. A very few paleosols may have
formed under waterlogged, grassy wood-
lands, but more extensive grasslands were not
present in either of Retallack’s sample sec-
tions. Similar sedimentological differences
have been observed in younger parts of the se-
quence. Most striking, after ca. 8 Ma small
floodplain channels become less common,
while lighter colored and carbonate-depleted
paleosols are more common (Behrensmeyer
1987).

The stable carbon and oxygen isotopic evi-
dence also indicates significant, accelerating
environmental change. The period of transi-
tion begins at 9.2 Ma with a shift in d18O val-
ues and continues to nearly the end of the
Miocene for both the d18O and d13C records.
The carbon isotope record demonstrates that
after 8.1 Ma significant amounts of C4 grasses
began to appear on the floodplains of the Po-
twar Miocene rivers, and very open wood-
lands with predominantly C4 plants were pre-
sent by 7.4 Ma. Communities composed exclu-
sively or predominantly of C3 plants disap-
peared after 7.0 Ma, and by 6.8 Ma floodplain
habitats included extensive C4 grasslands. The
two most negative paleosol carbonate d13C
values reported for the Potwar Siwaliks occur
at approximately 9.2 and 9.0 Ma (Quade and
Cerling 1995). Among other possibilities, the
d18O record suggests changes in precipitation
leading to a drier and more seasonal climate.
After 7.3 Ma, d18O values typical of middle
Miocene Siwalik rocks are absent (Quade and
Cerling 1995).

Inferred first and last appearances are the
most sensitive indicators of faunal change.
They show a constant, low level of faunal turn-
over throughout the interval at 10.7–5.7 Ma,
with three short periods of elevated turnover
at 10.3, 7.8, and 7.3–7.0 Ma (Fig. 26). The old-
est period is characterized primarily by ex-
tinction, the second by a large number of first
appearances, and the youngest by a combi-
nation of extinction and first appearances. The
three periods combined account for nearly
44% of all turnover between 10.7 and 5.7 Ma,
compared with the ;10% expected if turnover

were constant. Indices of species richness and
ecological diversity are much less sensitive in-
dicators, but still of interest (Fig. 26). The
number of species, as gauged by Fisher’s a di-
versity index, exhibits a decline for both large
and small species throughout the late Mio-
cene. In the case of the large mammals, a di-
versity declines by about one-third from the
earlier values, whereas small-mammal a di-
versity falls by more than one-half. In both
cases the decrease indicates a substantial re-
duction in the number of species, although
probably not as drastic as suggested by the
species richness values themselves. Relative
abundances of species also change abruptly
between 10 and 9.8 Ma (Fig. 26), at which time
the large-mammal assemblages come to be
dominated by equids, and then again between
7.9 and 7.8 Ma, when equids cease to be so
overwhelmingly abundant. Body sizes of ro-
dents and artiodactyls generally increase dur-
ing the same period, with notable steps
among the rodents between 10.3 and 9.2 Ma,
and for artiodactyls at 10.3–10.2 Ma (Morgan
et al. 1995). The diversity and richness indices
together with the data on body size strongly
imply that the ecological structure of the
mammal communities changed substantially
shortly after 10 Ma, and then again at 7.8 Ma.
The brief reappearance of more-balanced
large-mammal assemblages in the 8.9 interval
is also noteworthy.

The taxa that undergo the changes noted
above are difficult to characterize ecologically,
but the pattern of appearance and disappear-
ance is highly selective with respect to pre-
sumed habits. Some of the newly appearing
rodents or other small species are hypsodont,
or are likely to have fed on underground plant
organs or have been fossorial (Kanisamys siv-

