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Abstract 
South Asia saw the cultivation of rice perhaps as early as c.6500 BC. Domestic 

rice agriculture had spread across the Indian subcontinent by c.1500 BC, and to 

Sri Lanka by c.500 BC. The initial spread of rice outside the core zone of the 

central Gangetic Plains is thought to have been limited by climatic constraints, 

particularly seasonal rainfall levels.  The later spread of rice into the dry regions of 

South India and Sri Lanka is largely supposed to have relied on irrigation, which 

would have contributed significantly to global methane levels. The identification 

of early irrigation within the South Asian archaeological record has largely 

focused on dating irrigation structures such as tank walls and damns. The results 

support historical texts and places the initial phase of damn and tank construction 

in Central and South India at around 600-200 BC and link it to the desire of rulers 

of early states to gain fame as beneficent kings by improving agricultural yields. 

However, no investigations into the establishment of irrigated agriculture have 

been conducted using archaeobotanic data.  

This project looks at macrobotanical and phytolith evidence from six early rice 

producing sites from across South Asia: Tokwa, Golbai Sasan, Gopalpur, Perur, 

Kodumanal and Mantai. Traditional analysis of the weed flora and correspondence 

analysis of the phytolith data has allowed the rice field systems of each of these 

sites to be recreated and placed within the wider South Asia context. This shows 

that, contrary to accepted narratives, rice agriculture in South India was not 

supported by irrigated paddy fields but may have relied on seasonal rainfall as 

elsewhere in the subcontinent. Equally, the evidence from Sri Lanka does not 

support irrigated paddy field cultivation but rather rainfed cultivation, perhaps 

supplemented by irrigation. 

This project was funded by NERC as part of the Early Rice Project (www.ucl.ac.uk/

rice). 
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Introduction

1.0 Introduction 

This thesis sets out to examine sites and archaeobotanical data covering broad 

chronological and temporal spans. New data come from sites separated by up to 

3000 km and 3000 years, from the north of India to Sri Lanka: Tokwa, Golbai 

Sasan, Gopalpur, Perur, Kodumanal and Mantai. The breadth of these data will 

allow for the creation of a basic model of the development of rice cultivation 

systems in the South Asian subcontinent, the first of its kind. Gaps in our 

understanding of the domestication of Oryza sativa indica, the “Indian 

rice” (Gross and Zhao 2014, Molina et al. 2011, Fuller et al. 2010) are matched 

by the lack of evidence available for rice cultivation systems (e.g. Fuller and Qin 

2009). Unlike China, where Oryza sativa japonica rice domestication appears to 

have developed along a linear path with the early construction of paddy fields 

(op. cit., Zhuang et al. 2014, Cao et al. 2006) the picture from India is confusing. 

Genetics suggest multiple cross breeding events and the incorporation of 

domesticated O. s. japonica genes into a proto-indica crop (Gross and Zhao 2014, 

He et al. 2011, Cheng et al. 2005). The identification of changes within cultivation 

techniques may therefore be crucial to understanding the evolutionary history of 

the crop. Within South Asia, and particularly Sri Lanka, irrigation tanks (artificial 

reservoirs of any size) form significant parts of the landscape as well as cultural, 

agricultural and even religious life (Shaw 2007, Sengupta 2000). The construction 

and maintenance of tanks requires community management and demands a high 

labour cost (Mosse 1999); in addition their development and spread has been 

associated with that of urbanism, Buddhism and centralised state polities (Shaw 

and Sutcliffe 2003). When and where deep water irrigated rice developed, or was 

introduced, into South Asia is therefore an important question. 

Many detailed archaeobotanical reports on South Asian assemblages focus on 

India as a centre of origin for domestic crops, including pulses, millets and rice 

(e.g. Fuller 2011, Tewari et al. 1999-2000, Fuller and Harvey 2006). India is now 

widely regarded to be a centre of domestication for several species including 
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Figure 1: South Asia, showing the states of India and provinces of Pakistan in 2010.

pigeon pea (Cajanus cajan), horse gram (Macrotyloma uniflorum), foxtail millet 

(Setaria italica), broomcorn millet (Panicum milliaceum) and, although the process 

is unclear, India may be considered as independently bringing rice (Oryza sp.) 

under pre-domestication cultivation (Fuller et al. 2010). Within this body of 

research there has been little, although some analysis (e.g. Fuller and Qin 2009 

for the possible identification of irrigation, Harvey 2006 for an assessment of crop 

harvesting and processing methods), that has focused on the cultivation systems 

used within these early farming societies. Equally, archaeobotanical analysis 

outside of the Harappan region has tended to focus on species consumed and 

evidence for domestication rather than method of production (e.g. Fuller 2006a,  
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Figure 2: The location of archaeological sites examined as part of this project.

Cooke et al. 2005, Saraswat 2005, Kajale 1984, 1989). Within South Asia the 

prehistory and history of rice has to be picked out using data points that are few 

and far between. Archaeology has now reached a stage where it is possible to 

detail where rice was first used (c.6400 BC in Uttar Pradesh, Tewari et al. 2008), 

when it became a domestic crop in India (c.2500 BC) and, roughly, when it 

spread across South Asia to reach Sri Lanka c.500 BC (Fuller et al. 2010). 

However, we do not know how rice was grown in many areas of South Asia, 

when deep water irrigation systems were developed or how the spread of rice 

outside of its natural zone was facilitated by human intervention and invention. By 

examining these questions it will be possible to inform the development of 

urbanism in South India and Sri Lanka, which appears to have coincided with the 

introduction of deep water irrigation and rice crops in this area. It will also be 

possible to examine some of the human actions that led to the success of Oryza 

sp. in leaving its native range to become one of the most important grain crops on 

Earth, and to consider plant domestication in general. In addition, the impact of 

 22

300 miles



Introduction

rice agriculture on global climate change and greenhouse gas production can be 

assessed. On a smaller scale, the evidence produced by this research allows for 

the reconstruction of local cultivation practices, labour organisation and 

seasonality. 

 

Figure 3: The native elements of South Asian agriculture and the zones in which their 
earliest evidence can be found Key: Skt = Sheri Khan Tarakai, Hrp = Harappa, Mgr = 

Mehrgarh, Dmd = Damdama, Tkw = Tokwa, Lhd = Lahuradewa, Mhg = Mahagara, Kch = 
Kuchai, Slbd = Sulabhdihi, Gpr = Gopalpur, Gbsn = Golbai Sasan, Kdk = Kodekal, Bdl = 

Budihal, Utr = Utnar and Sgk = Sanganakallu.

The archaeology of South Asia is incredibly muddled; archaeologists tend to 

divide the region into several subregions to try and make sense of the different 

timescales in which Neolithic, Chalcolithic and Iron Age societies emerge (see for 

example Kingwell-Banham et al., 2015, Bellwood 2005, Chattopadhyaya 2008, 

Coningham 2005, Chakrabarti 1988). These include the geographical sphere of 
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the Harappan (or Indus) Civilisation (c.3000-1500 BC) which saw the introduction 

of domesticates from Southwest Asia c.7000 BC, and Sri Lanka, which remained 

an essentially Mesolithic island until sometime between 1000 to 500 BC. Equally 

there are contrasting patterns of crop and cultural dispersal around the 

subcontinent. For example, cattle are present in the Southern Peninsula and 

Northwest India c.2000 BC but there is not a homogenous crop package across 

the same area; at the same time of which Northwest India and the Gangetic Plains 

saw the dispersal of domestic crops along two gradients - from west to east and 

east to west. However, by using only direct radiocarbon dates on rice grains the 

trajectory of the rice crop can be plotted onto a map and tracked across Asia, as 

per Fuller et al. (2010). This, along with climate and geographical data, provides a 

working model against which the data presented in this thesis will be analysed. 

This project focuses on three regions within India; the north and the Ganges Plain 

(figure 3, zone 2), the east (zone 3) and the south (zone 4), as well as Sri Lanka.  

The history of early rice cultivation in South Asia will be detailed in chapter 2, as 

will the archaeological timeline of rice.The sites examined as part of this study 

will also be described. Chapter 3 will deal with the ways in which rice can be 

cultivated and possible ways of identifying cultivation methods in the 

archaeological record. Following this, the methods used (chapter 5), results 

(chapter 6), interpretations (chapter 7) and discussion (chapter 8) shall be detailed 

and explored. The remainder of this chapter, however, will provide an 

introduction to the landmass of South Asia, the monsoons and the 

palaeoenvironment, from which background the research questions of this project 

are examined. 

1.1 The geographic setting 

This project focuses on India and Sri Lanka, the major landmasses of the Indian 

Plate. The seventh largest country in the world, India roughly equates in size with 

the whole of Western Europe. The area encompassed by this project therefore  
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Figure 4:  The landmass of the South Asian subcontinent. Image from Google Earth.

includes a wide range of geological features, environments and unique plant 

ecologies, from the Thar Desert of Rajasthan, India, to the tropical coastlines of Sri 

Lanka. There are, however, several specific areas within the subcontinent in which 

both wild rice species flourish and where environments suitable for simple 

systems of rice cultivation can be found. These areas include the Gangetic Plains 

and low lying ground east of the Eastern Ghats where annual rainfall levels 

support high rice yields (Fuller et al. 2010). These are also the areas in which 

some of the earliest evidence for rice cultivation in the subcontinent has been 

found (e.g. at Lahuradewa (Tewari et al. 2008) and Koldihwa (Harvey 2006))  

The major rivers of India include the Ganges (Hindi: Ganga), which runs over 

2,525 km from west to east across the north of the country and into Bangladesh. 

The Ganges is fed in part by melt water from the Himalayas, in part by monsoon 

rainfall, and over its lifespan has created vast fertile alluvial plains, along with the  

 25

300 miles



Introduction

Figure 5:  Major rivers of India and Sri Lanka.

Indus river of Pakistan (Sindh or Sindhu). The fertility of the Indus-Ganges Plain 

supports one of the most populous areas on Earth, around 1 billion people. It is 

also home to the earliest farming culture in South Asia- the Mehrgarh (c.

7000-3300 BC), as well as being home to the site of Lahuradewa and the earliest 

rice cultivation in the subcontinent c.5000 BC (see chapter 3).  

Other major rivers include the Yamuna, Mahanadi, Godavari and Krishna (figure 

5). These rivers are integral to the irrigation systems that support the bulk of 

agricultural production in South Asia. Symbolically, these rivers have large social 

personas and important places within religious canons. Ganga, as the most 

famous example, is not only a river but a Hindu anthropomorphic goddess who 

facilitates moksha, liberation from the cycle of life and death. Settlements, temples 

and shrines are frequently located along these rivers and their tributaries.  
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Within Sri Lanka the rivers start in the central highlands and flow towards the sea. 

The longest rivers are the Mahaweli and Malvatu (also known as the Malvathu or 

Aruvi Aru), at 335 km and 170 km respectively. Numerous other rivers flow to 

create a radial pattern around the island, and innumerable irrigation channels run 

off from these rivers. Between the central highlands (areas of lusher growth and 

higher rainfall traditionally used for tea farming (Ceylon tea)) and the coast lies an 

area of alluvial plains. It is within these plains that rice cultivation can primarily 

be found. 

Figure 6:  The mountain ranges of India and Sri Lanka. 

The Deccan Plateau lies in the centre of India (figure 6). This area of higher land is 

surrounded by the Western Ghats, Eastern Ghats. and Vindhyas, and forms a 

downwards pointing triangle approximately 100m above sea level in the south 

and over 1km above sea level in the North. The western portion of the Plateau 

receives minimal rainfall, as the Western Ghats block rainfall from the southwest 

monsoon. However, in other parts, particularly the south, tropical climates and 
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Figure 7: Shifting cultivators in India and Sri Lanka, arranged by language family. Note the 
concentration of groups within mountain ranges, in particular the Garo Khasi of 

Northwest India. The blue squares in Sri Lanka show a simplified distribution of shifting 
cultivators within the island (from Kingwell-Banham and Fuller 2012).

vegetation can be found. Black cotton soils can be found over much of the 

Deccan Plateau. More commonly known as vertisols, these soils become dry and 

contract, or wet and expand, according to the seasons and are very fertile. 

Unfortunately they are also very hard to work, being incredibly solid during the 

dry months and very sticky when it’s wet. Nevertheless, they are intensively 

cultivated, especially given new irrigation technologies, and often used in rice 

farming as they are good at retaining water. Archaeology shows that these soils 

were not cultivated until the Chalcolithic period, by cultures such as the Malwa 

and Jowar (which are found exclusively on black cotton soils), perhaps with the  
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help of antler hand ploughs (Dhavalikar 1985), bone ards or wooden ploughs 

(Singh 2008). 

The Western Ghats, Eastern Ghats and Vindhyas are just three of the mountain 

ranges found in India. They are joined by the Satpuras, Aravallis, Garo Khasi and, 

of course, the Himalayas. These hill and mountain ranges are largely unpopulated 

and serve as important wildlife corridors and national parks. Of anthropological 

interest is the concentration of shifting cultivator and hunter-gatherer groups 

within the mountain ranges and higher lands of South Asia (figure 7) (Kingwell-

Banham and Fuller 2012, Morrison 2002), producing the mountain  

range’s unique human habitats. Shifting cultivators are also more concentrated 

within the central highlands of Sri Lanka. These highlands rise to over 2 km above  

sea level, with Pidurutalagala as the highest mountain at 2,524 metres. Given 

adequate irrigation, elevation is not much of a barrier to rice cultivation and 

anthropological literature details many examples of upland rice cultivation, 

including within swidden fields (appendix 1: shifting cultivators table). However 

there is no prehistoric evidence for this and upland sites that have systematically 

been sampled for macrobotanical remains and phytoliths produce very little in the 

way of plants (e.g. see Harvey 2006). 

The Himalayas create the north, west and east borders of India, separating it from 

Afghanistan and Central Asia as well as China and South East Asia. They are the 

youngest and highest mountains in the world and play a pivotal role in the 

creation and spread of the Indian monsoons. They have also acted as barriers 

during much of prehistory and even the historical period, separating South Asia 

from the cultures of Southeast Asia and China. However the advent of seafaring 

facilitated contact between the subcontinent and other regions, thus allowing 

many of these barriers to collapse (e.g. Fuller et al. 2011b, Misra and Kajale 2003, 

Ray and Salles 1996). 

1.1.1 The monsoons 

The monsoons of South Asia provide the bulk of water used in agriculture. The 

southwest summer monsoon begins in June, hitting Sri Lanka and the south of  
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Figure 8: Monsoon onset map of India. Created by Saravask, (2003-2007)

India first and ending in the northwest of India in September. Caused by low 

pressure over the subcontinent and the high wall of the Himalayas, winds bring 

moisture from the Indian Ocean in huge amounts, leading to rainfalls of up to  

2500 mm in just two months on the southwest coast and northeast India. The 

northeast monsoons take place between October and February and are the result 

of the Indian subcontinent cooling after the summer months. This monsoon brings 

water to the east coast, areas of Central India and Sri Lanka and accounts for 

around 48% of Tamil Nadu’s annual rainfall, around 500 ml in two weeks, (India 

Meteorological Department 2011). The period between the two monsoons, 

summer, sees very high temperatures and little to no rainfall in India. There are,  
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therefore, three seasons in mainland India: monsoon, summer and winter (during 

the northwest monsoon). Sri Lanka, and parts of the south tip of India, have a  

different pattern of four seasons, with the southwest monsoon from June to 

October, the northeast monsoon from December to March, and two inter-

monsoonal periods. This causes a different pattern of vegetative growth from the 

rest of India, with flowering occurring in the winter, rather than the monsoon 

season (Asouti and Fuller 2008). 

The scheduling of rice growing seasons is, naturally, heavily influenced by the 

monsoons. In India there are two growing seasons: kharif (coinciding with the 

summer monsoon) and rabi (coinciding with the north-east monsoon). Both are 

often timed so that planting coincides with the beginning of the rains, and 

harvesting occurs several weeks after they have ended. Traditionally rice, millets 

and pulses are grown as the kharif crop, whereas wheats, barley and peas are 

grown as the rabi crop. Not all areas can produce a double crop and the rabi crop 

is largely found in the states of Tamil Nadu, Kerala and Andhra Pradesh, as well as 

across soils of Indus-Ganges alluvium. Sri Lanka has two seasons of rice cropping 

that occur at approximately the same time as the Indian growing seasons: yala 

(coinciding with the summer monsoon) and maha (coinciding with the northeast 

monsoon). The production of both kharif and rabi crops (and yala and maha 

crops) is not solely dependent on the monsoon rains however. The rabi crop in 

particular is often not dependent on the north-east monsoon waters. Irrigation 

technologies allow for the production of multiple crops in areas that would not 

necessarily receive enough rainfall (for example, by pumping ground water). Local 

environments and geographies also play a role, such as in the Kaveri delta in Tamil 

Nadu where multiple cropping is supported by the waters of the delta. 

1.2 The Paleoenvironment 

As rice cultivation is dependent on rainfall it is important to know how different 

current rainfall levels are to those of the past. The last two decades of research in 

South Asia has created a good data set of palaeoenvironment and 
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palaeovegetation records (e.g. Dixit et al. 2014, Ponton 2012, Prasad et al. 2014, 

Sinha et al. 2011a&b, Prasad and Enzel 2006, Enzel et al. 1999). However, in 

comparison with Europe, for example, Holocene palaeoenvironment studies in 

South Asia remain few and far between. Another caveat that remains is the 

possibility that some evidence is unreliable. For example, some published studies 

have potential issues with sample material or data collection methods that have 

not been addressed in the paper. Unfortunately, our understanding of Holocene 

environmental changes in South Asia has to be generalised from the few relevant 

and well dated cores that have been taken across the subcontinent and 

supplemented with suitable regional data where possible. Most evidence comes 

from North India and Pakistan, from where many lake core sequences have been 

analysed. The best dated environmental sequences generally derive from the Thar 

desert, and include cores from Sambhar Lake (Singh et al. 1974), Didwana Lake 

(Singh et al. 1990, Wasson 1984) and Lunkaransar Lake (Enzel et al. 1999). Whilst 

these records tend to focus on the pre-Harappan, Harappan and post-Harappan 

periods, and environmental contributions to the rise and fall of the civilisation c.

4000-1000 BC, a more recent publication (Dixit et al. 2014) has focused on early 

Holocene climatic changes with a core from Riwasa Lake, Haryana. Ponton et al. 

(2012) identified aridification on the basis of flora derived isotope evidence from 

the core monsoon zone of Central India. Another recent publication (Tripathi et al. 

2014) has provided evidence from western Odisha and has filled a geographical 

gap in the available research, with the result that relevant palaeoenvironmental 

studies are now available from nearly every area in India.  

Whether or not the evidence for decreased monsoon wind strength c.3500 BC, as 

suggested by Arabian Sea cores (e.g. Sirocko et al.1996), decreased the amount of 

monsoonal precipitation on the subcontinent remains unclear. Contradictory 

evidence from a relatively few lacustrine sources means that the nature and effect 

of monsoon changes still cannot as yet be determined with great confidence 

(Prasad and Enzel 2006). A review paper published in 2012 (Patnaik et al. 2012) 

has summarised much of the evidence published since 2007, including several 

palynological studies that appear to correlate with marine proxy data, into a 
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Figure 9:  (a)𝛿13C plant wax 

record showing aridification 
stages c. 4000 and 1700 years 

BP. b) Calibrated C14 dates. (c) 

𝛿18O record (d) Number of 

archaeological settlements. 
Solid grey = Deccan Plateau 
(Andhra Pradesh, Karnataka, 
Maharashtra). Solid black = 
Harappan sites (Baluchistan, 
Sindh, Gujarat, Cholistan and 

lower Punjab). Dashed black = 
sites from upper Punjab and 

Haryana. Ponton et al. (2012).

 

Figure 10: Multiproxy data from Lonar Lake, Maharashtra (Prased et al. 2014)
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Figure 11: Pollen core from Odisha (Tripathi et al. 2014).

generally accepted overview of wet and dry periods through the mid-late 

Holocene: 

“Holocene record shows millennial-scale weak and strong phases of the Indian 
summer monsoon. A weak monsoon event occurs at ~8,200 yrs BP [c.6250 BC] 
between a generally strong early Holocene monsoon period ranging from 10,400 

to 5500 yrs [c.8450-3550 BC], which is followed by a very dry period… The 
summer monsoon was weakest from ~2,500 to 1,500 cal yr BP [c.~550 BC to 450 

AD] in the late Holocene … (Gupta et al., 2003). Anderson et al. (2010) found 
that the weakest monsoon occurred 1500 yr BP [c.450 AD], with an increasing 

trend towards the present. Chauhan et al., (2010) observed weak summer 
monsoon ca. 1800- 2200… cal. a BP [c. 50 AD - 250 BC].” 

Patnaik et al. (2012) p.541 

In 2006 two review papers were published that examined the hitherto published 

palaeoenvironmental records of mid-late Holocene South Asia. One focused on  
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the Harappan Civilisation (Madella and Fuller 2006) and the other on comparing 

different proxies to attempt to create a subcontinental overview (Prasad and Enzel 

2006). Both papers examined the same range of evidence and both papers 

concluded that in Pakistan and northwest India there was a gradual increase in 

aridity over the last 4-5 thousand years. Within this were short periods of 

increased rainfall, but these were reduced in magnitude (in terms of duration and 

quantity) compared with similar events in the mid Holocene. In Harappan 

Gujarat, at the archaeological site of Kanmer, the introduction of kharif crops has 

been argued to reflect this decrease in rainfall during the Mature Harappan period 

(Pokharia et al. 2011a). In particular millets, an especially drought tolerant crop, 

became predominant (48%) (op. cit.). 𝛿 C13 and 𝛿 O18 data from deep sea cores 

derived from the Bay of Bengal indicate a similar trend in Central India (the 

Central Monsoon Zone (CMZ)) to that of the northwest (Ponton et al. 2012). c.500 

AD the percentage of C4 plants rapidly grows suggesting drier conditions persisted 

across the subcontinent until the present day (figure 9). This is supported by 

multiproxy data from Lonar Lake, also within the CMZ (Prasad et al. 2014) (figure 

10). 

Transposing the evidence for weaker monsoons prior to c.1 BC/AD onto specific 

areas in much of the rest of the sub continent is difficult, however, as evidence 

from outside northwest India and Pakistan shows that there are clear differences 

(Prasad and Enzel 2006). Several regional trends also appear quite distinct from 

each other. As an example, in Maharashtra there is a dryer period c.4000-2000 BC 

(Prasad et al. 2014, figure 10 above), whereas in Odisha the period 3890-2430 BC 

was wetter (Tripathi et al. 2014, figure 11 above). The pollen data from Odisha, 

which was taken from a trench cut into the side of the Mahanadi river shows a 

stable tropical mixed deciduous forest from c.4000-2300 BC, followed by an 

increase in humidity indicated by the presence of Nymphoides, Potamogeton and 

Myriophyllum pollen. This period lasted until c.1300 BC, at which point a drier 

flora dominates the assemblage until c.1 BC/AD. Therefore, whilst northwest India 

was experiencing drier conditions c.3000-1000 BC, eastern India may have seen 

an increase in humidity. Crucially, the pollen profiles display continuity as well as 

change, with tropical mixed deciduous forest continuing through much of the 
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profile until human agency began to reduce it. This disparity between local 

climate, environmental records and regional records indicates that larger trends 

within the subcontinent (such as monsoon intensity) may have various local 

expressions. As Ponton et al. (2012) expressed: 

“ Taken together, these reconstructions suggest that monsoon variability increased 
coherently over the Indian peninsula in the late Holocene, although at sub 
millennial timescale the variability may have been anti-phased between the 

peninsula and northeastern India…” 
Ponton et al. (2012) p. L03704 

Only one study on the palaeoclimate of Sri Lanka has been published. Pollen 

cores taken from the Horton Plains in central Sri Lanka have provided evidence 

for the Late Glacial-Early Holocene period (Premathilake 2012). The latest 

evidence from these cores is dated to 8800 cal BP and shows a moderately humid 

period, consistent with the decline in the South West Monsoon’s rainfall. The Early 

Holocene period as a whole shows evidence for a gradually increasing humidity 

punctuated by frequent, but brief, periods of heightened aridity, as shown by rapid 

decreases in wetland indicators e.g. Pteridophyta. There is no direct evidence for 

the use of wild rices within the Mesolithic groups of Sri Lanka, but this study 

provides valuable proxy data in the form of Oryza type pollen grains. After 10,000 

cal BP very large grass pollen (predominantly Oryza type) dominates the pollen 

record. Around this time an increase in species associated with disturbed and 

open habitats can also be seen (op. cit.). On the basis of this evidence the author 

suggests that humans were not only cultivating rice in Sri Lanka at this time, but 

that rice was actually domesticated there. However there is a total lack of 

archaeological, archaeobotanic or genetic evidence to support this. What is 

interesting though, is that Mesolithic societies were probably impacting the 

habitat to such an extent that open areas were created that favoured the growth of 

wild grasses, including wild rice. Unfortunately this study represents the only 

available palaeoenvironmental study from Sri Lanka, although sea level data from 

the mid-late Holocene is available thanks to the work of Ranasinghe et al.(2013). 
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In summary, the holocene has seen multiple changes in rainfall levels with an 

increased aridity from c.1 BC/AD to the present day. It also appears that changes 

in the monsoon may have been expressed in different ways within local regions. 

There were transitions to drier periods c.2000 BC in Rajasthan and the Deccan 

and c.1300 BC in Odisha. Interestingly, it seems that until c.0 AD/BC vegetation 

change was limited in eastern India despite climate fluctuations and was only 

dramatically impacted through human intervention, whereas in Sri Lanka humans 

had an early and significant impact on the Horton Plains. 

1.3 Aims and research questions 

1.3.1 Aims 
This project aims to: 

• identify the agricultural rice systems in place at each site investigated, and 

• place these identifications within the broader South Asian context and to track 

any changes over a long-term time frame. 

1.3.2 Detailed research questions 
Several research questions were identified as part of this research. These included: 

• How can we identify the different rice agricultural systems within the 

archaeological record? 

• Which weeds can be used as key indicator species for each cultivation regime 

and are they identifiable in the archaeobotanical record?  

• Is crop processing activity visible within the samples?  

• What period does each site investigated belong to? 

• When does the first strong evidence for irrigated rice agriculture appear? 

• When does rice cultivation override climatic constraints (i.e. the available 

quantity of monsoon rainfall)? 

• What allowed rice agriculture to move from its native zones and cross 

environmental boundaries? 
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1.4 Towards a model of rice cultivation systems 
development- the hypothesis 

For the purposes of this study it is appropriate, given the lack of clear 

palaeoclimate data and the indication that rainfall levels were not significantly 

different to modern levels between c.1800-550 BC (e.g. Patnaik et al. 2012), to 

use modern vegetation and rainfall data to inform any conclusions, with reference 

to relevant palaeoclimate data when available. As mentioned above, rice is grown 

following the southwest monsoon and figure 12 shows the areas which see high 

levels of rain in purple, pink and dark blue that would support non-irrigated 

cultivation. Coupling a vegetation map with a map of early rice finds shows that  

early rice may have been concentrated in humid subtropical areas before moving 

into areas with high southwest monsoon rainfall. The movement of rice into areas 

with low southwest monsoon rainfall (in the southern peninsula) does not occur 

until c. 1000 BC. These areas are semi arid and could not naturally provide 

adequate amounts of water for rice cultivation which requires 450-700 mm over 

the growing season. This study therefore seeks to test the hypothesis that early 

rice grown in South India and Sri Lanka was irrigated. 
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Figure 12:  a) Modern environment zones of India and Sri Lanka based on Meher-Homji 
(2001) and Blasco et al. (1996).  b) The location of the archaeological sites and rainfall 
data for major cities close to them. Note: Palakkad receives 450ml of rain in July based 
on data from indiaweather.gov.in. c) Modern comparative rainfall levels during the south 

west monsoon based on Diercke (2014). d) Early rice sites superimposed over 
environment zones.  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Background

2.0 The project background.  

Early rice cultures, methane and climate 

change, regional archaeology, the when 

and where of irrigation and previous 

excavations of the sites 

The nature of the development of rice agriculture in India, from wild to domestic 

and to an irrigated crop, has been very hard to identify. Archaeobotanical 

evidence for early (i.e. Mesolithic or even Neolithic) exploitation of wild or 

domestic rice is sparse, and it is only c.1000 BC that we see strong evidence for 

the cultivation of Oryza sp. across the subcontinent. Reasons for this include 

infrequent archaeobotanical sampling of archaeological sites prior to the 1980s, 

the limited identification and excavation of sites from this period, the apparent 

longevity of wild rice collecting and shifting cultivation, the persistence of un-

intensive occupation sites and nomadic populations, and difficulties in 

distinguishing between wild and domestic species (Harvey 2006, Fuller 2003, 

2006a, Morrison and Junker 2002). However, through the work of multiple 

researchers (e.g. Morrison et al. 2008, Tewari et al. 2008, Bauer et al. 2007, Fuller 

2006a, Harvey 2006, Saraswat 2004, Weber 2003, Saraswat and Pokharia 

2001-2002, Singh 2001, Kajale 1996 and Vishnu-Mittre 1989 to name but a few) 

the development of domestic rice agriculture in India can now be understood on 

broad geographical and chronological bases. Yet the development of rice 

cultivation systems in South Asia has never seen targeted investigation through 

archaeobotany but rather indirectly through the material remains of early historic 

tanks and canal systems (Bauer and Morrison 2008, Raman 2008, Shaw and 

Sutcliffe 2003, Myrdal-Runebjar 1996, Gunawardana 1978). 
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This chapter is broken into four sections. The first shall give an overview of our 

current understanding of the early history and development of rice cultivation and 

cultivation systems within South and East Asia, and the impact this had on 

Holocene methane emissions. The second will provide an overview of the role 

that irrigation may have played in the development of urban cultures within South 

Asia. The third will supply background information about the different 

archaeological cultures in which early rice cultivation can be found. The fourth 

will provide the background to the sites investigated as part of this PhD research. 

2.1 The story of rice in Asia, from early gathering 
to deep water irrigated cultivation 

Initially it is appropriate to clarify the term ‘early rice’. Due to the large 

geographical area and cultural variety that this research covers ‘early rice’ refers to 

the period within distinct geographical and cultural units in which rice first began 

to be cultivated as an agricultural crop. Therefore, early rice cultivation began 

around 2500 BC in the Gangetic Plains, c.1800 BC in Odisha, c.1000-500 BC in 

Savannah India and c.500 BC in Sri Lanka. 

Whilst the domestication of rice is not the focus of this project, it has some 

implications for this research. Two subspecies of rice are commonly referred to as 

“domesticated rice” in Asia (there is a separate African rice domestication of 

Oryza glaberrima sometime around 1000 BC (Li et al. 2011, Murray 2004). These 

are Oryza sativa japonica and Oryza sativa indica. Briefly, O. s. japonica  was 

domesticated in China from O. rufipogon. Archaeology indicates that this rice was 

first cultivated in the middle and lower Yangtze valley. Here, there is a clear 

archaeobotanical sequence demonstrating the local domestication process from 

early wild rice gathering c.7-6000 BC, through to pre-domestication cultivation c.

6000-5400 BC and morphologically domesticated rice c.4500-4000 BC (Fuller et 

al. 2010, Zheng et al. 2009). O. s. indica, however, likely developed within the 

Indian subcontinent, yet it shares key domestication mutations with East Asian 

japonica rice including the sh4 gene which prevents panicle shattering and allows 
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grain to remain on the seed head until threshing (Gross and Zhao 2014). This 

indicates that early hybridisation between a fully domesticated japonica and wild-

type (but managed or cultivated) proto-indica created the domestic O. s. indica 

(Huang et al. 2012, Fuller 2011, Fuller et al. 2010). That proto-indica was under 

management is implied by the preservation of traits that would not have survived 

if introduced into truly wild populations on the Ganges plains, such as non-

shattering seed heads. Instead human management of wild rice habitats and re-

sowing after harvest would provide a context in which domestication traits from 

japonica could have been successful (Fuller and Qin 2009). When and where O. 

s. japonica was introduced into South Asia, much less how, is still unclear. Yet 

harvesting knives from East Asia have been recovered from Northwestern sites (in 

the Pakistani Swat and Indian Kashmir states) from the Late Harappan time 

horizon 1900-1700 BC, as have a host of Chinese crops including apricots, 

peaches, broomcorn millet and cannabis (Boivin et al. 2012, Fuller et al. 2010) 

and so it is most probable that japonica rice was also carried along this route. 

2.1.1 Early rice in South Asia 
Within the archaeology of India a core area of initial, early rice cultivation has 

been identified in the Gangetic basin, specifically within Uttar Pradesh (see 2.2 

below). This area has stands of native annual wild rice (Oryza nivara) today and 

shows evidence for the early anthropogenic exploitation of the Oryza genus 

(Fuller 2006a, Harvey 2006, Saraswat 2004, 2005, Singh 2001). Archaeobotany 

from the Ganges plains, in particular, shows a very long history of rice use. Proxy 

indicators suggest that wild rice was being utilised and managed by prehistoric 

societies as early as the 12th millennium BC. Micro-charcoal levels have been 

shown to increase c.14500-13000 BP (Singh 2005) to levels consistent with the 

burning of vegetation in order to manage the environment in favour of rice (Fuller 

and Qin 2009). In the Gangetic basin, archaeobotanical evidence from 

Lahuradewa dates early rice use, most likely wild, to c. 6400 BC (Tewari et al. 

2002-2003, 2008; the evidence for its wild status is discussed in the online 

supplement to Fuller 2011). By 2500-2000 BC we begin to see more widespread 

evidence for rice cultivation. Several sites including Lahuradewa (Tewari et al. 
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2008, 2002-2003), Koldihwa (Harvey 2006, Harvey et al. 2005), Malhar (Tewari 

et al. 1999-2000), Mahagara (Harvey 2006, Sharma et al.1980) and Sensuwar 

(Saraswat 2005) show higher quantities of rice caryopses consistent with 

agricultural production, alongside the presence of South West Asian agricultural 

crops (e.g. barley (Hordeum sp.)) indicating an established agricultural system of 

domesticated crops. Additionally, in this period sedentary agricultural villages 

become more prevalent (Fuller 2006a) and archaeobotanical evidence suggests 

that rice is the dominant crop in a year round, double-cropping package (op. cit., 

Harvey 2006). 

 Figure 13: Map of radiocarbon dated early rice sites, following Fuller et al.
(2011). 

By 2000-1500 BC rice cultivation was established across Northern and Eastern 

India, although the mechanisms by which it spread are unknown. Securely dated 

finds of rice have been found in Baluchistan, Punjab, Sindh, Gujarat, Rajasthan, 

Uttar Pradesh and Odisha (Fuller et al. 2011). In addition, spikelet base evidence 
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shows that crops were morphologically and genetically domestic by this time (op. 

cit., unpublished data). The sudden arrival of rice agriculture into Odisha, where 

no agriculture had been practised previously, coupled with the presence of wild 

rice populations within the state has led to the suggestion that rice may have 

undergone, or began, a domestication process here (Harvey 2006). This has been 

supported by the identification of pulse domestication within the area, namely of 

pigeon pea (Cajanus cajan) (Fuller and Harvey 2006), but there is no spikelet base 

or grain morphometric evidence to support a rice domestication event here. We 

therefore see a period of approximately 1000 years in which the transition from 

using proto-indica rice to supplement subsistence in the Ganges Basin to the use 

of rice as a primary cultivated domestic crop across India from West to East 

occurred. There is a hiatus, however, before rice cultivation is taken up in the 

Deccan and South India. It is not until the second half of the 1st millennium BC 

that we see archaeobotanical evidence and rice tempered pottery suggesting the 

use of rice as a main crop (Fuller and Qin 2009, Fuller 2006a). This final dispersal 

of Oryza sativa in India has been attributed in part to the spread of Buddhism, 

urbanism and irrigation technology in the area between the 3rd-1st millennia BC 

(Shaw et al. 2007, Shaw and Sutcliffe 2003). An analysis of weed assemblages 

from multiple sites in the Gangetic Plains has been argued to show an increase in 

wetland flora in northern India during the Iron Age (see section 7.2.6. for more 

details and a critique), and has been used to support the hypothesis that rice was 

irrigated by this time (Fuller and Qin 2009).  

The spread of rice agriculture into Savannah India is postulated to have been via 

the eastern coast (Cooke et al. 2005) (figure 3), but it may equally have travelled 

along the western coast as the data are very patchy. Both the coastal regions to the 

sides of the Western and Eastern Ghats see higher levels of rainfall than the central 

zone during the summer monsoon and so could have supported a rainfed rice 

crop. From there, either before or after the development of irrigation systems, rice 

cultivation may have moved over these mountain ranges and into the interior. 

Regardless of the route, it is likely that rice was not widely cultivated in this 

central area of low seasonal rainfall until irrigation technologies were available to 

support reasonable yields. Nearly all finds of Iron Age/Megalithic rice c.400 BC 

are reportedly from sites situated next to ancient tanks, e.g. Adichanallur and 
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Rajakulipettai, suggesting that irrigated rice agriculture existed from the beginning 

of rice agriculture in South India (Raman 2008). 

