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Animal movement on the hoof

and on the cart and its implications
for understanding exchange
within the Indus Civilisation

C. A. Petrie®** E. Lightfoot®?, P.J. Jones®?, J. R. Walker®?, B. T. Valentine®3,
J. Krigbaum®3, P. le Roux®*, P. P. Joglekar®, V. Shinde®, R. N. Singh®® & T. C. O’Connell ®?

Movement of resources was essential to the survival and success of early complex societies. The
sources and destinations of goods and the means of transportation — be it by boats, carts and/or
foot — can often be inferred, but the logistics of these movements are inherently more difficult to
ascertain. Here, we use strontium isotopic analysis to test hypotheses about the role of animal and
animal-powered transport in medium and long-distance movement and exchange, using the Indus
Civilization as a case study. Across the wide geographical spread of the Indus Civilisation, there is
strong evidence for long-distance exchange of raw materials and finished objects and this process

is presumed to involve boats and animal-driven transport, although there is little evidence as to the
relative importance of each mode of movement. Strontium isotopic analysis of animal remains from
four sites analysed for this study combined with results from nine other sites indicates limited long-
distance animal movement between different geological zones within the Indus Civilisation. These
findings suggest that individual animals primarily moved short- or medium-distances, though there
are several significant exceptions seen in some pigs and cattle found at two large urban sites. We
infer that long-distance transport of goods, be it raw materials, finished objects, other goods, or the
animals themselves, could have occurred through the use of boats and waterways, by traction animals
moving over long distances that did not end up in the archaeological record, and/or by different
animals participating in many short to medium-distance movements.

Complex societies provision their populations with the resources necessary for life, and this includes staples,
fuel and also items made from rare and more exotic materials. Studies of material culture and material prov-
enance inform us about the sources of raw materials and the locations between which goods were moved. While
iconographic depictions of boats, carts and animal and human traction can provide insight into the available
mechanisms for moving those goods, it is not always simple to reconstruct the organisation and relative impor-
tance of different modes of transport.

Archaeologists have long debated the significance of exchange and trade!”’. South Asia’s Indus Civilisation
is an interesting case in point, as the settlements of its urban phase (2600-1900 BC) were distributed over an
extensive area of Pakistan and northwest India, and there is abundant evidence for the movement of raw materi-
als and finished products made from different types of metal and stone, as well as stoneware bangles and large
storage vessels over short, medium and long distances®!'. Compositional analyses have suggested that these raw
materials and finished objects were widely distributed (and redistributed) across the Indus Civilisation, being
brought from sources as far afield as northern Afghanistan, Khyber Pakhtunkhwa, the Himalayas, Maharashtra,
Rajasthan, and Baluchistan!!. Archaeometric studies have shown that manufactured items such as stoneware
bangles and carnelian beads were moved within the Indus Civilisation®'>*. Indus-type artefacts were exported
overland across complex highland terrain as far as Badakhshan in Afghanistan and the Kopet Dagh piedmont
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in Turkmenistan. Material was also moved by water throughout the Persian Gulf, and to cities in southwest Iran
and Mesopotamia®!'*-'8,

The different scales of movement that took place within the Indus Civilisation largely remain unspecified,
and discussion of the logistics of how goods were transported over these distances has largely been speculative.
Across the expanse of the Indus Civilisation, short distances were feasibly those traversable on foot or hoof in one
day (up to 25 km), medium distances would require several days of travel, potentially within one geographical
region (up to 100-150 km), while long distance movement would involve travel over hundreds of kilometres
and potentially weeks of travel time, and include movement between different geographical regions. To date,
the assumption has been that raw materials and goods were moved over medium and long distances across the
Indus Civilisation through a combination of riverine and animal transportation®'°-2!. Indus boats are attested
by depictions on Indus seals®?, while animal transport is indicated by a relative abundance of clay cart models
and animal figurines, zooarchaeological evidence for animals being used for traction, and cart tracks in the
streets of Harappa®!®-22,

The traditional view is that the Indus Civilisation was riverine, with settlement distribution biased towards
locations close to perennial water sources?>*!. While there were clearly settlements on rivers and smaller water
courses, there is also abundant evidence that settlements were situated in a variety of other contexts not close to
obvious perennial or flowing water sources, and this is particularly the case for settlements distributed across
northwest India*"**-?’. Furthermore, a significant proportion of the ancient hydrology that has been reconstructed
across the Indus River Basin was likely composed of ephemeral water courses for much of the Holocene?®?$-32,
It is still unclear how many of these water courses would have been navigable, even to small boats with shallow
draft. Given the degree of variability in settlement location, and the likelihood that not all settlements were
interconnected via the hydrological system, animal transport must have played an important role in some Indus
long-distance exchange logistics, whether for complete or partial journeys.

Indus Civilisation boat transport is likely to have been relatively simple where navigable water courses were
present, relying on wind, current, animal and human power for motion. Some of these watercraft may have been
connected to specific settlements, but their crews must also have interacted with other actors, as the settlements
in interstitial areas away from navigable rivers are likely to have only been accessible using animal driven and/
or human transport. Kenoyer' has suggested that appropriately loaded animals of various sizes may have been
used to move goods over shorter distances, but noted that carts would have been more efficient, estimating that
individual Indus carts could hold 1870 kg of goods. He has suggested that carts were ideal for transporting bulk
goods over short distances across the plains, but argued that the lack of roads and bridges would have made
long distance transport of goods via carts difficult'. Thus far it has been challenging to test this hypothesis. It is
likely that the logistics via which the different types of transportation operated were dependent upon the types
of individuals and economic transactions involved.

The nature of the political economy of the Indus Civilisation is much discussed, and the role of exchange and
trade in empowering and enriching individuals or groups within cities and other settlements is debated*-*.
Heather Miller® has highlighted the clear evidence for the operation of way-stations and road markers as critical
parts of the overland transport system under the Mughal Empire, but no such structures have yet been identified
in the context of the Indus Civilisation. Although there are a range of inscribed materials that are indicative of
administrative activities®, the Indus script remains untranslated, and there is an absence of records that provide
explicit insight into the administration of exchange processes. There is evidence for the use of a standardised
weight system®>*, but these weights were typically in small units, and were not likely to have been used for bulk
goods™. It is possible that the sourcing and distribution of raw materials and finished products within the Indus
economy was part of an elite driven and controlled system that involved merchants and places of exchange. In a
formalised system with merchants potentially acting as independent agents, individual teams of transportation
animals may have been used to move bulk goods long distances, or individual loads may have been moved by
many teams over shorter distances. Both options would have required significant logistical planning. It is also
possible that a more substantive system of sourcing and distributing raw materials and finished products may
have been operating, where the distribution of goods and the movement patterns of transport teams may have
been governed by redistribution relationships and reciprocity. Such a system may show patterns more in keeping
with distance-decay or down-the-line exchange models, where the distribution of materials declines with distance
from the source**>*. Ideally, analysis of archaeological material remains provides the means of ascertaining the
nature of ancient exchanges systems, though the interpretation of data is not always straightforward.