alensis, Eicooryctes kaulialensis, species of Bra-

chyrhizomys, and Hystrix sivalensis), all char-
acteristics that suggest open habitats. Other
species that appear belong to extant higher-
level taxa usually found in open habitats (ger-
bils, rabbits). Similarly, among the larger taxa
the tragulid Dorcatherium Y373 species is high
crowned, and its successor ‘‘Tragulidae/L101
unnamed species’’ is even more so, implying
dependence on grass. Extant species of Manis,
Sus, and Giraffa are commonly found in open
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woodlands, whereas Hexaprotodon sivalensis is
presumed to have been a grazer. Extant re-
duncines are grazers associated with wet
meadows, floodplains, or permanent drain-
ages, whereas hippotragines and antilopines
are grazers and mixed feeders of open terrain,
or brush and scrub. Tragelaphines are brows-
ers or mixed feeders and inhabitants of forest
to lightly wooded areas near water. The ma-
jority of these taxa have inferred appearances
younger than 9.0 Ma.

Taxa that become locally extinct and about
which we can make habitat inferences include
species with extant relatives that are charac-
teristic of closed vegetation (tree shrews, lor-
isids, hominoids, dormice, some tree squir-
rels, dendromurines, and several species of
tragulids). Many other species disappear dur-
ing the time interval, but with few exceptions
none give indications that they were bound to
more-open habitats. The exceptions include cf.
Presbytis sivalensis and one tragelaphine, one
reduncine, and two antilopine bovids. The co-
lobine monkey, the tragelaphine, and the re-
duncine are taxa that first appeared after the
carbon isotopic transition started and subse-
quently disappeared at a later stage. We as-
sume they were inhabitants of the mixed C3/
C4 communities or the wetter parts of the
floodplain that did not persist in the increas-
ingly open conditions in the latest Miocene.
Both of the antilopines, on the other hand, en-
tered the Siwalik record before the beginning
of the carbon transition and may have had
narrow habitat tolerances. Almost three-
fourths of the disappearances in Figure 14 are
younger than 9.4 Ma, with the pace of extinc-
tion accelerating after the appearance of C4

vegetation on the floodplain.
Turnover during the 10.3 Ma event differs

greatly from that of the two latest Miocene
events with respect to the duration of the spe-
cies involved. The event at 10.3 Ma comprises
taxa that were both common and of long du-
ration, whereas the latest Miocene events in-
clude more taxa that were shorter ranging and
less common (Fig. 17A). This is true of both
the taxa that appear and those that disappear.
That is, long enduring taxa both appear and
go extinct at 10.3 Ma, whereas in the latest
Miocene taxa of brief duration appear and dis-

appear. This difference of mode develops be-
tween approximately 9.0 and 8.5 Ma, at which
time many short ranging and very rare species
begin to make appearances. It is therefore a
general feature of latest Miocene faunal
change that contrasts to older periods, not just
a peculiarity of the phase of more intense
turnover.

Correlations Between Environmental and
Faunal Events

The 5-Myr period between 10.7 and 5.7 Ma
witnessed a qualitative change in the mam-
malian fauna of the Potwar Plateau. Some of
the differences seem to reflect responses to
changing environmental conditions, but oth-
ers are not easily correlated to recognized lo-
cal environmental events.

The 10.3 Ma turnover event does not cor-
relate to any obvious local environmental or
climate event. It is about 200 Kyr older than
the onset of replacement of the emergent Na-
gri system by the Dhok Pathan interfan sys-
tem, and although approximately contempo-
rary with the earliest isotopic dietary evidence
for C4 vegetation, it is more than 2 Myr older
than paleosol evidence for extensive C4 vege-
tation on the floodplain. It is also much older
than the oxygen isotope shift marking a tran-
sition to drier and more seasonal climates. The
10.3 Ma event marks the extinction of the Gir-

affokeryx-Listriodon fauna, which historically
has been linked to the first appearance of
equids in the Siwaliks. Nonetheless, the turn-
over and extinction actually follow the first
appearance of equids by 400 Kyr and are at
least 300 Kyr older than the transition to hip-
parionine-dominated faunas. The pattern of
species disappearance and appearance de-
scribed above suggests that biotic interactions
may have been more important than environ-
mental change in creating a pulse of faunal
change around 10.3 Ma.