Rice may have been cultivated in Sri Lanka c.800 BC, based on reported finds of 

rice grain at Anuradhapura (although it is not clear how much rice was found, nor 

its precise chronological context) (Coningham 2005, 2006, Fuller et al. 2010). It is 

likely that rice was cultivated by the Iron Age settlers on the island prior to the 

urban period c.400 BC, perhaps through shifting cultivation of the dry zone 

(Gilliland et al. 2013, de Silva 2005). From 400 BC onwards, there is evidence for 

rice from several sites on the island, including Anuradhapura, Kantharodai and 

Mantai. In Sri Lanka, major irrigation networks and tanks were under construction 

by 100 AD. From this date the Anuradhapura Kingdom spread to cover the whole 

island, Buddhism was increasingly well established and international trade from 

Sri Lanka's ports increased until the island was a major trading post between the 

western and eastern hemispheres (de Silva 2005). Irrigated rice cultivation is 

therefore intrinsic to the rice of the Anuradhapura Kingdom and urbanism on the 

island (De Silva 2005, Shaw and Sutcliffe 2003, Coningham et al. 1999) 

It is worth noting at this point that the imprint of rusk husks on pottery, and 

recovery of rice-type phytoliths from Gujarat could suggest a third centre of 

domestication in the west (Fuller 2006a, Kajale and Eksambekar 2001, Rao and 

Lal 1985). Caution is warranted, however, as direct AMS dates on rice from the 

Japanese-Indian excavations at Kanmer found that rice attributed to Late 

Harappan contexts actually dated to the early historic period nearly 2000 years 

later (Pokharia et al. 2011b). This, like many theories in Indian archaeobotany, 

needs to be confirmed, and it is likely that our understanding of the spread of rice 

in India will see dramatic development over the coming decade. In addition, 

recent genetic work on rice identifies the aus rices, which include several 

landraces of Bangladesh and Northeast India, as being as genetically distinct from 

other Oryza sativa types as indica is from japonica (McNally et al. 2009, Garris et 

al. 2005). Although conventionally classified morphologically as indica, genetic 

data suggest these represents a third group, plausibly from a separate 

domestication somewhere in this region (Fuller et al. 2011). 
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In conclusion, current evidence supports a pattern of initial rice exploitation and 

domestication (>2500 BC) in the Gangetic basin and possibly areas within East 

India, followed by the subsequent spread of rice cultivation supported by 

irrigation into the South India c. 1000-500 BC and Sri Lanka c. 500 BC.  

2.1.2 Archaeological evidence for rice cultivation systems 
outside of South Asia 
Archaeological research in China provides the bulk of evidence-led investigations 

into ancient rice cultivation systems. Especially important is research into very 

early farming systems and how these evolved alongside the initial domestication 

of Oryza sp., which is generally accepted to have occurred by c.4000 BC in the 

Lower Yangtze region (Fuller et al. 2011, Fuller and Qin 2009). Within China, 

permanent settlements emerged in the Yangzi and Yellow river basins around 7000 

BC. Those within the Yangzi basin provide evidence for rice-based economies 

towards c.5000 BC, although wild foods such as water chestnut (Trapa) and 

foxnuts (Euryale ferox) still tend to be dominant within archaeobotanical 

assemblages until c.4000 BC (Gross and Zhao 2014, Fuller and Qin 2009). 

Between c.7000-5000 BC the management of rice stands is expected to have 

included the clearing of wetlands of other vegetation, in some cases by burning 

vegetation during the dry season as indicated by consistent levels of 

microcharcoal at Loujiang and Qingpu (Fuller and Qin 2009). However, from c.

5000 BC it is postulated that the creation of fields and irrigation channels was also 

in practise (op. cit.), as evidenced by the excavation of fields at Tianluoshan c.

5000-4500 BC (Zheng et al. 2009) and the excavation of extensive and intricate 

networks of paddy fields and channels at sites such as Ciaoxieshan c.4300-4000 

BC (Fuller and Qin 2009), Choudun c.4000 BC (Cao et al. 2006, figure 15) and 

Maoshan c.3000 BC (Zhuang et al. 2014). The control of water levels afforded by 

these systems would have ensured good yields from the rice grown as well as 

separating it from wild populations and allowing genetic domestication to rapidly 

occur (Gross and Zhao 2014). 

Aside from the digging and maintenance of these paddy fields, management 

appears to have relied upon the burning of vegetation within the fields during the 
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Figure 14: The spread of rice across Asia. From Fuller et al. (2010).

Figure 15: Field systems at Chuodun. Image from Cao et al. (2006).
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Figure 16:  A: Correspondence analysis of Indian and Chinese phytolith samples from 
early rice sites. B: Pie chart plot showing the make up of each sample. (Weisskopf et al. 

2013)

Figure 17: Correspondence analysis pie plot of five sites in the Lower Yangtze, grouped 
according to cultural period, from Fuller and Weisskopf (2011).
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dry season as micro-charcoal levels are found to be more abundant within field 

soils than in other areas (Fuller and Qin 2009, Zheng et al. 2009, Zong et al. 

2007). It should be noted that this could also reflect the use of ash in manuring. 

Tillage is evidenced by cut marks and the presence of mixed sediments within 

palaeosoils at Maoshan (Zhuang et al. 2014). There is also soil 

micromorphological evidence for manuring at this site, and indications of the 

same at other sites within the region (Zong et al. 2007), which increased 

throughout the Liangzhu period (3400-2250 BC) (Zhuang et al. 2014). 

Correspondence analysis of phytolith samples from Baligang, an early rice 

producing site in southern Henan, shows that wet rice systems were in use 

between c. 4950-1900 BC in this area also (figure 16, Weisskopf et al. 2013). 

Phytolith analysis of field samples from several sites and periods has examined 

field ecology and the results show an evolution in weed ecology from a 

dicotyledon dominant assemblage to one of greater diversity (figure 17). The 

reduction over time of deep water perennials within the phytolith assemblage may 

be due to improved tillage and increased control over water depth (Fuller and 

Weisskopf 2011). 

The spread of rice cultivation across the rest of East Asia, which began around 

4000 BC, appears to have relied upon irrigated paddy-field cultivation systems 

(Fuller and Qin 2009). Field units have been excavated in Chengdu, Sichuan, (c.

4000-3300 BC) (d’Alpoim Guedes 2011) which are larger and laid out in a more 

regular arrangement than those in east China (Fuller and Qin 2009), as well as 

fields in Shandong province (c.2500 BC) (Fuller and Weisskopf 2011, Jin et al. 

2007). Further dispersals of rice into Taiwan, Japan, Thailand and Cambodia had 

occurred by c.2000 BC (Bellwood 2005a&b, Higham 2005) and it has largely 

been supposed that this dispersal also relied on irrigated cultivation systems. 

Macrobotanical analysis of metal age samples from Thailand (c.400-100 BC), 

however, suggests that rice cultivation was rainfed and upland, and that irrigated 

cultivation was only developed after prolonged contact with India (Castillo 2011, 

Castillo and Fuller 2010). The results from several sites include a selection of 

weeds typical of upland or dryland habitats, such as Spilanthes acmella. In 
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addition, foxtail millet  and mung bean have frequently been recovered from 

archaeological sites which also have rice. Both foxtail millet and mung bean are 

drought-resistant crops of dryland cultivation and it seems unlikely that  rice 

would have been grown under irrigated conditions without the incorporation of 

other crops of irrigated fields (Castillo 2011). Early rice in Japan and Korea is likely 

to also have been cultivated in dry upland fields prior to the introduction of 

irrigation technologies from China (Ahn 2010, Fuller et al. 2010). China therefore 

provides unparalleled evidence of irrigated rice cultivation from the Neolithic 

onwards. The evolution from small ponds to large, regular, bunded paddy fields is 

clear and is literally written in the earth. To date no field systems have been 

uncovered and excavated in South Asia and it is unlikely that they will be any 

time soon, as priority understandably goes to settlement, burial and religious sites. 

Yet archaeobotanical investigation of rice cultivation systems in South Asia will be 

invaluable and allow the development of rice cultivation systems in this area to be 

better compared to other regions in Asia. 

2.1.3 Methane, rice and the anthropocene 
The broader implications of the development and spread of irrigated rice 

agriculture include increased levels of methane emissions. Seasonally flooded rice 

fields account for a significant quantity of global methane emissions, estimated to 

be around 625 million metric tons of CO2 equivalent in 2000 ( Wassmann et al. 

2009). Deepwater, irrigated rice produces considerably more methane than 

rainfed rice (Neue 1993) and so the spread of intensive, irrigated rice cultivation 

over China and, latterly, Island, South and Southeast Asia has been linked to the 

rise in global methane levels c.3000 BC identified within multiple ice cores 

(Ruddiman 2013, 2004, Li et al. 2009, Ruddiman et al. 2008). This discovery has 

led to the suggestion that the beginning of the anthropocene should be pushed 

back from 1800 AD to 3000 BC (Ruddiman 2013, 2003), as this marks the first 

point where human activities can be seen to significantly affect the entire globe. 

The contribution to global methane levels from wet rice cultivation is projected to 

have been greater than that from animal rearing, including that produced by cattle 

(Fuller et al. 2011). Rice farming is estimated to account for around 80% of the 
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Figure 18: Modelled methane emissions from irrigated and lowland rainfed rice in Asia, 
assuming linear growth of methane emissions from the moment of the first arrival of 

wet-rice cultivation (methane emission = 0) to 1000 AD.  Fuller et al. (2011).

rise in anthropogenic methane by 1000 AD (figure 18, op. cit.). These projections 

are based, in part, on the assumption that wet rice cultivation was present across 

much of South Asia by 0 AD. The rice cultivation systems used in south India and 

Sri Lanka have not yet systematically been examined using archaeobotany, 

therefore the results of this thesis will elucidate this model and provide solid data 

to improve its accuracy. 

2.2 On the importance of irrigation 

The major technological innovation in South Asian rice agriculture occurred with 

the introduction of irrigation. It is unclear when this began, although the ritual 
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altering of natural seasonal pools in south India may have developed into 

agricultural irrigation technology c.1000-500 BC (Bauer and Morrison 2008). 

Several scholars have dated large dams and tanks in India and Sri Lanka using 

thermoluminescence (e.g. Gilliland et al. 2013, Shaw 2007, Myrdal-Runebjer 

1996) and the results indicate that an early phase of dam construction began in 

India and Sri Lanka around 400-200 BC. Two main theories have been 

perpetuated with regards to who initiated the building of these dams. One relies 

on historical sources, such as the Arthashastra (an ancient sanskrit text, a political 

treatise often dated to around 300 BC but also containing material from several 

centuries later (Trautmann 1971)), and suggests that the building and management 

of dams was state organised. The other, based largely on the Sanchi landscape 

survey and suggested by Shaw and Sutcliffe (2003), proposes Buddhism as the 

driving force. Within the Sanchi hinterland many Buddhist architectural projects 

have proved to be contemporary with the first irrigation dams and networks in the 

area, suggesting that the Buddhist monastery implemented and designed their 

construction. Regardless of the driving force behind these improvements, the 

establishment of irrigated fields provided the grain necessary for a wave of 

urbanism to spread around South Asia, culminating in the growth of medieval city 

states of the Historic Period.  

Modern yields of irrigated rice are around 3-9 t/ha, compared to around 1-4 t/ha 

for rainfed rice, with the highest figures reserved for the deep water paddy field 

systems common to China and Southeast Asia (IRRI 2014). The creation of 

irrigation systems can therefore support huge growth in populations and, 

ultimately, can have a great impact on the social and political makeup of 

societies. It is central to the theories of Marx, Engels and Wittfogel that irrigation 

allows complex societies, and all of its ills, to develop. Wittfogel’s “hydraulic 

hypothesis” (which states that where irrigation required significant management 

and centralised command, polities monopolised power and economic control) in 

particular continues to be discussed by archaeologists interested in irrigation and 

state formation, with articles routinely questioning whether the hypothesis is still 

relevant and applying it to new examples (e.g. Harrower 2009). Although it is 

widely recognised that the the development of irrigation was vital to increasing 
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agricultural production and key to the growth of states in many areas of the world, 

it is no longer regarded as the be-all and end-all. Uni-causal explanations are 

rarely supported by archaeological evidence and have fallen out of vogue since 

the 1960s, seldom being put forward to explain anthropological phenomena since 

then. Instead, factors such as environmental change, population pressure, trade, 

war, religion and, less tangibly, innovation, must be considered and weighed 

when examining the formation of states. However, archaeologists (particularly 

those working in South Asia) tend to regard the development of irrigation as 

causal to the development of social complexity by acting as a driving force for 

centrally governed labour management, state organisation and control of irrigation 

systems and the implementation of taxation and levies for construction and 

maintenance (e.g. Fuller and Qin 2009, Shaw and Sutcliffe 2003). 

Literature details multiple ways in which societies deal and have dealt with 

increased pressure on resources, either through population growth, economic 

change or social change. Agricultural innovation is just one of these and is tied in 

with Boserup’s theory that population pressure on resources (PPR) often results in 

high production concentration (Boserup 1965). Innovation is seen as a way to 

offset the higher labour demands that greater production concentration requires 

either in the short term or long term (e.g. Morrison 1994, p.111), but has also 

been viewed as an alternative to traditional models of intensification (e.g. 

Brookfield 2001, Bayliss-Smith 1999). Irrigated rice agriculture, particularly wet 

rice paddy cultivation, has been framed as an agricultural innovation that has 

rapidly allowed greater production per unit area of land, yet with the expense of a 

relatively high labour input (Davis Stone 2001). The development of irrigation 

technologies for rice production by early polities in South Asia can therefore be 

seen as the expression of great power and wealth in order to extract the required 

labour input from the population and explains why Wittfogel continues to be 

included within debate. The creation of irrigation systems, the preparation of 

bunded fields and maintenance of irrigation structures all require substantial 

labour from local populations. It is likely that centralised and directed control was 

necessary, generally assume to derive principally via a state polity based on the 

presence of multiple dedicatory inscriptions at tanks, dams and canals, which 
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refer to state leaders (for example, see Raman 2008 and Ramaswamy 2008). The 

development of irrigation technologies for rice production within early polities 

can therefore be seen as an expression of the power of these polities. The 

longevity of irrigation structures, caused by their regular maintenance, can be 

seen to reflect the continuation of this power of the course of several centuries. 

As mentioned above, Sri Lankan archaeology appears to support the theory that 

irrigation allowed for the formation of large centralised polities and so can be 

viewed as a unique case study for the “hydraulic hypothesis”, the importance of 

PPR and the dynamics between irrigation and urbanism. The Mesolithic on the 

island was followed by a still largely unexcavated Megalithic Age c.1000 BC and 

the subsequent Early Historic period c.600 BC. By 600 AD a large kingdom 

covered the island complete with cities, states, trade and irrigation. The 

construction of irrigation tanks, sluices and canals has been shown correspond 

with the growth of urban settlements and a centralised polity. Irrigation structures 

within the Anuradhapura hinterland have been dated from c.400 BC, the period in 

which the Anuradhapura Kingdom began to be established. In addition, they are 

shown to have been developed and maintained until c.1200 AD when the 

kingdom collapsed (Gilliland et al. 2013). Gilliland et al. (2013) suggest that the 

initial process of urbanisation relied upon slash-and-burn agriculture as evidence 

by high levels of micro-charcoal and shifting cultivation type soils beneath early 

tank bunds. The subsequent development of irrigation technologies on the island 

may have been a direct result of PPR: 

“We open the possibility that … early urbanization with a relatively stable climate 
may itself have been sufficient to stimulate the emergence of large-scale irrigation 

infrastructures.” 

Gilliland et al. (2013) p.1026 

This is a very different model to that proposed by Shaw et al. (2007) and Shaw and 

Sutcliffe (2003) which propose that religious and cultural catalysis (and not PPR) 

spurred agricultural intensification and urbanism in Sri Lanka. This model sees a 

strong link between Buddhist monasticism, the establishment of irrigation 
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networks for rice production and urbanism, grouping them into a cultural package 

of ‘monastic landlordism’ that spread across South Asia in the late centuries BC. 

“Monks moved into new areas with a practical tool: the key to sophisticated 
irrigation for maximizing rice yields… by setting a precedent for the interplay 

between land-ownership, agrarian production and religious building activity, the 
monastery served two interests: for local society it acted as an agent for economic 
development; and for the sangha, it enabled the propagation of Buddhist ideology 

into the most interior areas.” 

Shaw and Sutcliffe (2003) p.83 

The widespread presence of inscriptions linking irrigation infrastructure to local 

monasteries in Sri Lanka demonstrates the far reaching control that Buddhist 

monasteries had on land and agriculture (Gunawardana 1971). Systems of 

patronage, donation, administration and what was essentially tax, allowed for the 

large scale construction of irrigation systems and supported the emergent 

urbanism on the island (Shaw and Sutcliffe 2003). 

The overall motivation for creating large-scale irrigation systems is undoubtedly 

associated with the expectation of increasing yields and crop security. It has also 

been associated with creating the necessary conditions for radical shifts in crops, 

such as from barley to wheat as indicated in ancient Greece (Krasilnikoff 2010). 

The move from millet based economies to rice based economies in south India 

also relied on the development of irrigation systems and thus draws an interesting 

parallel. If the primary motivator to the development of irrigation systems was the 

move to a different crop with, presumably, a higher cultural value, then PPR 

would not be identifiable within the archaeological record. Unfortunately 

population estimates are not available for this period or region of Indian 

archaeology, but this is an area of research that would prove valuable. 
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2.3 Early agricultural societies of South Asia 

This section will further explore early rice cultures by detailing the distinct 

regional archaeologies of areas within South Asia. The prehistory of South Asia is 

particularly jumbled and, as with other large continents and subcontinents, there 

is no comprehensive history for the subcontinent as a whole. Domesticates from 

South Asia, East Asia, Africa and Southwest Asia were all introduced to different 

parts of the subcontinent at different times, and all played individual roles in the 

development of regional agricultural communities. The beginning of the Neolithic 

period varies from area to area within South Asia and is dated to as early as c.

7000 BC in Northwest India, or to c.3500-2500 BC in many others. In Sri Lanka 

evidence for a Neolithic is almost totally absent, and the island appears to have 

gone from the Mesolithic into the Iron Age c.500 BC, but perhaps as early as 900 

BC (Coningham et al.1999). 

Within South Asia there is a small but scattered population for whom agriculture 

has traditionally had a limited role, and though marginalised, hunter-gatherer 

groups have played important parts in the socio-economy since pre-history 

(Morrison 2002). Additionally, shifting cultivators and nomadic pastoralists have 

co-existed alongside settled agriculturalists since, and undoubtedly before, written 

records began. Some of the earliest written records in India e.g. the Arthashastra, 

deal with jhum agriculture and advise strict state control over forest clearing and 

burning (Kautilya 1992; e.g. 4.11.20). The interplay of these groups with settled 

agriculturalists is hard to characterise in prehistory, particularly in the Neolithic 

where evidence is limited to a handful of material and environmental remains. 

This makes it hard to pinpoint when and where agriculture began in the 

subcontinent. If early agriculturalists engaged primarily in shifting cultivation then 

early agricultural village sites are likely to be quite ephemeral, with thin deposits 

and few remains (Kingwell-Banham and Fuller 2012). This is indeed typical for 

many archaeological sites in South Asia. e.g. Chopani-Mando, Bajpur and 

Malakhoja (Harvey 2006). 
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This section examines the archaeological evidence of early, predominantly settled, 

rice cultivating cultures from across South Asia, with a focus on the four major 

macro regions from which archaeobotanic samples for this thesis derive. The 

macro regions have distinct chronological sequences and cultural traditions and 

include:  

•  North India- the central Gangetic plans, 

•  East India- Odisha, 

•  South India- Savannah areas, 

•  Sri Lanka. 

2.3.1 North India- the central Gangetic Plains  
The story of rice in South Asia begins here, in the central Ganga Plain, at a site 

called Lahuradewa in Uttar Pradesh (Tewari et al. 2002-2003). A direct date on a 

rice grain from this site places it at c. 6400 BC (Tewari et al. 2008). Spikelet bases 

have not been recovered from the site in quantity and so there is no direct 

evidence to suggest that this rice was either wild or domesticated. The two spikelet 

bases illustrated within the Lahuradewa publications have been identified as 

immature spikelets by Fuller (2011: online supplementary material; also see ‘the 

archaeobotanist’ blogspot Fuller 2009) and are therefore non-diagnostic. It is 

unlikely that rice was domesticated at this age though, as this find predates rice 

from other sites in South Asia by around 2000 years. Period 1A at Lahuradewa 

dates from c. 6400 BC to 2800 BC and the archaeobotanical remains found from 

this phase include other wild plants such as millet (Setaria pumilla) and Job's tears 

(Coix lacryma-jobi) (Tewari et al. 2008). Although the excavators and 

archaeobotanists describe the rice grain found at the as domestic it is much more 

likely to be wild (as argued by Fuller 2011). This identification was based on 

length to width ratio grain morphometrics, the quantity of rice grains recovered 

and the presence of brittle rachis fragments on a single grain. However, rice grain 

size ratios have been shown to be unreliable in the identification of Oryza species 

(Harvey 2006). Equally, the preservation of a single spikelet base with glume 

attached does not merit the identification of domestic rice on its own as this is 

typical of green harvested spikelet of wild rice. The site is surrounded by an 

ancient oxbow lake situated in an area of low lying grassland. The presence of 
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modern stands of wild rice suggest that the environment was suitable for wild rice 

harvesting in prehistory. Significant quantities of wild rice can be harvested using 

a simple paddle and basket technique (personal observation during wild rice 

harvest experiments in Odisha 2010) and so the quantity of rice recovered at 

Lahuradewa is not in its self an identifier of domestication. Instead, it seems more 

likely that the inhabitants of Lahuradewa were harvesting wild rice. Coupled to 

this is a long period in which micro-charcoal and rice phytoliths can be seen in 

cores taken from Lahuradewa lake. This suggests that people were deliberately 

setting fire to the vegetation in order to create habitats more suitable for rice and 

leads to Fuller's “pre-domestication cultivation” hypothesis (e.g. Fuller et al. 

2010).  

While there are numerous seasonally occupied, shallow, Mesolithic and Proto-

Neolithic (with pottery) sites from the Middle Ganga Plain, it is unclear how 

contemporary with Lahuradewa 1A they are. Most have shallow habitation 

sequences, were likely seasonally occupied and have sparse evidence for rice, if 

any. For example, Chopani-Mando has been radiocarbon dated to 3500-3030 BC 

and Sarai-Nahar-Rai to 9950-890 BC (calibrations as per Harvey 2006). Both sites 

extend earlier, however, suggesting that their pre-ceramic levels are contemporary 

with Lahuradewa 1A. Lahuradewa 1A is something of an anomaly as one of the 

few sites with a habitation sequence of over 1m in depth and with a large number 

of preserved rice grains. It is difficult to argue that this site represents a broader 

culture within the region. Instead, it appears to be a single settlement exploiting a 

good situation within an old oxbow lake by effectively managing local stands of 

wild rice in order to produce good yields. Nonetheless, it must be noted that few 

Mesoltihic-Neolithic sites have been identified and excavated in the area and 

future excavations may uncover other sites similar to Lahuradewa 1A. 

Lahuradewa Period 1B spans c.2300-c.2000 BC and sees the introduction of 

Southwest Asian crops including wheat (Triticum sp.), barley (Hordeum sp.) and 

lentil (Lens culinaris) from Northwestern India (Tewari et al. 2008). By this period 

Lahuradewa is not alone but is part of a group of early farming sites in the middle 

Ganga Basin including Koldihwa, Senuwar, Tokwa and Taradih. The habitation 

deposits at these permanently settled sites are generally much thicker than those 
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of Mesolithic sites and spikelet bases from Mahagara and Koldihwa show that 

domestic rice was being cultivated (Fuller et al. 2010, Kingwell-Banham 

unpublished data). The inhabitants of these sites were therefore supported by a 

double cropping system of rice and South Asian crops in the summer, and wheat, 

barley and Southwest Asian crops in the winter. No agricultural tools have been 

reported from the Neolithic of the Gangetic Plains or the Vindhyas; therefore it is 

very doubtful that people were ploughing the land. Digging sticks and hoes made 

from wood or bone are likely to have been the tools commonly used to prepare 

fields and cultivate crops however none have been recovered, likely due to 

preservation issues. Equally, sickles are absent from the archaeological record 

although microliths continue to be found in significant numbers well into the 

Chalcolithic (Singh, R.P. 2008). These may have been embedded into wood or 

bone to create a serrated blade for use in harvesting, or crops could have been 

uprooted as tentatively suggested by the phytolith data from Mahagara and 

Koldihwa (Harvey 2006). 

In general, Neolithic settlements of this area show round structure plans and post 

holes with evidence for bamboo and mud plaster walls. Sites are located along 

the banks of rivers, above areas of low lying alluvium, but this could be due to a 

focus on river banks during archaeological survey Hunting and fishing is indicated 

by a range of wild animal bones including deer, antelope, tortoise and birds, as 

well as the frequent recovery of fish vertebrae (Pal 2008). Domestic animals 

include Bos indicus and sheep/goat and evidence for a cattle pen has been 

recovered at Mahagara with the preserved hoof prints of at least 23 animals of a 

range of ages (Kumar 2000-2001). Bone tools have been recovered from 

Mahagara in the form of arrow heads as well as a large selection from Chirand 

including borers, spear points, hammers and even combs (Varma 1971). Pottery 

frequently includes rice husk, as at Tokwa, Mahagara, Koldihwa and Pachoha, and 

it appears to have been widely used as a degraissant during this period (Pal 2008). 

The presence of Southwest Asian crops and sheep/goat at Neolithic sites in this 

region clearly indicates connection with Northwest India and, in addition, rice 

cultivation seems to have travelled from the Gangetic Plains to much of Northwest 

India by 2500 BC further strengthening this connection. Unfortunately, the nature 
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of this connection is unknown but this area is generally referred to as a ‘Harappan 

contact zone’. We also have evidence for connections with other areas of India 

however, suggesting that this culture should definitely not be seen as existing in 

isolation from the rest from the subcontinent. Around 2000 BC South Indian crops 

were adopted at sites within the Gangetic Plains, including browntop millet, 

horsegram and mung bean, and stone tools similar to those from Central India 

have been recovered from sites such as Chirand and Koldihwa (Allchin and 

Allchin 1982). 

An explosion of sites occurred across the Gangetic Plains in the Chalcolithic 

Period. As a rough guide, 5 Neolithic sites compared to 38 Chalcolithic sites are 

listed for the Middle Ganga Plain by Singh, R.P. (2008). The archaeobotany that is 

available shows that that the agricultural base established in the Neolithic 

continues, and it is widely supposed that new sites were primarily established in 

areas which could support rainfed rice cultivation (e.g. Fuller et al. 2011, Varma 

2008).  

Due to the strength of the monsoon rains rainfed rice cultivation can be supported 

across the Gangetic Plains and, unlike in south India, irrigation technologies are 

not seen as having been essential to the success of rice agriculture in the past. 

2.3.2 East India- Odisha 
The archaeology of Odisha is less well studied than in other parts of the 

subcontinent, but archaeological investigations over the last few decades have 

greatly expanded our knowledge of the area. Odisha appears to be home to a 

distinct Neolithic culture based on rice and pulse cultivation and cattle keeping. 

The beginning of the Neolithic in this area is generally dated to around 3500 BC 

based on the comparative typologies of stone tools (Dash 2000). Radiocarbon 

dates from Chalcolithic period settlement sites places the beginning of the copper 

age at c.1100 BC (see Harvey 2006). 

Two main cultural traditions can be identified in Neolithic Odisha based on 

settlement types. Firstly the Upland Tradition which has shallow settlement 

deposits located in the foothills and uplands of the Gharjat Hills and the Eastern 

Ghats proper, including Bajpur and Kuchai (Basa et al. 2000). These sites, 
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(identified through Mesolithic and Neolithic lithic and pottery scatters) have very 

few archaebotanical or zooarchaeological finds and represent seasonal camps, 

possibly occupied by hunter-gatherers or perhaps by specialists involved in lithic 

production (Harvey 2006, Behera 2000). The second tradition is the Eastern 

Wetlands Tradition which dates from the early Neolithic through to Chalcolithic 

periods. This can be found in the low lying coastal plains of Odisha and is 

represented by large mounded settlements sites, including Golbai Sasan and 

Gopalpur. These sites contain both archaeobotanical and zooarchaeological 

remains, as well as evidence for wattle-and-daubed buildings, ceramics, stone and 

bone tools. There is a clear demarcation within the landscape, therefore, with 

early farmers occupying the coastal lowland areas. 

In this region rice appears to have been the dominant crop since the first farming 

settlements were established. 50% of crop remains recovered and analysed from 

Eastern Wetlands sites have been rice grains. Other crops include three pulses 

which, by themselves, make up the majority of the remaining 50%. These are 

Vigna sp., Macrotyloma uniflorum and pigeon pea (Cajanus cajan). Small millets 

also occur, but in very low numbers (Harvey 2006). The Cajanus cajan from 

Gopalpur and Golbai Sasan are the earliest occurrence of this species within the 

archaeological record. The wild progenitor grows within the Eastern Ghats and it 

seems that this pea was independently domesticated within Odisha, perhaps as 

early as c.2500-2000 BC (Fuller and Harvey 2006, Harvey 2006). 

There is evidence for a Neolithic trade network in stone tools in Odisha. Several 

production sites have been located in the Sundargarh district of Odisha, 

concentrated in areas of dolerite rock (Behera 2000). Sulabhdihi in particular is a 

mass production site that was primarily engaged in making semi-finished celts that 

would have been finished in a separate location, as well as a range of flakes, 

blades and other tools. Four mounds of production waste up to 3m high and 

160m across have been identified here, strongly indicating that blades were not 

manufactured solely for local use. Dolerite tools are found across East India and, 

although the raw material is relatively common, it seems likely that some of these 

tools would have been manufactured at such sites as Sulabhdihi (Behera 2000). 

The lack of winter crops in Neolithic and Chalcolithic Odisha suggests that 
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farmers could have engaged in manufacturing (either of stone tools or other 

goods) and trade during the winter months. Such trade networks could have 

contributed to the establishment of the large, defended cities such as Sisupalgarh 

(Mohanty et al. 2013) that appear in the Early Historic period in Odisha c.600 BC 

(Smith and Mohanty 2010). 

The coastal lowlands are particularly suitable for rice cultivation as they both 

retain water and receive high rainfall during the summer monsoon. Much of the 

rice agriculture practised there today is rainfed and it is likely that this was also 

the case in prehistory. Tank and irrigation technologies have not been studied 

archaeologically in this area but most were built in the 1880s as part of a drive 

towards agricultural efficiency (Sengupta 2000-2001). Which mechanisms 

enabled rice agriculture or rice agriculturalists to move into eastern India, 

presumably from the Gangetic Plains, remains a mystery. The absence of winter 

crops within the Neolithic culture of Odisha suggests that rice was incorporated 

into the subsistence of pre-existing communities, as opposed to farmers moving 

into the east from other areas, but this remains speculation. Mesolithic 

communities continued to exist alongside Neolithic and Chalcolithic communities 

within the region (Harvey 2006). These Mesolithic groups appear not to have 

grown agricultural crops (op. cit.) and it so it possible to see them as native 

inhabitant and the Neolithic farmers as incomers. Unfortunately there is currently 

too little data to be sure. Nevertheless, when rice did arrive it supported large 

farming settlements that lasted up to 3000 years. 

2.3.3 South India 
Rice does not occur in the prehistory of South India to any great extent until the 

Iron Age and therefore the early agriculture in this area is unique. Southern 

savannah India is home to the ashmound tradition of Neolithic South India which 

dates back to c.3000 BC (Fuller et al. 2007, Korisettar et al. 2001, Allchin 1963). 

This tradition saw widespread mobile pastoralism and the construction of large 

mounds of burnt dung from domestic animals (cattle and sheep/goat) located 

across the landscape of the lowland savannahs of South India (Allchin and Allchin 

1982). The ashmound culture is an enigmatic one, not only for its dramatic impact 

on the landscape but also because the crops cultivated prior to c.1900 BC were 
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domesticated locally (Fuller et al. 2001). The Southern Neolithic Phase 1 saw the 

construction of many ashmounds across South India and the Deccan Plateau by 

mobile pastoralists engaged in cattle and sheep/goat rearing, but there is scant 

evidence for crop cultivation during this period. By Southern Neolithic Phase 2, c.

2200-1800 BC, agricultural village sites such as Sanganakallu and Tekkalakota are 

established across the hilltops of the Southern Peninsula, and evidence for native 

South Indian crops emerges (Fuller et al. 2001). These crops include browntop 

millet (Brachiaria ramosa) and bristly foxtail (Setaria verticillata) and two pulses: 

horsegram (Macrotyloma uniflorum) and mung bean (Vigna radiata). The wild 

progenitors of these species are likely to have been present in the local 

environment, in the woodlands and forest margins of the Deccan and Western 

Ghats. The small millets in particular can commonly be found in the riverine 

zones and savannahs of the region and frequently appear as weeds within modern 

millet fields. By c.1900 BC Southwest Asian crops were adopted into the 

agricultural calendar from further north and by c.1500 BC summer crops from 

Africa (hyacinth bean (Lablab purpureus), pearl millet (Pennisetum glaucum), 

sorghum (Sorghum bicolor) and finger millet (Eleusine coracana)) and Odisha 

(Cajanus cajan) were also incorporated (Kingwell-Banham and Fuller 2014, Fuller 

and Boivin 2009). Despite the introduction of many crops from outside South 

India, rice was not widely adopted during the Southern Neolithic and the main 

crops remained the drought tolerant millets. Rice first appears in savannah India 

during the Southern Neoltihic Phase 3, c.1800-1200 BC, but only at one site: 

Hallur (Fuller 2001). Grain metrics suggest this is not a cultivar but the wild O. 

granulata, native to the Western Ghats forests (Fuller 2003). Further north, the site 

of Inamgaon in Maharashtra produced three rice grains from its final phase before 

abandonment around 900 BC (Kajale 1988). Therefore, whilst evidence for rice 

cultivation in the Neolithic/Chalcolithic is lacking from the Deccan, some rice 

may have started to appear from the early first millennium BC. 

There is a gap in the archaeobotanical data for the prehistory of Karnataka and 

Tamil Nadu between c.1300 BC and c.300 BC, a period which covers the Iron 

Age/Megalithic. Nevertheless, this is likely to be the period in which rice became 

widely cultivated. The South Indian Iron Age is largely characterised by its 
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memorial architecture of cist burials and megaliths which have formed the focus 

of archaeological investigation. There is a lack of archaeobotanical sampling 

dating to this period, particularly of sampling from settlement sites, but structural 

and burial evidence suggests that there was a great variety in the local cultures of 

the Iron Age, with different megalith and mortuary practices in different regions 

within Karnataka and Tamil Nadu (Johansen 2010). Within this there is a pattern of 

larger settlements located within major river basins, in areas of wetter soils better 

suited to crop cultivation (Bauer et al. 2007). It is generally accepted that rice 

becomes an increasingly important crop during the Iron Age (Johansen 2010, 

Bauer and Morrison 2008, Bauer et al. 2007). There is no doubt that the 

placement of fields within river basins and low lying land would have aided rice 

cultivation, but equally this could have facilitated winter cropping of wheat and 

barley. However, most scholars agree that water management technologies were 

central to the development of rice agriculture in the Deccan due to low seasonal 

rainfall levels within the region (op. cit., Fuller et al. 2010) 

The evolution of these water management technologies started during the 

Southern Iron Age. Natural water retaining rock pools have frequently been found 

with associated megalithic monuments across South India (Bauer and Morrison 

2008). Hire Benkal, Karnataka, for example, is situated near a large shallow rock 

pool and surrounded by hundreds of megalithic structures (Morrison et al. 2008). 

Whilst this ritual association is unlikely to signify the use of natural reservoirs in 

agriculture (several of these reservoirs are located on hill tops or are quite small), 

many of these were altered prior to 500 BC in order to retain more water, not only 

at ritual sites such as Hire Benkal but at settlement sites such as Kadebakele also 

(Bauer and Morrison 2008). Whilst no dams or tanks have been directly dated to 

500 BC it is clear that the practise of increasing water storage by altering natural 

pools was performed prior to this point, providing a TAQ for the initial phase of 

tank construction in this region. Tamil Sangam literature, which roughly 

corresponds with the period c.300BC-300AD (Abraham 2003 p.214, Thapar 2002 

p.231), records the cultivation of Paspalum sp., Panicum sp., Mactoryloma 

uniflorum and other pulses (Cooke et al. 2005, Zvelebil 1975) but rice is 

conspicuously absent, leading to the suggestion that it was not an important or 
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Figure 19: Four legged pot 
containing rice grains from 
Porunthal. Image belongs to 

Dr. K. Rajan

Figure 20: Rice grains and 
husks from an urn burial at 
Adichanallur. (ASI 2015).