Strontium isotopic analysis allows us to examine whether animals travelled long-distances, as it enables us
to identify animals born in a different geological zone to the one in which they were deposited archaeologically.
In the context of the Indus Civilisation, establishing whether animals moved beyond individual geological
‘isozones’ has implications for understanding short, medium and long-distance interaction in the Indus River
Basin. In particular, it has the potential to provide evidence in support of the hypothesis that carts drawn using
animal traction were used to transport goods long distances. Here, we analyse 94 samples from 39 animals from
four Indus settlements in northwest India. We compare these data with previously published animal and human
enamel strontium isotope data from nine settlements in other areas within the Indus Civilisation. By consider-
ing the dynamics of animal mobility, we explore the degree to which animal movement occurred at long-range
scales between settlements within different parts of the Indus Civilisation, and make inferences about the degree
to which it operated at local to medium scales between villages, and between villages and neighbouring cities.
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Approaching animal mobility in the Indus Civilisation

The Indus Civilisation and evidence for animal use

The Indus Civilisation is characterised by the appearance of the first cities in South Asia, but was also marked by
a preponderance of rural settlements distributed across a large area of modern Pakistan and India (Fig. 1). Cattle
have long been regarded as being tremendously important to the Indus subsistence economy*"*, and largely it has
been assumed that cattle were the primary beasts of burden?>**4, Indus zooarchaeological assemblages typically
have a high proportion of cattle (largely Bos indicus) and/or water buffalo (Bubalus bubalis), typically 50 to 60%,
but also occasionally up to 80 to 90%, and a smaller proportion of sheep/goat (Ovis aries and Capra hircus), with
some pig (Sus domesticus), wild terrestrial and aquatic bones also being found**>*, Laura Miller**** argued
that large bovids, including both zebu and water buffalo, were the animals most suited to heavy traction in both
agricultural production and the transport of the resultant products, as well as of raw materials and craft items.
She also observed that 90% of bovine animals survived into reproductive adulthood (3-3.5 years), at which point
they were exploited for secondary products potential—females as dairy producers and males/castrates as traction
animals [22:484, 625-628]. Cattle bones reveal evidence for pathological conditions associated with the physical
stress associated with traction and heavy duty labour. The widening of the distal end of the metapodia, pedosis,
and exostosis of the proximal ends of the third phalanges is seen at a number of sites, including Harappa®>*,
Farmana*’, Kanmer*, Surkotada®, Jaidak®, Shikarpur, Kuntasi and Karanpura in Rajasthan®.

Strontium isotope ratios and movement

Strontium isotopic analysis can be used to identify animals that moved between geological zones®"2. This tech-
nique is based on the principle that strontium isotope ratios (*%°Sr) in tooth enamel reflect the geology from
which an individual’s food was sourced®-*". The level of strontium isotopic variation in any region is dependent
on a number of factors, including underlying geology, weathering rates, soil composition and alluvial overburden.
The level of geological variation in any region is variable, but on large alluvial plains such as those in Haryana
and Indian and Pakistani Punjab, geological variation is more likely over long-distance scales than it is at local
and potentially medium-distance scales.

Non-local individuals are identified as those whose tooth enamel strontium isotope ratios are not reflective of
the local environment®. The identification of such a mis-match is not always simple, particularly in environments
where the local isotopic signal is not well-constrained. In practice, a combination of techniques is often used,
including: comparison to previously analysed individuals from the region (human or animal); comparison to
geological maps; comparison with modern strontium isotope ratios of the target region determined by analyses
of water, sediment, plant, snails and/or small mammal samples; and statistical analysis of the dataset®®*=%. All of
these methods have flaws, particularly with regards to whether or not modern data truly reflects the past and/
or ‘missing’ data, and it is therefore sensible to pursue a multi-strand strategy.

Geological and strontium isotopic variation in the Indus region

The Indus River Basin and surrounding regions are characterised by a range of different geological units. Much
of the lower basin is comprised of Quaternary alluvial and sand/dune deposits (Fig. 2) and the archaeological
sites included in this study are all located on the alluvial plains, where alluvium has been deposited by the Indus
and the other rivers of Punjab, and is typically hundreds of metres deep®-**. Alluvium in Hissar District (India),
where four of the study sites are located, varies from 228 to 310 m in depth overlying pre-Cambrian granite
and mica schist bed-rock®'. The north of the Indus River Basin is bordered by mountain chains, including the
Karakorum, the Salt Range and the Himalayas, which include Paleozoic, Mesozoic, Palaeogene, and Neogene
geology. The eastern edge of the basin is formed by the Thar Desert, which consists of sand and dunes formed
by Quaternary sediments. Gujarat, to the south-east of the basin, is dominated by the Deccan Traps, which is
a large volcanic feature that formed in the Cretaceous period. Finally, the Western Fold Belt lies to the west
of the area and includes two major mountain chains, the Kirthar and Suleiman Mountains, which are largely
Paleogene and Neogene in age. To the east of the Thar Desert and bordering on the alluvial plains of Haryana
is the Proterozoic Aravalli Range.

River water and sediment samples show strontium isotopic variation across these zones and suggest that there
are three inputs: the high Himalayan crystallines, the Kohistan Arc, and the Western Fold belt, which lead to
strontium isotopic variation within the Indus River Basin and the neighbouring regions®*-*’. Variation is also seen
in biologically available strontium isotope ratios of soils, modern dung and archaeological samples of animals
and humans which fits broadly with the geological patterns (summarised in Table 1 and references therein).

Materials and methods

We collected and analysed 15 soil samples and 94 samples of enamel from 39 animal teeth following standard
methods. The Supplementary Information (SI) contains full details of sample collection, preparation and analysis
of strontium concentrations and #”/%Sr ratios (hereafter strontium isotope ratios).

Soil samples were collected from locations distributed along a cross-shape across Haryana to test for system-
atic variation based upon the spread of the aeolian sands from the southwest and the sediment deposited by rivers
from the north and northeast (see SI 1, Fig. SI 1, Table SI 1). Animal teeth were chosen from four archaeological
sites where both cattle/water buffalo and sheep/goat were attested (Fig. 1; SI 2, Table SI 2). Samples of cattle, water
buffalo, sheep, goat, pig and boar were taken where available, however sample size was limited by extremely poor
preservation of the remains®. Two of these sites, Masudpur I and Masudpur VII, are in close proximity in central
Haryana, Farmana is ¢.40 km to their southeast, but also on the plains of Haryana. The fourth site, Alamgirpur, is
located ¢.100 km further to the east of Farmana, on the other side of the Yamuna River in Uttar Pradesh, adjacent
to the floodplain of the Hindon River, which flows through the Ganges/Yamuna doab. For the 28 hypsodont teeth
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Figure 1. Maps of sites mentioned in the text: (a) Map of the Indus Civilization with known sites shown by
orange circles, city sites by black circles and sites with animal strontium isotope data by white circles; (b) Map of
the study region, with white circles indicating the sites in Haryana analysed as part of this study, where the size
of the circle relates to the site size in hectares [images generated using ArcGIS and NASA Blue Marble imagery].
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Figure 2. Geological map of the Indus River Basin, with known sites shown by orange circles, city sites by black
circles and sites with animal strontium isotope data by white circles [images generated using ArcGIS and USGS
World Geological Maps Data].

(i.e. cattle, water buffalo, sheep/goat) three samples were taken from each tooth, from the top, middle and bottom
of the crown, while bulk samples were taken from the 11 pig/boar and wild animal teeth (SI 3).