In contrast, the two latest Miocene turnover
events show a close temporal correlation to
changes in floodplain deposition and vegeta-
tion. The event at 7.8 Ma follows by 250 Kyr
the first paleosol evidence for widespread C4

vegetation on the floodplain and is approxi-
mately contemporary with other changes in
floodplain deposition (Behrensmeyer 1987).
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The 7.8 Ma turnover is also coincident with
the shift from equid-dominated to more even-
ly balanced large-mammal assemblages. Ap-
pearing taxa include a hypsodont rodent and
a high-crowned tragulid, implying a grass
and possibly C4 diet. The carbon isotope event
indicates that habitats with C4 plants became
more common on the floodplain. This is
strong evidence of changing habitat availabil-
ity and is concordant with the appearance of
grazing or mixed-feeding taxa. At the same
time, the paleosol carbon record indicates that
C3-dominated habitats still persisted and were
even common, thus explaining the absence of
elevated extinction.

The younger turnover event between 7.3
and 7.0 Ma is composed of both appearances
and disappearances. It begins very shortly af-
ter the first occurrence of C4-dominated floras
at 7.37 Ma and ends with the last occurrence
of C3-dominated vegetation at 7.04 Ma. These
two isotopic thresholds are critical to under-
standing the impact of this vegetation change
on the mammals, in that they record the ap-
pearance and disappearance of end-members
from the vegetation spectrum. They thus in-
dicate both the gain and the loss of types of
extreme open and closed habitats, and are
likely related directly to the appearance and
disappearance of individual species. This
same broad interval also gives evidence of in-
creasingly seasonal stream flow and perhaps
higher levels of habitat disturbance.

The change in large-mammal diversity be-
tween 10 and 9.8 Ma potentially could be re-
lated to fluvial system dynamics, as it closely
follows the initial appearance at 10.1 Ma of the
interfan Dhok Pathan system (Fig. 26). How-
ever, although there are very few large local-
ities associated with the emergent Nagri sys-
tem on which to base a comparison, there does
not seem to be a relationship between position
on the floodplain and composition of the fau-
nal assemblages. Two large sites (Y258, Y251),
both associated with the interfan Dhok Pathan
system and dated at 10.1 and 10.0 Ma respec-
tively, have low numbers of equids (31% and
28%) when compared with younger sites in
the same interfan setting. In contrast, two sites
(Y309, Y317), closely associated with the
emergent Nagri system and dated at 9.3 and

9.2 Ma, have numbers of equids (52% and 50%
respectively) comparable to contemporary
sites of the interfan system. This suggests that
before 9.8 Ma the habitats situated on the
Dhok Pathan interfan system were similar to
those of the Nagri emergent system. Further-
more, the transitory reappearance of a more
balanced large-mammal assemblage in the
8.9-Ma interval, which comes after the dis-
placement of the emergent Nagri system, sug-
gests there is no direct connection between de-
positional system and faunal structure. This
transitory reappearance of more balanced as-
semblages closely follows the two most neg-
ative carbon isotope values in the sequence
and the beginning of the oxygen isotope tran-
sition.

General Patterns

Biotic change in the late Miocene Siwaliks is
a combination of steady, low-intensity change
in species composition and ecological struc-
ture, punctured by brief, irregularly spaced
intervals with accelerated species turnover
and ecological change. Episodes of accelerated
species turnover amidst longer quiescent pe-
riods are characteristic of both the ‘‘coordi-
nated stasis’’ (Brett et al. 1996) and the ‘‘turn-
over pulse’’ (Vrba 1985, 1995) models of evo-
lutionary change. The presence, however, of a
steady background species turnover leading
to the loss of 65–70% of the members of the
initial fauna, coupled with steadily declining
diversity and abrupt, unrelated changes in
relative abundance, does not fit the observed
or predicted patterns of either model. Al-
though there seem to be pulses of change,
there is no attending stasis in this Siwalik re-
cord. This difference in pattern compared
with previous results is due in large part to
the inclusion of rare and low-abundance spe-
cies in our analysis (McKinney et al. 1996).