  

technologies within the literature of the early dynasties of South India (c.300 BC - 

1300 AD) (Ramaswamy 2008).  

Frequent reference to rice and irrigation technologies is also made in Sangam 

texts, particularly from c.100 BC onwards. The Paṭṭiṉappālai (c.100 BC-100 AD), 

for example, contains a poem which praises Karikala Chola II for building 

irrigation tanks which increased yields of rice across his land (Ramaswamy 2008, 

Raman 2008). Equally, the Amuktamālyada states that rulers can only increase 

their personal dharma and artha (‘virtue’ or “the right way of living” and ‘purpose’ 

or ‘wealth’) once they have constructed irrigation tanks and canals for the use of 

their people, particularly farmers (Raman 2008). Interestingly, Ramaswamy (2008) 

states that according to the Sangam texts sugarcane, a crop which require 

significant quantities of water, was extensively cultivated. Whilst there is no 
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widely grown crop. Excavation of Porunthal (Tamil 

Nadu) in 2006, however, revealed an impressive 2 

kg of rice deposited into a grave within a sealed pot 

which has been AMS dated to c.450 BC. Other 

grains of rice from earlier deposits were dated to 490 

BC, making this the earliest direct date on rice from 

Tamil Nadu (Yatheeskumar, 2011). Such a large 

quantity of rice suggests that it was being cultivated 

as a significant crop by this point. Certainly after this 

rice is increasingly recovered from archaeological 

sites dated to post c.450 BC (Bauer et al. 2007). One 

of these, Adichanallur, Tamil Nadu, dates to 500-100 

BC (McIntosh 1985). Rice grains have been hand 

collected from the site and have also reportedly been 

recovered from sealed pots within an urn burial 

excavated between 2003-2005, in addition to 

pottery depicting a woman standing next to a rice 

plant (ASI 2015). By 300 BC rice was one of the 

main cultivated crops of the Deccan Plateau (Fuller 

et al. 2010) and is intrinsically linked to irrigation
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archaeobotanical evidence for sugarcane in the archaeological record of South 

India we do have evidence for cotton (Gossypium sp.), another cash crop, from 

Mangudi and Kodumanal c.300 BC (Cooke et al. 2005), indicating that this other 

high value trade crop was cultivated and that cash crops formed part of local 

economies. 

2.3.4 Sri Lanka 
Sri Lankan archaeology goes from a Mesolithic to an Iron Age around 1000-800 

BC with the probable spread of the Megalithic culture from South India. Sites 

located in Mannar and Puttalam (such as Pomparippu, a settlement and burial site 

of 8000 graves (Begley et al. 1981)) show evidence for iron, cairn burials and long 

settlement sequences. Whilst rice has not been recovered from these sites it is 

postulated that cultivation would have occurred on the alluvial soils close to the 

rivers that flow through this area (Wikramanayake 2007).  Evidence for shifting 

cultivation has been found beneath irrigation bunds within the Anuradhapura 

hinterland (Gilliland et al. 2013). The soils uncovered here have a mineral 

composition characteristic of shifting cultivation soils. There are also sporadic 

ceramic scatters suggesting multiple, short periods of occupation. In addition, 

charcoal fragments have been found indicating regular vegetation clearance and 

burning. Whilst these soils haven’t been directly dated they have been given a 

TPQ of up to 1600 +/- 600 BC. The possibility that inland Sri Lanka was occupied 

by shifting cultivators using iron prior to 500 BC should not be dismissed out of 

hand. However, there is currently very little evidence to support this hypothesis. 

The earliest evidence for rice cultivation in Sri Lanka comes from Anuradhapura. 

This site was the urban capital of the Anuradhapura kingdom, 377 BC-1017 AD 

which covered the island from c.150 BC. Anuradhapura has been extensively 

excavated and investigated since the 1990s by Prof. Coningham, Durham 

University, and the Sri Lanka Department of Archaeology. As a result we have a 

full chronology of the site, detailed analysis of the small finds and a multi-

disciplinary investigation into the hinterland surrounding the site however 

archaeobotany was not a priority for this study and therefore full archaeobotanic 

results have not been published (Gilliland et al. 2013, Coningham 2006, 

Coningham et al. 1999, Coningham and Allchin 1992).  

 66



Background

The earliest levels of Anuradhapura, denoted Structural Period K, have been dated 

to c.840-460 BC and these contain round posthole plans of possibly temporary 

structures and the remains of rice. By Structural Period I, c.360-190 BC, evidence 

for urbanism, rectangular structures, kiln-fired tiles, regular rice cultivation and the 

expansion of the site to over 60 hectares can be found (Coningham et al. 1999). 

This marks the beginning of urban Anuradhapura and corresponds with historic 

texts that place the establishment of Anuradhapura as a major city at 377 BC by 

King Pandukabhaya. Direct dates on rice from other sites in Sri Lanka, e.g. 

Kantharodai, fall at c.300 BC and by this period irrigated rice was being cultivated 

across the island, as evidenced by the inscriptions found on early irrigation 

structures.  

As in South India, megaliths have often been found close to natural water basins 

in Sri Lanka (Myrdal-Runebjer 1996, Ragupathy 1987), suggesting that this is a 

general Southern Megalithic phenomenon and not restricted to Karnataka and 

Tamil Nadu (Bauer and Morrison 2008). This also suggests that irrigation 

technologies may have emerged on the island independently of Buddhism (Shaw 

and Sutcliffe 2003). The initial construction phase of tank and irrigation networks 

in Sri Lanka has been dated to around c.400 BC (Gilliland et al. 2013, Myrdal-

Hynlehg 1996). The decline in use and fall into disrepair of some sites has been 

dated to c. 1100 AD by Gilliland et al. (2013). The Anuradhapura urban phase is 

therefore contemporary with the main period of tank use within the surrounding 

countryside. This has suggested an alternative pathway to irrigated rice agriculture 

than Buddhism, as above (2.2.1). 

The Iron Age and Early Historic archaeology of Sri Lanka is characterised by 

international trade as Sri Lanka grew into an important Indian Ocean hub. The 

ports of Sri Lanka (of which Mantai was a main destination) became major 

entrepot trading centres, drawing merchants from both East and West to trade at 

this central point. Many of the excavated settlements dating to the Early Historic 

Period are coastal ports. Coins from northern India (Tomber 2008) and Rome 

appear in the archaeological record by this point (Carswell et al. 2013, 

Coningham 2006). Early Islamic pottery and glass ware have been found from a 
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variety of sites including Tissamaharama, Anuradhapura and Mantai (Carswell et 

al. 2013, Coningham 2006, Schenk 2001). In addition, Chinese and Southeast 

Asian ceramics have been recovered at Mantai c.750 AD (Carswell et al. 2013). 

This trade gave Sri Lanka great prominence within the mercantile world and early 

texts often exaggerated the size and utopian aspects of the island, then known as 

Taprobane by the Greeks and Romans (e.g. Pliny and Rackham 1938a). 

Figure 21: Left: Major tanks of the dry zone in Sri Lanka, based on Farmer (1950). Right: 
Major and minor tanks of the Anuradhapura area, from Myrdal-Runebjer (1996).

Buddhism and Buddhist monasteries became dominant forces within Sri Lanka 

after 100 BC and the archaeology of the island is deeply coloured by stupas, 

monasteries, rock shelters, inscriptions, dedications, temples and shrines. 

Irrigation tanks also proliferated to become densely scattered across the landscape 

(figure 21). Patronage systems which saw the maintenance of irrigation structures 

by monks in exchange for a share of the rice harvest facilitated a proliferation in 

irrigated rice agriculture across the dry zone (Shaw and Sutcliffe 2003, 

Gunawardana 1971). No agricultural villages or smaller settlement sites have been 
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excavated in Sri Lanka, and so sources on the agricultural life of the island are 

largely limited to texts. Whilst these inform us of the importance of rice in ritual 

and celebration (Smith 2006), they also refer to the importance of irrigation or the 

construction of irrigation infrastructure. For example, the construction of 

Anuradhapura dam is documented as starting c.300-200 BC (Haggerty and 

Coningham 1999) and numerous inscriptions record the construction and repair 

of dams, canals, sluices and reservoirs across the dry zones of Sri Lanka by local 

leaders from c.200 BC onwards (Smith 2006, Dikshit 1986). This construction 

reached a peak c.300 AD with inscriptions in the dry zone bragging of three rice 

harvests per year (Gunawardana 1971). There is no doubt, therefore, that irrigation 

was very important and so we can assume that these irrigation networks were 

established to support high yielding wet rice agriculture.  

2.4 The sites 

This section will describe in detail the sites that will be examined as part of this 

thesis (figure 2). The results of previous excavations will be discussed as well as 

specific findings relevant to this project. Images of each site, section drawings and 

plans (when available) can be found in appendix 2. 

2.4.1 Tokwa 
Tokwa is situated in Mirzapur district, Uttar Pradesh, on the confluence of the 

Belan and Adwa rivers. It is associated with a group of Neolithic sites all with 

evidence of early settlement and early rice farming, including Koldihwa, 

Mahagara, Senuwar and Malhar. This group is named the Vindhyan Neolithic 

Culture after the Vindhyan mountain range. Tokwa is a settlement mound that 

covers approximately 2.7 hectares (Misra et al. 2000-2001). The site was 

excavated in 2000 by Pal, Gupta and Misra of the University of Allahabad. Two 

trenches (H8 and H9) measuring 5m² each were excavated down to 4m below the 

surface level. Additionally a smaller trench was excavated- C9. Deposits spanned 

the Neolithic (layers 8-16, trench H8), Chalcolithic (layers 5-7, trench H8) and the 

Iron Age (layers 1-4, trench H8). 
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 Figure 22: The Tokwa settlement mound (left) and the layout of the trenches (right), 
presumably showing H8 and H9 in the process of being excavated at the far right of the 

image and I8 and I9 to the left, which were excavated in 2002/2003. Images from 
Pokharia (2008).

Circular or oval structures delineated by postholes were uncovered from the 

Neolithic and Chalcolithic phases of the site, and hearths were present within 

some of these. Artefacts from the Neolithic period include bone arrowheads, 

beads made from semi-precious stone and terracotta, querns and cord impressed 

pottery. Rusticated, burnished red and black ware were also recovered from this 

phase. The Chalcolithic period saw a new range of pottery types used at the site 

which are described as representing an identical assemblage to those from other 

Vindhyan sites including Koldihwa and Magha. In addition to these black-and-red, 

black slip and red wares, bone arrow heads, copper objects, querns, hammer 

stones and stone flakes have been reported. Many pits were dug during this phase 

and these may have been used for food storage; although “some [plant] remains” 

have been recovered from inside these pits, no further details are available 

(Pokharia 2008). Similar finds are reported from the Iron Age phase at Tokwa, but 

in addition to these iron objects and glass bangles were also recovered. There also 

appears to have been a change in dwelling structure, with the appearance of 

“structural hearths” (Misra et al. 2000-2001) 

Archaeobotanical analysis was carried out on flotation samples by Anil Pokharia 

(2008), but Prof. Fuller also obtained some macrobotanic and phytolith samples 

from the excavation. These samples will be investigated as part of this PhD. The 

published report of the macroobotanical analysis carried out by Dr. Pokharia did 

not include count or ubiquity data, but did identify Oryza sativa, hulled barley 

 70



Background

(Hordeum vulgare), bread wheat (Triticum aestivum), lentil (Lens culinaris), pea 

(Pisum arvense), horse gram (Macrotyloma uniflorum), mung bean (Vigna radiata), 

linseed (Linum usitatissiumum) and mustard (Brassica juncea), as well as weed 

seeds of Chenopodiun album, Fimbristylis sp., Setaria cf glauca (= Setaria pumilla) 

and Vicia sativa (Pokharia 2008). Barley, wheat, pea, lentil and linseed are a 

Harappan complex of crops, indicating a connection with communities further 

west. They are also winter crops and, as rice is a summer crop, their presence at 

Tokwa represents the establishment of a year round cultivation system. The 

adoption of both summer and winter crops may have been the mechanism of 

change that brought about permanent settlement in the Gangetic Plains of India.  

Pokharia (2008) states that all of the reported plant remains are Neolithic, but this 

is based on unreliable radiocarbon dates derived from charcoal fragments, as 

follows: 5976-5561 calBC, 1860-1622 calBC and 1685-1464 calBC.  In addition 

these dates were not in clear stratigraphic sequence. In addition to the 

unreliability of charcoal fragments for radiocarbon dating, there is evidence that 

the deposits may have been mixed at the sloping edges of the site where the 

samples were taken (Pokharia 2008). The similarities between Tokwa and other 

(better dated) Vindhyan Neolithic sites, however, mean that it can be safely placed 

between 3000-4000 years BP (Pokharia 2008, Harvey 2006). 

2.4.2 Golbai Sasan and Gopalpur 
Golbai Sasan and Gopalpur are situated near to Chilka Lake in Odisha, with 

Golbai Sasan in Khurda district and Gopalpur in Nayagarh district (appendix 2). 

Macrobotanical and phytolith samples from both Golbai Sasan and Gopalpur 

were studied by Emma Harvey in her PhD “Early agricultural communities in 

Northern and Eastern India” and a new trenches at Golbai Sasan was sampled by 

myself in February 2011 during Prof. Mohanty’s excavations of that year. The sites 

are the same in many ways. They are large, highly stratified settlement mounds 

situated close to rivers near the transition from hilly escarpments to the west and 

the flat alluvial coastal plains to the east, and are type sites of the Eastern 

Wetlands Tradition. 

Pottery recovered from both sites includes red and grey ware, indicating that the 

earliest levels are Neolithic (c. 2500-1200 BC). The latest levels are dated to the  
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Figure 23:  A Google Earth screen shot showing the floodplain of the Mahanadi River 
and the location of Golbai Sasan and Gopalpur.  The vast expanse of Chilka lake can be 

seen below the two sites. Site location maps can be found in appendix 2.

Iron Age (c.500 BC-500 AD), on the basis of small finds typology, including 

pottery and iron objects (Kar 2000, Sinha 2000, Kar et al. 1998, Mohanty 1994). 

Archaeobotanical samples therefore derive from continuously occupied sites 

spanning the period of early rice cultivation, through to established rice-based 

economies. 

Golbai Sasan and Gopalpur were both radiocarbon dated by Harvey (2006). 

Samples were taken from deposits up to 6 metres deep, yet an age range of only c.

1270 to 1000 BC for Golbai Sasan and c.1400-1050 BC for Gopalpur was 
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obtained. Harvey suggested that the contexts dated may have represented mixed 

deposits due to slumping caused by a heavy rainfall (see op. cit.), therefore during 

the 2011 series of excavations at Golbai Sasan trenches were cut deep into the 

settlement mound in order to avoid mixed, slumped material (figure 24). A full 

sequence of radiocarbon dates from discrete rice grains recovered and identified 

as part of this PhD was included as one of the objectives of this excavation. 

Golbai Sasan is situated on the banks of River Mandakini and the settlement 

mound itself is bisected by a path that leads from the village to Mandakini.  

 

Figure 24:  2003 sections at Gopalpur (left) and Golbai Sasan (right). Images from 
Harvey (2006).

Postholes, possible clay floors, pieces of antler and worked bone tools have been 

identified within the Neolithic layers of the site, as well as a possible boundary 

wall around the site made from stone rubble and mud (Sinha 2000). Following the  

Neolithic levels, a Chalcolithic period began characterised by bone, antler and 

copper tools, including bone harpoons and digging sticks, plus wheel thrown 
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Figure 25: The 2011 excavations.  Left: Trenches C, D, E and F.  Right: Prof. Mohanty and 
trench D under excavation in the foreground, and trenches I and J in the background.

pottery with red, black and chocolate slips. Circular huts with diameters of 

between 3.9m and 7.9m, and with central partitions marked by small postholes, 

were identified belonging to this period. Many of these huts had a hearth located 

on one side. Other notable finds include earrings made from fish vertebrae and 

human-like terracotta figurines. Faunal remains included cattle and sheep/goat, 

plus wild pig and deer. A Chalcolithic burial was also reported by Sinha (2000). A 

child of approximately 10 years old who had been buried under the floor of a hut 

was excavated and found with a copper bangle on their right wrist. Their head is 

reported as having been severed prior to burial. 

During the Early Iron Age (c.1000 BC) the settlement appears to have entered a 

decline. Pottery becomes poorly manufactured and the number of finds reduce. 

Post holes were identified but no hut plans were recovered. The tool assemblage 

remained the same, with significant numbers of bone, antler and stone tools, but 

one iron celt was found that appears to have been made fairly crudely, leading to 

the suggestion that the maker was not familiar with iron technologies.  

Detailed knowledge of the agricultural economy comes from Dr. Harvey’s PhD 

thesis (Harvey 2006). She analysed both macrobotanical and phytolith samples 

from the Chalcolithic-Iron Age phases of the site and recovered evidence for rice 
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(Oryza sp.), pulses (Vigna radiata, Macrotyloma sp. and Cajanus sp.) and millets 

(Bracharia ramosa, Setaria sp. Paspalum sp.). Phytolith evidence indicated that 

crop processing occurred offsite, perhaps as a communal task. As with the small 

finds evidence, Harvey (2006) notes that sample density increases in the middle 

phase of the site, suggesting that the densest occupation may have occurred 

during this period. 

Figure 26:  A preserved 
wattle and daub fragment.

Gopalpur is situated on the Khatiari stream, approximately 45 miles south of 

Bhubaneswar city, and is also known as Jagati mound. The stream has eroded part 

of the mound revealing the stratified deposits in the cliff edge (figure 27).  Unlike 

Golbai Sasan, Gopalpur has never been systematically excavated. Surface finds  

Figure 27:  The eroded cliff edge of Gopalpur.
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Excavations conducted in 2011 were the most 

extensive to have been conducted at this site thus far. 

They revealed a 15m thick habitation sequence, from 

c.2m below the surface level upwards to 13m above. 

The results have not yet been published, but the 

findings corroborate those of Sinha (2000). In addition, 

fairly large fragments of bamboo wattle and daub of up 

to 15 cm in width and length were recovered giving 

insight into building construction (e.g. figure 26).
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have been reported but, which show much similarity with Golbai Sasan (Kar 

2000). Lithics, ceramics and faunal remains all correspond with those from Golbai 

Sasan, however no bone tools or iron artefacts have been reported from Gopalpur. 

Oryza sp., Macrotyloma uniflorium, Cajanus cajan, Setaria sp., little millet 

(Panicum sumatrense) and Paspalum sp. were all recovered and identified by 

Harvey (2006). Interestingly, the results showed that pulses dominated the earliest 

levels and rice dominated the latest. This could perhaps correspond with the 

transitions from the Chalcolithic (often termed the ‘Osteochalcolithic’ in 

excavation reports from sites within the area) to the Iron Age, but an excavation of 

the site would have to be undertaken to prove this. Equally intriguingly, this could 

also represent a change in the type of rice cultivation system employed. Again, a 

communal strategy for rice crop processing has been indicated by the phytolith 

results, which does not appear to have changed throughout the sequence. 

Interestingly, the lack of winter crops at these Odishan sites represents a regional 

anomaly within India and, perhaps, an independent branch of agricultural 

development and rice systems. This is in contrast to the combination of winter 

crops and rice found in the contemporary Ganges valley, as well as the 

combination of winter crops and native millets and pulses on the Deccan plateau 

(see above). In addition, the change from pulse to rice dominated economy at 

Gopalpur could represent a change in the rice cultivation system employed and 

an increase in rice yields resulting from this. 

2.4.3 Kodumanal and Perur 
Two sites from Tamil Nadu: Kodumanal and Perur, were sampled for 

archaeobotanical remains in 2002 by Prof. Fuller. The presence of Russet-Coated 

Ware at each site indicates their contemporaneity and Early Historic date (Cooke 

et al. 2005). 

Kodumanal is one of the most important and better excavated sites of South India. 

The large settlement site on the bank of the Noyyal river is associated with 
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Figure 28:  A Megalithic cairn burial at Kodumanal, excavated by Tamil Nadu State 
Department of Archaeology, in collaboration with the Tamil University. Image belongs 

to the Tamil Nadu State Department of Archaeology.

extensive burials and megalithic cairns (figure 28). Over 150 have been excavated 

in cemeteries to the east and north-east of the habitation area (Mushrif-Tripathy et 

al. 2011). The discovery of pottery with Tamil script in deposits dated to c. 500BC 

is one of the earliest in South India and could, alongside evidence from Porunthal, 

lead to a change in the known chronology of the area (Singh 2008).  

Kodumanal has yielded a rich assemblage of small finds, including gemstones, 

lapis lazuli, Rouletted Ware and a single Roman coin, confirming its role as an 

important settlement on an ancient trade route (Rajan 1997). The site was 

excavated in 2002 by Dr. Rajan of Pondicherry University and it was sampled for 

macrobotanical remains and phytoliths by Fuller from a single trench. The 

macrobotanical samples were analysed by Cooke (Cooke et al. 2005) but the 

phytolith samples have not yet been investigated. Flotation samples revealed a 

pulse dominant economy of Vigna radiata, Vigna mungo, Lablab sp. and 

Macrotyloma sp..  Oryza sp., millets (Brachiaria ramosa and Panicum sumatrese) 

and cotton (Gossypium sp.) were also recovered along with a selection of weed 

seeds (Cooke et al. 2005). The cultivation of rice would have required irrigation 

due to the relative weakness of the summer monsoon in this area, and the 

presence of sedges within the weed assemblage is suggested to support this (op. 

cit.).  
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The Panicum sp. recovered from Kodumanal may in fact be a rice weed and 

phytolith analysis could clarify this as it may be possible to identify millet crop 

processing waste. If it is a rice weed it will have interesting implications with 

regards to the development and translocation of the two crops together. 

Perur is a settlement site situated on the southern bank of Noyil River, near 

Coimbatore city and covers an area of around “3-25 hectares” (Shetty 2003). Five 

trenches were dug in 2002 by Tamil Nadu State Archaeology Department (op. cit.) 

and macrobotanical and phytolith samples were collected by Prof. Fuller. Again, 

the macrobotanical samples were analysed by Miriam Cooke (Cooke et al. 2005) 

however the phytolith samples have not yet been investigated. The earliest levels 

at Perur are from the beginning of Early Historic period and contain Megalithic 

pottery including black-and-red ware and red ware. The second phase is placed at 

300-600 AD and is identified by the presence of Russet Coated Painted Ware and 

the latter introduction of Blackish Grey Ware. Shell bangles, agate, carnelian, shell 

and glass beads; an iron arrowhead and axe; and smoking pipes were also 

recovered from this phase (Shetty 2003). Phytolith samples from this site come 

from trench PRR-2 (see appendix 2) and the second half of the Early Historic 

phase. They therefore date to a period in which irrigation systems were used 

within the subcontinent.  

Macroobotanical analysis revealed that Oryza sp., Panicum sp., Vigna mungo, 

Macrotyloma sp. and Gossypium sp. were all being grown at the site (Cooke et al. 

2005). Perur has the highest quantity of rice of the Tamil Nadu sites investigated 

by Cooke et al. (2005) and it has been suggested that this is due to its location in 

an area of fertile soils and slightly higher rainfall. The rice systems used at this site 

may therefore show contrast to those of Kodumanal despite being culturally 

similar, as well as to Golbai Sasan, Gopalpur and Tokwa, all from areas with 

higher levels of summer monsoon rainfall. 

2.4.4 Mantai 
Mantai is an Early Historic fortified port and city site situated in Mannar, Sri 

Lanka. It is the most southerly of the sites investigated during this project and the  
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Figure 29: Site plan of Mantai. Image from Carswell et al. (2013).

only one from Sri Lanka. Mantai was likely the most important port of Sri Lanka, 

also known as Mahatittha (Pali), Matota (Singhalese) and Mantottan (Tamil), and 

linked to a complex system of trade routes both within South Asia (particularly 

India) and the rest of the old world. It was thus one of the most important ports in 
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the Indian Ocean in the Early Historic- Medieval period (c.200 BC-1000AD). The 

growth of the port is linked to the near global development of international trade 

during the Early Historic period, which reached a peak at Mantai c.750 AD, and 

to the rise of Sri Lanka as a major Indian Ocean trading centre. It’s location within 

the navigable channels of the Palk Strait allowed goods to be carried over the 

north of the island instead of travelling around the south coast, and so the port of 

Mantai initially drew the custom of trading ships by reducing their transport costs 

(Shinde 1987). Mantai became a key trading centre in its own right, with goods 

from the East being bought and traded with those from the West by merchants 

from as far away as Rome and China, but also from East and West India. 

Subsequently, it is a very different site to those above, and through the course of 

its life came to have a large, urban, and probably multicultural, population 

(Carswell 2013).  

The extent to which the growth of the Anuradhapura kingdom can be attributed to 

the growth of the entrepôt ports of Sri Lanka is not clear, but the development of 

urbanism in Sri Lanka has been linked to growth in mercantile trade by Tapar 

(2002). Certainly much of the wealth of the kingdom can be attributed to 

mercantile shipping. Traces of an ancient river bed suggest that a channel of the 

Malwatu Oya may have run close to the site of Mantai and allowed for river traffic 

between the port and Anuradhapura from c.250 BC (Kiribamune 2013). At this 

time Anuradhapura was the capital city of the Anuradhapura Kingdom (377 

BC-1017 AD), with a centralised administration and control over many other 

regions of the island (Deraniyagala 1990, Coningham et al. 1999), but also 

developed its own successful, multi-cultural, trading centre (see Seneviratne 2008 

p.188). Revenue raised from Mantai, either directly through taxes or indirectly in 

trade, was highly valuable to the Anuradhapura Kingdom which sought to 

maintain control of the port despite pressure from Tamil polities (De Silva 2005, 

Siriweera 2002). 
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Without doubt the most remarkable feature of the Mantai archaeology is the 

variety in finds. Coins from the Roman Empire; glass work from the Mediterranean 

Figure 30: A locally 
manufactured clay head 
from Mantai. Image from 

Carswell et al. (2013)

and Vigna radiata have also been identified. Unfortunately neither counts nor 

ubiquities have been published so it is not possible to assess their relative 

importance, however Kajale does mention that rice grains have a higher 

representation than the other crops and was likely the staple crop. It is also 

suggested that the wheat, barley and millets may have been imported. Another 

species which was definitely an import, pepper (Piper sp.), has also been 

identified from the Mantai assemblages and designated as a trade good. 

The site was excavated between 1980 and 1984 by an international team of 

researchers. 106 macrobotanic samples were analysed by Prof. Kajale in 1990, 

from the Early Historic to Medieval period (Kajale 2013, 1990). The site was re-

excavated by the Sri Lankan Department of Archaeology as part of the SEALINKS 

project, co-ordinated by the University of Oxford, in 2009 and macrobotanical 

and phytolith samples were collected by Prof. Fuller for analysis by myself as part 

of this PhD. A study of the artefacts from the 2009 excavation is being undertaken 

by Wijerathne Bohingamuwa as part of his D.Phil thesis at Oxford University. 

The results of previous excavation in the 1980's have recently been published 

after a period which saw civil war in Sri Lanka (Carswell et al. 2013). The 
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(possibly pre-Islamic Southwest Asian); Islamic, East Asian 

and Southeast Asian stoneware; Indian pottery; beads 

from the Roman Empire, Early Medieval Islamic states, 

India and Southeast Asia; glass bangles, perhaps from 

India and the Mediterranean; and of course locally crafted 

artefacts including shell bangles, copper rings, figurines, 

pottery, querns, semi-precious stone beads, iron sheets 

and building materials. 

The agricultural base for this growth appears to have been 

based around rice (Kajale 2013, 1990), but Triticum sp., 

Hordeum vulgare, Sorghum sp., Setaria sp., Vigna mungo
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earliest excavated period of occupation at the site was Mesolithic and the scatter 

of stone tools identified represent "a microlith industry of the very highest 

quality" (Deraniyagala 2013). A considerable layer of wind blown sand and then 

beach sand covers the Mesolithic deposits after which the main sequence of 

occupation begins sometime before c.200 AD, in the Early Historic Period. This 

date has been given by radiocarbon dating charcoal from a timber framed 

structure that lies on top of the earliest material, but coins and pottery found in the 

earliest material date to c.100-300 BC (Graham 2013). The site grew over the next 

thousand years to become a large and important port, with the settlement 

surrounded by double bank and moat defences and 

Figure 31: Lined ring-well at 
Mantai. Image from Carswell et 

al. (2013).

the representation of rice within the samples c.100 AD. Several ring-wells have 

also been found at and surrounding the site, however it is not clear when these 

were constructed. One from inside the central building complex is lined with fired 

clay rings and was excavated down to 2m deep, but may be deeper.  

During the 2009-2010 excavation 10 metres of archaeological deposits were 

excavated, down to Mesolithic contexts (Bohingamuwa, pers comms.). 

Macrobotanical and phytolith samples have been recovered from every phase and 

from nearly every context for analysis as part of this PhD. Despite the depth of 

knowledge available for Medieval Mantai, little is yet known about the 

archaeobotany, particularly of the earlier phases. Equally, little is known about the 

archaeobotany of Sri Lanka as a whole. This site will provide evidence regarding 
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containing a large central building complex and 

clay ring wells (figure 31). A large tank ('giant's 

tank') situated 10.4 km to the south of the site is 

dated to the 6th century AD, presumably by an 

inscription, and feeds many of the smaller tanks 

near the present-day site. Other tanks in the area 

are documented as having been built by King 

Vasabha of 67-111 AD (Kiribamune 2013). It will 

therefore be interesting to see if the archaeobotany 

reflects this in any way, perhaps with a change in
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the initial introduction of rice to Sri Lanka, and test the hypothesis that rice 

agriculture had adapted to irrigated systems prior to being adopted on the island.  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3.0 Rice cultivation systems, or how many 

ways can you tie a shoe lace? 

Rice is grown across Asia in a large variety of cultivation systems. From dry 

upland, to irrigated lowland, decrue and saline conditions, Oryza has been 

adapted to grow almost wherever it is planted. Crossing domestic varieties with 

local wild species and sub species has allowed the creation of specific varieties 

for specific environments. It is estimated that the number of traditional lowland 

rainfed cultivars in South Asia alone tops 10,000 (Mackill et al. 1996). Because of 

the range of growing conditions found in rice production it can be difficult to 

identify and define specific cultivation systems. To overcome this, it can be useful 

to look at the initial stages of field preparation and planting. The International Rice 

Research Institute (IRRI) takes this approach and identifies 6 cultivation systems as 

follows (for example see IRRI 2014): 

Irrigated - Dry direct seeding 

    - Wet direct seeding 

    - Transplanting 

The principal difference between these groups of cultivation systems is one of 

human labour input- the construction and management of irrigation networks vs. 

relying on natural phenomena, such as rivers or low lying flooding land. Irrigated 

fields allow for the regulation and control of water throughout the growing period. 

A constant source of water is needed, such as a river or a dammed water body 

(tanks are common across South Asia). Rainfed fields rely on water from seasonal 

rains and often become dry during the dry season, however those close to streams 

may stay damp. Consequently another difference between the systems is the 

amount of risk involved in raising a crop to harvest, with those relying on rainfall 

more vulnerable to drought for example, depending on the variety cultivated. 
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   - Transplanting
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Figure 32:  Young broadcast sown rice in an irrigated field system, Odisha 2011.

Figure 33: Rainfed rice fields in lowland Odisha, 2010.
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Figure 34:  A rainfed upland rice field, Odisha 2011.
 

Figure 35: Decrue cultivation. Rice broadcast sown into a seasonally flooded pond in 
Odisha, 2010.
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Dry direct seeding is the most common way of seeding a field. The seeds are 

broadcast sown or sown in rows, either by hand or with machines, onto a dry 

field which is then later flooded. This method requires very little labour and so 

allows the crop to be sown in time to take advantage of early rainfall. Wet direct 

seeding involves seeding a field which has already been partially flooded, either 

by seasonal rains or using irrigation networks. The annual inundation of wet fields 

not only provides nutrients, but also reduces weed growth. Again, seeds may be 

broadcast sown or sown in rows but they also need to be germinated before hand 

to avoid them rotting in situ. Transplanting calls for seedlings to be raised in 

nursery beds, then removed and transplanted into flooded fields. This is a very 

labour intensive method but dramatically reduces weeds and increases yields. 

As with most classification systems there are some cultivation types that cannot be 

easily placed into IRRI’s main categories. Somewhere between the above 

classifications lies decrue farming. These systems can be found in areas of 

naturally flooded land, for example river flood plains or the edges of seasonal 

ponds and lakes, and are often broadcast sown directly into the waters. These 

fields are effectively deep-water irrigated systems, but via natural rainfall and 

therefore are more vulnerable to seasonal changes. One of the challenges of 

decrue farming is growing the same crop within different levels of water, which 

can range from 20cm to over 1m deep. Similar to this is deepwater cultivation, 

which involves growing rice within lakes and ponds at around a depth of 1m or 

above. A familiar example of this type of rice system, although within a wild 

gathered context, comes from the New World, where canoe based wild rice 

harvesting by native American groups 

living within the Great Lakes area is well 

documented historically and is still 

practised (e.g. Curve Lake First Nation 

Territory 2012, Jenks 1901). Within South 

Asia, particularly the uplands, dry field 

farming can also be found. This is a form 

of rainfed cultivation, but it uses very  

Figure 36:  Wild rice harvest at Curve Lake. 
(Image from Curve Lake First Nation Territory 2012)
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little rain simply because it is unavailable. The crops used in these systems tend to 

be lower yielding, drought resistant breeds, grown in smaller fields or within 

shifting cultivation regimes, sometimes alongside drought tolerant millet crops. 

Saline tolerant rice varieties are currently having a resurgence as higher sea levels 

are increasingly causing lowland coastal flooding. Many traditional varieties of 

rice are being rediscovered and, although they are often lower yielding than other 

rice breeds, their cultivation in areas such as Indian Ocean Tsunami affected Sri 

Lanka is increasing (Practical Action 2014). In Kerala, India, rice cultivation on 

saline soils is a traditional practise known as kaipad farming (Chandramohanan 

and Mohanan 2012). Here, rice is grown on coastal lowlands which are bunded 

to create damns to tidal water during the growing season. With the input of the 

South West Monsoon rains salinity drops to as low as 1.6 mmhos/cm, which still 

represents a high soil salinity. After harvest, the bunds are removed to allow tidal 

waters, fish and prawns to enter the field, where the prawns are then raised on the 

remaining rice stubble. 5 varieties of rice are traditionally cultivated in kaipad 

fields and, after generations of breeding, are all largely resistant to the diseases 

and pests associated with kaipad conditions (op. cit.). These adaptations to three 

extremely different environments clearly demonstrates how versatile Oryza sp., 

and how diverse its cultivation systems, can be.  

For the purposes of this study the IRRI classifications are inappropriate as the 

factor that often has the most effect on the ecology of a rice field is water 

availability. More (or very little) water often means less weeds, but also 

dramatically influences the number and type of species present within the field. 

As an extreme example, Nymphaea sp. is often found within irrigated fields, and 

particularly within deepwater systems, but, as an aquatic plant, cannot grow in 

dry fields. Grasses, however, can struggle to grow in flooded fields but can quickly 

overtake a drier crop. Another way to classify rice cultivation systems is therefore 

through water availability (figure 37). This is a more ecological approach and is 

very useful in analysing archaeological weed assemblages in order to build up an 

initial picture of cultivation systems. Including altitude adds a further ecological 

dimension, not only in terms of the natural range of plant species but it also 

indirectly distinguishes between environments  with a reduced human impact  
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Figure 37: Rice cultivation systems classified according to elevation and water 
availability, as developed by Fuller et al. (2011b).

(e.g. uplands, mountains) and man made environments (e.g. lowlands, alluvial 

plains). Within this classification system human agency in controlling water 

resources or seed distribution is a secondary characteristic. This system has 

routinely been used by Dorian Fuller and colleagues, including within 

archaeobotanical analysis of ancient cultivation systems in Asia where it has been 

proved to provide a useful way in which to examine weed assemblages 

(Weisskopf et al. 2013, Fuller and Qin 2009) and will be used by this research 

project. 

3.1 The many weeds of rice 

Rice weeds can be completely devastating to a crop. They may carry a suite of 

adaptive characteristics including fast growth, large seeds, deep root systems and 

phenotypic plasticity, which allow the plant to take complete advantage of any 

favourable ecological conditions, at the expense of the crop. Rice yield losses of 

up to 95% are well documented in the agricultural literature (e.g. Singh et al. 

2008, IRRI, Nanda and Agrawal 2006, Ampong-Nyarko and De Datta 1991). 

Perennial weeds, for example many sedges and grasses, can often reproduce 

sexually and vegetatively, making them very successful, particularly as vegetative 
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parts are often found deeper in the soil than seeds and thus are not so affected by 

being ploughed under. Of archaeobotanical interest is that seed production can be 

very impressive; for example Echincloa colona may produce 100,000 seeds/plant, 

Commelina benghalensis 1,600 seeds/plant, Amaranthus spp 196,000 seeds/plant 

(Ampong-Nyarko and De Datta 1991). One would therefore expect to find weed 

seeds within crop processing waste.  

The two edged sword of rice (Oyza sativa spp.) as a crop is that it easily breeds 

with other Oryza species. This has produced a wide variety of cultivars that are 

perfectly adapted to local, and in some cases hostile, environments. However, one 

of the major weeds of rice crops is rice itself and cross pollination has had 

disastrous effects on some crops.Oryza sp. can be found anywhere that domestic 

rice varieties are grown. Weedy rice represents a group of species, including 

Oryza nivara and Oryza rufipogon and, due to the large variety in rice breeds, 

Oryza sativa f. spontanea often becomes a problematic weed. Weedy rice forms 

can easily pose as crop rice and decrease yields by huge amounts and, as its 

presence can go unnoticed, cross pollination can have the negative effect of 

reducing the genetic quality of seed and therefore the next year’s crop. For some 

people, however, this is less of an issue as they only cultivate wild rices. These 

groups, apart from the slow food movement agriculturalists, are often engaged in 

shifting cultivation (see appendix 1). 