Figures, data summaries were generated, and statistical analyses (SI 4, SI 5, SI 6) were performed using Rstu-
dio version 2022.12.0 + 353%. Kruskal Wallis tests with post-hoc Wilcoxon rank sum tests were used since the
data were non-parametric. Outliers identified statistically are defined as samples that lie more than 1.5 times the
interquartile range from quartile 1 or 3%.
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Estimated ’local range’
Site name State Sample type Sample n Range (n)* References
Rakhigarhi Haryana Sus tooth enamel 8 0.71473 to 0.71905 0.71558 to 0.71587 (5) Valentine et al.”
Farmana Haryana Soil leachate 6 0.71555 to 0.71596 0.71555 to 0.71566 (5) Valentine et al.””
Farmana Haryana Human tooth enamel 37 0.71531 to 0.72040 0.71551 to 0.71602 (29) Valentine et al.”’
Sanauli Uttar Pradesh Soil leachate 6 0.71754 t0 0.71969 0.71754 to 0.71969 (6) Valentine”
Sanauli Uttar Pradesh Human tooth enamel 66 0.71256 to 0.72716 0.71695 to 0.72218 (64) Valentine”®
Harappa Pakistani Punjab Human tooth enamel 88 0.71113 to 0.72802 0.71113 to 0.72190 (85)** S:Ez’t’f;:‘eili
Harappa Pakistani Punjab Faunal tooth enamel 22 0.71569 to 0.72112 0.7167 to 0.71913 (18) 5:{;?;3:;‘214
Mehrgarh Balochistan Canis tooth enamel 2 0.70804 to 0.70817 0.70804 to 0.70817 (2) Valentine”®
Mehrgarh Balochistan Soil leachate 4 0.70793 to 0.70813 0.70793 to 0.70813 (4) Valentine”
Nausharo Balochistan Faunal tooth enamel 6 0.70812 to 0.70828 0.70812 to 0.70828 (6) Valentine”
Allahdino Sindh Faunal tooth enamel 5 0.70871 to 0.71090 0.70871 to 0.71090 (5) Valentine”®
Balakot Sindh Soil leachate 6 0.70870 to 0.70897 0.70884 to 0.70897 (5) Valentine”®
Bagasra Gujarat Faunal tooth enamel 262 0.7087 to 0.7099 0.7090 to 0.7097 (242) gtha‘}_sﬁ etal; Chase
Jaidak Gujarat Faunal tooth enamel 68 0.7089 to 0.7102 0.7092 to 0.7098 (64) Chase et al.”
Shikarpur Gujarat Faunal tooth enamel 137 0.7091 to 0.7106 0.7093 to 0.7096 (125) Chase et al.”
Kotada Bhadli Gujarat Faunal tooth enamel 18 0.7093 to 0.7104 0.7094 to 0.7104 (16) Chakroborty et al.”>
Multiple Gujarat Dung 125 0.7081 to 0.7104 n/a (basemap covers state) | Chase et al.”®

Table 1. Summary of strontium baseline data for the Indus civilisation area. *Local ranges estimated from the
interquartile range (IQR). **In this instance the human strontium isotopic data are bimodal (and the analysed
individuals likely contain a high proportion of migrants—see text for further discussion), so a local range
derived from the IQR is likely inappropriate; the faunal data probably represent a more reliable local range.

Results

Animal tooth enamel strontium concentration values

The enamel samples show a wide range of strontium concentrations (239 to 2418 ppm, n=94; Fig. SI 2, SI 3),
which is higher than has been measured elsewhere (e.g. 20-417 ppm in human teeth from archaeological sites on
the British Isles)®, but consistent with concentrations in previous studies of tooth enamel from sites in India”.
Herbivore faunal tissues tend to have higher strontium concentrations than omnivores and carnivores because
plants are strontium rich compared to meat”'~7?. There is a clear relationship between strontium concentration,
region and site: at Alamgirpur, the concentration values fall between 239 and 488 ppm, while at Masudpur I,
Masudpur VII and Farmana the concentrations are much higher (494 to 2418 ppm, collectively). This geographi-
cal pattern is supported further by previous strontium concentration analyses of animal and human teeth from
Harappa, Rakhigarhi, Farmana and Sanauli’®’* (Table SI 3; Fig. SI 2). We therefore suggest that these animal tooth
enamel concentration values are generally reflective of particular geological zones rather than contamination.

Comparison between sites and identifying strontium isozones within the Indus Civilisation
The strontium isotope ratios of animal tooth enamel show a clear patterning by site and geography (Fig. 3;
Table 2). Animals from the sites from the plains of Haryana in northwest India presented here (Farmana, Mas-
udpur I, Masudpur VII) are similar to each other and also to those from Rakhigarhi” in terms of strontium
isotope ratios. These animals are distinct from those from the site of Harappa, situated in Pakistani Punjab, in
terms of strontium isotope ratios’’. Animals from the sites in Sindh in Pakistan (Nausharo, Allahdino)” and
Gujarat in India (Kotada Bhadli, Shikarpur, Bagasra, Jaidak)”>’¢ are distinct and also cluster together. The animals
from Alamgipur presented here are clearly different to those from all of the other sites, with higher strontium
isotope ratios. It is notable that the animals from the two city sites of Rakhigarhi and Harappa show a wider
range overall. Statistical testing supports this clustering based on site location (Kruskal-Wallis test of effect of
site: H(357.13) =124, p<0.001, sites with n < 18 excluded (Rakhigarhi, Nausharo, Allahdino); post-hoc Wilcoxon
rank sum tests indicate that the sites can be categorised into five groups denoted by letters a-e in Fig. 3).

Given the groupings identified by the post-hoc Wilcoxon rank sum tests we can infer that there are at least
four clear geographic strontium isozones that can be differentiated in the Indus River Basin and neighbouring
areas based on the available samples - ‘Gujarat/Baluchistan’ (groups ‘@ and ‘b—Kotada Bhadli, Shikarpur, Bagasra
and Jaidak; also Nausharo, Allahdino), ‘western Punjab’ (group ‘—Harappa), ‘Haryana’ (group ‘d—Masudpur
VII, Masudpur I, Farmana, and also Rakhigarhi which is excluded from the post-hoc tests due to sample size) and
the ‘Ganges-Yamuna doab’ (group ‘€ —Alamgirpur). The samples from Nausharo in Baluchistan and Allahdino
in Sindh may in fact represent a fifth strontium isozone, though it is one that has similar strontium isotope ratios
to Gujarat, which may be a result of similar parent rocks in each region (Fig. 2); the sample sizes are too small
to be included in the statistical analyses (N =6 and 5, respectively). Here the Gujarat and Baluchistan samples (a
& b) have been grouped as belonging to one isozone.
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Figure 3. Boxplot of animal enamel strontium isotope results from the Indus Civilisation summarised by site,
specifically previously published material from Nausharo (n=6), Allahdino (n=5), Kotada Bhadli (n=18),
Shikarpur (n=137), Bagasra (n-262), Jaidak (n=68), Harappa (n=22), and Rakhigarhi (n=8), and material for
this study from Masudpur VII (n=23), Masudpur I (n=23), Farmana (n=26) and Alamgirpur (n=22). Letters
a-e refer to the results of post-hoc statistical analyses, which exclude the three sites with n <18 (Nausharo,
Allahdino, Rakhigarhi; see text for details). Outliers are those which are more than 1.5IQR beyond Q1 or Q3:
three pigs (HS2, HS4, HS5) and one bovid (F3926) from Harappa, one pig (RS5) from Rakhigarhi, see S1 for
more information [image generated using R].
Site name Sample n Isozone code Mean Median Standard Deviation IQR Minimum Maximum Range References
Nausharo 6 07082 | 0.70822 | 0.00006 0.00007 | 0.70812 0.70828 0.00016 | Valentine”
Allahdino 5 07096 | 0.70877 | 0.00116 0.00209 | 0.70871 0.71090 0.00218 | Valentine”
Kotada Bhadli 18 0.7096 | 0.70950 | 0.00023 0.00010 | 0.70930 0.71040 0.00110 | Chakroborty et al.”
Shikarpur 137 0.7095 | 0.70950 | 0.00022 0.00010 | 0.70910 0.71060 0.00150 | Chase etal’®
Bagasra 262 07093 | 0.70930 | 0.00018 0.00020 | 0.70870 0.70990 0.00120 | Chase etal’®
Jaidak 68 0.7094 | 0.70950 | 0.00022 0.00020 | 0.70890 0.71020 0.00130 | Chase etal.’®
Harappa 22 07183 | 0.71830 | 0.00131 0.00088 | 0.71571 072114 0.00543 | Kenoyer et al.”*
Masudpur VII 23 07153 | 0.71557 | 0.00079 0.00092 | 0.71366 0.71648 0.00282 | This study
Masudpur I 23 07156 | 0.71560 | 0.00033 0.00027 | 0.71462 0.71641 0.00180 | This study
Rakhigarhi 8 07162 | 0.71580 | 0.00131 0.00049 | 0.71473 0.71905 0.00432 | Valentine”
Farmana 26 07154 | 0.71554 | 0.00056 0.00079 | 0.71402 0.71617 0.00215 | This study
Alamgirpur 22 07217 | 0.72161 | 0.00105 0.00141 | 0.71978 0.72354 0.00376 | This study

Table 2. Summary of animal tooth enamel strontium isotope values from the Indus, by site (all serial sub-
samples from individual teeth included). The isozone code is derived from the statistical analyses (see text for
details).