Although interpretation of the events at 10.3
Ma is uncertain, species turnover and ecolog-
ical changes in the latest Miocene are closely
tied to change in the vegetation, and, we be-
lieve, through the vegetation change to cli-
matic change. Evolution of the fluvial system
could have played some minor role, but we fa-
vor explanations based on climatic change for
both latest Miocene pulses. The strongest ev-
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idence for this is the association of the most
significant faunal changes and expansion of
C4 plants on the floodplain with oxygen iso-
topic and sedimentological evidence for in-
creasingly drier and more seasonal climates.
Displacement of the emergent Nagri system
by the interfan Dhok Pathan system seems not
to be related to significant faunal differences,
but climate change as well as tectonics may
have affected evolution of the fluvial system.
This makes the precise chain of causality dif-
ficult to trace. Because high levels of back-
ground turnover also occur within the period
of progressive climate change, the back-
ground turnover may also be a result of cli-
mate change. Our earlier analyses did not de-
tect these coincidences of faunal, floral, and
climatic change because those analyses used a
resolution of only 500 Kyr. The climatic and
environmental changes considered here take
place on timescales of a few hundreds of thou-
sands of years or less, and testing the relation-
ships needs faunal data with the same reso-
lution. A further testing of these ideas will
now also require data gathered on a larger
geographic scale—one large enough to in-
clude coexisting megafan systems, each with
a rich and long fossil record. Such tests are
achievable in the Miocene of Pakistan and ad-
jacent regions. It is, however, always neces-
sary to recognize the limits of paleontological
data and its adequacy for resolving our ques-
tions.
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Appendix 2
Locality data.
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Appendix 2. Continued.
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Appendix 2. Continued.
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Appendix 2. Continued.
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Appendix 2. Continued.
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Appendix 2. Continued.
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Appendix 2. Continued.
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Appendix 2. Continued.
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Appendix 2. Continued.
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Appendix 2. Continued.



68 JOHN C. BARRY ET AL.

Appendix 3
Recalculated ages for isotopic samples.

Sample
number Section Fraction d13C* d18O* Age (Ma)

Minimum
age (Ma)

Maximum
age (Ma)

9733
9730
9729
9701
9702
9684
9698
9694
9693
9689
9683
9669
9676
9672
9671
9665
9663
9657
9656
9655

Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur

Carbonate
Carbonate
Organic
Carbonate
Organic
Organic
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Organic
Carbonate
Carbonate
Carbonate
Carbonate
Organic
Carbonate

2.5
21.9

214.5
1.3

214.3
216.5

2.0
1.8
0.4
1.8

22.0
21.9

0.7
214.6

0.6
21.0
20.7

0.5
214.7
22.3

26.8
27.8

—
26.6

—
—

26.3
26.2
26.1
26.5
25.7
27.2
26.5

—
27.0
27.5
28.0
26.4

—
24.9

2.270
2.575
2.575
3.303
3.303
3.394
3.394
3.425
3.441
3.502
3.690
3.743
4.360
4.680
4.680
5.127
5.767
5.894
5.906
5.912

2.203
2.517
2.517
3.188
3.188
3.370
3.370
3.396
3.410
3.463
3.463
3.569
4.221
4.570
4.570
5.058
5.755
5.894
5.894
5.906

2.337
2.633
2.633
3.418
3.418
3.418
3.418
3.453
3.471
3.541
3.917
3.917
4.499
4.789
4.789
5.196
5.778
5.894
5.917
5.917

9654
9652
9648
9646
9643
9640
9639
9637
9187
9186a
9186b
9185
9184
9183
9182
9630
9181
9180
9178
9179
9179
9177
9625

Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Jalalpur
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Jalalpur

Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Organic
Humate
Carbonate
Carbonate

