
1 
 

Agricultural productivity in past societies: Toward an empirically 1 

informed model for testing cultural evolutionary hypotheses 2 

 3 

Thomas E. Currie1*, Amy Bogaard2, Rudolf Cesaretti3, Neil R. Edwards4, Pieter Francois5,12, 4 
Phillip B. Holden4, Daniel Hoyer6, Andrey Korotayev7, Joe Manning8, Juan Carlos Moreno 5 
Garcia9, Oluwole K. Oyebamiji4, Cameron Petrie10, Peter Turchin6,11, Harvey Whitehouse12, 6 
Alice Williams1. 7 
 8 

1. Centre for Ecology and Conservation, Department of Biosciences, University of 9 
Exeter, Penryn Campus, UK 10 

2. School of Archaeology, Oxford University, UK 11 
3. Center for Social Dynamics and Complexity, School of Human Evolution and Social 12 

Change, Arizona State University, Arizona, USA 13 
4. Environment, Earth and Ecosystems, The Open University, Milton Keynes, UK 14 
5. History Group, School of Humanities, University of Hertfordshire, de Havilland 15 

Campus, UK 16 
6. The Evolution Institute, New York, USA 17 
7. Russian Academy of Sciences, Moscow, Russia  18 
8. Department of History, Yale University, USA 19 
9. Centre national de la recherche scientifique (CNRS), UMR 8167, Université Paris-20 

Sorbonne Paris IV, Paris, France 21 
10. Department of Archaeology and Anthropology, University of Cambridge, UK 22 

11. Department of Ecology and Evolutionary Biology, University of Connecticut, USA 23 
12. Institute of Cognitive and Evolutionary Anthropology, School of Anthropology and 24 

Museum Ethnography, Oxford University, UK 25 

 26 

 27 
 28 
 29 

 30 
 31 

* Corresponding author 32 
 33 

Email: T.Currie@exeter.ac.uk 34 
 35 
Centre for Ecology and Conservation, Department of Biosciences, University of Exeter, 36 
Daphne du Maurier building, Penryn Campus, Cornwall, United Kingdom TR10 9FE 37 

 38 

 39 

 40 

 41 

 42 



2 
 

Abstract 43 

 44 

Agricultural productivity, and its variation in space and time, plays a fundamental role in 45 

many theories of human social evolution. However, we often lack systematic information 46 

about the productivity of past agricultural systems on a scale large enough to test these 47 

theories properly. The effect of climate on crop yields has received a great deal of attention 48 

resulting in a range of empirical and process-based models, yet the focus has primarily been 49 

on current or future conditions. In this paper, we argue for a “bottom-up” approach that 50 

estimates potential productivity based on information about the agricultural practices and 51 

technologies used in past societies. Of key theoretical interest is using this information to 52 

estimate the carrying capacity of a given region independently of estimates of population 53 

size. We outline how explicit crop yield models can be combined with high quality historical 54 

and archaeological information about past societies in order to infer the temporal and 55 

geographic patterns of change in agricultural productivity and potential. We discuss 56 

information we need to collect about past agricultural techniques and practices, and introduce 57 

a new databank initiative that we have developed for collating the best available historical 58 

and archaeological evidence. A key benefit of our approach lies in making explicit the steps 59 

in the estimation of past productivities and carrying capacities, and in being able to assess the 60 

effects of different modelling assumptions. This is undoubtedly an ambitious task, yet 61 

promises to provide important insights into fundamental aspects of past societies, enabling us 62 

to test more rigorously key hypotheses about human socio-cultural evolution. 63 

 64 

Keywords: agricultural potential, population pressure, irrigation, statistical emulator, 65 

comparative archaeology 66 

 67 

 68 

 69 

 70 
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1. Introduction 71 

 72 

For the vast majority of our evolutionary history, humans subsisted by hunting animals and 73 

gathering plants. Around 12,000 years ago, we began to take a more direct role in the process 74 

of food production, domesticating animals and cultivating crops in order to meet our 75 

nutritional requirements (Mazoyer and Roudart 2006). This subsistence revolution is thought 76 

to have occurred independently in a limited number of places (a list would include at least the 77 

Fertile Crescent region of the Near East, China, Mesoamerica, South America, and New 78 

Guinea). This new way of life is arguably the most important process in human history, and 79 

its dramatic consequences have set the scene for the world we live in today. Agricultural 80 

productivity, and its variation in space and time, plays a fundamental role in many theories of 81 

human social evolution, yet we often lack systematic information about the productivity of 82 

past agricultural systems on a scale large enough to test these theories properly. Here, we 83 

outline how explicit crop yield models can be combined with high quality historical and 84 

archaeological information about past societies in order to infer how agricultural productivity 85 

and potential have changed temporally and geographically.  86 

 87 

The paper has the following structure: First, we introduce the ways in which agriculture is 88 

involved in theories about human social evolution, and stress the need to scientifically test 89 

between competing hypotheses. Second, we outline what information we need to model about 90 

past agricultural systems and how potential agricultural productivity and carrying capacity 91 