In most cases, the enamel strontium isotope ratios are consistent with those of the relevant soil leachate
and dung data from this study and previously published samples of dung, shell and s0il”®””7%, supporting the
identification of different isozones (Fig. 3). Soils from Baluchistan have similar values to animal enamel data
from Nausharo; soils from Sindh have similar values to animal enamel data from Allahdino; dung and shell
from Gujarat have similar values to animal enamel data from Kotada Bhadli, Shikarpur, Bagasra and Jaidak;
soils from Haryana have similar values to animal enamel data from Masudpur VII, Masudpur I, Farmana and
Rakhigarhi. It is notable, however, that while the tooth enamel results from Alamgirpur are very distinct from
the samples from all other sites, they are also different to the samples from Sanauli, which is similarly situated in
western Uttar Pradesh (Fig.SI 4). This difference may be due to the fact that each of these sites is located within
the watershed of a different river, but it cannot otherwise be explained at present.
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Intra-tooth isotopic variation

There is little isotopic variation seen in sub-sampled animal teeth (Fig. 4; Table 3, Table SI 2); for the 28 teeth
where we have multiple sub-samples, the mean of the strontium isotopic variation within a tooth is 0.00036
(minimum range = 0.00005, maximum range =0.00108). The maximum intra-tooth change is significantly less
than the total variation seen in the strontium isotope ratios from across the Indus River Basin. The biggest change
within an individual tooth is seen in the bovid MSD5146 (from Masudpur VII, range = 0.00108), which we note
also had the largest range in carbon isotope values in our previous research, although they still consumed pre-
dominantly C, food throughout the time of tooth formation (8'*C range =3.4%0). The next largest change is
seen in the bovid MSDNNO010 (Masudpur I, range = 0.00090, identified as an outlier at the site level), although
this individual had a more typical range in carbon isotope values (1%o). In total there are nine teeth with intra-
individual variation more than 0.0005 their strontium isotope ratios (Table 3), but only three of which appear
to deviate from the typical values of fauna at the site level (FR1729, MSDNNO010, MSD5121), along with one
antelope (MSDNNO12) where the tooth was analysed in bulk (Fig. 4). Thus, with a small number of exceptions,
these data indicate limited movement across different geological zones during the period of tooth formation for
each of the individuals analysed.

Discussion

Indus isozones

The animal tooth enamel strontium isotope ratios presented here and in the published literature indicate that
there are distinct geographical ‘isozones’ within the Indus River Basin and surrounding areas that were occupied
by populations of the Indus Civilisation (Fig. 3). The lowest values come from Kotada Bhadli, Shirkarpur, Bagasra
and Jaidak (groups @’ and ‘b), which are located on the Deccan traps in Gujarat, and are similar to the limited
tooth enamel data from Nausharo and Allahdino, which are situated in the more varied geologies of the Western
Fold Belt in Baluchistan and Sindh (‘Gujarat/Baluchistan’ isozone; Fig. 2). While it seems counter-intuitive that
such different base geologies would have similar strontium isotopic signatures, these data are broadly consistent
with the soil leachate data from these regions (Table 1 and Fig. SI 4), and it is notable that geological formations
of similar age are present in both regions (Fig. 2). It may be that further research and analysis will allow for
further differentiation, but alternatively it may be that the average strontium isotope ratios of these regions are
too similar to be clearly distinguished. Another isozone is represented by the samples analysed from Haryana
(group ‘d’in Fig. 3), and represents at least the Haryana part of the Indus River Basin floodplain (‘Haryana’ iso-
zone). Significantly, the strontium isotopic range of the sites in Haryana is similar to several of the animal tooth
samples from Harappa (group € in Fig. 3). The clustering of the majority of samples from Harappa indicates
that this part of Pakistani Punjab at least (‘western Punjab’ isozone) represents a separate ‘isozone’ to Haryana,
potentially demonstrating that sediments deposited in different parts of the Indus River Basin are derived from
different Himalayan sources. Alamgirpur sits on an alluvial plain in Uttar Pradesh that is part of a different
watershed to the other sites (Fig. 1), and the samples from there appear to represent another isozone (‘Ganges/
Yamuna doab’ isozone; Fig. 2, Fig. SI 4).
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Figure 4. Enamel strontium isotope results from the animal teeth analysed in this study, plotted by site,
showing the change within individual teeth [image generated using R].
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Individual Species Site n | Minimum | Maximum | Range
ALM_033 Bos indicus Alamgirpur 3 10.71978 0.72023 0.00045
ALM_034 Bos indicus Alamgirpur 3 10.72177 0.72205 0.00028
ALM_036 Bos indicus Alamgirpur 3 10.72221 0.72296 0.00075
ALM_135 Ovis aries Alamgirpur 3 10.72278 0.72355 0.00077
ALM_152 Bos indicus Alamgirpur 3 ]0.72055 0.72115 0.00059
ALM_153 Bos indicus Alamgirpur 3 10.72136 0.72148 0.00012
ALMO031 Sus scrofa Alamgirpur 1 ]0.72277 0.72277 0
ALM102 Sus domesticus | Alamgirpur 1 |0.72096 0.72096 0
ALM114 Sus domesticus | Alamgirpur 1 |0.72101 0.72101 0
ALM126 Sus scrofa Alamgirpur 1 1072174 0.72174 0
FR_1704 Bos indicus Farmana 3 0.71497 0.71524 0.00027
FR_1709 Bos indicus Farmana 3 |0.71487 0.71496 0.00009
FR_1711_M2 Bos indicus Farmana 2 |0.71542 0.71544 0.00002
FR_1711_M3 Bos indicus Farmana 3 10.71559 0.71617 0.00058
FR_1713 Opis aries Farmana 3 0.71582 0.71604 0.00022
FR_1717 Capra/Ovis Farmana 3 10.71574 0.71594 0.00021
FR_1720 Bos indicus Farmana 3 10.71548 0.71582 0.00033
FR_1729 Bos indicus Farmana 3 10.71402 0.71457 0.00055
FR_1731 Bos indicus Farmana 3 10.71554 0.71559 0.00005
MSD_02 Capra/Ovis Masudpur I 3 10.71560 0.71585 0.00025
MSD_03 Bos indicus Masudpur I 3 1071581 0.71588 0.00007
MSD_05 Bos indicus Masudpur I 3 10.71547 0.71567 0.00020
MSD_077 B.tragocamelus | Masudpur I 1 |0.71523 0.71523 0
MSD_089 Bos indicus Masudpur I 3 10.71570 0.71577 0.00007
MSD_092 Bos indicus Masudpur I 3 10.71538 0.71554 0.00015
MSD_101_M3 A.cervicapra Masudpur I 1 |0.71526 0.71526 0
MSD_15 Capra hircus Masudpur VII |3 |0.71494 0.71515 0.00021
MSD_177 Bubalus bubalis | Masudpur VII |3 | 0.71569 0.71578 0.00010
MSD_5114 Sus scrofa Masudpur VII |1 |0.71561 0.71561 0
MSD_5115 Bos indicus Masudpur VII |3 |0.71549 0.71563 0.00014
MSD_5118 Bos indicus Masudpur VII |3 |0.71584 0.71648 0.00064
MSD_5121 Bos indicus Masudpur VII |3 ]0.71369 0.71426 0.00058
MSD_5126 Bos indicus Masudpur VII |3 |0.71545 0.71588 0.00043
MSD_5146 Bos indicus Masudpur VII |3 |0.71366 0.71475 0.00108
MSD_5151 Sus scrofa Masudpur VII |1 |0.71567 0.71567 0
MSD_NNO010 Bos indicus Masudpur I 3 |0.71551 0.71641 0.00090
MSD_NNO012 A.cervicapra Masudpur I 1 |0.71462 0.71462 0
MSDO031 Sus scrofa Masudpur I 1 |0.71560 0.71560 0
MSD125 Sus domesticus | Masudpur I 1 ]0.71550 0.71550 0

Table 3. Strontium isotope variation in animal tooth enamel sub-samples from this study by individual.