0.1
21.3
20.3

0.0
23.5
21.4
23.0
20.7
27.0
29.5
28.8
27.9

210.1
23.6
29.5
25.0

210.2
27.8
28.6

224.2
224.3
28.6
27.9

27.2
24.9
25.4
26.9
26.9
27.4
27.7
26.3
26.8
27.3
26.5
27.6
29.1
27.1
27.9
27.4
27.4
28.1
27.5

—
—

27.1
27.9

5.938
5.982
6.069
6.125
6.429
6.594
6.612
6.761
7.042
7.042
7.042
7.102
7.267
7.366
7.475
7.477
7.523
7.586
7.627
7.627
7.627
7.736
7.922

5.924
5.953
6.013
6.072
6.255
6.567
6.586
6.740
7.040
7.040
7.040
7.096
7.232
7.335
7.456
7.190
7.505
7.570
7.607
7.607
7.607
7.707
7.859

5.952
6.010
6.125
6.178
6.603
6.621
6.638
6.781
7.045
7.045
7.045
7.107
7.302
7.397
7.493
7.763
7.540
7.601
7.646
7.646
7.646
7.764
7.984

9624
9622
9174
9175
9173
9619
9168
9162
9160
9161
9161
9158
9613
9607
9611
9764
9762
9758
9757

Jalalpur
Jalalpur
Kaulial Kas
Kaulial Kas
Kaulial Kas
Jalalpur
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Kaulial Kas
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur
Jalalpur

Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Organic
Humate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate

211.2
28.8
28.9

211.6
211.5
210.8
211.8
212.9
210.6
224.0
224.0
212.6
211.0
210.0
210.1
29.8
29.9

210.7
210.8

26.2
28.0
27.0
28.9
27.4
29.0
25.4
28.7
27.3

—
—

25.4
29.9
29.9
29.7
29.4
28.0
29.5
28.8

7.952
7.984
8.058
8.109
8.341
8.401
8.625
8.969
9.038
9.038
9.038
9.154
9.270
9.411
9.642

10.139
10.601
11.673
12.229

7.889
7.920
8.040
8.089
8.317
8.072
8.587
8.955
9.022
9.022
9.022
9.141
9.008
9.153
9.472
9.940

10.505
11.593
12.146

8.015
8.047
8.076
8.129
8.364
8.729
8.663
8.982
9.053
9.053
9.053
9.167
9.532
9.668
9.812

10.338
10.696
11.752
12.311

* Isotopic values from Quade and Cerling 1995.
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Appendix 4
Stratigraphic ranges.

Species

Inferred
last

appear-
ance
(Ma)

Last
occur-
rence
(Ma)

First
occur-
rence
(Ma)

Inferred
first

appear-
ance*
(Ma)

No. of
intervals
in which
observed

Large mammals

1 Colobinae
2 Hominoidea
3 Hominoidea
4 Deinotheriidae
5 Manidae
6 Orycteropodidae
7 Listriodontinae
8 Tetraconodontinae
9 Tetraconodontinae

10 Suinae
11 Suinae

cf. Presbytis sivalensis
Sivapithecus spp.
Sivapithecus parvada
Deinotherium spp.
Manis ‘‘Y260 species’’
Orycteropus spp.
Listriodon pentapotamiae
Conohyus sindiensis
Tetraconodon magnus
Propotomochoerus hysudricus
?Hippopotamodon ‘‘Y450 unnamed

species’’

6.5
8.4†

9.8†

7.9†

2.2
8.1

10.3†

10.3†

9.3†

6.5
10.2†

7.1
8.5

10.0
8.0
6.9
9.2

10.3
10.3

9.3
6.8

10.2

7.6
12.3
10.0
12.9

9.2
13.6
13.7
13.1
10.0
10.2
11.3

7.8†

14.0
10.0†

14.0
9.9

14.0
14.0
14.0
11.2
10.2†

11.4

3
11

1
16

2
8

13
10

3
29

5

12 Suinae
13 Suinae
14 Suinae
15 Suinae
16 Suinae
17 Doliochoerinae
18 Anthracotheriidae
19 Anthracotheriidae
20 Anthracotheriidae
21 Hippopotamidae
22 Tragulidae
23 Tragulidae
24 Tragulidae
25 Tragulidae
26 Tragulidae