can provide a useful way of comparing societies in different regions and time periods. Third, 92 

we discuss the need for a systematic, comparative framework for collecting data about past 93 

societies. We introduce a new databank initiative we have developed for collating the best 94 

available historical and archaeological evidence. We discuss the kinds of coded information 95 

we are collecting about agricultural techniques and practices in order to inform our modelling 96 

efforts. We illustrate this task by presenting three short case studies summarizing what is 97 

known about agricultural systems in three different regions at various time periods. We 98 

discuss the challenges confronting this approach, and the various limitations and caveats that 99 

apply to the task at hand. Fourth, we outline how we can combine a statistical approach of 100 
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modelling past crop productivity based on climate inputs with the kind of historical 101 

information we are collecting.      102 

 103 

1.1 The role of agriculture in theories of human social evolution 104 

 105 

The development of agriculture and the ways it has spread and intensified are fundamental to 106 

our understanding of the human past. Agriculture plays a central role in many important and 107 

influential hypotheses about human history. For example, authors such as Renfrew, 108 

Bellwood, and Diamond (Diamond and Bellwood 2003; Renfrew 1992; Bellwood 2005; 109 

Bellwood, Renfrew, and Research 2002) argue that early agricultural societies enjoyed a 110 

demographic advantage over hunter-gatherers, which fuelled a series of population 111 

expansions resulting in agriculturalists spreading out to cover much of the world, taking their 112 

culture and languages along with them. At the beginning of the European age of exploration, 113 

agricultural societies had pushed the distribution of forager populations in the Old World to 114 

only those places that were marginal for agriculture. Widespread forager populations were 115 

present in the Americas and Australia, but these too eventually gave way to agricultural 116 

populations of European origin. Agriculture raised the carrying capacity of the regions in 117 

which it developed and spread, leading to people living at higher densities with a more 118 

sedentary way-of-life than was previously possible.  119 

However, the development of agriculture did not stop there. Further improvements in 120 

agricultural technologies and techniques, and processes such as artificial selection further 121 

raised the productivity of agriculture and the size of the population that could be supported in 122 

any one region. These improvements ultimately enabled humans to live in large urban 123 

conglomerations with extremely high population densities. Influential models of agricultural 124 

innovation, starting with the work of Esther Boserup (Boserup 1965), argue that advances 125 

occur in response to increases in population, and the subsequent decreasing availability of 126 

land. This drives farmers to invest more labour in producing food. In other words, there is 127 

feedback in the system that leads to the increasing intensification of agriculture. These 128 

processes of intensification, whatever their cause, can occur in a number of different ways 129 

(Kirch 2000) and have had important consequences. From the fields and hedgerows of 130 
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Northern Europe to the mountainside rice terraces of the Ifugao of the Philippines (Conklin 131 

1980), through to the deforested slopes of Easter Island (Stevenson et al. 2006), agricultural 132 

populations have dramatically altered the landscapes around them.    133 

 134 

Agriculture is central to many theories about how larger-scale complex societies evolved. 135 

Under functionalist views of social complexity more productive agricultural systems allowed 136 

for ‘surplus’ production, and enabled a more extensive division of labour (Johnson and Earle 137 

2000). This surplus production allowed for individuals who did not grow their own food, 138 

enabling the creation of specialized managers and rulers, and occupational artists and 139 

artisans. It is argued that this division of labour increases efficiency and coordination, 140 

enabling more complex societies to out-compete less complex societies either directly or 141 

indirectly. Under this view, not only is a rich resource base a necessary condition for the 142 

emergence of complex societies, but it is also a sufficient one. If this is correct, it follows that 143 

differences in agricultural productivity can explain why some regions developed more 144 

complex societies than others.  145 

Changes in agricultural intensity have also been linked to changes in the ritual and religious 146 

life of human groups. It is argued that hunter-gathers and early agriculturalists, who lived in 147 

small groups and faced high risks from hunting of large animals, tended to participate in 148 

dysphoric, “imagistic” rituals that, although rarely experienced, are typically emotionally 149 

intense (Atkinson and Whitehouse 2011; Whitehouse 2004). Such rituals act as a mechanism 150 

for creating social cohesion via ‘identity fusion’ (Swann et al. 2012). A greater dependence 151 

on agriculture led to increased group sizes, and required different forms of cooperation and 152 

coordination in order to successfully produce food. New ritual forms developed that were 153 

organized around daily or weekly cycles but with less intense emotional experiences. It is 154 

argued that this ‘routinization’ enabled strangers to recognize and identify with others as 155 

members of a common in-group, enabling trust and cooperation on a hitherto unknown scale 156 

(Whitehouse et al. 2013; Whitehouse and Hodder 2010).  157 

 158 

It is clear that agriculture is of fundamental importance to studies of the human past. The 159 

ideas outlined above represent just a flavour of the ways agriculture and agricultural 160 