Long-distance movement of animals

We can use isotopic variation within the cattle, water buffalo, and sheep/goat teeth that were sub-sampled to con-
sider mobility within the time period of tooth formation for each individual animal. Given the formation times
of teeth (1-2 years for hypsodont teeth) and typical animal lifetimes (6-12 years)”>*", it is a fair assumption that
long-distance movement between different isozones will be reflected in animal tooth enamel strontium isotope
ratios. As mentioned above, 9 of the 28 animals that we sub-sampled from the sites in Haryana had strontium
isotopic variation greater than 0.0005 within their teeth. Nevertheless, all of the strontium isotope ratios of these
individuals more closely match to the strontium isotopic data from their geographic area than they do with the
strontium isotopic data from elsewhere in the Indus Civilisation. The implication is that there is likely to have
been some movement of animals between areas that were not very isotopically distinct, most likely relatively
local movement. This conclusion is echoed in the data from isotopic analyses previously performed at Bagasra
and Kotada Bhadli’>*!. Indeed, the only strong evidence for animal movement between ‘isozones’ is one pig
from Rakhgarhi, as well as several pigs and potentially one or two bovids from Harappa (evident in Fig. 3). This
pattern indicates that pigs moved between isozones, presumably as part of a living shipped load rather than on
their own feet, or as a whole carcass, given that the transport of a butchered pig’s head with teeth is unlikely. The
possible movement of meat rather than living animals also raises questions about measures of preservation such
as salting or smoking, which would have been needed in an environment where spoilage would be a major issue®?.
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Our results resonate with other work on animal mobility, which has shown that humans transported pigs
across long distances in the Neolithic in Britain®?, between Greece and the Levant in the Bronze Age®® and across
the Pacific during the Lapita migration®. The finding that pigs may have been moved around the Indus River
Basin, would also seem to provide further warning against the uncritical use of pigs as a means of determining
a ‘local signal’ for strontium isotopic analysis.

In summary, the available strontium isotopic evidence suggests that there was limited animal movement
between ‘isozones, but also indicates that some animals moved over long distances. There is some evidence for
the existence of different breeds of cattle and sheep within the Indus Civilisation?*?, which implies at least some
degree of genetic isolation between groups of animals, presumably based on either geography or husbandry
practices. Stable carbon and oxygen isotopic data on tooth enamel for many of the animals analysed in this and
other studies shows that water buffalo and cattle consumed diets largely based on C, resources, while sheep and
goat consumed varying proportions of C; and C, plants throughout the year®®’>8!. These dietary differences may
reflect different local or regional mobility patterns, with sheep and goats likely to have been more mobile than
cattle and water buffalo on a daily and seasonal scale.

Long-distance movement and the Indus Civilisation

The animal tooth enamel samples that have been analysed to date suggest that there was very limited long-
distance movement of bovids within the Indus Civilisation. There is only one bovid from Harappa that appears
to have originated in Haryana (Fig. 3). The available data thus suggests that typically cattle were being utilised
locally, most probably as beasts of burden in support of local-scale farming and traction, facilitating movement
between villages, and/or between villages and the larger settlements in their local area. These animals will also
have been used for secondary products and food.

How then do we explain a scenario where it is clear that goods, people and potentially multiple pigs were
moving long distances within the Indus Civilisation, but cattle and water buffalo were not? We argue that there
are three plausible scenarios to explain these data: (i) either cattle (and water buffalo) were not moved or used
for long distance transport at all; or (ii) animal-drawn transport was used over long distances, but cattle haulage
teams were changed after short distances, perhaps around 25 km. There is also the possibility that: (iii) cattle
that moved long distances were not disposed of in the same way that cattle used for other purposes were, and
with one exception these animals have not (or have not yet been) found in the archaeological record. While this
latter scenario is entirely possible, it stands in contrast to the identification of several ‘migrant’ pigs. All three of
these options suppose the existence of a formalised transport and exchange economy.

If, however, we accept that cattle were not moving far or being used for long distance transport at all or at least
very rarely, then we are left in a situation where we must hypothesise about the mechanisms of long-distance
movement of materials, goods and some animal species. Possibilities include the use of multiple teams of cattle,
other animals, boats and/or human-power to move goods over various distances. Of the other potential beasts
of burden, the obvious candidate would be donkeys, however donkeys are only found in very low numbers in
Indus zooarchaeological assemblages (and horses not at all)®. Donkeys therefore do not seem to be a realistic
answer to the problem of Indus overland transport. Boats may provide a partial solution but, as noted above, not
all settlements were situated on rivers, and many rivers were not navigable all year round. Movement of goods
via human moved hand carts is entirely possible, but would not seem an efficient way to move bulk goods long
distances in a context where there is evidence for the use of carts and animal traction. The parsimonious expla-
nation given the current data would seem to be a combination of the above mechanisms, with boats used where
possible, and probably being responsible for the longer distance movement along the larger, navigable rivers,
including the Indus River itself. Given that navigable rivers did not reach every settlement, however, more local
and regional (i.e. small and medium distance) distribution of goods almost certainly utilised animal transport
to move commodities between key settlement nodes, and from those nodes to outlying settlements. The use of
carts and cattle is clearly attested to in Indus material culture, most notably in terracotta figurines, which include
abundant examples of cattle and water buffalo. Given the large strontium ‘isozones’ seen in the Indus Civilisation
(Fig. 2), such movement on a scale of tens rather than hundreds of kilometres would not necessarily be apparent
in the strontium isotopic analyses of Indus animal assemblages.

The analysis of exchange and trade in the Indus Civilisation is a major topic that warrants significant atten-
tion and re-evaluation, and a full assessment is beyond the scope of this paper. Law’s'! analysis of raw mate-
rial distribution has demonstrated that non-perishable materials and products were being moved considerable
distances. However, the mechanics of the exchange and trade systems that underpin this distribution remain
poorly understood. The analysis of animal mobility patterns is a small but, in some ways, critical component of
our ability to characterise broader patterns of movement and exchange. The strontium isotopic data presented
here suggests that long range movement of individual animals or teams was either limited or not typical. This
evidence thus suggests that if raw and finished materials were moving as part of a formal exchange or trade sys-
tem operating overland, this system must have involved individual haulage teams moving short distances, which
were then being switched for new teams so that the cart and/or goods could continue on. The limited evidence
for long-distance movement of transport animals might indicate the lack of a formal exchange or trade system
involving merchants who controlled transport. However, in terms of the animals themselves, a formal system
involving individual teams moving short distances would not be distinct isotopically from down-the-line or
distance-decay models, which also involve multiple short distance movements between settlements. The analysis
of bovids for strontium thus narrows the range of possibilities, but does not provide definitive answers. It should
be possible to differentiate the various explanations through the quantification of material and spatial analysis
of material distribution, but this approach has not yet been attempted systematically in the Indus context, and
remains an obvious topic for future analysis. It thus remains unclear whether the exchange system (or systems)
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that operated within the Indus Civilisation involved merchants controlling multiple animal teams or a much less
formalised form of down-the-line exchange.

It is somewhat surprising that there appears to be clear evidence for the movement of pigs, with individuals
apparently originating in the ‘Ganges/Yamuna doab’ and ‘Haryana’ isozones being found at Harappa, and one
individual originating in the ‘western Punjab’ isozone being found at Rakhigarhi. These cities and isozones are
hundreds of kilometres apart, and while it is likely that these pigs were moved while alive, they were presumably
not walking the whole way at any great speed. Were they being transported in carts drawn by cattle for at least
part of the journey? Were multiple cattle teams potentially involved? The clear evidence for the movement of pigs
actually fits with the evidence for the movement of various types of raw materials and finished products, but most
likely they would have been a living product, and the cultural practices and economic rationales underpinning
the choice to move pigs between regions requires further investigation.