Transplanting rice into irrigated fields (or flooding fields in the early stages of 

growth) dramatically reduces competition from weeds, but weeding is still 

required to reduce yield loss. Weeding becomes increasingly difficult as the crop 

grows; the critical weeding period occurs between when the crop has sprouted 

and when it is approximately 2 months old. During this period competition from 

weeds can have a severe effect on young rice plants, however after this the 

established rice plants can overpower weed growth.  Rice weeds include several 

species that are almost ubiquitous across every cultivation system. The most 

serious weeds, particularly of lowland rice, are pan-tropical (Nanda and Agrawal 

2006).  IRRI identifies a “dirty dozen” of rice weeds which occur globally (table 

1). In addition to these, a brief review of agricultural literature identifies 62 other 
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species common across Asia (IRRI.org, WeedSmart 2014, Krishna 2010, Singh and 

Walia 2010, Gallinato et al. 1999, Sahu 1992, Moody 1989, Matthew 1988, 

Jacquot and Courtois 1987, Sharma et al 1987, Soerjani et al. 1987, Noda et al. 

1985, Tadulingam and Ventatanarayana 1985, Saldanha 1984, Nasir and Ali 1982, 

Haines 1925) (summarised in table 2).  

Table1: IRRI’s “dirty dozen” weeds of cultivated rice.

Within India, upland rice is affected by a specific suite of weeds including 

Digitaria, Echinochloa, Eleusine, Paspalum, Commelina, Ageratum, Portulaca, 

Amaranthus and Euphorbia. The types of weeds found in upland systems are more 

varied than that of lowland fields, perhaps due to the fact that upland rice varieties 

compete poorly with weeds (Nanda and Agrawal 2006). Lowland rice systems are 

particularly affected by sedges and grasses including Cyperus, Fimbristylis and 

Scirpus, Echinochloa, Ischaemum and Oryza. In addition, Ludwigia and Eclipta 

can often be found within lowland fields (ibid, Kaul 1986). Several of these 

weeds, including Echinochloa and other small millets, are mimic weeds. In the 

early stages of growth these weeds look very similar to rice and therefore make 

weeding difficult. Paspalum scrobiculatum, for example, was found in every 

Species Irrigated Rainfed

Cyperus iria x x

Cyperus difformis x

Echinochloa colonum x

Echinochloa crus-galli x

Eclipta prostrata x x

Fimbristylis miliacea x

Ischaemum rugosum x x

Leptochloa chinensis x x

Ludwigia hyssopifolia x

Oryza sativa f. spontanea x x

Schoenoplectus juncoides x

Sphenoclea zeylanica x x
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Table 2: Some common weeds of the different rice cultivation systems. U = upland R = 
rainfed I = irrigated F/D = flooded/decrue. (Based on Fuller and Qin 2009, Moody 1989 

and taxa commonly identified during modern rice field surveys.)

Genera U R I F/D Genera U R I F/D

Aeschynomene x Hymenachne x

Ageratum x x Ilysanthes x

Amaranthus x x Imperata x

Arundinella x Ipomoea x x x

Atylosia x Ischaemum x x

Bidens x Leersia x x x

Borreria x Leptochloa x x

Brachiaria x Lindermia x

Celosia x Melochia x x

Centell x Mimosa x

Chionachne x Monochoria x

Chrysopogon x Mollugo x

Cloris x Murdannia x

Coix x Neptunia x

Commelina x x x Nymphoides x x

Crassocephalum x Oldenlandia x

Crypsis x Oryza x x x

Cyanotis x Panicum x x x

Cynodon x x Paspalum x

Cyperus x x x Paspalidium

Dactyloctenium x Pennisetum x

Digitaria x x x Phyllanthus x

Eclipta x Polygonum x x

Echinochloa x x x Portulaca x x

Eichornia x x Psilotrichum x

Eleusine x x Scirpus x x x

Eleocharis x x Scoparia x

Emilia x Setaria x

Eragrostis x Sida x

Euphorbia x x Syndrella x

Fimbristylis x x Trianthema x x

Hydrilla x x Tridax x
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mature upland rice field during surveys conducted in Odisha in the late 1980s by 

Kobayashi and Sakamoto (1990), as it had not been removed during routine 

weeding. 

There are therefore some clear differences in the weed assemblages between 

irrigated and rainfed, and upland and lowland cultivation systems. Whilst these 

tend to be most visible at the extreme ends of the spectrum, the large suite of 

weed species found in rice cultivation systems may allow for a sensitive 

reconstruction of archaeological cultivation systems. With so many weed species, 

each with its own preferred habitat, the chances of building up a detailed picture 

of the ecological conditions of their growth increase. It is important, however, to 

maintain appreciation of the cosmopolitan nature of some species. Therefore any 

analysis of the weed data will have to ensure to take account of the assemblages 

as a whole. Below (figure 38) are weed profiles for the different cultivation 

systems that may be encountered as part of this project. Based on the literature 

review it is expected that differentiating between flooded/decrue fields and 

 

Figure 38:  Example weed profiles for the predominant rice cultivation systems found in 
South Asia.
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irrigated paddy fields using macrobotanic data will be, at best, difficult. However, 

it should be possible to identify dry upland cultivation, lowland rainfed, decrue-

irrigated and deepwater cultivation systems based on the presence of key weeds. 

In addition, correspondence analysis of phytolith samples from China has been 

shown to differentiate between samples from decrue, irrigated and rainfed 

cultivation systems (as discussed above, Weisskopf et al. 2013), and also to 

highlight relatively discreet changes in weed floras that occurred alongside the 

evolution of paddy fields in China (Fuller and Weisskopf 2011). 

3.2 Wild rice cultivation 

As outlined in the previous chapter, there is significant evidence to argue that 

India saw a protracted period of wild rice cultivation and management before the 

emergence of domestic rice. The cultivation of wild rices (Oryza granulata, Oryza 

nivara, Oryza officianalis, Oryza rufipogon) in South Asia today is rare. Anecdotal 

evidence for the management of wild rices by tribal groups has not been proved 

during fieldwork for either the rice field surveys or excavation undertaken as part 

of this project. Neither has it been possible to find sources documenting this that 

provide data which could be used during this research. However, it is not possible 

to rule out the cultivation of wild rices in modern India. Several sources refer to 

the medicinal uses of wild rice, its use during religious ceremonies and the 

tastiness of wild rice, especially those that are interested in local traditional 

knowledge (Deepa et al. 2008, Upadhay et al. 2007). Other papers report that 

wild rice species are regularly harvested and eaten alongside a domestic crop, by 

“resource poor and tribal people”  (Mishra 2009). Whether it is cultivated or not, it 

is frequently incorporated into domestic crops in small scale farming practices. 

Within these practices wild rice is harvested, processed and consumed together 

with domestic varieties. As a result, archaeobotanical evidence for wild rice 

within these systems could only be pinpointed by direct evidence of the wild rice 

itself, either the grains or spikelet bases. Although it is not expected that wild rice 

cultivation was in practice at any of the sites investigated as part of this project, it 

is worth noting that the weeds of wild rice cultivation would likely be similar to 

the weeds of domestic rice shifting cultivation or upland agriculture. Both of these 
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systems typically have lower levels of weeding or fertilising than in other 

cultivation systems due to the inaccessibility of the fields or mobile lifestyles. 

 
3.3 Modern patterns 
of rice cultivation 
 

Figure 39:  1999-2000 district maps of a) the 
fraction of rice that was irrigated and b) the 
fraction rice that was rainfed. Fractions were 

calculated by dividing the irrigated/rainfed 
rice sown area by the total land area under 
rice cultivation per district. Frolking et al. 

(2006).
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Examining modern patterns of rice 

cultivation across South Asia clearly 

indicates that the environment 

predetermines the cultivation systems 

employed in particular areas. Some 

of the best maps which illustrate this 

have been produced by Frolking et al. 

(2006) and are presented here. The 

distribution of irrigated vs rainfed 

cultivation systems (figure 39) not 

only reflects the strength and 

intensity of the monsoons, but also 

the availability of water for irrigation 

within the flood plains of major 

rivers.  

Irrigated rice is concentrated in the 

southern peninsula and across the 

northern edge of India. In the south 

monsoon rainfall is low, except along 

the western coast where rainfed rice 

is predominant, and so irrigation is 

vital to the regular and healthy 

production of crops. Whereas across 

the north of India irrigated rice can



Rice cultivation systems

Figure 40:  District map of total rice sown 
area in 1999-2000, in hectares. Frolking et 

al. (2006).

of upland rice produced in India is grown is this same region (figure 41). This 

shows that rainfall levels in eastern India are not only adequate but plentiful, and 

can sustain productive upland rice cultivation as well as intense lowland rice 

cultivation without the need for irrigation technologies. That this is the situation 

today, in a country where over the last century diminishing agricultural land has 

been increasingly under pressure to produce higher yields for a rapidly growing 

population, strongly implies that irrigation was unnecessary in prehistory.  

Figure 41:  1999-2000 district maps of g) dry upland rice and h) deepwater rice flooded 
to >1m. Frolking et al. (2006).
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clearly be seen to be concentrated 

along the Ganges and her tributaries, 

where the constant flow of water along 

the rivers has been taken advantage of 

to allow the extensive year round 

cultivation of crops in areas of soils 

with high percolation rates. 

Odisha and its surrounding areas have 

long been known as India’s rice basket 

and it is clear from the data that a vast 

amount of rice is sown this region. It is 

also interesting to note that the bulk
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Other maps produced by Frolking et al. (2006) show that deepwater rice is 

generally confined to areas of high seasonal rainfall and water availability (figure 

41 h). The presence of deepwater rice in Tamil Nadu, an area with low seasonal 

rainfall levels, is confined to the Kaveri/Cauvery delta. Upland rice cultivation, as 

is implicit, is found in mountainous regions but particularly in east India, again 

where seasonal rainfall levels can easily sustain it. 
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4.0 Methodology 

This chapter will outline the methods used in this project to collect, process and 

analyse samples. As mentioned above, samples from several sites are available to 

study, but these have different provenances (table 3, below). Samples from Golbai 

Sasan, Odisha, were collected by myself during archaeological excavations run by 

Rabi Mohanty of Deccan College, Pune, in 2010. Samples from Mantai, Sri Lanka, 

were collected by D. Fuller, UCL, and N. Boivin, University of Oxford, as part of 

the Sealinks Project in 2010. Those from Gopalpur, Odisha, were collected by 

Mohanty in 2004, however several samples will be reanalysed from the 2003 

excavations. These were collected and floated by Harvey (Harvey 2006). Phytolith 

samples from Kodumanal and Perur, Tamil Nadu, were collected by Fuller in 2002 

and a report on the macrobotanic samples collected the same season was 

published in 2005 (Cooke et al. 2005). The macrobotanic and phytolith samples 

from Tokwa, Uttar Pradesh, were collected by Pal and Gupta in 1999 (Misra et al. 

2000-2001). In addition, I also sourced macrobotanical samples from two other 

sites in Odisha, Manika Patana and Talapada. Those from Talapada were floated by 

myself and those from Manika Patana were floated by students of Mohanty. Both 

sets of samples were incredibly poor and therefore have not been included in this 

study. For reference, the Manika Patana results can be found in appendix 6, 

however the Talapada samples were not fully analysed and so the results are 

unavailable.  

The provenance of the samples affects the reliability of the data. Only three sites 

have been sampled by myself, leading to potential biases relating to recovery. 

However, Fuller was involved in the collection of the majority of the samples, 

either directly or indirectly as a PhD supervisor, therefore most samples have been 

collected following the same protocols. For example, all macrobotanical samples 

except those from Tokwa were bucket floated according to his instructions (see 

https://youtu.be/Nbkfe0B4zBg). It is not anticipated that the Tokwa samples were 

collected in a significantly different way to the rest of the samples, but neither 

sampling technique or contextual detail is available for these samples. Any 

possible recovery biases evident in the results will be judged with due caution. 
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Table 3: The provenance of samples. 1 = Sampled by myself. 2 = Sampled by someone 
else, details known. 3 = Sampled by someone else, little detail known. A = Partly 

analysed by someone else, material available for reanalysis.

4.1 Sample collection in Odisha 

During my own sample collection, methods for both macrobotanical and 

phytolith data sets followed standard UK procedures. Macrobotanical samples of 

20 to 30 litres were taken from each layer. These were processed using bucket 

flotation and the flots were collected on a 0.25mm mesh (figure 42). Residues (the 

heavy fraction) were collected on a 0.5mm mesh. Flotation was carried out by 

myself and by local workers, supervised by myself. Both were air dried before 

being packed into plastic ziplock bags. Golbai Sasan and Gopalpur were 

Site Macro 

samples

Phytolith 

samples

Provenance

Tokwa, Uttar 

Pradesh

3 A 3 Material collected by Pal and Gupta. Provided by 

Fuller.

Golbai Sasan, 

Odisha

1 1 Collected personally during Mohanty’s excavations, 

2011.

Gopalpur, Odisha 3A Provided by Fuller, , plus material collected by 

Harvey in 2003 to be rechecked for spikelet bases 

(see Harvey 2006 for sampling details).

Manika Patana, 

Odisha

3 3 Provided by Mohanty, material collected by his PhD 

students.

Talapada, Odisha 1 1 Collected personally during Mohanty’s excavations, 

2011.

Kodumanal, Tamil 

Nadu

2 Material collected by Fuller.

Perur, Tamil Nadu 2 Material collected by Fuller.

Mantai, Sri Lanka 2 2 Sealinks project, material collected by Fuller.
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excavated in 40 cm layers and not by context, therefore the mixing of discreet 

contexts within the macrobotanic samples will have occurred. 

Phytolith samples were taken in a column at 10cm intervals from isolated contexts 

(figure 43). Each sample area was freshly scraped before sampling to remove 

contaminants. Additionally, the trowel used in collection was cleaned with fresh 

water and KimWipes between each sample. The samples were taken directly into 

ziplock bags. Approximately 100-200g of sediment was taken per sample. 4 off-

site samples were collected at each site to help identify any contamination issues. 

These were taken from between 5 and 10 metres away from the site, in areas of 

natural vegetation or human contamination sources (figure 44). 

Figure 42: Bucket flotation in Golbai Sassan, Odisha. The white bags have a 0.25mm or 
0.5 mm mesh sewn into the bottom. Flots (or residues) are collected and dried in a 

single bag.
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Figure 43: Phytolith samples taken at Golbai Sasan, Odisha. 

 

Figure 44:  A schematic display of phytolith off-site sampling sites at Golbai Sasan, 
Odisha. Red dots = sample sites. 2 samples come from areas of natural vegetation on 

either side of the site. 1 sample was taken from the path running past the site, from the 
village to the river and fields beyond. 1 sample was taken from a small rubbish dump 
near the site, used by a single house nearby. Both natural and human contamination 

sources should therefore be accounted for during analysis.

 101



Methods

4.2 Laboratory methods 

4.2.1 The macrobotanical samples 
Macrobotanical samples were sorted and identified using an optical microscope 

at 6x to 10x magnification. Samples were divided into 4mm, 2mm, 1mm and 

0.5mm fractions. The 0.25mm fraction was retained and scanned for any species 

unidentified in the larger fractions, which usually included 1-2 new weed seed 

types. Recording sheets were used to document the number of cereals, chaff, 

pulses, millets, weeds, nut shell, fruit peel, charcoal, molluscs, bones, insects, 

metal, pottery and other inclusions. Identifications of cereals, chaff, pulses, 

millets, weeds, nuts and fruits were made using the reference collection at the 

Institute of Archaeology and a variety of literature (e.g. Castillo 2013 (especially 

for Citrus sp.), Cappers et al (2009), Fuller 2006b, Fuller and Harvey 2006, 

Jacomet 2006). Other items that could not be or were not identified (e.g. 

molluscs, charcoal, bone) were stored for future analysis or sent to relevant 

specialists. The heavy fractions recovered during flotation at Golbai Sassan have 

been briefly examined to ensure that they don’t contain any macrobotanic 

remains. The heavy fraction was not recovered or made available to me from any 

other sites examined during this project. 

Recording the preservation of cereal grains is a useful comparative tool for 

assessing the preservation biases that have acted on macrobotanic assemblages.  

Following the scale established by Hubbard and al. Azm (1990) every cereal grain 

identified was given a preservation value of 1-6 (table 4). 

Table 4: Preservation values, following Hubbard and al. Azm (1990).

Preservation
Value Description

1 Perfect: hairs, perianth etc preserved

2 Epidermis virtually intact. Features, e.g. hairs, observable

3 Epidermis incomplete. Features occasionally preserved

4 Fragments of epidermis remaining. Features generally unobservable

5 Gross morphology visible only

6 Clinkered. Unlikely to survive deposition/recovery etc
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Figure 45: Rice grain measurements. Image 
from Harvey (2006).

of limited use in species identification, because of the wide variety in rice 

cultivars and wild species (Harvey 2006, Fuller 2006, Thompson 1996). Although 

recent data suggests that it may be possible to differentiate between O. s. indica 

and O. s. japonica using length/width ratios (Castillo et al. 2015). However, it is 

possible to use them to identify different populations within the data, and 

therefore different species and subspecies of rice. This technique alone cannot be 

used to identify wild or weedy rice and must be coupled with the recovery of 

spikelet bases from the macrobotanic assemblage. These can be used to identify 

shattering and non-shattering panicles based on the abscission scar pattern (figure 

46), and by extension wild traits and domesticated traits. Spikelet bases can also 

be used to identify rice that was harvested whilst immature, allowing the 

identification of wild rice collection and development towards a domestic rice 

crop. 

Figure 46: Spikelet bases of rice 
showing scars. D) Waterlogged 
domesticated type spikelet base 

from Tianluoshan, China. E) 
Waterlogged wild type spikelet 

base from Tianluoshan. F) 
Waterlogged immature type 

spikelet base from Tianluoshan. 
G) SEM of charred domesticated 
type from Tianluoshan. H) SEM 

image of charred wild type from 
Tianluoshan. (I) SEM image of 
charred immature type from 

Tianluoshan. Image from Fuller 
et al (2009).
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All rice grains recovered in a reasonable 

state of preservation (i.e. with a 

preservation value of 2+ and occasional 

grains with a preservation value of 3) 

were measured using a microscope 

graticule. Length, breadth and width 

were recorded (figure 45). Rice grain 

morphometrics have been shown to be 
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4.2.2 The phytolith samples 
Phytolith samples were processed according to the protocol established by Arlene 

Rosen and used almost universally across the Institute of Archaeology. This 

method relies on heavy liquid flotation, the usual practice for acquiring phytoliths 

(Piperno 2006). The extraction process often takes a week to complete, with 8 or 

16 samples being processed at the same time. The method is as follows: 

1) Sieve the soil sample to 25 microns to remove larger pieces of sediment. Weigh 

out 0.8 grams of this to be processed. 

2) Add 10% Hydrochloric Acid to the sample to remove any pedogenic 

carbonates. Wash with distilled water and leave over night in a little distilled 

water to soften the clays. 

3) To remove clays, place the sample in a tall beaker and add 20ml of Sodium 

Hexametaphosphate (calgon), a dispersant. Fill the beaker with distilled water 

to a depth of 8cm. Stir and leave to settle for 1hour 10 minutes. Pour off the 

suspense containing the clays and repeat until suspense is clear and the clays 

are removed. 

4) Dry the sample, then place it in a ceramic crucible in a muffle furnace at 500C 

for 2 hours to burn off any remaining organic material. 

5) Place the sample in a 15ml centrifuge tube. Add 3ml of Sodium Polytungstate, a 

heavy liquid, and centrifuge at 800rpm for 10 minutes. Pour the suspense, 

which contains the phytoliths, into a clean 15ml centrifuge tube and wash with 

distilled water. 

6) Place the sample into a small beaker and leave to air dry. 

7) Mount 2mg of phytoliths onto a microscope slide in Entellan and leave to dry 

for 2 weeks. 

The weight of sediment processed was recorded, as was the weight of phytoliths 

extracted and the weight of phytoliths mounted. In this way an accurate 

assessment of sample richness can be gained, as well as quantifiable results. The 

phytolith slides have a 24 x 24mm cover slip which, under x40 magnification, 

produces 48 x 48 fields of vision. This standard allows for quantification between 

samples, as a record is made of the fields of vision counted per slide (Albert and 

Weiner 2001). 
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Phytoliths were counted using a biological microscope with a x400 magnification 

lens. A minimum of 300 single cell phytoliths and 100 multi-cell phytolith panels 

were counted per slide (figure 47). Diatoms and sponge spicules were also 

recorded. The amount of silica aggregate is roughly estimated as a percentage 

coverage by taking the average from 5 fields of vision. Identifications were made 

using reference slides and relevant literature (for example Weisskopf 2014, 

Eichorn et al. 2010, Lu et al. 2009, Piperno 2006) and a description of the terms 

used for morphotypes can be found in appendix 4.  The categories of phytolith 

morphotypes identified in this project were developed by Alison Weisskopf and 

was used by her to record modern field soil samples collected in India during 

fieldwork in October 2010. Phytolith analysis is therefore standardised across the 

Early Rice Project allowing for cross comparisons between archaeological sites 

and modern fields. 

Figure 47: Left: Multi-cell ‘leaf/culm crosses’ panel from Perur. Right:  Single cell echinate 
spheroid from Mantai. 

It has been proposed that morphometric analysis of rice keystones and double 

peaked glume cells can be used to distinguish between Oryza species and 

subspecies  (e.g. Zheng et al. 2003). However, analysis of Indian archaeological 

phytoliths and modern Indian rice sub-species has shown that these methods are 

inappropriate. Harvey (2006) undertook an independent verification of the 

identification techniques commonly used by phytolith researchers and concluded 

that if used in combination these methods could correctly classify, at best, c.70% 

of phytoliths. Unfortunately, phytoliths from the smaller wild species O. granulata 

and O. officinalis were rarely correctly identified. The inadequacies of rice 

phytolith morphometric analyses means that they will not be used to identify rice 

species in this study. 
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4.3 Modern reference material 

In order to establish an analogue data set of weed seeds and phytoliths for use by 

the Early Rice Project, modern rice fields were sampled in Western and Eastern 

India. 14 fields (including irrigated, rainfed, decrue and wild rice stands) were 

sampled during 3 weeks of fieldwork in October 2010 (Weisskopf et al. 2013). Up 

to 10 survey points per field were chosen for systematic sampling (figure 48), 

depending on the size of the field. All weed flora within 1m² were recorded 

according to frequency; 1 plant = x, 2-3 plants = xx and 4+ plants = xxx. 

First hand work arising from this fieldwork involved the identification of weed 

species collected and pressed in the field. This, along with the field data ‘weeds 

tally’ (appendix 3), has provided a modern reference collection of weeds 

associated with several rice systems. Unfortunately this work is still ongoing and 

limited data are available for use in this thesis, which can be found in appendix 

III.  

In addition to the herbarium collection, phytolith samples were taken at each 

survey point. These samples were analysed by Weisskopf as part of her work on 

the Early Rice Project. The results of her study have been published (Weisskopf et 

al. 2013) and will provide analogue data for this thesis (figure 49). 

Figure 48: Collecting modern reference material in October 2010. Left: Dr Fuller 
surveying a modern rainfed rice field in Odisha. Middle: Dr Weisskopf taking a phytolith 

sample at a survey point in a dry wild rice field in Odisha. Right: a survey point in a 
waterlogged wild rice stand. 
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Figure 49: Correspondence analysis of phytoliths from modern rice fields. A: the type of 
cultivation system employed. B: sample pie plot. (Weisskopf et al. 2013)

The correspondence analysis plots produced by Weisskopf et al. (2013) show that 

phytolith samples with the highest proportion of hydrophilic species are located 

towards the negative end of axis 1 and those with a higher proportion of Panicoid 

grasses are located at the positive end of axis 2. Samples comprised of a higher 

proportion of dicots, including Commelinaceae, are located towards the positive 

end of axis 1. Samples at the negative end of axis 1 derive from rainfed fields in 

the Western Ghats (I2 and I3) and decrue cultivation in Odisha (I7). Those in the 

Western Ghats had substantial bunds to pool the water and the decrue rice was 

actually grown in a large, deep (50cm-1.5m), seasonal pond.  Samples taken from 

lowland rainfed fields are plotted at the positive end of axis 1, including those 

from Odisha and the Western Ghats. Field I8, a field of shallow-flooded (<50cm 

water) decrue cultivation, is also plotted here. These preliminary results therefore 

suggest that water availability during the growing season is reflected within the 

phytolith samples, but that more specific information relating to the type of field 

(i.e. bunded or decrue) may not be identifiable by this method. Deeper water 

fields are shown to contain more hydrophilic morphotypes and less dicots, 

whereas shallow flooded systems contain more dicots and grasses. This data can 
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be used to inform the interpretation of archaeological field systems studied as part 

of this thesis and indicates that indicates that the relative proportions of 

hydrophilic morphotypes, dicot and grass phytoliths relate to water availability 

within rice fields. 

4.4 Identifying rice cultivation systems in the 
archaeological record 

Several methods will be used to identify rice cultivation systems from the 

archaeobotanical record of South Asia which draw upon the relative strengths of 

macrobotanical and phytolith data sets. These will be discussed briefly here to 

introduce the analytical framework of this study. 

The theoretical and methodological frameworks for identifying cultivation systems 

from macrobotanical remains are established in archaeobotany (e.g. Jones 2002, 

1992, van der Veen 1992, Hillman 1984). Recent work, particularly from the 

University of Sheffield, has seen the development of increasingly intricate 

analyses. Studies into the reconstruction of crop sowing times, cultivation 

intensity, soil productivity, irrigation regimes and fallowing using functional weed 

ecologies have established techniques that can be applied to archaeobotanical 

data (see Jones et al. 2010, 2005, Bogaard et al. 2005, 1999, Jones 2002,). Most of 

these studies, however, have focused on Near Eastern and Mediterranean crop 

systems. Similar methods of analysis have rarely been conducted on South Asian 

assemblages; therefore this research project must adapt techniques to fit rice 

systems before applying them. By focusing on the functional attribute of weeds, 

e.g. canopy height or timing of the flowering season, the technique is in many 

ways transferable, although aspects of seasonality cannot be examined following 

the model developed for Southwest Asia. However, it is not feasible for this 

project to investigate attributes such as mean epidermal cell wall undulation or 

estimated epidermal cell endopolyploidy across the weed spectrum of South 

Asian rice systems. Such in depth analysis forms a PhD project in itself, yet there 

are several attributes with data that is accessible in botanical literature (table 5). 

Using a small suite of functional attributes may not provide an accurate picture of 

 108



Methods

cultivation techniques as many attributes are overlapping or dependent on a 

variety of factors (Jones et al. 2010). For example, plants with a large vegetative 

spread may grow a large canopy, such as Euphorbia sp. Therefore any inferences 

must be made in respect of this and potentially in fairly loose terms. 

Table 5: The functional attributes of weeds that can be assessed during this project. 
From Jones et al. (2010, 2005).

Whilst the macrobotanical remains will allow species level resolution of the 

weeds of rice systems, the phytoliths will provide a separate suite of data. 

Nevertheless, there are still specific genera and species of relevance to this study 

Functional attribute Ecological significance Relationship to habitat 

conditions

(a) Attributes relating to the duration and quality of the growth period (productivity)

Maximum canopy height 
and diameter

Maximum plant size, the 
product of growth rate and 
period of growth

Positively correlated with 
potential productivity and 
negatively with disturbance 
of habitat

(b) Attributes relating to water use

Tap root diameter @ 10 cm 
depth

Ability to exploit sub-soil 
water

Positively correlated with 
droughted conditions

(c) Attributes relating to the capacity to regenerate under conditions of high disturbance

Length of flowering period Duration of life cycle and 
therefore potential to 
regenerate from seed

Positively associated with 
disturbance

Vegetative spread (horizontal 
or vertical root system)

Ability of perennials to 
regenerate 
vegetatively from root 
fragments

Horizontal root system 
positively associated with 
disturbance

(f) Other attribute

Seed weight/shape (variance 
of length/breadth/thickness)

Capacity to regenerate from 
a persistent seed bank

Seed weight and variance of 
seed dimensions negatively 
associated with inter-annual 
instability of habitat 
conditions
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that are identifiable using phytoliths. Recent work on Commelinaceae seed 

phytoliths, for example, has identified specific morphological types from several 

genera that are weeds of rice (Eichorn et al. 2010). In addition, morphotypes 

associated with sedges (and therefore rainfed or irrigated rice systems) are also 

recognisable (Piperno 2006). One of the problems faced by this research project is 

that the archaeological phytolith samples are coming from settlement contexts, 

and not fields. Studies have shown that phytoliths suffer little from post-

depositional movement (op. cit.), therefore the samples used in this study offer 

data on the specific context from which they were taken. In practice, this means 

that the majority of my samples will reflect the end of the process of rice 

cultivation; clean rice, rice husk and chaff. Nevertheless some weed phytoliths are 

expected to be a part of crop-processing residues produced on site. Using micro 

charcoal levels to suggest slash-and-burn cultivation, for example, will not be 

possible. Neither will it be appropriate to use the phytolith samples as a 

paleoecological data set, i.e. a direct reflection of rice field ecology, although 

some partial reflection of field ecology will be present but altered by human 

activities like crop processing. This also applies to the macrobotanical samples. 

One specific line of inquiry used in this phytolith analysis will be the possible 

identification of irrigation. By pinpointing the phytoliths with a production rate 

that is determined by environment, specifically water availability, the aridity of a 

plants growing condition can be assessed (e.g. Madella et al. 2009, Mithen et al. 

2008, Rosen and Weiner 1994). In grasses these include the long cells and 

stomatal cells. Experiments have shown there to be a quantifiable difference in the 

production of these cells in Triticum aestivum, Triticum dicoccum, Hordeum 

vulgare and Hordeum distinctum var. trifurcatum grown in dry and wet conditions 

(Madella et al. 2009). Whilst no such data has been published for rice it will still 

be interesting to compare the amount of long cells and stomatal cells across the 

data set and explore the patterns therein.  

4.3.1 Correspondence analysis of the phytolith data 
Correspondence analysis (CA) can be a very useful tool for exploring patterns and 

relationships within a large and complex multivariate dataset. Its use in 

archaeobotanical, including phytolith, analysis is established and it has recently 
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been employed by Dr. A. Weisskopf in the investigation of rice cultivation systems 

as part of the Early Rice Project (Weisskopf et al. 2013). The graphic 

representation of relationships allows for multiple causes of patterning to be 

assessed (Lange 1990, Shennan 1988). Within this project CA is employed to see 

if phytolith samples from separate sites are differentiated within the plots. These 

samples are from a complex dataset that has been through several taphonomic 

filters. The results of the CA will demonstrate the degree of difference between 

samples from each site and allow a hypothesis to be framed relating to any 

differences, which can then be examined in light of the archaeobotanical results 

and archaeology of each site. Canoco for Windows 4.5 and CanoDraw for 

Windows 4.1 (ter Braak & Smilauer 1998) will be used to analyse and plot the 

data. 

To investigate any patterns within the data two species classifications will be used. 

One follows Weisskopf et al. (2013) and one follows my own classification 

system, “classification two” (C2). This allows for both the analysis of samples 

taken from archaeological contexts and also comparability with Dr. Weisskopf’s 

work on modern rice fields for the Early Rice Project. The major difference 

between the two is that C2 incorporates fixed and sensitive morphotype categories 

and excludes diatoms and sponge spicules from the hydrophilic category. This is 

further explained below. 

Table 26: Categories of phytolith morphotypes used for correspondence analysis 
developed by Weisskopf et al. (2013) and Weisskopf (2014).

Oryza Cyperaceae Hydrophilic 
species

Panicoid Other and 
indeterminate 
poaceae

Dicotyledon Arecaceae Commelinaceae

Oryza 
glume 
Oryza 
bulliform 
Leaf/culm 
oryza 
cf. Oryza 
husk

Long rods 
Cones 
Cyperaceae 
leaf 
Cyperaceae 
husk

Bulliform 
Cuneiform 
bulliform 
Scooped 
bilobate 
Crescent 
(Equisetum) 
Leaf/culm 
Phragmites 
Leaf/culm reed 
Leaf/culm 
square-cell 
Diatoms 
Sponge spicules

Bilobate 
Polylobate 
Cross 
cf. Setaria 
bilobate 
Leaf/culm 
bilobate 
Leaf/culm cross 
cf. Setaria husk 
cf. Panicum 
husk 
Millet type 1 
Millet type 2

Long smooth 
Long situate 
Long dendritic 
Crenate 
Rondel 
Stipa rondel 
Saddle 
Collapsed saddle 
Elongate 
Indeterminate leaf/
culm 
Leaf/culm saddle 
Leaf/culm long cells 
Indeterminate husk

Smooth 
spheroid 
Platey 
Single 
polyhedron 
Scalloped 
Singel jigsaw 
Polyhedral 
hairbase 
Multi 
polyhedrons

Echinate 
spheroids

Two-tiered 
Multi-tiered
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Weisskopf et al.’s (2013) classification system is summarised in table 26. The 

classifications are based on taxa specific morphotypes and the rationale is briefly 

explained as follows: 

“While it is often a challenge to identify phytoliths to genus or species level 
some morphotypes can be used to indicate a group of plants with similar 

characteristics or environmental requirements. Some are common to a wide 
range of plants but can be grouped according to sub-family. For example 
different Poaceae subfamilies produce morphologically varied phytoliths 

(Twiss et al., 1969; Twiss, 1992; Iriate and Paz, 2009). Panicoideae, many of 
which grow in warm humid conditions (although a few persist in cool and 

dry habitats), produce bilobate, polylobate and quadra-lobate shaped short 
cell phytoliths. Chloridoideae, which indicate warmer and usually drier 

habitats, produce short saddles. Bambusoideae produce collapsed saddles 
and indicate a sub-tropical - tropical environment (Lu et al., 2002:382, Twiss 

et al., 1969; Piperno, 2006). Plants belonging to the Oryzeae tribe, for 
example, Leersia (Solander ex Swartz, Prodr.), can produce scooped bilobes 

(Pearsall et al., 1995; Harvey and Fuller, 2005; Weisskopf, 2010) and are 
often distributed in seasonally inundated wetlands (Clayton and Renvoize, 
1986; Vaughan, 1994), so are a good indicator of local environments. High 
proportions of bulliform shaped phytoliths can be linked with hydrophilic 
grasses and increased evapotranspiration (Delhon et al., 2003:179, Webb 

and Longstaffe, 2002, 2003). These were grouped with other indicators such 
as diatoms and sponge spicules expected in wetland or submerged 

conditions, (Imsieke et al., 1995; GistGee, 1931), although some diatoms 
and sponge spicules are specific to soils (Wilding and Drees, 1968; Pearsall 

and Piperno, 1993:97).”  
(Weisskopf et al. 2013 p.5) 

Within this classification system all rice-type phytoliths are classed together; 

therefore if the proportion of rice within the samples creates variance within the 

data set it will easily be seen. Cyperaceae are found in many environments, 

however many are associated with wetlands and they are particularly prevalent in 

rainfed rice fields thus indicate wetter ecologies. The hydrophilic group indicates 

the presence of water, as described above. Dicotyledonous weeds are more 

common in rainfed cultivation systems, especially within drier fields, and their 

increased prevalence provides an indication of these field ecologies. Palm leaves 

(Arecaceae) are a very useful raw material and may be introduced to a site 

through pathways other than crop processing. If the proportion of palms within 

the samples creates variance within the data set it may thus indicate substantial 

taphonomic biases i.e. mixed sources of plant material at deposition. 
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Commelinaceae produce specific phytoliths and is therefore classified individually 

rather than with the other dicots. Commelina benghalensis is a very common 

weed of rice in South Asia (see chapter 3: rice cultivation systems) and 

morphotypes are identifiable to genus level (Eichorn et al. 2010). 

Table 27:  C2 categories of phytolith morphotypes used in correspondence analysis.

In contrast to Weisskopf et al. (2013) C2 will examine the ratio of fixed to sensitive 

phytolith morphotypes which can be used to indicate the presence of water during 

growth (Madella et al. 2009). Fixed morphotypes include single short cells that are 

produced by a plant as part of its normal biochemistry and physiology. Hairs, 

although their production is too ubiquitous within different plant genera to use in 

the analysis, provide a good example as they silicify in any growing conditions 

because this is a functional attribute of the plant, as do saddles and crosses 

(Piperno 2006). Sensitive morphotypes include epidermal long cells which a plant 

produces under conditions of high water availability, for example irrigation (op. 

cit., Madella et al. 2009). Within this model sensitive cells become silicified 

during transpiration due to a suboptimal build up of monosilicic acid (Richmond 

and Susan 2003). It is suggested that if the ratio of fixed to sensitive morphotypes 

increases in favour of sensitive, then the plant has grown under wetter conditions. 

The results of one study to examine this indicates that the technique may be used 

effectively alongside other methods (Madella et al. 2009). Grass multi-cell panels 

(excluding rice types) were placed within a separate classification. Rosen and 

Weiner (1994) have shown that wheat grown under irrigated conditions produced 

Rice Hydrophilic Cyperaceae Fixed Sensisitve Other grass 
multi-cells

Dicotyledon Palms 
(Arecaceae)

Oryza 
bulliform 
cf. Oryza 
bilobe 
Leaf/culm 
Oryza 
cf. Oryza husk 

Bulliform 
Cuneiform 
bulliform 
Leaf/culm 
Phragmites 
Leaf/culm reed 
Leaf/culm 
square cell 

Long rods 
Cones 
Sedge achene 
cells 
Cyperaceae 
leaf 
Cyperaceae 
husk

All grass short 
cells (bilobate, 
rodel, 
trapezoid, 
crenate, cross 
etc.)