Hippopotamodon sivalense
Potamochoerus ‘‘Y553 species’’
?Sus ‘‘D013 species’’
‘‘Small Suinae/Y311 species’’
‘‘Small Suinae/Y406 species’’
Schizochoerus gandakasensis
Microbunodon punjabiense
Hemimeryx spp.
?Merycopotamus dissimilus
Hexaprotodon sivalensis
Dorcabune nagrii
Dorcabune anthracotherioides
Dorcatherium ‘‘Y270 species’’
Dorcatherium nagrii
Dorcatherium ‘‘Y259 species’’

7.1†

2.2
2.2
9.4
2.2
8.1
8.6
3.6
2.2
2.2
8.4†

10.3†

8.6
2.2

10.3†

7.2
5.4
3.3

10.0
7.4
8.7
9.2
6.2
3.3
3.5
8.5

10.5
9.2
6.8

10.4

10.2
5.8
6.4

10.0
8.9

10.1
12.3
13.6

5.8
5.9

10.4
12.8
11.1

9.3
12.3

10.2†

5.8†

6.8
11.4
9.2

11.2
14.0
14.0
6.1
6.1†

11.2
14.0
11.2
9.5†

14.0

21
2
3
1
3
6
8

40
2
4

10
9
6

12
3

27 Tragulidae
28 Tragulidae
29 Tragulidae
30 Tragulidae
31 Tragulidae
32 Tragulidae
33 Giraffinae
34 Sivatheriinae
35 Sivatheriinae
36 Bovidae
37 Bovidae
38 Bovidae
39 Bovidae
40 Bovidae
41 Tragelaphini

Dorcatherium ‘‘Y311 species’’
Dorcatherium ‘‘Y373 species’’
Dorcatherium ‘‘Y457 species’’
Dorcatherium cf. majus
Dorcatherium majus
‘‘Tragulidae/L101 unnamed species’’
Giraffa punjabiensis
Bramatherium megacephalum
Giraffokeryx punjabiensis
Sivoreas eremita
‘‘Bovidae/Y166 unnamed species’’
‘‘Bovidae/Y905 unnamed species’’
‘‘Small Bovidae/Y581 unnamed species’’
‘‘Bovidae/Y545 unnamed species’’
‘‘?Tragelaphini/D013 species’’

7.1†

6.5
7.3†

10.5†

6.9†

2.2
2.2
7.1†

10.3†

10.3
8.4
7.4
6.3
7.4
5.8

7.2
6.8
7.3

10.7
7.0
3.3
7.2
7.1

10.3
10.7

8.7
7.8
7.0
8.0
6.2

10.3
7.8
7.3

11.3
10.4

5.9
8.9

10.3
13.6
11.3

8.7
7.8
7.0
8.0
6.4

10.3†

7.8†

7.7
11.4
10.6†

6.1†

9.1†

10.3†

14.0
14.0
9.1
7.8†

7.1†

8.4
6.7

21
5
1
3

19
4
3

26
20

2
1
1
1
1
3

42 Boselaphini
43 Boselaphini
44 Boselaphini
45 Boselaphini
46 Boselaphini
47 Boselaphini

48 Boselaphini

49 Boselaphini
50 Reduncini
51 Reduncini
52 Hippotragini
53 Antilopini
54 Antilopini

Elachistoceras khauristanensis
Selenoportax spp.
Tragoceridus spp.
cf. Eotragus ‘‘Y166 unnamed species’’
Tragoportax salmontanus
‘‘Medium Boselaphini/Y581 unnamed

species’’
‘‘Medium Boselaphini/Y195 unnamed

species’’
‘‘Large Boselaphini/Y927 species’’
‘‘?Reduncini/D013 species’’
Dorcadoxa porrecticornis
‘‘?Hippotragini/Y453 species’’
Gazella spp.
cf. Prostrepsiceros vinayaki