Although this paper has focused on the results of strontium isotopic analysis of animal tooth enamel, it is
important to give some consideration to the similarities and differences between the strontium isotopic evidence
for animals and that of humans’””. There are notably a higher proportion of individuals identified as non-
local/migratory within the available human datasets (Fig. SI 4), and the human samples from Harappa have an
extremely wide range of strontium isotope ratios, with almost half of the individuals identified as non-local’*”".
This high proportion of human migrants likely reflects the fact that Harappa was a large city and it is reasonable
to conclude that in-migration was highest at such settlements. Importantly, the presence of non-locals is attested
in all three of the cemeteries that have had samples analysed, including at Farmana (located in the ‘Haryana/
Punjab’ isozone) and Sanauli (located in the ‘Ganges/Yamuna doab’ isozone), although on a smaller scale (Fig.
SI 4)7°77. It would be revealing to conduct strontium isotopic analysis on human remains from the cities at
Mohenjo-Daro, Rakhigarhi and Dholavira, and the smaller sites of Rupar, Lothal and Kalibangan, which all
have human remains and/or burials®. The cemeteries at Farmana and Sanauli are smaller than Harappa, but the
evidence for non-locals at each indicates that human mobility was not simply restricted to movement between
cities, and human movement between rural settlements and cities in other regions was potentially prevalent.

Conclusion

Strontium isotopic analysis of Indus animals has shown very low levels of long-distance animal movement, which
contrasts to the considerable evidence for movement of raw materials and finished products, and humans. The
exception appears to be pigs. When animals moved long distances, they appear to have ended up in cities. While
it is likely that boats were used to move goods, animals and people, the lack of perennial, navigable rivers reaching
many settlements means that some animal transport was essential, particularly for moving commodities over
short and medium distances, and especially from key nodes to settlements inaccessible by water. Animal-powered
transport thus most likely operated on a more local and regional level. If animal-powered transport was used in
long-distance movement overland, it remains unclear as to whether it occurred as part of a formalised system
where individuals or teams of cattle hauling carts only travelled short distances and were replaced so that the
carts and their loads could keep moving. It is entirely possible that the system was less formalised, and products
were moved and then unloaded after short distances, and any movement of goods over longer distances was via a
system of down-the-line or distance-decay exchange. There is clearly considerable scope for future research into
and theorising about the systems of exchange and movement in the Indus River Basin. Amongst a range of pos-
sible approaches, the Indus case is ideal for exploration through network and agent based modelling that consider
the distribution of individual products, their quantities and the ways in which these patterns change over time.

Data availability
All of the data presented in the paper is made available in the tables that are included in the paper and the sup-
plementary information.

Received: 23 June 2023; Accepted: 17 December 2023
Published online: 02 January 2024

References

1. Polanyi, K. The economy as instituted process. In Trade and Market in the Early Empires (eds Polanyi, K. et al.) 243-270 (Free
Press, 1957).

2. Polanyi, K. The Early Development of Trade, Money, and Markets Institutions (Year Book of the American Philosophical Society,
1960).

3. Sabloff, J. & Lamberg Karlovsky, C. C. Ancient Civilization and Trade (School of American Research/University of New Mexico

Press, 1975).

. Earle, T. K. & Ericson, J. T. Exchange Systems in Prehistory (Academic Press, 1977).

. Ericson, J. E. & Earle, T. K. Contexts for Prehistoric Exchange (Academic Press, 1982).

. Hirth, K. G. Political economy and archaeology: Perspectives on exchange and production. J. Archaeol. Res. 4, 203-239 (1996).

Oka, R. & Kusimba, C. M. The archaeology of trading systems, part 1: Towards a new synthesis. J. Archaeol. Res. 16, 339-395 (2008).

. Lahiri, N. The Archaeology of Indian Trade Routes (up to c. 200BC) (Oxford University Press, 1992).

. Kenoyer, ]. M. Ancient Cities of the Indus Valley Civilization (Oxford University Press, 1998).

. Mery, S. and Blackman, M.]. Socio-economical patterns of a ceramic container: the Harappan Black Slipped Jar. In C. Jarrige and
V. Lefévre (Eds) South Asian Archaeology 2001, Sixteen International Conference on South Asian Archaeology, Paris, 2-6 July
2001, 226-235 (ERC, 2005).

11. Law, R.W. Inter-Regional Interaction and Urbanism in the Ancient Indus Valley: A Geological Provenience Study of Harappa’s Rock
and Mineral Assemblage (Linguistics, Archaeology and the Human Past Occasional Paper), Vol. 11, Research Institute for Humanity
and Nature (2011).

12. Blackman, M. J. & Vidale, M. The production and distribution of stoneware bangles at Mojenho-Daro and Harappa as monitored
by chemical characterization studies. In South Asian Archaeology 1989 (ed. Jarrrige, C.) 37-43 (Prehistory Press, 1992).

S VNG A

—

Scientific Reports | (2024) 14:158 | https://doi.org/10.1038/s41598-023-50249-3 nature portfolio



www.nature.com/scientificreports/

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

43.
44,

45.

46.

47.

48.

49.

50.

51.

. Vidale, M. The Archaeology of Indus Crafts: Indus Craftspeople and Why We Study Them (Istituto Italiano per I'Africa e I'Oriente,

2000).

. Potts, D. T. The Arabian Gulf in Antiquity: Volume I: From Prehistory to the Fall of the Achaemenid Empire (Clarendon Press, 1990).
. Potts, D. T. Mesopotamian Civilization: The Material Foundations (Cornell University Press, 1997).

. Potts, D. T. Ancient Magan: The Secrets of Tell Abraq—In Depth Guides (Trident Press, 2000).

. Possehl, G. L. The Indus Civilization: A Contemporary Perspective (AltaMira Press, 2002).

. Cleuziou, S. & Tosi, M. In the Shadow of the Ancestors: The Prehistoric Foundations of the Early Arabian Civilization in Oman 2nd

edn. (Ministry of Heritage and Culture, Archaeopress, 2020).

. Kenoyer, J. M. Carts and wheeled vehicles of the Indus Civilisation: New evidence from Harappa, Pakistan. Linguist. Archaeol.

Hum. Past Occas. Pap. 9, 1-35 (2009).

Miller, H.M.-L. Comparing landscapes of transportation: Riverine-oriented and land-oriented systems in the Indus Civilisation
and the Mughal Empire. In Space and Spatial Analysis in Archaeology (eds Robertson, E. C. et al.) 281-292 (University of Calgary
Press and University of New Mexico Press, 2006).

Wright, R. P. The Ancient Indus Urbanism, Economy, and Society (Cambridge University Press, 2010).

Miller, L.J. Urban Economies in Early States: The Secondary Products Revolution in the Indus Civilization. PhD thesis submitted
to the Department of Anthropology, New York University (2004).

Petrie, C. A. South Asia. In The Oxford Handbook of Cities in World History (ed. Clark, P.) 83-104 (Oxford University Press, 2013).
Petrie, C. A. Crisis, what crisis? Adaptation, resilience and transformation in the Indus Civilisation. In Crisis to Collapse: The
Archaeology of Social Breakdown (eds Cunningham, T. & Driessen, J.) 43-64 (Aegis Publications, 2017).

Petrie, C. A. Diversity, variability, adaptation and ‘fragility’ in the Indus Civilisation. In The Evolution of Fragility: Setting the Terms
(ed. Yoffee, N.) 109-133 (McDonald Institute Monographs: Conversations, 2019).