All grass long 
cells (smooth, 
sinuous, 
dendritic) 

Indeterminate 
leaf/culm 
Leaf/culm 
bilobate 
Leaf/culm 
cross 
Leaf/culm 
rondels 
Leaf/culm 
saddles 
Leaf/culm long 
cells 
Ideterminate 
husk 
cf. Setaria 
husk 
cf. Panicum 
husk 
Millet type 1 
Millet type 2

Smooth 
spheroid 
Platey 
Perforated 
sheet 
Single 
polyhedron 
Scalloped 
Single jigsaw 
Polyhedral 
hairbase 
Multi 
polyhedrons 
Two-tiered 
Multi-tiered

Echinate 
spheroids
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a greater number of multi-cell panels. Therefore, assuming the majority of plant 

remains within the samples derive from crop processing waste, it may be possible 

to identify irrigation using this method. Rice single and multi-cells were not 

classified separately as frequencies are relatively low and therefore would not be 

visible on the charts and so be unhelpful (a comparison of rice single and multi-

cells can be found in appendix 8). All dicotyledonous phytolith morphotypes were 

classed together, including Commelinaceae single cells as the relative presence of 

dicots can also be used to examine water availability (in this case with little water 

(e.g. upland cultivation) or a lot (e.g. deepwater cultivation)). Diatoms and sponge 

spicules are excluded from analysis as these would represent the soils of the 

deposit its self, as opposed crop processing waste and archaeological field 

systems. 
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5.0 The archaeobotanical results, general 

observations 

Rice grains were consistently recovered from the samples taken across South Asia, 

as were rice-type phytoliths. Of particular note is the frequent and good 

preservation of spikelet bases, even within contexts where grain and seed 

preservation was poor. The ubiquity of spikelet bases falls between 29% and 58% 

for all sites except Tokwa and Manikapatana, from where the 0.25mm fractions 

were unfortunately not recovered. Equally, rice grains were recovered from each 

site, except Manikapatna, at ubiquities of 50% and over. 

Table 6: Ubiquities of rice grains, spikelet bases and rice-type phytoliths for samples 
examined during this PhD, unless indicated otherwise. *Phytolith samples not taken. ª 

Smaller fractions (<0.5mm) were not recovered. ᵇData from Cooke et al. (2005).

The preservation of macro remains was generally poor. This appears to be the case 

across South Asia and may be due to the extreme seasonal changes in aridity on 

soils, which expand during monsoon season and then contract again during the 

dry season. This process, along with the argilliturbation of clay rich soils, would 

cause archaeobotanic remains to be crushed, cyclically dry out and fracture and 

move around within the soil matrix (Fuller 1999). It is likely that this has resulted 

in a fairly high amount of unidentifiable cereal grain fragments and reduced the 

Site Total no. samples. 
Macros - Phyts

Rice grains Spikelet bases Rice-type 
phytoliths

Golbai Sasan 31 - 22 50% 29% 95%

Gopalpur 24 - 0 83% 33% N/A*

Manikapatana 12 - 0 25% N/Aª N/A*

Mantai 38 - 10 100% 58% 100%

Tokwa 30 - 7 67% N/Aª 100%

Kodumanal 0 - 4 (60%)ᵇ (unreported)ᵇ 100%

Perur 0 - 4 (88%)ᵇ (unreported)ᵇ 100%
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chances of identifying many weed seeds to species. However, in the case of 

Golbai Sasan and Gopalpur it would be reasonable to assume that the vast 

majority of cereal grain fragments are of Oryza sp. as this is the only large cereal 

identified from these sites. The recovery of plant remains from the 0.25-0.5 mm 

fraction is quite low across all sites. Again this can be attributed to the poor 

preservation of material. 

In contrast, the preservation of phytoliths in some samples is very good. Only a 

few samples have been of a low quality, the majority of these being from the 

lowest levels of Golbai Sasan and largely comprised of an unidentified mineral 

aggregate plus very few, heavily damaged single-cell phytoliths. The quantity of 

silica aggregate in samples from across South Asia is generally low and always 

below 1% of the total sample. The only taphonomic bias of note is the relative 

lack of multi-cell phytoliths compared to sites in other regions of the world (pers. 

comms. Alison Weisskopf, Arlene Rosen and Rebecca Beardmore). Where 

present, multi-cell panels often include only 2-4 cells and rarely include 5+ cells. 

This has hampered the identification of multi-cellular material, perhaps creating 

biases against identifying the relative proportions of husk and leaf/culm material. 

Unfortunately, this may also have hampered genus and species level 

identification. 

The samples from Manikapatana were very small (taken from <1 litre soil) and 

very poor, and it was debated whether to include the site within this thesis or not. 

However, it was decided to include the results in appendix 6 for for completeness, 

but not to discuss the results due to sampling biases associated with the small soil 

sample sizes retrieved. They are summarised here, therefore; 12 macrobotanic 

samples were analysed and 3 rice grains were recovered, as were 10 small seeds 

including 1 x cf. Brachiaria sp., 1 x cf. Commelina sp., 1 x Cyperus sp. and 1 x 

Poaceae sp..  2 unidentifiable parenchyma fragments were also recovered.  
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5.1 New radiocarbon dates 

5.1.1 Tokwa 
Three samples were submitted for dating to the Oxford Radiocarbon Accelerator 

Unit (ORAU), Oxford University, and the results were calibrated using OxCal 4.2 

(table 7). The radiocarbon dates show that sample A4-15 is the oldest and sample 

E1-9 is the youngest, therefore it is assumed, on the basis that there is little other 

evidence to go by, that samples are lettered according to stratigraphy and age, 

from A through to E. 

These dates place Tokwa within the Neolithic to Chalcolithic period for this area. 

Previously published radiocarbon results include Neolithic Koldihwa (1800-1400 

BC), Neolithic Chirand (2000-1400 BC), Neolithic Senuwar (2500-1300 BC), 

Chalcolithic Koldihwa (1400-800 BC), Chalcolithic Malhar (1600-800 BC) and 

Chalcolithic Senuwar (1300-600 BC) and agree with the excavators’ findings. 

Table 7: Radiocarbon dates from Tokwa.

Figure 50: Multiplot of radiocarbon dates from Tokwa

Sample Species dated Date BP Calibrated date to 2𝞼 - OxCal

A4-15 Oryza sativa 3210 +/- 32 1600-1415 BC

C1-15 Oryza sativa 3060 +/- 65 1489-1122 BC

E1-9 Vigna sp. 2871 +/- 30 1127-931 BC
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5.1.2 Golbai Sasan 
Eight samples from Golbai Sasan were submitted to ORAU for radiocarbon dating. 

Samples were calibrated using OxCal 4.2 (table 8). The majority of the dates fall 

within the same time range c.1200-1000 BC. However the earliest dates from the 

lowest levels of the site fall approximately 200 years earlier at 1500-1400 BC (I18) 

and 1399-1113 BC (I15). 

Table 8: Radiocarbon dates from Golbai Sasan,

Figure 51: Multiplot of radiocarbon dates from Golbai Sasan.

Sample Species dated Date BP Calibrated date to 2𝞼 - OxCal

D1 Oryza sativa cf. indica 2946 +/- 32 1260-1047 BC

E4 Oryza sativa cf. indica 2834 +/- 29 1085-910 BC

F2 Oryza sativa cf. indica 2943 +/- 25 1224-1052 BC

F8 Oryza sativa cf. indica 2946 +/- 25 1227-1052 BC

J17 Oryza sativa cf. indica 2963 +/-28 1265-1057 BC

J18 Oryza sativa cf. indica 2943 +/- 26 1226-1050 BC

I15 Vigna sp. 3005 +/- 45 1399-1113 BC

I18 Oryza sativa cf. indica 3164 +/- 26 1500-1400 BC
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5.1.3 Perur 
One sample from Perur was submitted to Beta Analytic, USA, for radiocarbon 

dating, but this had to be supplemented with material from another sample in 

order to extract enough carbon. The result is therefore from 2 grains of rice, from 

samples 38 and 47. The samples was calibrated using OxCal 4.2 (table 9). This 

provides the only radiocarbon date for the site and falls at 416-557 AD. This 

places the site within the Kalabhra period. 

Table 9: Radiocarbon date from Perur

Figure 52: Plot of the 
radiocarbon date from Perur.

5.1.3 Mantai 
24 samples were submitted to ORAU as part of the SEALINKS project and all 

samples could be dated. These were calibrated using OxCal 4.2 (table 10). A shell 

from a late Mesolithic/Neolithic layer excavated below the port site was dated to 

c.1600 BC. Subsequent to this is a gap, followed by two apparent phases of 

occupation: 200 BC- 400 AD and 500 AD - 900 AD. This corresponds with the 

archaeological evidence which shows a hiatus between Phase III (with late 

Northern Black Polished Ware and rouletted wares) and Phase IV (with Lakshmi 

plaque, middle and far eastern ceramics and Roman coins) (Bohingamuwa pers. 

comm.). From Phase IV to X there is little change in the ceramic assemblage, until 

Phase XI where ceramics rapidly decline. A detailed cultural sequence has been 

provided by W. Bohingamuwa (table 11). 

Sample Species dated Date BP Calibrated date to 2𝞼 - OxCal

PRR Oryza sativa 1570 +/- 30 416-557 AD
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Table 10: Radiocarbon dates from Mantai.

Sample Species dated Date BP Calibrated date to 2𝞼 - OxCal

SL/MA/09 54 Marine mollusc shell 3326 +/- 38 1691-1509 BC

SL/MA/09 53L
Oryza sativa grain 
fragments x 2

1313 +/- 37 652-770 AD

SL/MA/09 53L Vigna cf. radiata 2056 +/- 73 354 BC - 85 AD

SL/MA/09 53U cf. Canarium sp. 1993 +/- 37 92 BC - 83 AD

SL/MA/09 52 Oryza sativa cf. japonica 1854 +/- 37 74-241 AD

SL/MA/09 52 Vigna sp. fragments x 3 1725 +/- 35 239-395 AD

SL/MA/09 52 Lens culinaris 1955 +/- 37 40 BC - 125 AD

SL/MA/09 49 Oryza sativa cf. japonica 1510 +/- 37 428-635 AD

SL/MA-09 49 Vigna sp. 1886 +/- 65 39 BC - 320 AD

SL/MA/09 41 Oryza sativa cf. japonica 1471 +/- 37 474-654 AD

SL/MA/09 41 Vigna cf. aconitifolia 1319 +/- 35 650-770 AD

SL/MA/09 40 Triticum aestivum/durum 1368 +/- 35 603-764 AD

SL/MA/09 39 Vigna cf. urad 1336 +/- 37 641-769 AD

SL/MA/09 37 Triticum aestivum/durum 1223 +/- 37 687-889 AD

SL/MA/09 37 Piper cf. nigrum x 2 grains 1232 +/- 37 685-885 AD

SL/MA/09 47 Triticum aestivum/durum 1217 +/- 37 688-891 AD

SL/MA/09 61 Lens culinaris fragments x2 1272 +/- 60 665-885 AD

SL/MA/09 26 Oryza sativa cf. japonica 1319 +/- 37 650-770 AD

SL/MA/09 26 Triticum aestivum/durum 1187 +/- 37 715-967 AD

SL/MA/09 17 Oryza sativa cf. japonica 1341+/- 37 637-769 AD

SL/MA/09 17 Triticum aestivum/durum 1323 +/- 35 650-769 AD

SL/MA/09 43 Oryza sativa cf. japonica 1477 +/- 35 474-651 AD

SL/MA/09 43 Piper cf. nigrum x 2 grains 1322 +/- 37 648-770 AD

SL/MA/09 16
Oryza sativa grain 
fragments x 2

1399 +/- 37 580-675 AD
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Figure 53: Multi-plot of 
radiocarbon dates from 
Mantai.

Figure 54: Bayesian model 
of radiocarbon dates 
from Mantai. Courtesy of 
Prof. Fuller.
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Table 11:  The cultural sequence from Mantai. Courtesy of W. Bohingamuwa.

Phase Cont- 
ext 
dated

C14 dates 
BP

Cal. Dates (1 σ) 
Bayesian [By=] 
(stratigraphic 
model, >93% 
agreement)

Suggested 
phase date

Cultural 
Periods

Associations

I 54 3326+/-38 1670-1530 BC Ca. 1600 
BC

Late 
Mesolithic/ 
Neolithic

Domesticated 
goat/ microliths/
bone tools

II 53 L 2056+/-73
170BC-20AD 
By= 70BC-50 AD 100 BC- 

AD 100

Mid-Early 
Historic

53 U 1993+/- 
37

40BC-55 AD 
By=20BC-65 AD

III 52 1854+/-37
90-220 AD 
By= 90-180 AD

AD 100 
-220

Upper-Early 
Historic

PGW, Rouletted 
(200BC-200AD)

IV 49 1510+/-37 460-610 AD AD 
460-600

Middle 
Historic

Late Roman  coins 
(300/400-600AD)- 
ME and FE 
Ceramics

V 41 1471+/-37
560-635 AD 
By=610-655 AD AD 

610-715

Middle 
Historic

Grapes, wheat, 
pepper, Middle 
and Far Eastern  
and Indian 
ceramic40 1368+/-35

635-680 AD 
By= 650-675 AD

39 1336+/-37
650-770 AD 
By= 665-685 AD

1232+/-37
700-870 AD 
By= 685-715 AD

VI
AD  700/ 
715

Middle 
Historic

Coral wall (in 
situ), major 
construction 
activities

VII
47 1217+/-37 720-880 AD 

By= 710-740 AD Post AD 
715 (ca.
900)

Mid-Middle 
Historic

ME, FE and Indian 
ceramic

61 1272+/-60 660-810 AD 
By= 715-745 AD

VIII- 
XI

Ca. AD 
900 to 
12/13th 
Century 
AD

Late-Middle 
Historic

Disturbed phases 
and mixed 
material
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5.2 Macrobotanical results 

5.2.1 Tokwa 
22 new samples were analysed from Tokwa. Radiocarbon dates were submitted 

from this site, in order to shed light on the chronology of the samples and the 

disputed antiquity of the site. The full data can be found in appendix 5 and 

summary data can be found in table 12 below. 

Figure 55: Sample size chart for Tokwa

The Tokwa assemblage contains rice, barley, wheat, millet and pulses, with a high 

proportion of pulses measured both in terms of ubiquity (76.2%) and count (142 

items). Pulses include Vigna sp., Vigna cf. radiata, Pisum sativum, Pisum/Lathyrus, 

Lens sp. and Lens culinaris sp.. Cereal grains make up less than half of the crop 

assemblage, the dominant cereal being Oryza sativa (57.1% ubiquity and 89 

counts) with other cereals including Hordeum sp., Hordeum vulgare and Triticum 

sp. The millets have been identified as Brachiaria ramosa, however only 3 millet 

grains were recovered in an identifiable state as well as 1 in an unidentifiable 

state. In addition to these 101 fragments of fruit stone were recovered, 

predominantly from 2 samples, B4-13 (54 fragments) and B4 C4-12 (40 

fragments). This stone is identified as Rosaceae-type. Unfortunately further 

identification has not been possible, although several key species have been ruled 

out including jujube (Ziziphus jujuba) and peach (Prunus persica). One possible 

linseed was also recovered, from sample B2-10. 
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Table 12: Ubiquity of macro remains from Tokwa.

Figure 56: Ubiquity and total counts of the main crops at Tokwa.

Taxa TKW H8  
(22 samples)

Oryza sativa ssp. 57.14

Hordeum sp. 33.33

Triticum sp. 14.29

Vigna sp. 57.14

Vigna cf. radiata 9.52

Pisum/Lathyrus 4.76

Pisum sativum 4.76

Lens sp. 19.05

Lens culinaris 9.52

Brachiaria ramosa 9.52

Millet indet. 4.76

cf. Linum 4.76

Bromus ramosus 4.76

Chenopodium sp 4.76

Small grass 19.05

cf. Lolium 4.76
Weed seed indet. 4.76

Fruit stone 9.52

cf. fruit tissue 9.52
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Figure 57: Percentage of samples comprised of the main crops and weeds at Tokwa.

The samples from Tokwa span 300-600 years and within that period there is no 

major change in subsistence, although Triticum sp. is only present in the more 

recent half of the samples from B9 onwards (figure 56). The southwest Asian 

pulses always comprise a significantly smaller proportion of the pulse assemblage 

than Indian Vigna spp. and Oryza is generally preeminent within the cereal 

assemblage. The millets only occur in the older samples (A4-9, A5-15 and B2-10) 

and are absent in the rest of the sequence. However this only involves the finds of 

4 individual grains. 

Very few wild weed seeds (5 in 

total) were recovered and, of 

these, only 3 taxa were identified 

(table 13). These include Bromus 

ramosus, Chenopodium sp., cf. 

Lolium and small grass seeds.  
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Taxa Total Count

Carbonised weed indet. 1

Bromus ramosus 2

Chenopodium sp. 1

cf. Lolium 1

Small grass 20

Table 13: The identified weeds from Tokwa.
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Figure 58: Bar chart of length/width ratios (mm) for rice grains from Tokwa with 
reported measurements of indica and japonica rices from Castillo et al. (2015).

Rice grain morphometrics can be unreliable due to the vast variety in rice grain 

shapes, but it is sometimes possible to differentiate between different populations 

(Harvey 2006, Castillo et al. 2015). Following Castillo et al. (2015) length:width (l/

w) ratios (mm) for rice grains with a preservation value of 2+ were calculated and 

plotted (figure 58, appendix 6 for rice grain measurements). Grains with a l/w ratio 

of >2.2 mm are suggested to be indica rice and grains with a l/w ratio of <2.2 mm 

are suggested to be japonica (op. cit., figure 58). Based on this data the rice from 

Tokwa could be identified as O. s. cf. japonica. However, the sample size is small 

and, as the l/w ratios also fall within the range for O. s. indica, the rice from 

Tokwa is identified as O. sativa ssp.. 

5.1.2 Golbai Sasan 
31 samples from GBSN 2011 were fully sorted and analysed for macro remains. 

All samples from trenches I and J were examined, as well as 6 rich samples from 

trenches D, E and F. The samples from trenches I and J provide a complete 

sequence from the earliest levels to the very latest levels of the site. The full data 

can be found in appendix 5 and ubiquities can be found in table 14 below. The 

earliest sample, I2, contained no plant remains and this finding is consistent with 

the archaeologically sterile nature of the contexts incorporated into this sample. 

Sample density was an average of 1.9 items per litre, with high densities of 8 

items/litre recorded for F2 and 7.4 for J17. The lowest density (excluding samples 
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Figure 59:  Sample size chart for 
Golbai Sasan.

assemblage 70% were unidentifiable to type, representing 56 out of 80 

individuals. The spikelet bases that were preserved in an identifiable condition are 

predominantly of domestic type (74% of the identifiable fraction), with 21% of the 

identifiable sample identified as wild type and 5% as immature (figure 60). 

Figure 60: Number of wild, domestic, immature and indeterminate spikelet bases from 
Golbai Sasan.

Figure 61: Bar chart of length/width ratios (mm) for rice grains from Golbai Sasan, with 
reported measurements of indica and japonica rices from Castillo et al. (2015).
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Species I (14 
samples)

J (11 
samples)

D (1 
sample)

E (1 
sample)

F (4 
samples)

Charcoal fragments >4mm 57.14 28.57 0.00 0.00 0.00

Cereal indet. 21.43 42.86 0.00 0.00 100.00

Oryza sativa spp. 28.57 50.00 100.00 100.00 75.00

cf. Oryza sp. grain fragments 21.43 28.57 0.00 0.00 75.00

Oryza sp. spikelet bases domestic type 21.43 28.57 0.00 0.00 50.00

Oryza sp. spikelet bases wild type 0.00 0.00 0.00 0.00 25.00

Oryza sp. spikelet bases immature type 0.00 0.00 0.00 0.00 25.00

Oryza sp. spikelet bases indeterminate 7.14 0.00 0.00 0.00 0.00

Panicum sp. 0.00 14.29 0.00 0.00 0.00

cf. Panicum sp. 7.14 0.00 0.00 0.00 0.00

Panicum cf. miliaceum 7.14 0.00 0.00 0.00 0.00

Paspalum sp. 0.00 7.14 0.00 0.00 0.00

Setaria sp. 14.29 14.29 0.00 0.00 0.00

Setaria cf. verticillata 7.14 0.00 0.00 0.00 0.00

Echinochloa sp. 14.29 7.14 0.00 0.00 0.00

Millet indet. 14.29 14.29 0.00 0.00 0.00

Vigna sp. 7.14 7.14 0.00 0.00 0.00

cf. Vigna 7.14 0.00 0.00 0.00 0.00

Pulse indet. 7.14 0.00 0.00 0.00 0.00

Commelina sp. 7.14 14.29 0.00 0.00 0.00

Cyperaceae 14.29 14.29 0.00 0.00 0.00

Flower pedicle 0.00 7.14 0.00 0.00 0.00

Indet 1. cf. Asteraceae 7.14 0.00 0.00 0.00 0.00

Indet. 2. cf. Araliaceae 7.14 7.14 0.00 0.00 0.00

Indet. 3. Large teadrop shape 0.00 7.14 0.00 0.00 0.00

cf. Ipomoea sp. 7.14 0.00 0.00 0.00 0.00

Lamiaceae 7.14 0.00 0.00 0.00 0.00

cf. Liliaceae 7.14 0.00 0.00 0.00 0.00

Poaceae sp. 0.00 7.14 0.00 0.00 0.00

Portulaceae 0.00 7.14 0.00 0.00 0.00

cf. Rumex sp. 7.14 0.00 0.00 0.00 0.00

Scheonoplectus sp. 0.00 7.14 0.00 0.00 0.00

cf. Schoenoplectus sp. 7.14 0.00 0.00 0.00 0.00

cf. Scirpus sp. 7.14 0.00 0.00 0.00 0.00

Sida sp. 0.00 7.14 0.00 0.00 0.00

Wild seed indet. 21.43 14.29 0.00 0.00 0.00

cf. fruit peel fragments 0.00 7.14 0.00 0.00 25.00

cf. nut shell fragments 14.29 0.00 0.00 0.00 0.00

Table 14: Ubiquity by trench of macro remains from Golbai Sasan.
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The whole rice grains can only be identified as Oryza sativa ssp. based on their l/

w ratios (figure 61; appendix 6 all grain measurements). This identification is 

based on the small sample size and the inconclusive the range of measurements. 

Several pulses, in the form of Vigna sp., were recovered, as were several small 

millets, including possible proso millet (Panicum cf. milliaceum), Panicum sp, 

Echinochloa sp, possible bristly foxtail (Setaria cf. verticillata) and Setaria sp. No 

other edible crop plants were recovered. 

 

Figure 62: % of Oryza sp., millets, pulses, weeds, fruit peel and nut shell, and spikelet 
bases recovered from each sample in trenches I and J at Golbai Sasan.

Sample I20 and I19, from the lowest levels of the site, contained no identifiable 

macroremains (figure 62). These levels were also devoid of small finds or other 

archaeological evidences of occupation. Rice is consistently present throughout 

the sequence from sample I18 onwards. Millets and pulses appear in the 

assemblage from sample I13 and become absent again after sample J13. One 

pulse was identified in sample J6, however. 
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Table15: Species identifications for samples from trenches D, E and F, Golbai Sasan.

 

Figure 63: Ubiquity and counts of Oryza sp. grains, millets and pulses recovered from 
trenches I and J.

The fruit peel and nut shell fragments were very small and poorly preserved and 

therefore it was not possible to identify them. Despite this they represent the use 

of fruit and nut trees and may indicate some form of arboriculture. 

Taxa D10 E4 F2 F3 F4 F8

Charcoal fragments >4mm 11 1 3

Oryza sativa cf. indica 3 13 81 1 4

cf. Oryza sp. grain fragment 11 4 16

Cereal indet. 61 6 5 8

Oryza sp. spikelet bases domestic type 3 8

Oryza sp. spikelet bases immature type 1

Oryza sp. spikelet bases wild type 4

Oryza sp. spikelet bases indeterminate 11

Setaria sp. 1

cf. fruit peel fragments 2
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Table 16:  Total counts of wild weed species identified at Golbai Sasan.

15 different wild weeds were identified, however these occurred in low numbers 

and were all low in ubiquity (3.2%). Apart from Cyperaceae (9.7%) and 

Commelina sp. (9.7%), they represent only one or two finds. 

Wild weeds identified include those possibly from damp ecologies: Cyperaceae, 

Schoenoplectus, Liliaceae, Ipomoea, Scirpus and Lamiaceae (table 16). It addition 

weeds of cultivated land have been identified including Sida sp., Commelina sp. 

and Ipomoea sp.. Common weeds of irrigated and flooded rice fields in India  are 

represented also; Sida cordifolia, Commelina benghalensis and Ipomoea aquatic, 

triloba and pes-trigridis. 

5.1.3 Gopalpur 
10 new samples from Gopalpur (GPR-04) were sorted and analysed, and 14 

samples (from GPR-03) previously worked on by Emma Harvey (see Harvey 2006 

for 2003 sampling) were rechecked for spikelet bases. The full data can be found 

in appendix 5 and summary data can be found in table17. 

Only 1 of the GPR-03 samples contained spikelet bases, GPR-03A-6, and this 

sample only contained 2 of indeterminate type. By contrast, 106 spikelet bases  

Taxa Total count
Commelina sp. 5
Cyperaceae 5
Flower pedicle 1

Indet. 1. cf. Asteraceae 1
Indet. 2. cf. Araliaceae 2
Indet. 3. Large teardrop shape 1
cf. Ipomoea sp. 1
Lamiaceae 1
cf. Liliaceae 1
Poaceae 1
Portulaceae 1
cf. Rumex sp. 1
Scheonoplectus sp. 2
cf. Schoenoplectus sp. 1
cf. Scirpus sp. 2
Sida sp. 1
Wild seed indet. 22

 131



Results

Table17: Ubiquity (%) by trench of macro remains from Gopalpur.

Taxa GPR-03 
(13 

samples)

GPR-04 
(10 

samples)
Charcoal fragments 100.00 60

Cereal indet. grain 7.14 80
Oryza sativa cf. indica 92.86 70
cf Oryza sp. 0.00 30
Oryza sp. spikelet bases 7.14 0
Oryza sp. spikelet bases domestic type 0.00 60
Oryza sp. spikelet bases wild type 0.00 0
Oryza sp. spikelet bases immature type 0.00 0
Oryza sp. spikelet bases indeterminate 0.00 60
Oryza sp. glumes 21.43 0

Cajanus cajan 7.14 0
Macrotyloma uniflorum 28.57 0
Macrotyloma uniflorum fragments 42.86 0
cf. Macrotyloma 0.00 10
Pulse fragment 78.57 60

Panicum sp. 14.29 10
Panicum sumantrense 14.29 0
cf. Panicum sp. 0.00 20
Paspalum sp. 7.14 0
Setaria sp. 21.43 50
cf. Setaria sp. 0.00 10
Small millet indet. 35.71 60

cf. Andropogon sp. 7.14 0
Brassica/gallium type 0.00 70
Celtis sp. 14.29 0
Cyperaceae 14.29 50
Cyperus sp. 0.00 20
cf. Cyperus sp. 7.14 0
Cenchrus type 7.14 0
Echinachloa sp. 7.14 30
cf. Echinachloa sp. 0.00 20
cf. Eragrostis sp. 7.14 0
Ischaemum rugosum 28.57 0
Large grass 21.43 10
Small grass 14.29 0
Polygonaceae type 42.86 0
Rubiaceae fruit fragment 7.14 0
Weed seed indet. 100.00 90

Citrus sp. peel 0.00 60
Peel indet 0.00 50

Frunicular cap indet 7.14 0

 132



Results

were found in samples from GPR-04 showing that flotation during the 2003 

season was not adequate to recover spikelet bases, probably because targeting 

smaller items was not a focus of the research project and flotation was done using 

a 0.5mm mesh.  

Unfortunately the bulk sample volumes were not available for GPR-04 and 

therefore sample densities cannot be calculated. The samples densities for GPR-03 

average 4.6 items/litre and range from 15.7 to 0.2 items/litre. The low values 

Figure 64:  Sample size chart for 
Gopalpur.

The results from GRP-03 are available, and have been fully discussed, in Emma 

Harvey’s thesis (Harvey 2006); therefore these earlier results from the site will not 

be discussed here but are incorporated in the interpretation and discussion in 

chapters 7 and 8. 

The GRP-04 macro remains have high ubiquities of rice, millets and pulses within 

the samples. Examining the raw count data shows that rice is prevalent at the site 

with 204 grains (Oryza sativa cf. indica) and probable grains (cf. Oryza sp.) 

identified, as well as 106 spikelet bases, 25 of which were identified as domestic 

type and the remaining as indeterminate.  Small millets (Setaria sp., Panicum sp., 

Panicum sumantrense and Paspalum sp.) are equally as common as rice (70%) but 

only 77 grains were identified in total. Several grains, Echinochloa sp. in 

particular, may not have been edible crops and could represent weeds of 

cultivation. Echinochloa sp. appears unlikely to be an edible crop as Echinochloa  

sp. and Oryza sp. spikelet bases, i.e. crop processing waste, are present within the 
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 Figure 65:  Ubiquity and total counts of the main crops at Gopalpur ‘04.

Figure 66: % of Oryza, millets, pulses, weeds, fruit peel and spikelet bases in samples 
from Gopalpur ’04.

same samples.  GPR-04-13 and GPR-04-14 (sample GPR-04-14 in particular has 

high quantities of Echonochloa sp. (10) and Oryza sp. spikelet bases (94)). 

Echinochloa sp. has therefore been categorised as a weed. Pulses have a ubiquity 

of 60%, however they have a fairly low count of 26. The whole pulses are 

identified as Macrotyloma uniflorum, but there is a high quantity of unidentifiable 

pulse fragments within the samples. 

The quantity of rice peaks in samples at the middle of the stratigraphy and 

declines in more recent samples (8, 7b and 7a), however spikelet bases are fairly 

consistently present (figure 66). There are no other discernible trends in the crop 

data. Sample GPR-04-8 shows a greater percentage of millets than other samples, 

with 19 millet grains and 7 rice grains. 
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L/W ratios of the rice grains measured from Gopalpur ’04 are more similar in 

distribution to those of O. s. indica than O. s. japonica (figure 67), although there 

is overlap with the later. The rice from this site is thus identified as Oryza sativa cf. 

indica. 

Figure 67: Bar chart of length/width ratios (mm) for rice grains from Gopalpur ’04 with 
reported measurements of indica and japonica rices from Castillo et al. (2015).

Table 19:  The weed species identified at Gopalpur ‘04 and their total counts.

The wild weed assemblage is very small, with only 58 seeds recovered and 5 

identifications made (table 19). In addition, preservation is very poor, hence the 

identification of Brassica/Gallium type for 33 small, round and very eroded seeds. 

Other identifications include sedges and Echinochloa sp.. Again, Cyperaceae 

appears predominant, especially when examining the results from GPR-03 in 

addition to GPR-04. Although the assemblage GPR-04 is very small, combining it 

with that from GPR-03 created an assemblage indicative of a wetter, grassy 

ecology. 

Of note is the high occurrence of fruit peel at this site. Sample GPR-04-14 in 

particular contained 149 pieces of peel. Identification to species of fruit peel can  

Taxa Total count
Cyperaceae 6

Cyperus sp. 6

Echinochloa sp. 12

Large grass 1

Brassica/Gallium type 33
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Taxa SL/MA/09 
(38 

samples)

Taxa SL/MA/09 
(38 

samples)
Charcoal fragments >4mm 0 Cyperus cf. pumilis 2.63

Oryza sativa cf. japonica 94.74 cf. Eleocharis 2.63

cf. Oryza sp. 28.95 Echinochloa sp. 2.63

Triticum sp. 39.47 Euphorbia esula 2.63

Triticum aestivum/durum 34.21 Fimbristylus milliaceae 2.63

Triticum cf. aestivum.durum 18.42 Galium sp. 2.63

cf. Triticum sp. 47.37 Limnophila sp. 2.63

Cereal indet 76.32 Poaceae/Graminae 18.42

Oryza sp. spikelet bases 55.26 Rubiaceae/Scrofulariaceae 2.63

Triticum sp. rachis 2.63 Rubus sp. 5.26

cf. Vigna sp. 7.89 Small grass 2.63

Vigna sp. 21.05 Scleria type 5.26

Vigna cf. radiata 2.63 Stellaria sp. 10.53

Vigna cf. urad 2.63 Stellaria media 5.26

Vigna aconitifolia 2.63 cf. Solanum sp. 5.26

Lens culinaris 7.89 cf. Solinaceae 2.63

Legume indet 28.95 cf. Trianthema triquetra 7.89

Legume stems 2.63 Weed seed indet 15.79

Setaria sp. 5.26 Rhizome <4mm 2.63

Setaria verticillata 2.63 cf. Fruit peel 2.63

cf. Setaria/Bracharia 5.26 Canarium sp. shell 
fragments

10.53

Setaria/Brachiaria 5.26 cf. Canarium sp. shell 
fragments

2.63

Small millet indet. 13.16 Nut shell fragments indet. 39.47

Piper nigrum 13.16

Piper cf. nigrum 13.16

Syzygiun aromaticum 2.63

Vitis sp. 2.63

“Small acorn” 2.63

“Amaranthus” type 5.26

Amaranthaceae 2.63

Asteraceae 5.26

Bulbostylis capillar 2.63

Chenopodioideae 5.26

Chenopodium sp. 7.89

Coix 2.63

Cyperaceae 21.05

Cyperus sp. rounded 18.42

Cyperus sp. flat 5.26

Cyperus digitatus 5.26

Cyperus sp. “halpan” type 2.63

Cyperus cf. Iria 2.63

Table 18: Ubiquities (%) of macro 
remains from Mantai.
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be difficult, as its rare recovery means that there are few resources to aid 

identification and a lack of reference material. Using the reference material in the 

Institute of Archaeology, in particular work by Castillo (2013), an identification of 

Citrus sp. was given to 100 fragments. 

5.1.4 Mantai 
38 samples were sorted from Mantai, and amongst these were the best preserved 

and most diverse samples that were examined as part of this thesis. No samples 

were available from phase 1, which was archaeologically sterile (Bohingamuwa 

pers. comm.) or from phase 6. All samples taken during the excavation were 

examined and crop remains were found from the earliest samples onwards. The 

full data can be found in appendix 5 and summary data can be found in table 20. 

 

  Figure 68: Sample size chart for 
Mantai.

however sample 45 contained 976, including 327 rice grains (Oryza sp.) and 298 

Oryza sp. spikelet bases (figure 68).  

Oryza sp. is present in the earliest samples and increases in Phase 4 to a 100% 

ubiquity that continues throughout the duration of the site (figure 69).  Millets are 

present in Phases 3, 4, 7 and 9, and have low ubiquities in Phases 4, 7 and 9. This 

category includes Setaria sp. and Setaria/Brachiaria and find counts are generally 

very low (the highest single count of 2 Setaria/Brachiaria comes from sample 50, 

Phase 4). They are not present in Phase 10. Triticum sp. and exotic goods only 

appear after phase 4, and at the same time, suggesting both were imports or at 

least new products to Mantai in Phase 5. The exotic goods include black pepper 
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(Piper nigrum), cloves (Syzygium aromaticum) and grapes (Vitis cf. vinifera). Pulses 

include Vigna sp., Vigna cf. radiata, Vigna cf. mungo, Vigna aconitifolia and 

Lensculinaris. 26% (25 individuals) of the recovered pulses are unidentifiable to 

type, 20% were identified as Vigna sp.. Only 1 urd bean and 1 mung bean, 3 

moth beans and 6 lentils could be securely identified to species. 

 Figure 69: Ubiquity of crops and exotic goods at Mantai, according to phase.

Figure 70:  Total count of crops and exotic goods at Mantai, according to phase
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Figure 71: Percentage of each sample comprised of the main crops, exotic goods, weeds 
and chaff at Mantai.

Examining the sample composition (figure 71) again reveals the introduction of 

wheat and exotic goods in Phase 5. A reduction in the quantity of peel/shell is 

also revealed, with samples from Phase 5 onwards containing only 1 or 2 pieces 

of nut shell and fruit peel. Of interest is that millets continue to be present at the 

site until Phases 9 and pulses until Phase 10, although at reduced quantities. 

Figure 72: The number of wild, domestic, immature and indeterminate spikelet bases at 
Mantai. 
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Although many were found, the spikelet bases recovered from Mantai were 

largely unidentifiable to type due to poor preservation, however 37% were 

identifiable and 99% of those were of domestic type (figure 72). One wheat rachis 

was recovered from sample 22, phase 8.  

The rice from Mantai shows a typical unimodal distribution common to single 

populations (with the exception of only one large grain) and, following Castillo et 

al. (2015), indicates the presence of japonica rice only at the site (figure 73). 

Although there is an overlap between the size ranges of japonica and indica 

grains(between 1.61 and 2.21 l/w) measured by Castillo et al. (2015), the majority 

of Mantai grains fall within the former. 