7.3†

7.9†

2.2
3.6
7.3
6.3

8.1

7.3†

2.2
6.5
2.2
2.2
7.4

7.4
7.9
6.2
8.7
8.4
7.0

9.3

7.3
6.4
7.0
6.2
6.2
7.9

11.5
10.2
11.2

9.3
9.3
7.0

9.3

8.0
6.4
8.1
6.8

11.3
8.3

14.0
10.3†

11.2
9.9
9.9
7.1†

9.9

8.1†

6.9
8.1†

6.9†

14.0
8.6

16
12
22

2
3
1

1

2
1
8
3

23
4



70 JOHN C. BARRY ET AL.

Appendix 4. Continued.

Species

Inferred
last

appear-
ance
(Ma)

Last
occur-
rence
(Ma)

First
occur-
rence
(Ma)

Inferred
first

appear-
ance*
(Ma)

No. of
intervals
in which
observed

55 Antilopini
56 Hipparionini
57 Chalicotherini

cf. Protragelaphus skouzesi
‘‘Hipparion s.l.’’ spp.
Chalicotherium salinum

8.8†

3.7
8.0†

8.8
5.8
8.0

8.8
10.7
12.9

8.8†

10.9
14.0

1
43
13

Small mammals

58 Tupaiidae
59 Galericinae
60 Galericinae
61 Crocidurinae
62 Crocidurinae
63 Crocidurinae
64 Lorisidae
65 Leporidae
66 Ratufini
67 Tamiini
68 Petauristinae
69 Petauristinae
70 Petauristinae

Tupaiidae, spp.
Galerix rutlandae
Schizogalerix ‘‘Y259 species’’
cf. Crocidura ‘‘Y367 species’’
cf. Crocidura ‘‘Y311 species’’
cf. Crocidura ‘‘D013 species’’
Lorisidae, spp.
‘‘Leporidae/D013 species’’
Ratufa ‘‘Y259 species’’
Eutamias ‘‘259 species’’
Hylopetes ‘‘Y388 species’’
cf. Hylopetes ‘‘Y259 species’’
‘‘Petauristinae/Y311 species’’

6.5
8.5†

9.3
5.7
6.5
5.7
8.8
3.6
8.8
6.5
5.7
9.3
9.3

8.1
8.7

10.2
6.4
7.3
6.4
9.2
3.6
9.2
7.0
7.3

10.0
10.0

13.0
13.6
10.4
12.7
11.1

6.4
11.1

7.3
10.4
10.4

8.7
11.5
10.0

13.6
13.6
11.0
13.6
11.2
7.1

12.2
7.8

11.0
11.0
9.1

13.6
10.3

10
7
2

12
11

1
4
6
4
7
3
5
1

71 Gerbillinae
72 Copemyinae
73 Copemyinae
74 Copemyinae
75 Copemyinae
76 Copemyinae
77 Copemyinae
78 Copemyinae
79 Copemyinae
80 Dendromurinae
81 Dendromurinae
82 Tachyoryctinae
83 Tachyoryctinae
84 Tachyoryctinae
85 Tachyoryctinae

Abudhabia pakistanensis
Democricetodon ‘‘species D’’
Democricetodon ‘‘species B’’
Democricetodon ‘‘species E’’
Democricetodon ‘‘species H’’
Democricetodon ‘‘species F’’ (young)
Democricetodon ‘‘species F’’ (old)
Democricetodon ‘‘species G’’ (young)
Democricetodon ‘‘species G’’ (old)
Dakkamys asiaticus
Paradakkamys chinjiensis
Kanisamys sivalensis
Kanisamys nagrii
Protachyoryctes tatroti
Eicooryctes kaulialensis