Petrie, C. A. et al. Adaptation to variable environments, resilience to climate change: investigating, land, water and settlement in
Northwest India. Curr. Anthropol. 58(1), 1-30 (2017).

Green, A. S. et al. Re-discovering dynamic ancient landscapes: Archaeological survey of mound features from historical maps in
northwest India and their implications for the large-scale distribution of settlements in South Asia. Remote Sens. 11(18), 2089
(2019).

van Dijk, W. M., Densmore, A. L., Shiva, R, Singh, A. & Voller, V. R. Reduced-complexity probabilistic reconstruction of alluvial
aquifer stratigraphy, and application to sedimentary fans in northwestern India. J. Hydrol. 541(B), 1241-1257 (2016).

Orengo, H. A. & Petrie, C. A. Large-scale, multi-temporal remote sensing of palaeo-river networks: A case study from northwest
India and its implications for the Indus Civilisation. Remote Sens. 9(7), 735 (2017).

Orengo, H. A. & Petrie, C. A. Multi-scale relief model (MSRM): A new algorithm for the analysis of subtle topographic change in
digital elevation models. Earth Surf. Process. Landf. 43(6), 1361-1369 (2018).

Singh, A. et al. Counter-intuitive influence of Himalayan river morphodynamics on Indus Civilisation urban settlements. Nat.
Commun. 8, 1617 (2017).

Garcia-Molsosa, A., Orengo, H. A. & Petrie, C. A. Reconstructing long-term settlement histories on complex alluvial floodplains
by integrating historical map analysis and remote-sensing: An archaeological analysis of the landscape of the Indus River Basin.
Herit. Sci. 11, 141 (2023).

Green, A. S. Killing the priest king: Addressing egalitarianism in the Indus Civilization. J. Archaeol. Res. 29, 153-202 (2020).
Kenoyer, J. M. Wealth and socio-economic hierarchies of the Indus Valley Civilization. In Order, Legitimacy and Wealth in Early
States (eds Richards, J. & Van Buren, M.) 88-109 (Cambridge University Press, 2000).

Kenoyer, J. M. The origin and development of the Indus Script: Insights from Harappa and other sites. In Studies on Indus Script
(ed. Lashari, K.) 217-270 (National Fund for Mohenjodaro, 2020).

Kenoyer, J. M. Measuring the Harappan World. In The Archaeology of Measurement: Comprehending Heaven, Earth and Time in
Ancient Societies (eds Morley, I. & Renfrew, C.) 106-121 (Cambridge University Press, 2010).

Miller, H.M.-L. Weighty matters: Evidence for unity and regional diversity from the Indus Civilization weights. In Connections and
Complexity: New Approaches to the Archaeology of South and Central Asia (eds Abraham, S. A. et al.) 161-176 (Left Coast Press,
2013).

. Ratnagar, S. Harappan Archaeology: Early State Perspectives (Primus Books, 2016).
. Summerhayes, G. Exchange systems. In Encyclopedia of Archaeology (ed. Pearsall, D. M.) 1339-1344 (Academic Press, 2008).
. Darville, T. Down the line exchange model, Distance decay model. In The Concise Oxford Dictionary of Archaeology 2nd edn (ed.

Darville, T.) (Oxford University Press, 2009).

. Fairservis, W. A. The origin, character, and decline of an early civilization. Am. Museum Novit. 2302, 1-48 (1967).
. Meadow, R. H. Faunal remains and urbanism at Harappa. In Harappa Excavations 1986-1990: A Multidisciplinary Approach to

Third Millennium Urbanism (ed. Meadow, R. H.) 1986-1990 (Prehistory Press, 1991).

Thomas, P. K. & Joglekar, P. P. Holocene faunal studies. Man Environ. XIX, 179-204 (1994).

Miller, L. J. Secondary products and urbanism in South Asia: The evidence for traction at Harappa. In Indus Ethnobiology: New
Perspectives from the Field (eds Weber, S. A. & Belcher, W. R.) 251-326 (Lexington Books, 2003).

Meadow, R. H. & Patel, A. Prehistoric Pastoralism in Northwest South Asia from the Neolithic Through to the Harappan Period 65-94
(Lexington, 2003).

Joglekar, P, Sharada, C. V. & Abhayan, G. S. Faunal diversity during the Harappan period in Haryana: A review. Herit. J. Multidiscipl.
Stud. Archaeol. 1, 262-287 (2013).

Sharada, C. V., Joglekar, P. P. & Shinde, V. S. Faunal remains from the Late Harappan Phase at Mitathal, Bhiwani District, Harayana.
Man Environ. XXXVII 1, 31-41 (2012).

Goyal, P. & Joglekar, P. P. Report on the Faunal Remains recovered from Kanmer, Gujarat, during the Third Field Season (2007-08).
In Linguistic, Archaeology and the Human Past: Occasional Paper Vol. 10 (eds Osada, T. & Uesugi, A.) 105-128 (Research Institute
for Humanity and Nature, 2011).

Sharma, A. K. Animal bone remains. In Excavations at Surkotada 1971-72 and Explorations in Kutch, Memoirs of Archaeological
Survey of India Vol. 87 (ed. Sharma, A. K.) 372-383 (Archaeological Survey of India, 1990).

Joglekar, P. P. & Goyal, P. Animals. In Protohistoric Foundations Vol. II (eds Chakrabarti, D. K. & Lal, M.) 184-201 (Vivekananda
International Foundation and Aryan Books International, 2013).

Bentley, R. A., Price, T. D. & Stephan, E. Determining the ‘local’ 7Sr/*Sr range for archaeological skeletons: a case study from
Neolithic Europe. J. Archaeol. Sci. 31, 365-375 (2004).

. Bentley, R. A. Strontium isotopes from the Earth to the archaeological skeleton: A review. J. Archaeol. Method Theory 13(3), 135-187

(2006).

. Ericson, J. E. Strontium isotope characterization in the study of prehistoric human ecology. J. Hum. Evol. 14, 503-514 (1985).

. Comar, C. I, Russell, R. S. & Wasserman, R. H. Strontium-calcium movement from soil to man. Science 126(3272), 485-492 (1957).
. Tootes, H. & Voorhies, M. R. Strontium in fossil bones and the reconstruction of food chains. Science 149, 854-855 (1965).

. Blum, J. D., Taliaferro, E. H., Weisee, M. T. & Holmes, R. T. Changes in Sr/Ca, Ba/Ca and ¥Sr/*Sr ratios between trophic levels in

two forest ecosystems in the northeastern U.S.A. Biogeochemistry 49, 87-101 (2000).

Scientific Reports |

(2024) 14:158 | https://doi.org/10.1038/s41598-023-50249-3 nature portfolio



www.nature.com/scientificreports/

57. Flockhart, D. T, Kyser, T. K., Chipley, D., Miller, N. G. & Norris, D. R. Experimental evidence shows no fractionation of strontium
isotopes (87 Sr/86 Sr) among soil, plants, and herbivores: Implications for tracking wildlife and forensic science. Isot. Environ.
Health Stud. 51(3), 372-381 (2015).

58. Evans, J. A., Chenery, C. A. & Montgomery, ]. A summary of strontium and oxygen isotope variation in archaeological human
tooth enamel excavated from Britain. J. Anal. At. Spectrom. 27(5), 754-764 (2012).

59. Lightfoot, E. & O’Connell, T. C. On the use of biomineral oxygen isotope data to identify human migrants in the archaeological
record: Intra-sample variation, statistical methods and geographical considerations. PLoS One 11(4), €0153850 (2016).

60. Greenfield, T. L. et al. Were there royal herds? Understanding herd management and mobility using isotopic characterizations of
cattle tooth enamel from early dynastic Ur. PloS One 17(6), 0265170 (2022).

61. CGWB, Ground water information booklet, Hissar district, Haryana, Central Ground Water Board, Ministry of Water Resources,
Government of India (2013a).