 

Figure 73:  Left: Oryza sp. grains from sample 61, showing a longer slimmer grain on the 
left (indica type?) and squatter grain on the right (japonica type?).  Right: Bar chart of 

length/width ratios (mm) for rice grains from Mantai, with reported measurements of 
indica and japonica rices from Castillo et al. (2015).

The wild weed assemblage from Mantai is dominated by Cyperaceae from Phase 

3 to 9, including Cyperus cf. digitatus, Cyperus cf. iria and Fimbristylus milliaceae, 

a major weed of irrigated rice fields (table 20). In addition, several typical weeds 

of cultivation or disturbed soils are present, such as Stellaria media, Rubus sp. and 

Amaranthaceae. The presence of Limnophilia sp., an aquatic species, is 

interesting, however only one seed has been identified. No wild weed seeds were 

recovered from Phases 1 or 2, but the assemblage is still relatively diverse with 32 

taxa identified. 
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Table 20: The ubiquity, by phase, of weeds identified at Mantai.

Taxa Phase 3 
(2 

samples)

Phase 4 
(5 

samples)

Phase 5 
(6 

samples)

Phase 7 
(5 

samples)

Phase 8 
(5 

samples)

Phase 9 
(6 

samples)

Phase 10 
(3 

samples)

Amaranthus type 0.00 0.00 0.00 0.00 0.00 28.57 0.00

Amaranthaceae 0.00 0.00 0.00 0.00 0.00 14.29 0.00

Asteraceae 0.00 0.00 0.00 0.00 0.00 14.29 33.33

Bulbostylis capillar 0.00 0.00 0.00 0.00 16.67 0.00 0.00

Chenopodioideae 0.00 0.00 0.00 0.00 0.00 14.29 33.33

Chenopodium sp. 0.00 0.00 0.00 0.00 16.67 14.29 33.33

Coix 50.00 0.00 0.00 0.00 0.00 0.00 0.00

Cyperaceae 0.00 0.00 33.33 14.29 33.33 42.86 0.00

Cyperus sp. rounded 0.00 20.00 16.67 14.29 33.33 28.57 0.00

Cyperus sp. flat 0.00 0.00 0.00 0.00 0.00 28.57 0.00

Cyperus cf. digitatus 0.00 0.00 0.00 0.00 0.00 28.57 0.00

Cyperus cf. Iria 0.00 0.00 0.00 0.00 16.67 0.00 0.00

Cyperus cf. pumilis 0.00 0.00 0.00 0.00 16.67 0.00 0.00

cf. Eleocharis 0.00 0.00 0.00 0.00 16.67 0.00 0.00

Echinochloa sp. 0.00 0.00 0.00 0.00 16.67 0.00 0.00

Euphorbia esula 0.00 0.00 0.00 0.00 16.67 0.00 0.00

Fimbristylus milliaceae 0.00 0.00 16.67 0.00 0.00 0.00 0.00

Galium 0.00 0.00 0.00 14.29 0.00 0.00 0.00

Limnophila sp. 0.00 0.00 0.00 0.00 0.00 14.29 0.00

Poaceae/Graminae 50.00 0.00 0.00 14.29 33.33 14.29 66.67

Rubiaceae/scrofulariaceae 0.00 0.00 0.00 0.00 16.67 0.00 0.00

Rubus sp. 0.00 0.00 0.00 0.00 16.67 14.29 0.00

Small grass 0.00 0.00 0.00 0.00 0.00 14.29 0.00

Scleria type 0.00 0.00 0.00 0.00 16.67 0.00 33.33

Stellaria sp. 0.00 20.00 0.00 0.00 16.67 28.57 0.00

Stellaria media 50.00 0.00 0.00 14.29 0.00 0.00 0.00

cf. Solanum sp. 50.00 0.00 0.00 0.00 16.67 0.00 0.00

cf. Solinaceae sp. 0.00 0.00 0.00 14.29 0.00 0.00 0.00

cf. Trianthema triquetra 0.00 20.00 0.00 0.00 0.00 14.29 33.33

Indet. “Small acorn” 0.00 0.00 0.00 0.00 0.00 0.00 33.33
Wild seed indet 50.00 0.00 16.67 14.29 0.00 14.29 66.67
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5.2: The phytolith results 

Before the phytolith results from Tokwa, Golbai Sasan, Kodumanal, Perur and 

Mantai are presented mention must be made of a problem that occurred with the 

mounting medium. The entellen used to mount the majority of the slides created 

bubbles underneath the cover slip (figure 74). 

Whilst the bubbles were small enough not to 

affect the results for several slides, some slides 

were unsalvageable and so (after scanning under 

the microscope to assess the quality of the 

sample) were discarded. Most of the discarded 

slides were of samples from Golbai Sasan and  

Figure 74: Left: a bubbly slide that 
was examined; Middle: a slide that 

was discarded; Right: a sample 
remounted using un-faulty 

entellen and showing no bubbles.

transepts between bubbles. Number per slide and number per gram figures may 

be slightly higher for some bubbly slides however, due to displacement and the 

resulting clustering of phytoliths. As a precaution against altered raw count data 

the relative frequency of phytolith morphotypes is predominantly used below to 

enable better comparison between sites. 

The only observation of note made during processing is that there was a very low 

quantity of calcium carbonate present within all of the samples. This is primarily 

due to the soil types present at each site (lateritic), which is naturally low in 

calcium carbonate, but may also suggest that post deposition disturbance was 

limited. Calcium carbonate within a sample would in part be derived from 

mollusc shells which are incorporated into soils primarily through bioturbation 

and the movement of molluscs themselves. 
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Mantai. There were however duplicate slides 
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as it was possible to count along uninterrupted
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5.2.1 Tokwa 
Seven phytolith samples from Tokwa were processed to slide, and all were 

counted. These samples had a higher diversity that those from Golbai Sasan. In 

particular there was a more frequent occurrence of spheroids, both smooth and 

echinate, hairs, prickles and scalloped cells. Multi-cell panel preservation was 

also better, allowing for more frequent identifications of the multi-cellular 

material, including different leaf/culm morphotypes and millet husk. Full results 

can be found in appendix 7. 

The percentage weight of phytoliths per sample was an average of 4.69%. Sample 

12 had the highest of 9.81% and sample 16 the lowest, with 1.34%. 

 

Figure 75: Bar chart showing the relative frequency of the most common morphotypes 
present at Tokwa.

Figure 76: Line chart showing the absolute densities of multi-cell panels, including leaf/
culm cf. Oryza, millet type 1 husk and the sum of all leaf/culm and husk panels, 

excluding cf. Oryza and millet type 1, from Tokwa.
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Figure 77: Line chart showing the relative frequencies of monocot and dicot single cells 
from Tokwa.

The samples from Tokwa show the strong presence of rice husk in three of the 

samples; 10, 12 and 15, and it is also present in sample 4, at a lower frequency 

(figure 76). The remaining samples do not contain rice husk, but cf. Oryza leaf/

culm and cf. Oryza single cells. 

Figure 77 shows the high proportion of monocot single cells present across the 

samples, reaching nearly 100% in sample 12. Sample 8 has a greater proportion 

of dicots that other samples, which predominantly comes from the presence of 

single polyhedron cells (4.1%). Sample 8 also contains higher quantities of 

elongate cells (2.4%), tracheids (2.1%), blocks (3.2%) and scalloped cells (2.6%), 

including some of Cucurbitaceae type. It is also worth noting that scalloped cells 

have a ubiquity of 71.4% at Tokwa. This type of phytolith is common to 

Cucurbitaceae rind and their presence suggests that gourds and/or melons were 

used at the site. 

 

Figure 78: Line chart showing the relative frequencies of grass subfamilies from Tokwa.

The Tokwa samples show a high input from the panicoideae subfamily, and a 

lower input from chloridoideae, pooideae, bambusoideae and arundinoideae 

subfamilies (figure 78). Sample 11 has a particularly high relative frequency of 

panicoid grasses. Panicoideae includes Echinochloa sp., Digitaria sp., Setaria sp., 
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Panicum sp., Cenchrus sp. and Iscachne sp., all common weeds of rice. Phytoliths 

from the Bambusoid and Arundinoid subfamilies are negligible and below 0.5% 

where they occur (see data for collapsed saddle single cell and cf. Phragmites sp. 

multi-cell panels figures in appendix 7). 

Sample 10 contains both Triticum sp. (4 panels) and Hordeum sp. (2 panels) type 

husk, but no other samples have evidence for these crops. Millet husk is present in 

71% of the samples, but always below a  frequency of 2 panels. Both cf. Setaria 

sp. and cf. Panicum sp. types were identified however these are absent from the 

macrobotanic remains. This absence coupled to their low multi-cell phytolith 

frequency suggests that, despite the high frequency of panicoideae single cells, 

they were not crops at Tokwa. Rice husk is more common within the phytolith 

assemblage, and has a particularly strong signature in samples 10 (2.62%), 12 

(3.06%) and 15 (2.85%) (table 21). 

Table 21:  Absolute density and relative frequency (%) of rice leaf/culm and husk multi-
cell fragments at Tokwa.

 

Figure 79: Line chart showing the relative frequencies of selected ‘wet’ indicators and cf. 
Oryza husk from Tokwa.

The quantity of diatoms and sponge spicules is relatively low, compared to Golbai 

Sasan, however they have a fairly consistent presence throughout the samples, 
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occurring in all except samples 12 and 16. Cyperaceae multi-cell panels, reed 

multi-cell panels and cone single-cells are also consistently present. All of this 

suggests wetter conditions. In addition, there is a slight correlation between cf. 

Oryza husk, cyperaceae multi-cells and reed leaf/culm (figure 79), giving some 

suggestion that sedges and reeds are associated with rice crop waste. 

5.2.1 Golbai Sasan 
32 phytolith samples were processed and 22 archaeological samples were 

selected for identification. Two offsite samples were examined for comparison 

with the archaeological material, in order to identify possible contamination of the 

archaeological samples with modern elements. None was found. Many samples 

were of poor quality, with low phytolith numbers and high quantities of an 

unidentified mineral aggregate. Of particular note is the relative lack of multi cell 

panels and high presence of large bulliforms and keystones. 

The percentage weight of phytoliths per gram of soil within each sample is much 

lower than at Tokwa. It ranges from 0.5% to 3.8% and averages at 1.53%. Full 

results can be found in appendix 7. 

The most common morphotypes from Golbai Sasan include the long cells, 

bulliforms and keystones (figure 80). Rondels are also recorded in high numbers  

from several contexts, including I2 (relative frequency of 11.6%, 23329 phytoliths 

per gram), I8 (5.2%, 32514 per gram) and J5 (8.6%, 21929 per gram). The multi 

cells are dominated by indet leaf/stem and indet husk panels. Other single cells 

(including Oryza-type keystones and all other grass short cells) and multi-cell 

panels identifiable to family, genus or species are only rarely recorded i.e. at 

levels of <5%. Oryza was identified in 89% of the samples and was only absent in 

I17. Cf. Setaria husk was identified in 3 samples, I4, J18, J25 but always at low 

quantities of 1-5 individual panels counted per slide. 
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Figure 80: Bar chart showing the relative frequency of the most common morphotypes 
present at Golbai Sasan.

Figure 81: Line chart showing the relative frequencies of multi-cell panels, including leaf/
culm cf. Oryza, husk cf. Oryza and the sum of all leaf/culm and husk panels, excluding cf. 

Oryza types, from Golbai Sasan.

There is similar input into the multi-cell assemblage from rice husk and rice leaf/

culm (2.8% cf. Oryza leaf/culm, 2.81% cf. Oryza husk), underpinning the 

recovery of rice chaff (spikelet bases) within the macrobotanic remains. ’Husk cf. 

Oryza’ positively correlates with ‘Husk indet.’ in most samples, suggesting that 

‘Husk indet.’ likely comes from rice also (figure 81). In general leaf/culm multi-
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cell panels dominate the samples, showing that most botanic waste comes from 

these plant parts. The quantity of Oryza sp. leaf/culm multi-cells is low throughout 

the sequence. 

The presence of multi-cell panels within the samples generally corresponds with 

the occupation period of the site, with higher levels of multi-cells from I10 though 

to J8 (with the anomalous exceptions of I3 and I2). 

There is a higher frequency of echinate spheroids in samples I4, J5, J7, J8 and J10 

than in the rest of the samples from Golbai Sasan. Echinate spheroids are found in 

palms and it may be possible to identify these to genera, however this requires  

large samples of echinate spheroids from archaeological and modern contexts, 

morphometric software, uni and multivariate analysis (e.g. Fenwick et al. 2011). 

Therefore no specific identification has been made, however it is likely that these 

palm spheroids come from building materials as preserved pieces of palm based 

wattle and daub were found during excavation. 

Figure 82: Line chart showing the relative frequency of monocots and dicot single cells 
from Golbai Sasan.

The majority of single cell phytoliths are from monocot sources, as would be 

expected (figure 82). The % total of dicot single cells ranges from 0.71% in sample 

I2 to 7.2% in sample I10. 

Panicoid grasses dominate the Golbai Sasan grass subfamilies assemblage, and 

occur in high frequencies (i.e., higher than the other grass morphotypes) in 

samples I5, I8 and J10-25 (figure 82). Chloridoid grasses are more prominent in 
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sample I2, I4 and J5. Bambusoids are of a lower frequency and do not appear in 

several samples (they have a ubiquity of 40%). 

 

Figure 83: Line chart showing the absolute density of grass subfamilies from Golbai 
Sasan.

Figure 84: Line chart showing the relative frequencies selected ‘wet’ indicators and cf. 
Oryza leaf/culm at Golbai Sasan.

There is a significant contribution from diatoms and sponge spicules to the Golbai 

Sasan assemblage. Three samples, I8, J1 and J22, show little input from either, 

however for the rest 0.5-5.8% of the total sample was comprised of both diatoms 

and sponge spicules. Equally unusual are samples I5, I6, I25 and J18, which 

contain extremely high levels of diatoms and sponge spicules. This strongly signals 

the presence of water throughout the life cycle of the site. There is significant input 

from Cyperaceae species, including single Cyperus sp. achene cells and Cyperus-

type multi-cell panels. This indicates that a proportion of leaf/culm may come 

from Cyperaceae (figure 84). 
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I8 is an anomalous sample. It contains both high quantities of rice leaf/culm and 

low quantities of diatoms and sponge spicules, so possibly derives from an area of 

rice straw matting within a building. J22 is also unusual as it contains few 

bulliforms, keystones or diatoms, but higher quantitites of long cells, possibly for 

the same reason as I8. All other samples, however, are comparable and give a 

distinct footprint of bulliform, keystone and long cell dominated assemblages 

formed in the presence of water and/or wet ecologies.  

5.2.4 Kodumanal 
Four samples were available from Kodumanal and all were processed to slide and 

counted. All samples contain cf. Oryza husk, and samples 5 and 11 contain traces 

of millet husk, predominantly of Panicum type. Full results can be found in 

appendix 7. 

The percentage weight of phytoliths per sample is very high at an average of 

10.11%, with the exception of sample 5 in which 1.9% of the sample was 

phytoliths. The other samples range from 12.3% to 13.9%. 

 Figure 85:  The relative frequency of selected phytolith morphotypes with over a 25% 
ubiquity from Kodumanal. 

On average 50% of the single cell assemblage for all samples is comprised of 

monocots, and 5% of dicots (figure 86, appendix 7). This shows a limited input 

from weed flora (in which dicots are prominent) and a relatively higher input from 

grasses, including grain crops, and is to be expected. The data shows a strong 

signature for grass leaves/culms, but the low numbers of rice leaf single-cells and 
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multi-cell panels (1 from sample 9) indicates that the crop contributed little to this 

(figure 87). Again, indet. husk and cf. Oryza husk correlate strongly suggesting 

that most husk multi-cells are derived from rice plants. 

Figure 86: Line chart showing the relative frequencies of monocot and dicot single cells 
in samples from Kodumanal.

Figure 87: Line chart showing the relative frequencies of indet. leaf/culm, indet. husk, cf. 
Oryza single cells and cf. Oryza husk multi-cell panels at Kodumanal.

Little evidence for other crops was recovered from the Kodumanal phytoliths. 

Trace remains of millets were identified however (table 2). 8 multi-cell panels of 

millet type 1 husk and 6 of millet type 2 are identified in samples 5 and 11. Millet 

type 2 has more undulating patterns on the epidermal long cells (Lu et al. 2009, 

Weisskopf and Lee 2014) and is more associated with Panicum sp. whereas millet 

type 1 is associated with Setaria sp. (see appendix 4 for identification details).  

Table 22: Number of millet type 1 and millet type 2 multi-cell panels found in samples 5 
and 11.

Sample 5 Sample 11

Millet type 1 1 7

Millet type 2 3 3
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Figure 88: Line charts showing relative frequencies for selected ‘wet’ indicators and cf. 
Oryza sp. husk and all cf. Oryza sp. single cells from Kodumanal.

The quantity of diatoms and sponge spicules at Kodumanal is restricted to 1 or 2 

individual counts per sample (figure 88). Equally, the presence of Cyperaceae 

single cells and multi-cell panels is very low. This suggests a dryer ecology than 

Golbai Sasan or Tokwa. There is no correlation between the quantity of cf. Oryza 

husk and the quantity of diatoms, sponge spicules or cyperaceae elements, 

however the individual counts of each morphotype are generally low (see 

appendix 7 for the data), with the exception of rice husk in sample 10 in which 18 

individual multi-cell panels were counted (providing a relative frequency of 

6.7%). 

Figure 89: Line chart showing the relative frequencies of grass subfamilies at 
Kodumanal.

Three grass families, excluding rice and the other Ehrhartoideae, are represented 

at fairly similar levels across the samples (figure 89). Chloridoideae is generally 

less frequent (at around 2-4% of the sample) than panicoideae (around 4-7% of 

the sample) and pooideae (around 6-7% of the sample), except in sample 5. 

Bambusoideae, represented through collapsed saddles, are absent in samples 5 
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and 11 and make up less than 0.6% of samples 9 and 10, and therefore have a 

fairly negligible impact of the assemblages.  

Sample 5 is rather anomalous as it has a low percentage weight of phytoliths 

(1.9%) and a high relative frequency of bulliforms (19.6% of the total sample). It 

also has less cf. Oryza husk (a relative frequency of 0.85% compared to between 

1 and 7% for the other samples), as well as a significantly lower quantity of multi-

cell panels (a relative frequency of 29% compared to between 44% and 65% for 

the other samples). This sample is more in character with those from Golbai Sasan 

than the rest of the assemblage, although the quantity of diatoms and sponge 

spicules is low. 

The Kodumanal phytoliths contain regular input from rice and grasses, with higher 

frequencies of Chloridiodeae than Tokwa and Mantai. Diatoms, sponge spicules 

and cyperaceae elements have a relatively low presence on the site. 

5.2.5 Perur 
Four samples were available from Perur and all were processed to slide and 

analysed. These samples were expected to be fairly similar to those from 

Kodumanal due to the cultural similarities of the sites, and in most aspects they 

are. The striking difference with the samples from Perur is the extreme rarity of 

diatoms and sponge spicules. The most common morphotypes were long smooth 

cells, bulliforms, bilobes and indet. leaf/culm multi-cell panels, indicating that the 

majority of the samples derive from leaf or culm sources. Full results can be found 

in appendix 7. 

The percentage weight of phytoliths per gram of sediment averages at 2.6%. Soil 

sample 16A was comprised of 3.82% phytoliths, where as sample 18 consists of 

1.64% phytoliths. 
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Figure 90: The relative frequency of selected phytolith morphotypes with over a 25% 
ubiquity from Perur.

Figure 91: Relative frequencies of indet. and cf Oryza leaf/culm and husk multi-cell 
fragments at Perur.

Cf. Oryza husk is present in every sample at relative frequencies of between1.3% 

(sample 17) and 2.6% (sample 18). No cf. Oryza leaf/culm multi-cell panels were 

found. Traces of millet and cf. Triticum husk have also been recovered (table 23). 

Cf. Triticum husk was only identified in sample 18 and, as there have been no 

reported macrobotanic finds of wheat at the site, it is unclear whether this truly 

represents a cultivated wheat crop or not. Only 6 multi-cell panels were identified 

as cf. Triticum husk and therefore these could represent a different, yet 

morphologically similar, genus or genera. Millets have been recovered from Perur, 

but the frequency of millet type husk within the samples (below 1%) does not 

suggest that these were cultivated crops. 
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Table 23:  Absolute and relative frequency of millet-type and cf. Triticum husk multi-cell 
panels at Perur.

Figure 92: Relative frequency of monocot and dicot single cells at Perur.

On average 70% of all the samples is comprised of monocot single cells and 4% 

is comprised of dicot single cells (figure 92). There is a slightly higher frequency of 

dicot single cells in sample 16A which is attributed to the high presence of 

echinate spheroids within the sample (an absolute frequency of 5074.9, relative 

frequency of 4.5%). As at Golbai Sasan, this indicates the presence of palms at the 

site. 

Figure 93: Relative frequencies of cf. Oryza husk, cyperaceae, indet. dicot and millet type 
1 multi-cell panels at Perur.

Cyperaceae multi-cell panels have a high relative frequency in sample 15 (1.8%) 

and are consistently present in the remaining samples (figure 93). Equally, millet 

type 1 multi-cell panels are more frequent within sample 15 (0.8%), but they are 

absent in sample 16.  

No diatoms or sponge spicules are found in 3 the samples from Perur. The count 

for sample 17 shows only 1 diatom and 1 sponge spicule (table 24). 

15 16A 17 18

Millet type 1 husk 1329.6 (0.8%) 135.3 (0.1%) 0 (0.0%) 132.3 (0.2%)

Millet type 2 husk 0 (0.0%) 0 (0.0%) 204.87 (1.0%) 0 (0.0%)

cf. Trititcum husk 0 (0.0%) 0 (0.0%) 0 (0.0%) 793.74 (1.0%)
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Table 24: Absolute and relative frequencies of diatoms and sponge spicules at Perur.

Four grass subfamilies, panicoideae, pooideae, chloridoideae and bambusoideae 

are represented at Perur (figure 94).  The three main subfamilies (panicoid, pooid 

and chloridoid) have a fairly equal representation in sample 15 and 18, however 

samples 16A and 17 show a greater frequency of panicoid grasses. Chloridoid 

grasses dominate the assemblage in sample 18, with a comparatively high relative 

frequency of 8.5%.  

Figure 94: Relative frequencies of grass subfamily single cells at Perur.

The Perur phytoliths show evidence for a rice crop and some crop processing. 

Other crops were not represented within the samples. Diatoms and sponge 

spicules are almost absent from the site. Cyperaceae, however, is consistently 

present. Traces of millet type 1 multi-cell panels were also recovered, but these 

are found at very low densities. 

5.2.6 Mantai 
16 samples from Mantai were processed and 10 samples, covering 9 phases, were 

selected for identification. Samples from phase 1 were unavailable, but this phase 

appears to be sterile as no macro remains or finds were recovered from it. Mantai 

has a very different phytolith assemblage to the sites from India. There is a greater 

variety of single cells and a particularly high frequency of grass short cells, 

including crosses, rondels and saddles. The frequency of multi-cell panels is also 

much higher, making up 43% of sample 45. Unfortunately multi-cell preservation  

15 16A 17 18

Diatoms and Sponge spicules 0 0  81.2 (0.4%) 0
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Figure 95: The relative frequencies of the main morphotypes present at Mantai. 
Phases in brackets.

was still quite poor, with the majority of panels being formed of only two or three 

individual phytoliths, so specific identifications were still not possible for many 

panels. Full results can be found in appendix 7. 

The percentage weight of phytoliths per gram of sediment is 1.79% on average. 

Soil sample 45 was comprised of 5.38% phytoliths and sample 53 had the lowest 

at 0.27%. Ignoring sample 53, these quantities are slightly higher than Golbai 

Sasan, Tokwa and Perur. 

Common morphotypes from Mantai include smooth long cells, dendritic long 

cells, bulliforms, bilobes, echinate spheroids, indet. leaf/culm multi-cell panels 

and index. husk multi-cell panels. Smooth long cells make up 25% of sample 20, 

21% of sample 16A and 23% of sample 13. Dendritic long cells make up 

between 2 and 11% of the samples, which is notably higher than at the Indian 

sites. Bulliforms comprise between 3 and 13% of the samples, however keystones 

are comparatively rare, at below 2% in each sample (appendix 7). No evidence 

for rice, or other crops, was found in sample 53 and the macro remains from 

Phase 2 are also quite poor. After Phase 2, a chronological change in the phytolith 

assemblage is not visible within the data. Although there is an increase in long 

cells in samples 13. 20-Lower pit and 16A, representing phases 9 and 10, sample 

11 (phase 9) does not correspond with this trend. Instead, all of the samples are 
 157

53 (2)
52 (3)
50 (4)
37 (5)
44 (7)

45 (7/8)
11 (9)
13 (9)

20-L.P. (9)
16A (10)

% of sample

0 25 50 75 100

Long (Smooth): Long (Sinuate) Long (Rods) Long (Dendritic): Bulliform
Bilobes: Cross Rondels: Saddles: Echinate Spheroid
Sheet Leaf/culm indet: Indet husk cf. Oryza husk Other



Results

reasonably similar, with the exception of samples 52 (37.29% echinate spheroids) 

and 11 (36.21% cf. Oryza husk).  

Figure 96: Relative frequency of monocotyledon and dicotyledon single cells at Mantai.

Monocot single cells make up between 34% and 67% of the samples (figure 96). 

This number is comparatively low, however the high frequency of multi-cell 

panels explains this. Dicot single cells comprise 7-24% of all of the samples 

excepting sample 52, which is composed of 42% dicot single cells. These single 

cells are predominantly echinate spheroids (37%) suggesting the incorporation of 

palm leaves into the sample, as at Golbai Sasan. 

 

Figure 97: Line chart showing the relative frequency of leaf/culm indet., husk indet., cf. 
Oryza husk and cyperaceae multi-cell panels at Mantai.

The quantity of rice husk at Mantai is relatively high compared to the other sites, 

with a particularly high frequency in sample 11 (36.2%) (figure 97). It is present in 

every sample with an average relative frequency of 6.7% and sample 37 has the 

lowest frequency at 0.39%. Cf. Oryza leaf/culm multi-cell panels were only found 

in samples 37 (1 panel), 44 and 45 (8 panels each), suggesting the later stages of 

crop processing, however the relative frequency of leaf/culm indet. panels is quite 

high.  How many of these are attributable to rice plants is unknown, however leaf/

culm reed, leaf/culm long cells and leaf/culm echinate spheroid panels have been 
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found in comparatively high quantities suggesting non-rice sources for the leaf/

culm indet. panels (table 25). 

Table 25: Absolute density and relative frequency of selected leaf/culm morphotypes at 
Mantai.

There is little evidence for any other crop plants despite the presence of wheat and 

millets within the macrobotanical samples. However, one multi-cell panel of 

millet type 1 was recorded in sample 13, phase 9. Pulses would also be expected 

to have a presence within the phytolith record, however fabaceae species have a 

fairly erratic pattern of phytolith production, with some species producing 

phytoliths and others not (Piperno 2006). A proportion of tracheid and polyhedron 

cells may be attributable to legume species, but this would be tenuous to assume. 

  

Figure 98: Line chart showing the relative frequency of four grass subfamilies at Mantai.

The Mantai samples show a comparatively equal input from three grass 

subfamilies; panicoideae, chloridoideae and bambusoideae (figure 98). 

Bambusoideae has a low input with a maximum of 0.57% in sample 44. Samples 

37, 44, 45 and 52 have a higher frequency of panicoids (4.5-7.2%), whereas 

samples 50, 11 and 13 are dominated by chloridoids (4.1%, 3.7% and 3.2% 

respectively). 

11C 13 16A 20-L.P. 37 44 45 50 52

Leaf/culm 
reed

1548 
(0.66%)

0.00 1229 
(0.59%)

0.00 275 
(0.13%)

469 
(0.42%)

1513 
(0.52%)

0.00 0.00

Leaf/culm 
long cells

3870 
(1.66%)

0.00 1229 
(0.59%)

132 
(0.57%)

0.00 0.00 5549 
(1.92%)

0.00 0.00

Leaf/culm 
rug. 
spheroid

0.00 267 
(0.46%)

0.00 0.00 1376 
(0.64%)

1250 
(1.13%)

0.00 322 
(0.38%)

2427 
(0.83%)
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Figure 99: Line chart showing the relative frequency of cf. Oryza husk, indeed. dicot 
multi-cell panels and selected ‘wet’ indicators. Sample 11=36.2% rice husk.

 

Diatoms and sponge spicules have a fairly consistent underlying presence within 

the sample (figure 99), however sample 20-Lower Pit shows a particularly high 

quantity of sponge spicules (270 per gram, 3.42%). Cyperaceae and indet. dicot 

multi-cell panels are also present at low quantities in most of the samples 

suggesting a continuous low-level input from weed flora into the site, however 

there is no correlation with the rice chaff data. 

5.3 In summary, a brief comparison of each site 

The comparative taphonomy of each site can not be fully assessed as specific 

context details are not available. Due to the nature of the excavations conducted 

in India (which were done in spits or “layers”), samples from Tokwa, Golbai Sasan, 

Gopalpur, Perur and Kodumanal are not from isolated contexts, but instead 

represent mixed contexts. It is therefore difficult to determine which type of 

deposit (e.g. living floor, waste pit, hearth) a sample represents. In reality it is 

likely that each macrobotanical samples represents two or more context types. By 

contrast, each phytolith sample has been taken from a discreet context. However, 

the details of these have not been provided or are unknown due to the technique 

of excavating in layers. Therefore the only guide to the comparative taphonomy of 

each site must come from the samples themselves. This is provided in empirical 

data by recording the P value of the Oryza sp. grains recovered from Tokwa, 

Golbai Sasan, Gopalpur and Mantai (figure 100, appendix 6). 
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Figure 100: P values of rice grains identified within the macrobotanical remains.

This data suggests that better preservation conditions were present at Tokwa, 

however the benefit that this would have conferred to this study of rice cultivation 

systems is largely undone by the use of a larger mesh size during flotation. 

All samples were recovered from habitation sequences with the exception of those 

from Mantai which derive from waste deposits from a communal rubbish dump 

(Bohingamuwa pers. comms.). No evidence for a communal rubbish dump has 

been reported from any of the Indian sites, perhaps suggesting that each 

household processed their own waste but perhaps because the sites were not 

excavated fully. Taphonomically, the major difference between samples from these 

sites is likely to be the presence of waste from mixed sources at Mantai vs 

household waste at the others. Yet the recovery of crop processing remains in 

samples from each site demonstrates that recurrent rice crop processing accounts 

for a proportion of this waste. 

The macrobotanical and phytolith evidence from Golbai Sasan and Gopalpur 

shows evidence for a rice and pulse based economy. Rice type phytoliths were 

found in nearly all phytolith samples from Golbai Sasan and spikelet bases were 

routinely recovered from the macro botanic samples from both sites. The signature 

for rice chaff is strong. The weed and phytolith assemblages contain many wet 

land taxa and morphotypes. In particular, the weed seed assemblage from 

Gopalpur is dominated by wet land grasses (Ischaemum rugosum, Andropogon, 

Eragrostis) and sedges. Additionally, the phytoliths from Golbai Sasan show high 

frequencies of diatoms and sponge spicules, as well as cyperaceae elements.  
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The Tokwa macro remains contained rice, pulses, wheat, barley and millets. Some 

evidence for millet, wheat and barley husk has been found within the phytolith 

assemblage, but the majority of identifiable husk multi-cell panels were of rice. 

The Tokwa phytolith samples showed a greater variety in grass subfamilies and the 

macroremains corroborate this, with a weed seed assemblage comprised of 

grasses only. There is a consistent presence of cyperaceae elements, diatoms and 

sponge spicules within the phytolith assemblage, however less than within 

samples from Gopalpur and Golbai Sasan. 

Perur and Kodumanal have similar phytolith assemblages. These are characterised 

by the presence of rice and millet husk, plus a very low frequency, or absence ,of 

diatoms and sponge spicules. Cyperaceae elements are relatively common, 

however. 

The assemblage from Mantai is, once again, very different from the others. The 

macro remains include non-native trade goods, including wheat and pepper. 

There is an absence of wheat husk within the phytolith assemblage. The signature 

for rice chaff is strong within both the macrobotanical and phytolith assemblages. 

Diatoms, sponge spicules and cyperaceae elements are consistently present within 

the phytolith samples, as are wetland weeds in the macrobotanical samples. 
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6.0 Through the glass darkly: exploring the 

data using correspondence analysis 

Figure 101 shows the initial exploratory plot in which all the data for all the 

samples with rice-type phytoliths examined as part of this project (44 samples and 

76 taxa in total) were analysed.The clearest distinction between sets of samples is 

on axis 1, most visibly between Kodumanal, Mantai and Golbai Sasan. Samples 

from Kodumanal are located at the negative end of axis 1 and those from Golbai 

Sasan are located at the positive end. Two samples from Mantai are outliers and 

are situated far along the positive end of axis 2 and at the negative end of axis 1.  

Figure 101: CA samples plot (left) showing the distribution of samples classified 
according to site, and a CA samples and species biplot (right).
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These samples show a clear distinction from samples from Kodumanal at the other 

extreme of axis 2, but the majority of samples are plotted towards the middle of 

this axis. Other samples from Mantai are still plotted at the positive end of axis 2 

but are associated with samples from Kodumanal, Golbai Sasan and Perur. The 

Perur samples are plotted close to the point of origin and are closely associated 

with each other. Samples from Tokwa are found towards the positive end of axis 1 

and are associated with samples from Golbai Sasan and Perur. 

An examination of the data shows that the outlying samples from Mantai (11 and 

52) contain unusually high frequencies of both two-tiered and cf. Oryza husk 

multi-cell phytoliths (figure 98). The samples were therefore removed from 

subsequent analysis. 

CA was run again, with Mantai samples 11 and 52 excluded. Figure 102 shows 

the samples plot and biplot produced from the relationships between 42 samples 

and 76 taxa. The samples are roughly clustered in groups that relate to the sites 

from which they were taken, demonstrating differentiation between the sites. 

Figure 102: CA sample plot (left) and biplot (right) of phytolith samples excluding 
Mantai samples 11 and 52.
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There are clear distinctions between sets of samples on both axes. Percentage 

variance on axis 1 has increased to 38.3% and variance on axis 2 is now 12.6%. 

Samples from Golbai Sasan and Tokwa and samples from Kodumanal are at 

extreme ends of axis 1, whereas samples from Golbai Sasan and samples from 

Tokwa are at extreme ends of axis 2. Golbai Sasan samples are primarily plotted at 

the negative end of axis 1 and positive end of axis 2, with some samples plotted at 

the negative end of axis 2. These samples include I8 and J22, previously identified 

as anomalous samples in the results chapter. There is no chronological pattern to 

the distribution of these samples. The Tokwa samples appear at the negative ends 

of axis 1 and 2, Perur is again close to the point of origin. The Mantai samples are 

quite spread out, however a cluster of 5 samples is situated in the middle  of the 

plot at the positive end of axis 1, with 2 samples at the negative end of axes 1 and 

2. Perur is not differentiated from some samples from Golbai Sasan or Mantai.  

The Perur samples are again closely associated with each other. 

  

There is a geographic pattern within the plot, with Golbai Sasan and Tokwa (more 

northerly) to the negative end of axis 1 and Kodumanal, Perur and Mantai (a 

southern cluster) towards the positive, indicating that latitude, rainfall, 

environment, or a combination of all three, may be responsible for patterns  

within the data set. In either case this indicates that geography rather than 

anthropological activity is reflected in the data patterns. This is contrary to what 

would be expected if deep water irrigation systems were used at Kodumanal, 

Perur or Mantai. Samples from deep water irrigation systems would be expected 

to disrupt a geographic pattern and create a different type of patterning within the 

plots. This is indicated by the data from the modern field surveys, CA of which 

plotted decrue and rainfed systems from Odisha at opposite ends of axis 1 (image 

49). 

6.1 Exploring the data using species 
classification systems 

The further explore the patterns within the data the two classification systems 

detailed in chapter 4 were applied to the dataset. 
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6.1.1 Exploring patterns within the data using C2. 

Figure 103: CA samples pie plot using classification system C2.

Figure 104: CA biplot for C2, with samples 
classified according to site.
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Figure 103 shows the CA sample pies plot following classification system C2. In 

this sample plot of 42 samples and 74 taxa (excluding diatoms and sponge 

spicules), samples are denoted by pie charts, with each slice representing the 

proportions of each category in each sample. Axis 1 accounts for 34.3% of 

variance within the data and axis 2 for 11.3%. Axis 1 shows a difference in the 

proportion of “other grass multi-cells” (including indeterminate leaf/culm which 

accounts for the majority of this category) with a greater proportion at the positive 

end. Axis 1 also shows a contrast in the quantity of sensitive morphotypes, with a 

greater proportion at the negative end of the axis. Axis 2 shows a variance in 

hydrophilic, cyperaceae and dicot morphotypes, with a greater proportion of 

hydrophilic species at the positive end. Alongside this there is a higher proportion 

of cyperaceae and dicot phytoliths at the negative end of the axis.  