8.2
10.1†

9.3
10.3†

10.1
8.2
9.3
8.2
9.3

10.1
10.1
7.3†

9.4†

6.5
6.5

8.6
10.2
10.0
10.4
10.4

8.6
10.0

8.6
10.0
10.4
10.4

7.3
9.6
6.9
7.1

8.6
13.0
13.6
13.0
13.0

8.7
12.3

8.7
13.0
11.5
13.0

9.3
11.5

7.8
7.8

8.6†

13.6
13.6
13.6
13.6
8.8†

13.6
8.8†

13.6
13.6
13.6
9.5†

13.6
8.0†

7.8†

1
10
10

9
9
2
6
2
8
4
6

10
7
3
3

86 Tachyoryctinae
87 Tachyoryctinae
88 Rhizomyinae
89 Rhizomyinae
90 Rhizomyinae
91 Rhizomyinae
92 Rhizomyinae
93 Rhizomyinae
94 Rhizomyinae
95 Murinae
96 Murinae
97 Murinae
98 Murinae
99 Murinae

100 Murinae

Rhizomyides sivalensis
Rhizomyides punjabiensis
Brachyrhizomys ‘‘Y535 species’’
Brachyrhizomys nagrii
Brachyrhizomys pilgrimi
Brachyrhizomys micrus
Brachyrhizomys blacki
Brachyrhizomys tetracharax
Brachyrhizomys choristos
Progonomys ‘‘Y581 unnamed species’’
Progonomys ‘‘Y259 unnamed species’’
Progonomys debruijni
Progonomys nr. debruijni
Karnimata ‘‘Y450 unnamed species’’
Karnimata ‘‘Y388 unnamed species’’

5.7
10.1†

8.2†

9.0†

5.7
8.2
8.2
5.7
8.2†

6.5
9.4†

8.2
7.3†

9.4†

8.2

6.4
10.2

8.4
9.2
8.0
9.2
9.2
7.9
8.2
7.0
9.6
8.6
7.3
9.6
8.7

7.1
10.4

8.4
9.6
9.3
9.2
9.2
9.3
8.4
7.8

11.5
9.3
8.1

11.3
9.2

7.1†

11.0
8.5†

9.9
10.3
10.3
10.3
10.3
8.5†

7.8†

13.6
9.9
8.5

11.4
9.9

3
2
1
4
2
1
1
4
2
4
7
5
3
6
3

101 Murinae
102 Murinae
103 Murinae
104 Murinae
105 Murinae
106 Murinae
107 Murinae
108 Murinae
109 Murinae
110 Murinae
111 Murinae

Karnimata darwini
Karnimata cf. darwini
Karnimata huxleyi
Karnimata cf. huxleyi
Karnimata ‘‘Y024 unnamed species’’
Parapodemus ‘‘Y182 species’’
Mus auctor
cf. Mus ‘‘Y931 species’’
cf. Parapelomys robertsi
Parapelomys robertsi
‘‘Murinae/D013 species’’

8.7†

7.1†

5.7
6.5
7.3†

7.3
5.7
7.1†

7.1†

5.7
5.7

8.7
7.2
6.4
7.0
7.3
7.9
6.4
7.2
7.2
6.4
6.4

9.3
7.2
6.4
7.0
8.1
9.2
7.3
7.2
8.1
7.0
6.4

9.5†

7.2†

6.7
7.1†

8.3†

9.9
7.7
7.2†

8.5
7.1†

7.2

4
1
1
1
3
2
3
1
5
3
1
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Appendix 4. Continued.

Species

Inferred
last

appear-
ance
(Ma)

Last
occur-
rence
(Ma)

First
occur-
rence
(Ma)

Inferred
first

appear-
ance*
(Ma)

No. of
intervals
in which
observed

112 Murinae
113 Gliridae
114 Hystricinae
115 Ctenodactylidae

‘‘Murinae/Y311 unnamed species’’
Gliridae, spp.
Hystrix sivalensis
Sayimys chinjiensis

9.3
7.3
7.2†

9.4

10.0
7.9
7.3

10.0

10.4
13.6

8.0
12.3

11.0
13.6
8.0†

13.6

2
13

4
8

* Inferred ages of appearance for those taxa appearing before 10.7 Ma are only approximately determined.
† Events included in analysis of first and last appearances. See text for details.