62. CGWB, Ground water information booklet, Jind district, Haryana, Central Ground Water Board, Ministry of Water Resources,
Government of India (2013b).

63. CGWB, Ground water information booklet, Kurukshetra district, Haryana, Central Ground Water Board, Ministry of Water
Resources, Government of India (2013c).

64. CGWB, Ground water information booklet, Sirsa district, Haryana, Central Ground Water Board, Ministry of Water Resources,
Government of India (2013d).

65. Pande, K., Sarin, M. M., Trivedi, J. R., Krishnaswami, S. & Sharma, K. K. The Indus river system (India-Pakistan): Major-ion
chemistry, uranium and strontium isotopes. Chem. Geol. 116(3-4), 245-259 (1994).

66. Karim, A. & Veizer, ]. Weathering processes in the Indus River Basin: Implications from riverine carbon, sulphur, oxygen and
strontium isotopes. Chem. Geol. 170, 153-177 (2000).

67. Tripathi, J. K., Bock, B. & Rajamani, V. Nd and Sr isotope characteristics of Quarternary Indo-Gangetic plain sediments: Source
distinctiveness in different geographic regions and its geological significance. Chem. Geol. 344, 12-22 (2013).

68. Lightfoot, E. et al. Feeding the herds: Stable isotope analysis of animal diet and its implications for understanding social organisa-
tion in the Indus Civilisation, Northwest India. Archaeol. Res. Asia 24, 100212 (2020).

69. R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2017).

70. Valentine, B.T. Immigrant Identity in the Indus Civilization: A Multi-site Isotopic Mortuary Analysis. PhD Thesis submitted to the
Department of Anthropology, University of Florida (2013).

71. Sillen, A. & Kavanagh, M. Strontium and paleodietary research: A review. Yearb. Phys. Anthropol. 25, 67-90 (1982).

72. Price, T. D., Schoeninger, M. J. & Armelagos, G. J. Bone chemistry and past behaviour: An overview. J. Hum. Evol. 14, 419447
(1985).

73. Bocherens, H., Brinkman, D. B., Dauphin, Y. & Mariotti, A. Microstructural and geochemical investigations on Late Cretaceous
archosaur teeth from Alberta, Canada. Can. J. Earth Sci. 31, 783-792 (2011).

74. Kenoyer, ]. M, Price, T. C. & Burton, J. H. A new approach to tracking connections between the Indus Valley and Mesopotamia:
Initial results of strontium isotope analyses from Harappa and Ur. J. Archaeol. Sci. 40, 2286-2297 (2013).

75. Chakraborty, K. S. et al. Enamel isotopic data from the domesticated animals at Kotada Bhadli, Gujarat, reveals specialized animal
husbandry during the Indus Civilization. J. Archaeol. Sci. Rep. 21, 183-199 (2018).

76. Chase, B., Meiggs, D. & Ajithprasad, P. Pastoralism, climate change, and the transformation of the Indus Civilization in Gujarat:
Faunal analyses and biogenic isotopes. . Anthropol. Archaeol. 59, 101173 (2020).

77. Valentine, B. T. et al. Evidence for patterns of selective urban migration in the Greater Indus Valley (2600-1900 BC): A lead and
strontium isotope mortuary analysis. PLoS One 10(4), €0123103 (2015).

78. Chase, B., Meiggs, D., Ajithprasad, P. & Slater, P. A. What is left behind: Advancing interpretation of pastoral land-use in Harappan
Gujarat using herbivore dung to examine biosphere strontium isotope (¥Sr/®Sr) variation. J. Archaeol. Sci. 92, 1-12 (2018).

79. Brown, W. A. B, Christofferson, P. V., Massler, M. & Weiss, M. B. Postnatal tooth development in cattle. Am. J. Vet. Res. 21, 7-34
(1960).

80. Balasse, M. Reconstructing dietary and environmental history from enamel isotopic analysis: Time resolution of intra-tooth
sequential sampling. Int. J. Osteoarchaeol. 12, 155-165 (2002).

81. Chase, B., Meiggs, D., Ajithprasad, P. & Slater, P. A. Pastoral land-use of the Indus Civilization in Gujarat: Faunal analyses and
biogenic isotopes at Bagasra. J. Archaeol. Sci. 50, 1-15 (2014).

82. Madgwick, R. et al. Feasting and mobility in iron age Ireland: Multi-isotope analysis reveals the vast catchment of Navan Fort,
Ulster. Sci. Rep. 9, 19792 (2019).

83. Meiri, M. et al. Eastern mediterranean mobility in the bronze and early iron ages: Inferences from ancient DNA of pigs and cattle.
Sci. Rep. 7,701 (2017).

84. Shaw, B.]., Summerhayes, G. R., Buckley, H. R. & Baker, J. A. The use of strontium isotopes as an indicator of migration in human
and pig Lapita populations in the Bismarck Archipelago, Papua New Guinea. J. Archaeol. Sci. 36, 1079-1091 (2009).

85. Meadow, R. H. The origins and spread of agriculture and Pastoralism in Northwestern South Asia. In The Origins and Spread of
Agriculture and Pastoralism in Eurasia (ed. Harris, D. R.) 390-412 (UCL Press, 1996).

86. Kenoyer, J. M. & Meadow, R. H. Excavations at Harappa, 1986-2010: New insights on the Indus Civilization and Harappan burial
traditions. In A Companion to South Asia in the Past (eds Robbins Schug, G. & Walimbe, S. R.) 149-168 (Wiley, 2016).

Acknowledgements

We wish to thank the Archaeological Survey of India who gave permission to carry out the excavations at
Alamgirpur, Masudpur I and Masudpur VII, and permission to sample material from these sites and also from
Farmana. The authors wish to thank Christel Tinguely (University of Cape Town) and George Kamenov (Uni-
versity of Florida) for their help with analysis. Adam S. Green provided invaluable comments on a draft of this
paper, which improved its theoretical scope.

Author contributions

The project was conceived by C.A.P, E.L. and P.J.]. Samples were obtained from excavations directed or co-
directed by V.S., R.N.S. and C.A.P,, and were selected by P.PJ., .R.W. and E.L. Sr analysis was conducted by J.K.,
B.T.V. and Ple.R. The manuscript was drafted by C.A.P,, E.L. and T.C.O’C. All co-authors contributed to the text
and read and confirmed the final draft, which was prepared by C.A.P. and T.C.O’C. Tables were prepared by E.L.,
and Figures were prepared by C.A.P. and T.C.O’C.

Funding
The research presented in this paper was funded by the European Research Council (ERC) under the Horizon
2020 research and innovation programme (TwoRains project: grant agreement number 648609) and the FP7

Scientific Reports | (2024) 14:158 | https://doi.org/10.1038/s41598-023-50249-3 nature portfolio



www.nature.com/scientificreports/

programme (Food Globalization in Prehistory project: grant number GA249642). Writing occurred as part of
the UKRI Global Challenges Research Fund-supported TIGR?ESS project (BB/P027970/1). PJJ’s overall doctoral
study was funded by the Rae and Edith Bennett Travelling Scholarship.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-50249-3.

Correspondence and requests for materials should be addressed to C.A.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:158 | https://doi.org/10.1038/s41598-023-50249-3 nature portfolio


https://doi.org/10.1038/s41598-023-50249-3
https://doi.org/10.1038/s41598-023-50249-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Animal movement on the hoof and on the cart and its implications for understanding exchange within the Indus Civilisation
	Approaching animal mobility in the Indus Civilisation
	The Indus Civilisation and evidence for animal use
	Strontium isotope ratios and movement
	Geological and strontium isotopic variation in the Indus region

	Materials and methods
	Results
	Animal tooth enamel strontium concentration values
	Comparison between sites and identifying strontium isozones within the Indus Civilisation
	Intra-tooth isotopic variation

	Discussion
	Indus isozones
	Long-distance movement of animals
	Long-distance movement and the Indus Civilisation

	Conclusion
	References
	Acknowledgements