Samples located at the negative end of axis 1 as well as those located at the 

positive end of axis 2 contain a greater proportion of morphotypes associated with 

higher water availability throughout the growing season.  Samples located at the 

negative end of axis 2 contain a greater diversity in weed morphotypes. 

The CA shows that the majority of samples from Golbai Sasan are differentiated 

from the other sites due to a dominance of hydrophilic and sensitive morphotypes. 

Some samples have nearly a 50:50 fixed:sensitive composition suggesting average 

levels of water throughout the plant's life span, but these are exceptions. There is a 

much greater proportion of sensitive to fixed phytoliths in the majority of samples, 

particularly within those located at the positive end of axis 2. 

The samples from Tokwa have a lower proportion of hydrophilic species in them 

than those from Golbai Sasan, resulting in the site’s differentiation on axis 2. 

However the proportion of sensitive morphotypes is consistently higher than fixed 

morphotypes. In addition there is a high input from cyperaceae phytoliths and 

significant quantities of dicotyledon phytoliths. The Tokwa samples contain few 

‘other grass multi-cells’ causing them to be plotted at the opposite end of axis 1 to 

samples from Kodumanal, Mantai, and to a lesser extent, Perur. 
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Figure 105: CA plot of sample pies from Mantai (Man-), Perur (PRR-), Kodumanal 
(KDM-) and Tokwa (TKW-). Classified using C2. 

 

Figure 106: Samples and species biplot 
excluding samples from Golbai Sasan.
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Samples from Perur, as well as some from Golbai Sasan, Mantai and Tokwa, have 

a fairly equal contribution from both sensitive and fixed phytoliths, as well as 

hydrophilic morphotypes and other grass multi-cells. Some cyperaceae phytoliths 

are evident, but at relatively low quantities, separating Perur from Tokwa on axis 

2. The differences between Perur, Kodumanal, Mantai and Tokwa can be seen 

more readily in figure 105, which was created using the same classification 

system but excludes all samples from Golbai Sasan. 

The Kodumanal samples are located on the opposite end of axis 1 to Golbai 

Sasan, indicating that they are the most different from each other, and contain the 

highest quantity of ‘other grass multi-cells’ of all the samples analysed. The fixed 

to sensitive morphotype ratio is relatively even. In addition there is a much smaller 

proportion of hydrophilic species present within the samples, in some cases none, 

than within samples from other sites. 

Several of the Mantai samples have a significant contribution from echinate 

spheroids (palms) indicating the greater presence of non crop-processing waste 

(e.g. waste from basket making or roofing materials) within the samples, however 

this does not differentiate the site from others within the plot. There is also a large 

proportion of rice-type phytoliths within the samples. The Mantai samples are 

similar to Kodumanal and Perur, but they have a higher proportion of sensitive to 

fixed morphotypes, plus a higher proportion of hydrophilic species and 

cyperaceae morphotypes, leading to their separation from Kodumanal on axis 1. 

The two outliers at the negative ends of axis 1 and 2 contain higher quantities of 

dicotyledon phytoliths than the rest of the samples from Mantai. This separates 

them from the others, nonetheless they have a similar make up to those in the 

main cluster. There is no chronological pattern to the distribution of the samples. 

The pie plots created using this classification system differentiate samples based 

on water availability, with samples from ‘wetter’ sites located at the positive end of 

axis 2 and at the negative end of axis 1. In addition, weed diversity is indicated to 

be a factor in the separation of sites and samples.  
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6.1.2 Pies plot following Weisskopf et al. (2013) 
Figure 107 shows a CA sample pies plot using the Weisskopf et al. (2013) 

classification system. Axis 1 accounts for 38.3% of the variation and differentiates 

between samples with a high proportion of other and indeterminate poaceae at 

the positive end and a lower proportion at the negative. There is again a clear 

difference in the proportion of hydrophilic species within the samples, with axis 2 

(which accounts for 12.6% variance) showing a greater proportion at the positive 

end.  Once more, dicotyledon frequencies affect the distribution of samples on 

axis 2 with higher proportions at the negative end. The proportions of Cyperaceae, 

Araceae, Oryza sp., Commelinaceae, and panicoid phytoliths do not appear to 

individually affect the position of the samples within the plot to any great extent. 

However, there are slightly more Cyperaceae phytoliths within the samples at the 

negative end of axis 1 and more panicoid phytoliths at the negative end of axis 2. 

As with figure 102, this plot shows that the Golbai Sasan samples are dominated 

by hydrophilic species, as shown in the phytolith results section above, and 

strongly indicate the presence of water. The Tokwa samples contain significant 

quantities of panicoid (mostly tropical) and Cyperaceae phytoliths, placing them 

at the opposite end of axis 2 to Golbai Sasan. At the other end of axis 1, 

Kodumanal and several of the Mantai samples are predominantly comprised of 

other and indeterminate poaceae phytoliths, with few hydrophilic components or 

cyperaceae phytoliths. Again, the Perur samples are similar in composition to 

these, but with a greater contribution from hydrophilic morphotypes accounting 

for their location further towards the negative end of axis 1. 

This plot allows for better comparison with modern analogue samples. Examining 

the CA plots of modern rice field phytolith data produced by Weisskopf 

(Weisskopf et al. 2013, Weisskopf 2014) (figure 49) reveals some interesting 

patterns based on the proportions of each morphotype category within the 

samples and the way in which samples are differentiated between each other. The 

samples with the highest proportion of hydrophilic species derive from rainfed 

fields in the Western Ghats (I2 and I3) and decrue cultivation in Odisha (I7). Those  

in the Western Ghats had substantial bunds to pool the water and the decrue rice  
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Figure 107: CA sample pies plot using the Weisskopf et al. (2013) classification system. 
(See figure 102 for samples and species biplot.) 

Figure 108: Left: Field I2 (of figure 49) a rainfed field in the Western Ghats. Note the 
stone built bunds. Right: I7, the decrue field in Odisha, looking towards the edge of the 

rice field where it meets the deepest part of the pond.
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was actually grown in a large seasonal pond (figure 108). The decrue samples also 

have low proportions of dicotyledonous weeds, panicoid grasses and other 

Poaceae. In composition they are similar to the Golbai Sasan samples, yet the 

field samples also include a high frequency of cyperaceae phytoliths which are 

absent from many of the Golbai Sasan samples. Nevertheless, both sets of samples 

are differentiated from the others in their respective plots on the basis of a higher 

proportion of hydrophilic morphotypes and a lower proportions of dicots. The 

Tokwa samples appear similar to those from lowland rainfed fields (I4 and I6). In 

general, these are comprised of roughly 50% other and indet. poaceae phytoliths, 

plus hydrophilic species, Cyperaceae, panicoid and dicot phytoliths. These sets of 

samples are differentiated from the others in their respective plots by their greater 

proportion of dicots and lower proportion of hydrophilic morphotypes. Samples 

from Perur, Kodumanal and Mantai have a higher proportion of poaceae 

phytoliths than those from the modern fields, suggesting that these may represent 

cultivation systems that have not been sampled during the modern field surveys. 

No other similarities between the archaeological and modern data have been 

noted. However, the modern data come from a small sample of rice fields and 

does not include, for example, either irrigated or dry rice cultivation. It is 

interesting to note that the modern field samples contain very small amounts of 

rice phytoliths (Wiesskopf et al. 2013), perhaps due to the removal of the majority 

of the rice plant from the field during harvesting and/or due to differential rates of 

phytolith production. Further sampling of modern rice cultivation systems is 

required before a robust analogue dataset is available for analysis. 
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7.0 Micro and macro interpretations of the 

data set: from single fields to regional 

contexts 

All of the data presented within this thesis are new to archaeology; therefore the 

interpretations will be dealt with on three levels. Firstly, site specific 

interpretations of the subsistence systems, crop processing systems and inferences 

on social structure will be examined. Secondly, the weed and phytolith data will 

be used to inform the patterns visible within the CA results and examine the rice 

cultivation systems employed at each site in detail. Thirdly, the rice cultivation 

systems found at each site will be placed within their regional contexts. 

7.1 Site subsistence interpretations 

7.1.1 Tokwa 
The preservation of plant remains at Tokwa was fairly good, with well preserved 

macro remains and a high diversity of phytoliths recovered. The macro botanic 

samples add to and support the previous published archaeobotanical report on 

findings from trenches H8, H9, I8 and I9 (Pokharia 2008). However one of the 

greatest contribution from the macro remains has to been to retrieve reliable 

radiocarbon dates from discrete rice grains. These dates place Tokwa at c.

1600-930 BC, whereas previous dates on charcoal fragments suggested a date of 

c.1800-1400 BC. The discrepancy between these sets of dates can be accounted 

for by the old wood effect. The re-dating of sites in South Asia using cereal grains 

instead of charcoal fragments has often produced much more recent dates and 

marks a trend in the contemporary archaeology of the subcontinent (e.g. Pokharia 

et al. 2011, Osada and Uesugi 2010, Fuller et al. 2007, Fuller and Harvey 2006).  

The excavation report states that there is a clear difference between the Neolithic 

and Chalcolithic at the site, with hand thrown pottery in the Neolithic and wheel 

thrown in the Chalcolithic, and a sterile layer between the two. The dates suggest 

that the samples are labelled chronologically; therefore sample B2-15 represents 
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this sterile layer. Brachiaria ramosa is present in the Neolithic and wheat only 

present in the Chalcolithic. Unfortunately context and phase details are not 

available so this could be a false pattern. However, on the basis of the available 

evidence we see a rejection of an Indian crop in preference for another Southwest 

Asian crop, perhaps due to the increased yields that this would bring as brown top 

millet tends to be low yielding (Kingwell-Banham and Fuller 2014). This change 

would have produced an increased focus on rabi crops within the agricultural 

calendar. 

In summary, Tokwa had a double cropping economy, with rice, millets and 

summer pulses (the Vignas) grown following the south-west monsoon (the kharif 

crop) and Southwest Asian crops, including wheat, barley and pea, plus linseed 

and mustard, grown following the winter monsoon (the rabi crop). This is typical 

of sites from the period and region, where influences from the Harappan sphere 

affected all aspects of culture, not only agriculture (Allchin and Allchin 1982). The 

trace find of Linum sp. corresponds with the recovery of three seeds by Pokharia 

(2008) and points towards the production of a flax crop, either for oil or fibre and 

perhaps as a cash crop. The people of Tokwa, therefore, were engaging in a 

relatively mixed crop economy with a variety of species grown in a variety of 

ways. This would have made them less susceptible to environmental risks. In 

addition, with two cropping seasons, the requirement for storage space was 

reduced perhaps meaning that individual households grew, processed and stored 

their personal crops. 

Specifically, rice and the Vignas made up the vast majority of the crop assemblage, 

with barley, pea, lentil and wheat supplementing this. The Vignas in particular 

account for an unusually large proportion and indicate that they were highly 

important to the diet of the people of Tokwa. It was possible to identify a few of 

the better preserved Vigna beans as Vigna cf. radiata or green gram/mung bean. 

Mung bean is a drought tolerant crop that prefers dryer growing conditions and, as 

a legume, requires fertile soils. Such a high frequency of Vigna sp. at Tokwa 

suggests that manuring or other soil fertility improvements were part of routine 
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agricultural practise at the site. In addition, it indicates the setting aside of dry 

fields for the cultivation of pulses, and probably millets also. 

Several of the unidentified fruit stone fragments at may be the same as that 

identified by Pokharia as custard apple (Annona reticulata). Unfortunately the 

fragments were quite small and rather degraded so identification was not possible. 

Yet it is clear is that the whole fruit stone that was recovered is not custard apple. 

Brachiaria ramosa is now largely classified as a weed, however, archaeologically it 

was grown as a crop and was probably domesticated in South India c.2500 BC 

(Kingwell-Banham and Fuller 2014). Three grains were identified at Tokwa, but it 

has also been identified at other typologically similar sites of Mahagara and 

Koldihwa (Harvey 2006) indicating that it was a common crop of this culture. The 

consistent presence of millet type phytoliths within the samples (although in very 

low quantities) also suggests that it was being grown as a crop and processed on 

site.  

It is impossible to use the macrobotanical samples to reconstruct crop processing 

methods. Neither chaff nor weeds were recovered in any great quantity from the 

Tokwa macro samples. However, three phytolith samples do contain rice-type 

husk material in greater quantities than rice-type leaf material. The three samples 

with rice husk material may be particularly well preserved, compared to the 

others. Or they may represent some crop processing activity that only occurred 

either at the spot, or at the time of deposition. Because we lack context details it is 

hard to interpret this pattern. Yet, it suggests that either whole panicles were being 

removed from the plant in the field with sickles, or that the grain was threshed 

from the plant offsite. The latter is more common as large open flat areas are 

required for the task, and, although it is possible, these are less often available 

within settlements. The low quantity of dicots in the sample suggests that the early 

stages (removing large weeds and chaff) took place somewhere else. The regular 

input of rice husk into the site suggests that dehusking and the later stages of crop 

processing, grain pounding and winnowing, occurred regularly, perhaps each day 

with each household processing their own crop. 
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Figure 109: Threshing in Odisha 2010. 
The road provides an excellent threshing 

floor. Note the pile of rice stalks and 
leaves in the background and the bundle 

of green rice stalks and weeds in the 
foreground. The men are engaged in 

manually removing any remaining stalks 
of rice or weed.

The small weed assemblage from the Tokwa macrobotanical samples is indicative 

of grasslands and not of arable land, suggesting that it does not come from crop 

processing waste but represents the natural flora surrounding the site. The 

recovery of Chenopodium is interesting and may represent a salad crop as many 

Chenopodium species can be eaten as a leafy vegetable, for example C. album 

and C. giganteum. Chenopodium sp. can also be harvested for grain, but a greater 

presence within the macrobotanical remains of contemporary sites in the Ganges 

Plains would be expected if this were the case. 

7.1.2 Golbai Sasan 
The macrobotanical and phytolith samples from Golbai Sasan show strong 

evidence for water at and within the site. The poor preservation of macro remains, 

the high quantity of diatoms and of heavy single-cell phytoliths (particularly in the 

lowest levels) all indicate the presence and movement of water.  Seasonal flooding 

causes the expansion and retraction of soils, resulting in the crushing of charred 

remains. The flow of water also causes smaller, lighter items to be washed away, 

such as small seeds or small single cell phytoliths and positively biases towards 

larger, heavy single cells. Furthermore, decay in the presence of water appears to 

cause multi-cell panels to dis-articulate (personal observations, pers. comms. A. 

Weisskopf and A. Rosen). The location of the site, on the banks of a river that sees 

an inundation every monsoon, explains this. It appears that the site was 

substantially flooded every year. The archaeology corroborates this. The large 

settlement mound, up to 5 metres high, was built in a comparatively short amount 

of time, c.500 years, and contains a lot of building materials e.g. wattle and daub 

and bamboo. This indicates that rebuilding happened very frequently i.e. after 

every summer monsoon. Nevertheless, Oryza sp. husk is still visible in the 
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phytolith samples showing that a crop processing signature is retained. The high 

quantity of bulliforms and keystone accounts for much of Golbai Sasan’s 

individual signature, but not all. There are still more sensitive than fixed phytoliths, 

for example, and the distribution of phytolith samples within the CA plot is not 

solely attributable to the presence of these few morphotypes (see 7.2.2 below). 

The inconvenience of seasonal flooding was obviously allayed by the benefits it 

brought to crop cultivation. No winter crops were recovered from the site, only 

rice, millets and pulses. The summer monsoon therefore provided enough water, 

and the flood plain enough nutrients, to produce a crop that lasted the whole year.  

Open excavation of living floors should theoretically uncover significant storage 

areas and it would be interesting to see if these were communal or not. 

The recovery of spikelet bases allows us to assess rice domestication. At Golbai 

Sasan the vast majority of spikelet bases were of domestic type, indicating that 

both morphological and genetic domestication (i.e. the development of non-

shattering heads) had taken place by c.1500 BC. This is already established, but 

additional data pinpointing the arrival and widespread use of genetically domestic 

rice in South Asia is welcome. Much is still unknown about how and where 

domestic rice appeared in the sub-continent, including when Oryza sativa 

japonica non-shattering allele (sh4) was introduced to the indica crop. To date, the 

earliest evidence for a non-shattering crop in South Asia comes from the spikelet 

bases of Mahagara in the Belan Valley, part of the Late Neolithic Ganges c.

1800-1600 BC (Fuller et al. 2010).  

The Vigna sp. bean recovered and dated from Golbai Sasan to 1399-1113 BC is 

the earliest Vigna to be dated in Odisha. Other dates on Vigna ssp. come from the 

Southern Peninsula (early Vigna radiata from Hanumantaraopeta, Sanyasula Gavi 

and Tekkalokota dated to c.1700 BC) and the Neolithic Ganges (early Vigna 

radiata from Mahagara dated to 1625-1485 BC) (Fuller and Harvey 2006). 

Although is has been suggested that Vigna radiata may have been domesticated in 

the Eastern Ghats area there is, as yet, little archaebotanical evidence to support 

the hypothesis (op. cit.). The Vigna recovered from Golbai Sasan has not been 
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identified to species therefore it is not possible to add species data to the theory. 

Continuing with the conventional narrative that suggests that both V. mungo and V. 

radiata were domesticated in the Western Ghats area, the dated bean shows that V. 

radiata/mungo cultivation had spread beyond it’s sphere of domestication to other 

parts of the Indian subcontinent by c.1200 BC. 

Panicum and Setaria millets were grown at Golbai Sasan. Harvey (2006) did not 

identify Panicum in her samples from Golbai Sasan, yet they were present in her 

Gopalpur samples. Therefore we now have evidence for 3 millets at Golbai Sasan 

and further evidence for cultural similarities between the two sites. Echinochloa 

sp. was also recovered, but in very low numbers. This suggests that it was not 

being grown as a crop but was a weed.  

Again, information on crop processing comes primarily from the phytoliths. These 

samples contain both husk and leaf rice multi-cells, indicating that the stems were 

brought onto the site following harvesting. One would therefore expect a decent 

amount of weed material to also be bought onto the site. Unfortunately very few 

weed seeds were recovered from the site due to the poor preservation of plant 

remains. Those recovered from Golbai Sasan are all associated weeds of rice 

cultivation, however, and are discussed fully in section 7.2.2. The composition of 

the phytolith sample, with a high contribution from cf. Oryza leaf/culm, 

keystones, bilobes and weed phytoliths (such a Cyperaceae achene cells), suggests 

that much of the crop processing waste comes from the early threshing/

winnowing stages. However, as the macrobotanical samples contained large 

quantities of spikelet bases (symptomatic of later phase processing tasks including 

pounding) and the phytolith assemblage contains cf. Oryza husk it appears 

plausible that the assemblage contains waste from both stages of crop processing. 

The fruit peel and nut shell fragments recovered from Golbai Sasan provide 

fleeting evidence for arboriculture in Odisha. Many valuable fruit tree species, 

such as mango, jackfruit and citrus, are native to the dry-moist-deciduous zones of 

South Asia, covering much of the state of Odisha (Asouti and Fuller 2008). These 

areas are thus the possible source of many domesticates, including the above 
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(table 28, Kingwell-Banham and Fuller 2012). Whilst the current evidence does 

not provide concrete data of any kind, it is a tantalising indication of an often 

unexamined aspect of subsistence economies, the development of cash crops and 

the domestication of trees.  where they are likely first managed by shifting 

cultivators and then transferred to sedentary farmers in the plains 

Table 28: Summary of evidence for selected cultivated trees species that originate in 
forested hill zones including the Eastern Ghats. Taken from Kingwell-Banham and Fuller 

2012.

7.1.3 Gopalpur 
The Gopalpur evidence comes from macro remains only, as no phytoliths were 

available from the site during this study. Rice, pulses and millets were cultivated at 

the site and indicate that only one cropping season was present here, as well as at 

Golbai Sasan. Both total counts and ubiquities show that rice was the dominant 

crop at the site. 50 out of 132 rice spikelet bases were of domestic type and no 

wild spikelet bases were identified, showing that the rice produced had little input 

from wild types or weedy rice. This interpretation is based on a small sample size 

Species Native area Earliest archaeological evidence 

for anthropogenic exploitation

Reference

Mango (Mangifera 

indica)

Western Ghats and 
Northeastern India 
through Southeast 
Asia; 
disjunct distribution 
through Western 
Ghats and Sri Lanka

Late second millennium BC. 

Wood charcoal recovered from 2 

sites in the middle Ganges plain: 

Narhan and Senuwar (by 1400 BC); 

wood charcoal from Southern 

Neolithic Period IV, Sanganakallu, 

Southern Deccan (1400-1300 BC)

Asouti and Fuller, 

2008; Saraswat, 

2004; Saraswat et al., 

1994

Citrus (Citrus medica) Eastern Himalayan 

foothills through 

Northeast India to 

Yunnan; Disjunct 

population in 

southern Western 

Ghats

Early second millennium BC. 

Citrus fruits recovered from 1 site, 

Sanghol in Punjab; wood charcoal 

from Sanganakallu by 1400-1300 

BC.

Asouti and Fuller, 

2008; Saraswat 1997.

Jackfruit (Artocarpus 

heterophylla (syn. A. 

integrifolia)

Western Ghats Late second millennium BC. 

Wood charcoal recovered from 1 

site in the central Ganges valley: 

Bihar.

Asouti and Fuller, 

2008; Saraswat 2004.
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but is supported by the archaeological context as outlined in sections 2.3.2 and 

2.4.2. 

The pulse identified from GPR-04 is cf. Macrotyloma, yet pulse fragments were 

fairly ubiquitous and Macrotyloma uniflorium as well as Cajanus cajan were 

identified from GPR-03 by Harvey (2006). This suggests that several of the pulse 

fragments from GPR-04 may be Cajanus cajan, a probable domesticate of this 

region (Fuller and Harvey 2006).  

Panicum sp. and Setaria sp. were identified in the macrobotanical samples, again 

corroborating identifications made by Harvey. Small millets were also fairly 

ubiquitous at the site, suggesting that they were an important supplementary crop 

to rice. Panicum sumantrense, or little millet, was identified from the 2003 

excavation. This is a crop of relatively low yield that is often cooked in the same 

way as rice, but requires less water to grow. It may have been cultivated in part as 

an insurance crop and Setaria sp. (another of the drought tolerant millets) would 

also provide insurance against low rainfalls. 

The Citrus sp. peel recovered from Gopalpur is arguably the most interesting find 

from the site. As discussed above, the archaeobotanical evidence for tree 

domesticates is rare and the fragments from Gopalpur represent the second 

reported find of Citrus sp. from South Asia. They also come with an associated 

radiocarbon date of 1300-1100 BC, so we now have tentative evidence for the 

presence of Citrus sp. cultivation across India by c.1200 BC.  

7.1.4 Kodumanal  
Data for Kodumanal comes solely from 4 phytolith samples. The low frequencies 

of diatoms and sponge spicules from the site indicate that Kodumanal itself was 

relatively dry, hinting that better preservation can be expected than at Golbai 

Sasan. 

  

Despite the low number of samples, an interesting picture of crop production is 

available. Rice husk was found in every sample and millet husk was found in 2 

samples showing that these crops were cultivated at the site. Previous work 
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carried out on macrobotanic samples from the site (Cooke et al. 2005) identified 

Oryza sativa and Brachiaria ramosa, however both these crops were 

overshadowed by the quantity of pulses recovered, including Vigna radiata, V. 

mungo, Lablab sp. and Macrotyloma sp.. Pulses create few phytoliths so one 

would not expect to pick up their specific signature within the phytolith record, 

yet the phytoliths do corroborate the macrobotanic findings for rice and millets.  

The presence of rice husk at the site and almost total absence of rice leaf multi-

cell fragments suggests that the initial threshing and winnowing of the rice crop 

took place off site, as at Tokwa. Despite this a reasonable quantity of Cyperaceae 

phytoliths were recovered, including achene cells, indicating that weeds and their 

seeds became incorporated into the archaeological record. Cyperaceae was also 

identified in the macrobotanic report, as well as other crop weeds including cf. 

Molluga sp., Boraginaceae, Malvaceae and Rubiaceae, amongst others (Cooke et 

al. 2005).  

The Panicoideae, Pooideae and Chloridoideae are all represented at the site, with 

Chloridoids at a slightly lower frequency. This may indicate that two types of 

environment were present surrounding the site, a dryer and warmer area of 

Chloridoids and Pooids, plus a wetter area of Panicoids, although it is possible for 

grasses from all three subfamilies to be found in the same environment or area 

(e.g. within a moist field or within an area of bunded paddy fields, with dry bunds 

and wet fields.) There is a slight correlation between cf. Oryza husk multi-cells, 

panicoids and pooids, with the highest quantities of all 3 in sample 10, perhaps 

indicating that the Chloridoids came from a different source to the rice crop. 

Unfortunately there is too little data to be sure. 

7.1.5 Perur 
Again only 4 samples were available from this site, yet they all contain rice husk. 

Traces of cf. millet and cf. wheat husk were also recovered. Panicum and Setaria 

were identified within the macro remains of this site (Cooke et al. 2005), however 

wheat has never been reported. Given the fact that only 6 multi-cell panels were 

identified in one sample (18) I am wary to suggest that wheat was cultivated at the 

site. It may be, given the nature of phytolith analysis, a misidentification of a 
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morphologically similar species or it may have been brought onto the site as a 

traded crop. Historical sources contemporary with the site describe extensive 

trade networks that ran the length of the country were in place by this time and, in 

addition, evidence shows that wheat was traded from Northwest India with Sri 

Lanka and with Tamil Nadu (Kajale 2013, Cooke et al. 2005).  

Perur, once again, appears very dry with diatoms and sponge spicules found in 

only 1 sample. The presence and composition of grass subfamilies again is similar 

to that of Kodumanal, however Chloridoideae, associated with dryer ecologies, 

actually dominate sample 18 at Perur. 

Rice was more dominant at Perur than Kodumanal in the macrobotanic samples. 

In addition, more rice weeds and less pulses were recovered from Perur (Cooke et 

al. 2005). This suggests that rice contributed the bulk of the settlements dietary 

intake. No rice leaf/culm panels are present in the Perur samples, suggesting that 

the majority of crop processing waste derives from the latter stages of crop 

processing. As at the other sites, this may also explain the relatively low frequency 

of dicot phytoliths, as large weed parts would have been disposed of elsewhere. 

7.1.6 Mantai 
As an Early-Historic port a very different assemblage was expected from Mantai. 

However the basic pattern of crops and subsistence plants is very similar to the 

other sites. Rice and South Asian pulses were grown as rabi crops, as were millets. 

In addition, wheat was imported onto the site and perhaps lentils, although these 

could have been grown at Mantai. The samples were better preserved and more 

diverse than from the rest of the sites. 

Phase 1 was identified during excavation as a sterile layer, therefore no samples 

were taken. Phase 2 provides sparse evidence for crops within the macroremains, 

although no crops were identified in the phytoliths. This indicates low level use 

and occupation of the site during this phase. Both archaeobotanical finds and 

small finds increase in volume by Phase 3, showing that the site had entered into 

it’s main period of occupation at this time. The archaeobotanical evidence is 

slightly out of sync with the ceramic and coins assemblages, with a different 
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assemblage coming in between Phases 4 and 5, a phase later than the appearance 

of Far and Middle Eastern ceramics. This probably reflects the time frame in which 

trade networks developed and the importation of a broader range of crops and 

spices began to flourish. 

The archaeobotanical evidence from Mantai highlights the interplay of several 

different cultures via economic exchange. The presence of highly valuable spices, 

fruits and resins can be used as a proxy for oceanic trade between India, Sri 

Lanka, Southeast Asia, the Roman Empire and perhaps Arabia c.0BC-900AD. Rice 

was consistently the staple crop of the settlement. Vigna beans were introduced in 

Phase 3 and functioned as a subsidiary crop, providing protein to a rice based 

diet. By phase 5 bread wheat was used on the site and becomes increasingly 

important until Phases 9 and 10. Two economically important environments 

within the catchment of Mantai can be identified. Rice represents a lowland 

agricultural environment, whereas the small millets, fruits and nuts represent dry 

zones and forests. 

Grain crops 

Very few rice leaf phytoliths were recovered from the site. This suggests that initial 

threshing and winnowing took place in the fields, and that dehusking was carried 

out at the settlement. Sample 11, from Phase 9, had a particularly high 

concentration of rice husk phytoliths and was probably taken from an area that 

contained a lot of husk material. Whether this processing was done by individual 

families or on are more communal scale is unclear from the data. Horizontal 

sampling from different house floors, working floors and streets would be required 

to answer this. Within the macroremains no Cyperus sp. seeds and relatively few 

heavy seeds of rice cultivation are present in Phases 1-3. Equally, there are fewer 

spikelet bases and rice grains in these phases. By Phase 4 there is consistent 

evidence for rice processing, specifically pounding. Cyperaceae, a heavy seed that 

is often removed during this stage of crop processing, occurs frequently. As do 

spikelet bases, which this stage of crop processing is designed to remove from the 

grain. 
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Trade for food staples as well as exotic goods must have occurred at the port 

markets, and it is likely that rice produced in the interior was transported to 

coastal ports, such as Mantai, for exchange. Despite this, dominance of spikelet 

bases in many of these samples shows that rice crop processing was taking place 

within Mantai. Presumably this was locally grown and produced for the 

consumption of Mantai’s inhabitants, and not for the market. Traded grain from the 

interior would be taken to the site clean, to reduce transport costs and increase 

the sale price. It is not unlikely, however, that Mantai also produced a crop for 

trade. 

The macrobotanical data show that pulse and millet crops became increasingly 

unimportant after Phase 4 and so they would not necessarily be expected to be 

visible within the phytolith record after this time. However, one multi-cell panel of 

millet type 1 was recorded in sample 13, Phase 9. This is contrary to expectations 

but this stray find cannot be used to infer any conclusions. The absence of 

phytoliths from crops other than rice may be due to the fact that wheat and millet 

grain was brought onto the site as clean grain imports. Wheat becomes 

increasingly important by Phases 9 and 10, in which it has a greater than 60% 

ubiquity Wheat is not a crop suited to the Sri Lankan environment and would 

have been imported, perhaps from India. This explains the lack of chaff or wheat-

type husk phytoliths identified in the samples. North India, in particular the 

Harappan civilisation, has a long antiquity of naked wheat cultivation dating back 

to the 2nd half of the 3rd millennium BC (Fuller and Madella 2001; Weber 1999) 

and historical texts document the trade in wheat between Gujarat and Sri Lanka 

(Carswell et al. 2013). 

The majority of the rice grains identified were classed by eye on overall 

morphology as indica type, but several grains appeared to be of japonica type. 

Plotting the rice grain l/w ratios against published data for modern cultivars clearly 

shows that subspecies level identification based on personal observations are not 

reliable. The data suggest that the rice grown at Mantai was O. s. japonica. By this 

period (0-900 AD) japonica rice was being grown across Southeast Asia (Castillo 

2011, Fuller et al. 2010) and it is expected that it was also grown across South 
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Asia based on genetic evidence (Castillo et al. 2015, Fuller 2012), although little 

morphometric work has been conducted on archaeological samples from South 

Asia.  One grain of rice from Mantai fell into the >3.01 mm category, and this 

likely represents a wild, weedy rice. 

Very few small millets were found in phases 4, 8 and 9. These were all of Setaria 

sp. and Setaria/Brachiaria type, 2 species of which (Brachiaria ramosa and Setaria 

pumilla) were domesticated in South India (Weber and Fuller 2008). Again this 

demonstrates the translocation of crops from India to Sri Lanka. The low quantity 

of millets within the assemblage suggests that they were a subsidiary crop, 

perhaps grown in the dry season or within shifting cultivation systems (‘chena’) in 

the forested regions of the dry zone. 

Pulses, fruits and nuts 

Further evidence for economic, cultural and dietary links between Sri Lanka and 

India comes from the presence of several pulses including: Vigna sp., moth bean 

(Vigna aconitifolia sp.), probable mung bean (Vigna cf. radiata) and probable urd 

bean (Vigna cf. mungo). Archaeological evidence, as well as the modern 

distributions of their wild counterparts, indicates that these species originated in 

the forest-savannah margins of areas such as the Western and Eastern Ghats 

(Asouti and Fuller 2008, Fuller and Harvey 2006).  Lentil (Lens culinaris sp.) has 

also been recovered in low numbers, with the earliest find from Phase 3. Lentil 

originated in the Middle East and could have been introduced to Sri Lanka from 

Arabia, or from India once it had been established there (Fergusson et al. 1998; 

Zohary and Hopf 1993). Legumes have a relatively low frequency throughout the 

sequence indicating their supplementary role within the subsistence economy of 

Mantai. One Vigna cf. radiata bean was recovered from Phase 2, tentatively 

suggesting that pulses were part of the diet by this time. 

Local exploitation of tree fruits and nuts is indicated by the low frequency 

presence of fruit peel and nut shell. The majority of this is poorly preserved, 

however it was possible to identify 4 fragments of Canarium sp. nut shell. 

Canarium has a widespread native distribution across Asia, including Sri Lanka. Its 
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use has a long antiquity in Sri Lanka, where it has been identified at the 

Mesolithic cave site of Beli-Lena (dated to 10500-8000 BC) (Kajale 1989). Fruits 

and nuts would have been readily available, and local, sources of nutrition 

therefore it is surprising that they are not more prominent within the assemblage. 

The preservation state of the fragments indicates that they do not survive charring 

as well as other species, perhaps explaining this.  It may also be that consumption 

patterns of fruits and nuts were different to those of grain and pulses, or that the 

waste was discarded in a different manner. 

Spices and trade goods 

The macrobotanical assemblage stands out because of the inclusion of high value 

spice products. Black pepper and a clove were recovered from Phase 4 onwards 

demonstrating that a flourishing market for exotic goods was in place by 500 AD. 

Archaeobotanical analysis of Mantai has recovered evidence for the trade in high 

value products between Sri Lanka, India and Arabia. 8 black pepper corns (Piper 

nigrum) have been identified, 1 clove (Syzygiun aromaticum) and 1 grape seed 

(Vitis sp.). The earliest evidence of this trade comes from the presence of 3 black 

pepper corns in Phase 5. Black pepper is cultivated in the wet zone of Sri Lanka 

and its presence at Mantai may therefore represent an economic network within 

the island. However, it is widely cultivated in, and native to, South India and thus 

it further strengthens evidence for trade networks with mainland South Asia. The 

writer of ‘The Periplus of the Erythraean Sea’ makes specific mention of trade in 

black pepper between Southern India and the Roman Empire, but 

archaeobotanical remains from the subcontinent are rare (Morrison and Lycett 

2013) 

1 clove was recovered from context 24. The recovery of clove is very interesting. 

Cloves are native to the Maluku Islands in Indonesia. They have been reported 

very rarely in the literature, probably due to taphonomic bias, and I have not been 

able to find any reports of cloves from South Asia that predate 500 AD. This is 

therefore currently the oldest in South Asia. Archaeologically, the earliest evidence 

for possible cloves dates back to 1721 BC in Syria (Turner 2004) however they are 
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known to be traded between India and Rome through the writings of Pliny the 

Elder (Pliny and Rackham 1938b).  

Grape, from context 39, represents the only potential import from the Arabian 

world within the archaeobotanical assemblage. Grape can be eaten fresh or dried 

and, for reasons of preservation, it is likely that grapes came to Sri Lanka as a 

dried luxury product. Grape is present during the Harappan in Punjab, and has 

been dated to the late 3rd millennium BC at Balu, Haryana, India (Saraswat and 

Pokharia 2001-2002). This find is the earliest grape in Sri Lanka and therefore 

represents the opening of new long distance trade networks around 600 AD. 

Special mention should go to the high quantity of resin found within the flotation 

samples. These have yet to be analysed and quantified. Resins represent very high 

value, often ritually important, commercial products and include aromatic types 

such as frankincense and myrrh as well as lacquers such as dammar. Aromatic 

resins have a remarkably long history dating back to the early 1st millennium BC 

in Mesopotamia (Asouti and Fuller 2007). Indian Frankincense comes from the 

tree Boswella serrata, native to central India. Dammar gum, used as a varnish and 

to make batik, comes from several Dipterocarpaceae genera, including Shorea sp. 

and Hopea sp., native to South Asia. 

The archaeobotanical data from Mantai show a rice based economy, with the later 

stages of crop processing occurring on site. The high diversity of phytolith 

morphotypes present at Mantai suggests a variety of different plant species coming 

into the site, including palms and reeds which may have been used in building 

and craft production. 

7.2 Rice cultivation systems in prehistoric South 
Asia 

Having analysed the subsistence patterns of each site a recapitulation and analysis 

of the rice cultivation systems employed at each site will be examined. Referring 

 187



Interpretations

back to the initial hypothesis, it was expected that early rice cultivation in North 

and East India was rainfed and that cultivation in South India and Sri Lanka was 

irrigated. 

Several caveats within the data set must be explained. Firstly, the presence of 

diatoms and sponge spicules within the phytolith samples does not represent the 

presence of water within the rice fields, but rather the presence of water at the 

sites. Within the Weisskopf et al. (2014) CA classification system, diatoms and 

sponge spicules are grouped with other hydrophilic elements, however examining 

the data (in particular, for Golbai Sasan) reveals that much of the ‘hydrophilic 

species’ category derives from bulliform cells.  Nevertheless, the diatoms and 

sponge spicules still provide a indication of environmental conditions and rainfall 

levels at the individual sites. The C2 classification system plots show the same 

patterns and site level differentiation despite the exclusion of diatoms and sponge 

spicules, indicating that these morphotypes have a limited impact on the analysis. 

Secondly, a large assumption is being made with the phytolith data that the grass 

and dicot material within them derives almost solely from crop processing. In 

reality, it is quite difficult to determine how much of the phytolith material comes 

from crop processing and how much comes from other sources, such as building 

materials or the natural environment. Macrobotanical and phytolith evidence, 

however, shows that there is a reasonable contribution from crop processing  

Figure 110:  Example weed profiles for the predominant rice cultivation systems found 
in South Asia.
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waste in the archaeological record from all sites. Because of the nature of CA, a 

multivariate comparative tool, it is hoped that specific differences within the data 

(for example, those relating to the incorporation of a weeds from a habitation site  

into the sample) will be largely unnoticed as background noise to crop processing 

waste allowing the patterns shown in the CA to reflect cultivation systems. Thirdly, 

examining the functional attributes of the weed species present within the 

macrobotanical samples is greatly hindered by the lack of species level 

identification and so reconstruction of cultivation systems relies primarily on the 

phytolith data. 

7.2.1 Tokwa 
The absence of smaller macro remains in the Tokwa samples, presumably an issue 

to do with the initial flotation as Pokharia (2008) also reported few small seeds, 

means that it is exceptionally difficult to reconstruct the weed ecology as the data 

set is not large enough. This is an area in which phytolith analysis and CA 

demonstrates their main strengths, as it steps in to fill the gaps left by the 

macrobotanical assemblages.  

A double cropping system does not necessarily influence the type of rice 

cultivation system used, but may make interpreting the phytolith assemblage more 

difficult if the rice processing waste is mixed with waste from the winter crops that 

includes a weed flora representative of a different field ecology. Barley has a 

ubiquity of 33.3% in the macro remains and wheat has a ubiquity of 14.3%, 

however wheat and barley type phytoliths were only recovered in 1 sample, 

sample 10. This sample also has a slightly increased quantity of rice husk 

suggesting that the wheat and barley crop were both threshed at the site. The 

lower number of finds of wheat and barley husk however suggests that they were 

processed much less frequently than rice e.g. not on a day-to-day basis. This ties in 

with the macro evidence which shows that these were less important crops. 

Therefore, apart from sample 10, the phytolith samples should not reflect winter 

grain crop cultivation systems. As mentioned above, some of the samples from 

Tokwa did not contain rice husk material, yet the samples that did were 

differentiated the most from the other sites on the CA plot providing a strong 

indication of a different rice cultivation system at the site. 
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There is a consistent presence of Cyperaceae phytoliths at the site, indicating 

regular input from wild weeds. As double cropping was occurring at Tokwa the 

samples undoubtedly represent both crops. Wheat and barley do not need 

irrigating to the same level as rice crops so would hide an irrigation signature to 

some extent. 

Luckily, the absence of wheat and barley husk within the phytolith data shows that 

wheat and barley crops were processed in different ways to rice as the quantity of 

crop processing waste from wheat and barley is very low in the assemblages. The 

CA has highlighted the quantity of Panicoideae in the assemblage, however the 

site is not differentiated just because of this but also due to the presence of 

hydrophilic species and the slightly higher ratio of sensitive to fixed mophotypes. 

On the basis of this, the site can be classified as rainfed. Additional comparison to 

modern field data also suggests this, as the samples from Tokwa and lowland 

rainfed sites are very similar. The macrobotanic samples do not disagree. 

Appendix 9 details the ecology, biological and functional attributes of the weed 

species identified, but unfortunately this is of limited use due to the lack of 

identifications. It is unclear if they were weeds of the rice crop or not, however it 

seems best to assume that they were not based on the ecology of the species 

identified. Bromus ramosus is not native to South Asia however probably was 

introduced to the area along with wheat and barley as a contaminant of the seed 

crop. This grass can grow quite large and needs suitable nutrient rich soils, 

therefore could suggest that the crop fields at Tokwa were fertilised in some way, 

e.g. by flooding or manuring. It is unfortunate that we only have one B. ramosus 

seed from this site and such a small assemblage as it is potentially very interesting. 

Tokwa itself is situated at the confluence of the Belan and Adwa rivers and is 

surrounded by fertile, rainfed arable land (appendix 2). Its proximity to these rivers 

means that water availability would not have been a significant problem in 

prehistory and negates the need for the irrigation of arable crops within the 

surrounds of the site. This must have been one of the great attractions in locating a 

settlement here during the Neolithic. 
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7.2.2 Golbai Sasan 
CA of the phytolith results, which separated Golbai Sasan from other sites on the 

basis of hydrophilic morphotypes and sensitive phytoliths, suggests that Golbai 

Sasan was a very wet site, with wet growing conditions. The low diversity of 

morphotypes and genera within the phytolith samples is typical of weed 

assemblages from rice grown in relatively deep water or irrigated fields. The 

tentative identification of decrue cultivation based on the CA of samples from this 

site ties in with both the archaeological evidence and modern rice field data. 

Irrigation systems have not been found in Neolithic-Chalcolithic Odisha, and 

those present within the state today all date to the British Colonial era or later. The 

site its self is situated in a low lying area of seasonally flooded river plains. 

Cultivated fields would be situated close to the river banks, to take full advantage 

of seasonal flooding to provide water throughout the growing season. Any 

evidence for these fields may have been eroded, but there is the possibility that 

they have been preserved under fluvial silts. The weeds recovered from the 

macrobotanical samples at Golbai Sasan are all found in rice fields and therefore 

provide a strong signal for weeds of cultivation. This is supported by the presence 

of spikelet bases within the samples. An examination of the weed ecology (table 

16 and Appendix 9, table II) indicates wet soils and perhaps waterlogged or 

wetland environments. This suite of weeds would not be unexpected within 

decrue fields. Indeed, Commelinas, Cyperaceae, Scirpus', Liliaceae, 

Schoenoplectus sp. and several grasses were collected from decrue fields during 

field surveys in 2010 (unpublished data). 

Within the phytolith assemblage Cyperaceae elements have a consistent presence, 

although at fairly erratic frequencies. Achene cells in particular are quite frequent 

in several samples, although there is no clear reason for this. It is probable, 

therefore, that they come from fairly localised distributions of seeds. 

The functional attributes of the plants (appendix 9) indicate some disturbance, 

most likely turning of the soil to prepare the fields. A larger weed assemblage 

could provide a new insight into the site as no hoes, ards or mattocks have been 

recovered from either Golbai Sasan or Gopalpur, although worked cattle shoulder 

blades and antler picks have been reported and suggested as cultivation tools 
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(Sinha 2000). In general, the weed species present were fairly tall with growth 

habits similar to rice, further strengthening the interpretation that they were rice 

weeds as they would easily have been incorporated into the harvest. 

7.2.3 Gopalpur 
Macrobotanical data only is available for cultivation systems analysis from 

Gopalpur. This site is very similar to Golbai Sasan archaeologically and so it is 

expected that rice cultivation systems would also be the same. Unfortunately, 

there are only a few weed species identified from both GPR-03 and GPR-04 

sample sets. However, these do produce a similar picture to those from Golbai 

Sasan. Ecologically this suite of weeds is common to wetlands and irrigated or 

rainfed rice fields, but unlike Golbai Sasan no aquatic genera are represented 

within the assemblage. This weakens the case that decrue cultivation was carried 

out at Gopalpur as at Golbai Sasan. In addition, the floodplains surrounding 

Gopalpur are considerably smaller than at Golbai Sasan, decreasing their 

suitability for decrue (figure 111). Based on the weed flora and seasonal rainfall 

levels, rice cultivation at Gopalpur is therefore likely to have been rainfed, but to 

have involved a lower quantity of water during the growing season than Golbai 

Sasan. 

Figure 111: Left: the flooded river Oct 2010 at Golbai Sasan. Right: the flooded river 
Oct 2010 at Gopalpur. Both photos are taken from the top of the archaeological 

settlement mounds.
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7.2.4 Kodumanal  
CA of the phytolith data shows that Kodumanal sits in the driest part of the plot. 

The even ratio of fixed:sensitive phytoliths, plus the higher frequency of 

Chloridoid morphotypes and low frequency of hydrophilic morphotypes are all 

opposite to the type of phytolith assemblage that would come from an irrigated 

field system. Instead, the phytoliths suggests that a rainfed rice cultivation system 

at the very edge of its limits was used here. Again there are so few species level 

identifications within the macrobotanic weed assemblage little inference can be 

made. Nevertheless, it appears that the assemblage derives from drier habitats as 

there are few genera typical of wetlands or irrigated areas. Instead the assemblage 

is characterised by small flowering plants of arid-damp soils.  

What would effectively be dry cultivation in an arid lowland area is very difficult, 

due to increased temperature and evaporation at lower elevations. However, the 

site is situated just inside the area of slightly higher rainfall to the West of Tamil 

Nadu state and must have gained around the minimum 400 mm of water per 

growing season that rainfed rice can be grown with (IRRI 2014) in order to 

produce a crop. This would, nevertheless, still produce a very dry signature within 

weed and phytolith assemblages. 
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It is surprising that irrigation technology was not used at the site. Yet by 

diversifying their resource base the population would have reduced the risk 

associated with a rice crop failure. Thus, a broad range of crops or a variety of 

drought resistant grain crops would have been exploited locally. The 

macrobotanic report for Kodumanal (Cooke et al. 2005) shows that brown top 

millet, pearl millet and mung bean were recovered from the site, all drought 

tolerant crops. 

7.2.5 Perur 
CA plots the Perur samples close to those from Kodumanal, but at the centre of the  

chart area, suggesting that although cultivation systems at both sites were similar 

rice cultivation at Perur occurred under a greater quantity of water. Nevertheless, 

there is no signature for irrigation from Perur either, but one of relatively dry  

rainfed rice. The hydrophilic species suggest the presence of water, but at a lower 

quality than Golbai Sasan or Tokwa. In addition, the equal ratio of fixed:sensitive 

multi-cells within the samples does not indicate irrigation. Geographically, Perur 

is situated closer to the Western Ghats and probably received higher rainfall than 

Kodumanal throughout prehistory, explaining this pattern (figure 112). 

The Perur phytolith and weed assemblages are similar to that from Kodumanal. 

However, the weeds reported in Cooke et al. (2005) include Ischaemum sp., 

Commelinaceae and cf. Cyperaceae, suggesting a slightly higher level of water at 

and around the site. Despite this several dry or drier land taxa are still present, 

such as Verbascum sp. and Malvaceae. Chloridoids within the phytolith 

assemblage suggest input from dry grasslands, but could also represent dryer rice 

crop weeds, such as Eleusine sp.. Equally, these phytoliths could represent E. 

coracana (ragi/finger millet) a drought tolerant crop which was grown at this site, 

although only 9 grains were recovered from the macrobotanical samples. 

7.2.6 Mantai 
The CA of the Mantai samples did not place the Mantai samples with those from 

Kodumanal, nor with those from Golbai Sasan and therefore does not suggest that 

water levels consistent with irrigated rice cultivation systems were present at the 
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site, nor does it suggest that a dry cultivation system was present. Instead, the CA 

suggests a rainfed cultivation system that relied on a limited amount of rainfall, 

similar to Perur. Yet there is a greater ratio of sensitive to fixed phytoliths within the 

Mantai samples than those from Perur or Kodumanal, indicating greater water 

availability throughout the growing season. However, as the CA and macro 

remains indicate that water levels were relatively low this suggests that water was 

tightly controlled in order to provide enough for the growing season. As this area 

sees such little rainfall low water expenditure would have been judicious. Mantai 

is situated in the driest part of Sri Lanka and it is very unlikely that a rice crop 

could be raised without some form of water management. Although the tanks next 

to the site have been dated to the 1st century AD (Kiribamune (2013), it seems 

likely that the natural pond from which it was made was used by inhabitants prior 

to the construction of the tank walls. In addition, the ring wells 

uncovered at the site show that ground water was being used and thus may have 

been used for field irrigation. 

The weed assemblage clearly derives from several sources. Triamthema triquetra 

and Bulbostylis barbata are coastal species that would have grown along the 

backshore. Gallium sp. and Coix sp. may have arrived at Mantai within the 

imported crops from North India or further West. The larger genera 

(Amaranthaceae and Asteraceae) may represent weeds from within the settlement 

or from the surrounding area, including rice fields. However, the majority of taxa 

are common to rice fields. Sedges, Echinochloa sp. and Stellaria media are all 

recognised weeds of rainfed and irrigated rice. Even Rubus sp., Solanum sp. and 

Euphorbia sp. have been found in rice fields during our surveys (Early Rice 

Project, unpublished data). The presence of Limnophila sp. and Eleocharis  

suggests a sub-aquatic element to the flora, further emphasising the presence of 

irrigated cultivation systems. 

7.2.6 Other sites from across South Asia 
125 published archaeobotanical reports from South Asia have been complied into 

the SAabot data base by Fuller, Harvey and myself (appendix 9). 40 of these 

reports included rice and weed data, and after removing flora present at less than 

10% of the sites only 29 sites remained. There does appear to be a general 
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increase in the number of wet weeds towards the Iron Age and Early Historic 

Period, which has been used to suggest that more labour intensive, irrigated rice 

cultivation systems were in place across India from c. 800 BC (Fuller and Qin 

2009). In particular, there is an increase in the ubiquity of Commelina 

benghalensis, Cyperus sp., Fimbristylis sp., Eleocharis sp and Echinochloa sp. (op. 

cit.), all common weeds of rainfed and irrigated rice. This indicates that as rice 

spread across South Asia in the Early Historic Period, so to did irrigation 

technologies which would have allowed a rice crop to be raised in the semi-arid 

regions of the Deccan, South India and Sri Lanka. 

However these data may be misleading. There is also an increase in the presence 

of several weeds that cast doubt on the widespread adoption of irrigation 

technologies (table 35). These are primarily from sites in Gujarat and the Deccan 

Peninsula. This increase in dry weeds where irrigation is expected is counter 

indicative to the spread of irrigation technologies. Both of these areas are arid and 

so their increase may reflect the increased recovery of natural flora within the 

archaeological record, as more Chalcolithic sites have been excavated than 

Neolithic, and more Iron Age/Early Historic than Chalcolithic (table 36). 

Table 35: The ubiquity of selected weeds of dryland rice from Neolithic, Chalcolithic 
and Iron Age/Early Historic South Asia.

Table 36:  Wild weed taxa count for all sites from the Ganges, by period.

Neolithic Chalcolithic IA/EH

Trianthema sp. 0% 5% 32%

Andropogon sp. 60% 29% 43%

Dactyloctenium aegyptium 20% 14% 43%

Poa sp. 20% 29% 43%

Ganges Mesoltihic 2

Ganges Neolithic 7

Ganges Iron Age 9

Ganges Early Historic 24

Ganges Medieval 22
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Figure 113: Relative proportions of wet and dry rice cultivation systems weed flora 
present at >10% of sites in South Asia.

Due to the sparsity of the macrobotanical data there is little more analysis that can 

be carried out on these samples. Any perceived increase in wet or dry weed flora 

is more likely to represent an increase in weed seed recovery and, with such a 

small data set, is unlikely to reflect real change. 

7.3 Regional interpretations; broader 
implications 

Tokwa is part of the Vindhyan Neolithic Culture of the central Ganges Plain. The 

presence of a host of Southwest Asian crops is parallel with findings from other 

sites in the area, such as Koldihwa, Lahuradewa, Mahagara and Senuwar (see 

chapter 2.3.1), and is representative of the subsistence cultures of sites in the 

Ganges Plains, from the Neolithic onwards. Agricultural village sites here are 

located along the banks of rivers and above areas of low lying alluvium (Pal 2008) 

and so the identification of rainfed rice cultivation at Tokwa suggests that rice 

fields may have been situated within the alluvial plains that surround the 

settlement sites of this period. The evolution of this type of cultivation could be 

seen as an organic one, with wild rice harvesting from rice stands along river 

banks occurring at Lahuradewa 1A, to those same river banks being increasingly 

managed and eventually (possibly following the introduction of japonica) 

transformed into agricultural field units. The practise of burning vegetation to 

control weed growth (as indicated by the micro-charcoal levels within the 

Lahuradewa Lake cores (Chauhan et al. 2005)) could have continued into 
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domestic rice agriculture, however the core from Lahuradewa Lake shows a 

cumulative decrease in micro-charcoal levels from c.7000 BC (op. cit.) suggesting 

otherwise. The recovery of micro-charcoal from others sites in the Ganges Plains 

would help to confirm or disprove this. Incorporating wheat, barley and other 

Southwest Asian or winter crops into the agricultural calendar of Tokwa would not 

have necessitated the translocation or the creation of large numbers of fields. Crop 

rotation could have been used to grow both summer and winter crops in the same 

field, however this would have reduced fallow periods and potentially have 

reduced soil fertility. Seasonal flooding of the river and surrounding fields would 

have offset this loss of fertility, but there may have been an increase in manuring 

following the introduction of winter crops. Again this is an area of research that 

could be tested in future work in the Ganges Plains. 

Golbai Sasan and Gopalpur are members of the Eastern Wetlands Tradition found 

on the low lying plains of Odisha. As current evidence indicates that tanks were 

only constructed in Odisha during the British Raj, prior to this rice cultivation 

would have been predominantly rainfed across the state, as well as neighbouring 

areas. The identification of decrue cultivation and possible rainfed cultivation at 

Golbai Sasan and Gopalpur, respectively, shows that rice cultivation at these sites 

primarily relied upon the monsoon rains for water. As in the central Gangetic 

Plains, early farming sites in Odisha are located close to rivers and within 

alluvium rich soils. Prior to the Eastern Wetlands Tradition there is no evidence for 

agricultural settlements within Odisha, suggesting that farmers either moved into 

the area or Mesolithic cultures adopted farming and settled in areas which would 

provide good agricultural opportunities. The similarity in rice cultivation systems 

and settlement patterns between the Eastern Wetlands Tradition and Neolithic 

cultures of the central Ganges could indicate contact with populations in the 

Gangetic Plains (Harvey 2006). The identification of decrue cultivation at Golbai 

Sasan shows that farmers at this site used naturally occurring areas of flooded land 

to their advantage. The construction of bunds to pool water within fields is not 

necessary under this cultivation system, however it is normally required for rainfed 

cultivation to ensure that water is present throughout the growing season. Farmers 

at Gopalpur may thus have engaged in bund building. It is therefore possible to 
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begin to infer different practices in field management within the Eastern Wetlands 

Tradition. 

Kodumanal and Perur represent a very different rice cultivation tradition. The 

archaeobotany from these sites indicates that rice cultivation was rainfed and not 

irrigated. Based on this indication and modern rainfall data, it appears likely that 

these sites received just enough rainfall (with Perur receiving more rain than 

Kodumanal) to grow a rice crop of adequate yield. This intimates that settlements 

in Tamil Nadu were not growing irrigated rice reliant on irrigation technologies 

during the Early Historic Period, suggesting that the role of beneficent kings who 

built tanks for their people has been exaggerated in the agricultural history of the 

region. It follows, therefore, that the spread of rice agriculture in South India 

occurred sometime after rice was adapted from growing in wet environments to 

growing in dryer environments; and not after irrigation technologies had 

developed to support wet rice cultivation. The presence of drought tolerant 

summer crops further supports the finding that rice was cultivated in rainfed fields, 

as a focus on drought tolerant crops would not be necessary if irrigated field 

systems were widely available. 

The rice cultivation system at Mantai has been identified as possibly irrigated, but 

with a low water availability throughout the growing season. The site is situated 

within the dry zone of Sri Lanka and is unlikely have produced a rice crop without 

some form of water management. Due to the low levels of water indicated by the 

archaeobotanic results it is inferred that this water management consisted of 

controlling waters that naturally pooled in the area where the tank was later 

constructed, and perhaps channeling water from the Malwatu Oya to nearby 

fields. As much of the major irrigation infrastructure appears to have been built c.

1000 AD in Sri Lanka it can be suggested that the majority of rice agriculture in 

the dry zone of the island would have been low-level irrigated. This includes the 

agricultural settlements that would have fed Anuradhapura. The use of naturally 

occurring seasonal ponds to irrigate crop fields may have spread with the 

Megalithic cultures of South India, who appear to have had a long standing 

relationship with these water bodies (Bauer and Morrison 2008).  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8.0 Discussion 

The hypothesis tested by this research project stated that early rice grown in South 

India and Sri Lanka was irrigated. It was assumed that deep water, paddy field-

type, irrigated rice systems had to have developed before rice cultivation could be 

adopted within the dryer zones of South Asia. However, the data shows that this is 

not the case and rejects the hypothesis. Early rice cultivation in South India seems 

to have relied primarily on the annual summer monsoon rains as it did in other 

parts of the subcontinent. Additionally, early rice cultivation within the dry zone 

of Sri Lanka, whilst being irrigated, likely had low water availability and thus has a 

signature more akin to rainfed cultivation. Therefore we can see the spread of rice 

within the subcontinent as less constrained by water availability than initially 

suspected. Indeed, as the rice at Perur and Kodumanal appears to have been 

unirrigated, it is possible that in South India irrigation technologies were 

developed and implemented for non-grain cash crops such as sugarcane, as 

opposed to subsistence crops. The findings of this project have several 

implications, which will be discussed in turn.  

Figure 113:  The hypothesised zone in which early rice cultivation was irrigated.
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8.1 Crossing boundaries. Overcoming climatic 
constraints to rice cultivation in South Asia 

The data indicates that climatic constrains to rice cultivation (i.e. low rainfall 

levels) were not necessarily restrictive to rice cultivation in South India, were 

overcome by irrigation in Sri Lanka and were possibly causal to the late adoption 

of rice cultivation in Odisha. Once again, the archaeology of South Asia 

demonstrates multiple, differing, trajectories and prehistories. 

Rice cultivation (presumably) spread from the Ganges Pains to East India and 

Odisha. Whilst there is little evidence to support this (in fact, similarity in 

Neolithic pottery between Odisha and Assam has been noted (Sinha 2000) 

suggesting that Odisha had contacts further east, perhaps over sea rather than over 

land) the dates, the presence in both areas of the same rice cultivation practices 

and the similarity in settlement patterns suggests that this is the route by which 

domestic rice spread. Prior to c.2430 BC Odisha was warm and humid (Tripathi et 

al. 2014), with a climate that could have supported rice cultivation, however the 

impetus (whatever it was) must have been absent. The onset of a wetter period c.

2430-1280 BC would certainly have facilitated the establishment of rice 

cultivation systems in Odisha, providing enough water for (a much less labour 

intensive) decrue cultivation of rice at the relatively large settlement of Golbai 

Sasan. This facilitation may have driven the impetus for already present Mesolithic 

societies to adopt rice cultivation, or for rice farming Neolithic societies from 

elsewhere to move into Odisha. Interestingly, the period around 2500-2000 BC 

was drier within the CMZ (Prasad et al. 2014), potentially spurring the migration 

of people into wetter areas. 

Assuming that climatic constrains were of minimal impact to the spread of rice 

into South India and the Deccan, as suggested by the archaeobotanical data, the 

lack of rice within the archaeological record prior to 500 BC is likely to have a 

cultural cause. The distinct agriculture of the Southern Neolithic relied on millets 

and pulses, and developed independently of rice. Rice was therefore both not 

needed and an exotic crop in this region of India. Around 500 BC South India was 
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seeing dramatic social change and entering the era of Early Historic polities. This 

is also the period from which rice is increasingly recovered from archaeological 

sites.  

With regards to overcoming low rainfall levels, the absence of rice irrigation in 

South India also suggests the development of land races for local areas. The 

environmental difference between Kodumanal and Golbai Sasan, for example, is 

large and it is very unlikely that the same crop would flourish in both decrue and 

dry rainfed fields. Creating different land races to grow in local conditions may 

have involved cross breeding with locally available wild rice. This may partly 

explain the evidence for frequent hybridisation found within the DNA of O. s. 

indica. Equally, hybridisation of different proto-indica breeds with domestic rice 

could create a range of domestic breeds adapted to specific environments. This 

pattern of multiple of cross and back-breeding is suggested by the genetic 

evidence and is widely supposed to be the pathway along which modern O. s. 

indica developed (Fuller et al. 2010). Modern research into improving rice 

frequently explores introducing genetic material from wild rice, which has been 

used to produce various disease resistant, drought tolerant and saline tolerant 

crops; see particularly the work of Susan McCouch and colleagues (e.g. Xu et al. 

2012, Tanksley and McCouch 1997, Xiao et al.1998). 

It is only in Sri Lanka where tentative evidence for irrigation indicates that the 

development of irrigation technologies allowed rice to be cultivated in areas of 

low rainfall. Here the construction of tanks, ring wells and of canals from these 

and from rivers provided water throughout the growing season. It is surprising that 

no deepwater irrigation was identified in South India or Sri Lanka, as was 

expected. However this is likely to be a more recent phenomenon, occurring in 

the Early Medieval Period c.600-1200 AD, when medieval polities (such as the 

Kalachuri Empire and Kakatiya Kingdom) were consolidated (Yadav 2008), or 

later. Certainly by c.1500 AD transplanted, irrigated rice cultivation was in 

practise in South India, as recorded by Domingo Paes c.1520 (Sewell et al. 1999) 

and in Bengal c.1200 AD as evidence by descriptions of seedling transplantation 

and thinning out in the Krsi-Parasara (Niyogi 2008). 
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Placing the findings of this project within the global context, models of rice 

produced methane may be overestimating the impact of irrigated rice in South 

Asia (Fuller et al. 2011). Neither Kodumanal, Perur or Mantai appear to have 

grown deep-water rice and so would not have produced as much methane c.0 AD 

as assumed. It thus seems likely that prior to c.1000 AD rice cultivation across 

South Asia produced methane at levels little higher than that of rainfed rice. 

8.2 Irrigation in state formation; an over-
emphasised role 

Irrigation, urbanism and rice have been linked to each other for many decades in 

South Asian archaeology (as well as in other regions of Asia). Instead of supporting 

it, the evidence from Sri Lanka challenges this and suggests that agricultural 

intensification through the construction of major irrigation architecture is not a 

pre-requisite of urbanisation. The early history of Sri Lanka is dominated by 

Buddhism and the establishment of tanks and canals, however Mantai shows that 

a large, successful, urban settlement developed prior to the construction (c.600 

AD) of a major tank and without intensively irrigated rice cultivation systems. This 

supports the evidence from Anuradhapura, which shows that the site entered its 

early urban phase before the construction of major irrigation tanks and canals. It is 

clear therefore that state growth was viable without major irrigation architecture. 

With reference to “monastic landlordism” and the role Buddhist monks in the 

development of urban polities (Shaw and Sutcliffe 2003) it is perhaps not until c.

200 BC in Central India and c.500 AD in Sri Lanka, where one would expect to 

see huge irrigation systems established to feed the needs of a rice-centric 

theocracy.  

Instead of focussing on irrigation in the role of state formation it would perhaps be 

more accurate to examine other economic factors. Sri Lanka is likely to have 

achieved economic growth and stability through its extensive and successful 

ocean trade links with the Roman Empire, China, India and the Arabian world. Sri 
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Lanka was known to produce, amongst a host of other goods, black pepper, the 

best pearls and the tamest elephants. High end luxury items such as these yielded 

high profits for traders of the Anuradhapura Kingdom, in addition to the revenue 

gained from the ports and markets. The archaeobotanical evidence indicates that 

wheat was regularly imported and rice could have also been imported to make up 

any short fall resulting from poor yields, reducing the need for major irrigation 

networks to support agriculture. This echoes calls to recognise connections 

between polities, as well as economic and social complexity in South Asia, as 

recently emphasised by Abraham et al (2013). 

Cash crops are generally overlooked archaeologically, but are no less important to 

our understanding of social and economic life in the past than other crops. 

Cotton, jute, sugarcane, spices and oil seeds, not to mention drugs such as 

cannabis or opium, are common cash crops in South Asia. Many cash crops, 

especially sugar cane, require significant quantities of water to produce a good 

yield. The production of any of these is both economically and socially important, 

often reducing risk associated with a failure of the main crop, raising farmers 

above basic subsistence level or contributing to community development (Finnis 

2006), and continue to be vital to the small scale economies of many shifting 

cultivators and subsistence agriculturalists (see appendix 1). The ability to produce 

such crops would have been a strong motivator of agriculturalists for the 

construction of irrigation networks. State polities would have been equally 

motivated as tax could be levied on such trade goods, as well as being considered 

as meritorious acts and improving welfare and agricultural productivity. Therefore, 

particularly in regions such as South India where rainfed rice cultivation 

predominates despite the presence of irrigation technologies, it is likely that the 

production of cash crops drove the construction of irrigation systems. As with the 

role of forest products and hunter-gatherers (Morrison and Lycett 2013), the role of 

cash crops may be particularly overlooked during the Early Historic Period, where 

a growing urban population and an urban elite would have increased demand for 

cotton, sugar, fruits and vegetables.  
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8.3 A new chronology for Odisha 

The beginning of the Neolithic in Odisha is generally placed at c.3500 BC (Dash 

2000) and the beginning of the Eastern Wetlands Tradition at c.2500 BC. Previous 

radiocarbon dating from Golbai Sasan and Gopalpur was thought to have been 

incorrect (see chapter 2.4.2) and produced much more recent dates of c.

1250-1000 BC for Golbai Sasan and c.1400-900 BC for Gopalpur. The dates 

recovered as part of this project confirm that the Eastern Wetlands Tradition is later 

than was previously though, with dates from a deep excavation to the earliest 

Neolithic levels of Golbai Sasan placing it at c.1500-900 BC. The oldest 

radiocarbon date we have for the Neolithic phase is from context I18; 1500-1400 

BC. This, to date, is the oldest radiocarbon date for the Neolithic in Odisha (see 

Basa 2000, p.43, re: chronology in Odisha). Outside of the Eastern Wetlands 

Tradition, no other Neolithic agricultural settlement sites have been identified in 

Odisha. On the basis of this the beginning of the Neolithic in this area should be 

pushed forward two thousand years to c.1500 BC. 

The archaeology of Odisha thus becomes increasingly unique within South Asia, 

perhaps more akin to that of northeast India than the Ganges Plains, with a 

protracted Mesolithic period represented by sites such as Bajpur, Banabasa, 

Kuchai and Malakhoja (Harvey 2006, Mohanty 2000). It has been postulated that 

shifting cultivation could have occurred widely in Odisha prior to the (and 

throughout) the Eastern Wetlands Tradition and Chalcolithic (Kingwell-Banham 

and Fuller 2012, Harvey 2006, Mohanty 2000). This dry, upland cultivation is as 

yet unidentified archaeologically, and targeted archaeobotanical investigation of 

three upland sites has revealed no indication of plant use at all (Harvey 2006). By 

using Google Earth, Prof. Mohanty and colleagues at Deccan College, Pune, have 

identified several other mounded settlement sites in Odisha, likely belonging to 

the Eastern Wetlands Tradition (Mohanty, pers. comms.). It is possible that Odisha 

saw an explosion in agricultural settled villages c.1500 BC, which marked the 

beginning of the Neolithic within the area. The dating of the Eastern Wetlands 

Tradition places its inception firmly within the warm and wet period c.2430-1280 

BC identified within the pollen core from Odisha through an increase in marshy 
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and aquatic taxa (Tripathi et al. 2014). That the period in which rice agriculture 

took hold in Odisha correlates with a period in which water availability was 

greater is unlikely to be coincidental, and suggests that the change in climate was 

a catalyst for the introduction or adoption of rainfed rice cultivation in East India. 

It also places Odisha in juxtaposition with South India, where data suggests that 

lower rainfall levels were not a barrier to rainfed rice cultivation.  

8.4 Macrobotanic remains and phytoliths in the 
identification of cultivation systems 

Unfortunately, as has been shown by the macrobotanical remains reported in this 

thesis, the recovery and identification of macro remains (particularly remains 

<0.5mm) from archaeological sites in South Asia is hindered by several factors. 

These include agrilliturbation, small soil sample size and poor recovery methods. 

Small weed seeds in particular are often overlooked during flotation or recovered 

in such a poor state that they are difficult to identify. Therefore investigations into 

crop cultivation systems using macrobotanical remains is quite heavily 

compromised. Whilst several factors are known to alter the preservation of 

phytoliths in depositional contexts, such as pH or the presence of aluminium 

oxides (Piperno 1988), the differential preservation of phytoliths is still relatively 

unknown (Piperno 2006). Nevertheless, phytoliths appear to be preserved in a 

better condition than macrobotanical remains across all of the sites investigated. 

This has allowed for insights into crop processing activities when chaff and weed 

seeds were absent from the macro remains, as well as for the sensitive 

reconstruction of rice cultivation systems. 

CA of phytolith samples has proved to be a powerful tool in the identification of 

rice cultivation systems, allowing for differentiation between sites with different 

rice cultivation systems, most notably between Golbai Sasan, Tokwa and 

Kodumanal. Fully published phytolith assemblages from South Asia are rare (not 

least because they contain a lot of data), as are phytolith analyses of sites in South 

Asia. However, as phytolith analysis is becoming increasingly common it is hoped 
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that full data sets will become increasingly available, in order that comparative CA 

can be carried out to further examine cultivation systems. It has been particularly 

way useful to examine grass fixed:sensitive morphotype ratios, but t is not 

recommended that this form of analysis should take place independently of other 

analyses.  

The species and genus level identification of weed seeds within the 

macrobotanical remains, however limited, had some use in the identification of 

cultivation systems and (where available) support the identification of 

archaeological cultivation systems. However, this highlights the major issue 

encountered during the course of this research. The lack of smaller 

macrobotanical remains within the samples needs to be considered in any future 

work. Larger sample sizes are needed and bulk flotation samples of 40+ litres are 

strongly recommended. In addition, recovery of plant remains would be greatly 

aided by the use of machine flotation rather than bucket flotation. It would be 

incredibly valuable to the archaeobotany, and archaeology, of South Asia if bulk 

flotation samples were routinely taken during excavation and machine floated. In 

addition, for more complex forms of archaeobotanical and archaeological 

analyses to be successful, context led excavation must become a widespread 

practise. In this way it is hoped that the many and myriad questions arising from 

archaeological research in South Asia will be answered. 

The creation of typical weed assemblage profiles following a literature review and 

field work to examine modern rice fields aided the identification of archaeological 

cultivation systems, as did the analog CA plots of phytoliths from modern rice 

fields. These both served to indicate the relative proportions of different plant taxa 

within different types of field system. However, the modern data (in particular the 

herbarium collection) still requires a lot of work before it can be applied 

effectively. A low number of fields have been analysed and deep water irrigated 

fields are conspicuously absent. This work is being continued by the Early Rice 

Project, UCL, and it is anticipated that the final results will be of great use in the 

identification of archaeological cultivation systems across Asia.  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9.0 Conclusion 
Each site investigated represented early rice agricultural settlements within their 

respective regions. Tokwa has been dated to c. 1600-930 BC, Golbai Sasan to 

1265-910 BC, Mantai to 200 BC- 900 AD and Perur to 500 AD. The Perur dates 

provides a frame from which to hang the Kodumanal chronology, as they are 

typologically very similar sites. All of the sites, except Mantai, can be classified as 

agricultural, permanent village sites. Mantai, of course, is a port site, but it was 

also an agricultural settlement site for many of its inhabitants.  

The identification of rice agricultural systems within the archaeological record can 

be done by assessing the weed flora associated with a rice crop via conventional 

macrobotanical analysis. This method relies on the good recovery of weed seeds 

however, and flotation to 0.25mm is essential for this type of research. 

Unfortunately there are no key weeds associated with specific cultivation systems; 

instead a suite of weed species is required before identification can be attempted. 

Phytolith analysis has proved very valuable for highlighting differences between 

archaeological samples deriving from different agricultural systems despite the 

relative lack of identifications at species or genus levels. The degree of detail that 

CA of the phytolith data has shown, e.g. the ability to differentiate between 

different levels of water availability, would not be possible using macrobotanical 

techniques and makes it a powerful tool. In the identification of rice cultivation 

systems, phytolith CA allows the potential danger inherent in archaeobotanical 

analysis of misidentifying cultivation systems based on the presence of 2-3 

anomalous species to be avoided by showing broad patterns within the data 

which can subsequently be examined using conventional archaeobotanical 

techniques. Macrobotanical analysis can afford a deeper understanding of the 

ecology and human management of cultivation systems due to the increased 

likelihood of making species level identifications, however this is only possible 

when a large seed assemblage is available.  

This project has found no clear evidence for deep-water rice irrigation within the 

archaeobotanical data. However, by incorporating multiple lines of evidence it 

has been possible to suggest a level of irrigation at Mantai. This, however, is not 
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the paddy field-type irrigation system that was initially suspected and appears to 

be more congruent with rainfed systems. Even where early irrigation tanks and 

canal systems existed there is little evidence for an irrigated rice crop. This 

suggests that rice was cultivated at the edge of its environmental limits c.500 BC 

and that the successful spread of rice agriculture across South Asia at this time 

may have relied on the development of local rice breeds that could flourish in 

potentially unproductive or stressed environments, rather than the construction of 

irrigation systems. The role of irrigation in the development of urbanism and the 

creation of Early Historic polities in South Asia therefore needs to be re-examined. 

Instead of playing an early role in state formation, the agricultural intensification 

of rice cultivation via the widespread construction and use of irrigation 

technologies postdates the emergence of urbanism in the subcontinent. 
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