6 
 

productivity enter into our understanding of the long-term patterns and processes of human 161 

history. Importantly, these ideas are hypotheses that require testing against other plausible 162 

narratives. For example, it has been argued that an important factor driving the evolution of 163 

complex societies was intensive forms of conflict between nomadic pastoralists and settled 164 

agrarian societies that selected for increasingly larger and more cohesive societies (Turchin et 165 

al. 2013; Turchin 2009). Thus, complex societies tended to emerge on the border of the 166 

Eurasian Steppe and spread out from there. Under this view, agriculture is seen as necessary 167 

but not sufficient to explain the observed variation about where and when such societies 168 

developed. When attempting to understand the past we should seek to test between competing 169 

hypotheses, rather than simply focussing on a single favoured idea. In order to do this, it is 170 

important to have relevant data on past agricultural systems and their productivity and 171 

potential. These systems exhibit a great deal of variation, and are of varying levels of 172 

intensity. To enable more direct comparisons across different regions and time periods, it will 173 

be important to have explicit models that translate different agricultural systems across space 174 

and time into a common currency. This will allow us to perform statistical analyses so that 175 

we can directly test alternative hypotheses.  176 

 177 

 178 

2. Agricultural productivity and potential in the past  179 

 180 

The relationships between crop yields, weather and climate have been the focus of a great 181 

deal of attention in the Earth system science literature. This is due to concerns about securing 182 

food supplies for our growing populations and the potential challenges that climate change 183 

poses (Oyebamiji et al. 2015). Most studies have been concerned with establishing the 184 

current relationships between climate and crop yields, or making projections about changes in 185 

crop yields due to future climate change rather than extending this approach back into the 186 

past. Where historical information is used, it tends to be on a relatively recent time scale 187 

(Ramankutty and Foley 1999). Recently, researchers have attempted to infer the location and 188 

intensity of agricultural production during the Holocene on a global scale (Klein Goldewijk et 189 

al. 2011; Kaplan et al. 2011). These estimates are ultimately derived from estimates of past 190 
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population sizes (e.g., (McEvedy and Jones 1978) and make assumuptions about how human 191 

populations use land for agriculture. Although such studies should be applauded for their 192 

ambitious scale, they have a number of features that make them less-than-ideal for our 193 

purposes. First, in order to test certain theories it is desirable to separate out achieved 194 

production and population from potential production and population (i.e., the population that 195 

could theoretically be supported but is not, for whatever reason). A number of interesting 196 

hypotheses about human social and political evolution invoke “population pressure” as a key 197 

variable in causing changes in human societies (i.e., how close actual population is to 198 

potential population, and the stresses induced when there is competition for land and 199 

resources). For example, demographic-structural theory (Turchin and Nefedov 2009), argues 200 

that state instability and societal collapse is a result of the pressures on resources from 201 

population growth, which, in turn, leads to population decline. Boserupian models of 202 

agricultural change, mentioned above, see agricultural innovations themselves as resulting 203 

from population pressure. Second, this approach does not make full use of the historical and 204 

archaeological information about past agricultural systems that could potentially inform 205 

estimates of productivity. Finally, the data on past population are fairly rough estimates, and 206 

are typically made at the coarse-grain level of a province or whole country (Boyle et al. 207 

2011). There is always some degree of uncertainty associated with these estimates, and unless 208 

handled with care, such an approach can indicate a false level of precision, given the data that 209 

are being used as inputs.  210 

 211 

 212 

2.2 Estimating carrying capacities from the ground up 213 

 214 

In order to understand the impact of agriculture and increasing productivity on human 215 

societies, we need a “bottom-up” approach that estimates productivity or potential 216 

productivity independently of population size. Of key theoretical interest is using this 217 

information to estimate the carrying capacity of a given region. For our purposes, we define 218 

carrying capacity as the maximum human population size that can be supported in a given 219 

unit of space. It is a function of the physical and biological characteristics of the region being 220 
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examined and is also dependent on the types of agricultural technology and techniques 221 

possessed by the population that affect the productivity of the crops grown in that region. 222 

Carrying capacity is something that can be calculated (at least theoretically) across 223 

agricultural systems and, therefore, facilitates comparisons between different time periods 224 

and regions. Furthermore, it is an important variable because it enables us to compare the 225 

actual population to the size of the population that could possibly inhabit such a region, 226 

including cases where there is a substantial mismatch between these two estimates. This can 227 

provide a measure of the population pressure a society experiences. Mismatches could also 228 

reflect cases where a surplus is produced in order to guard against shortfalls in some years or 229 

where a substantial proportion of productivity is diverted to elite members of society 230 

(Ladefoged, Lee, and Graves 2008).  In the former case, we would expect actual population 231 

and a measure of carrying capacity that took into account annual fluctuations to converge 232 

over longer time periods, whereas this would not be the case in the latter example. The 233 

measure of carrying capacity can include technological or other cultural features that affect 234 

crop productivity. Therefore, over suitably long time periods and geographic scales, this 235 

estimate of carrying capacity will also provide a measure of relative agricultural productivity. 236 

In other words, in the absence of direct assessments of actual productivity, this measure is 237 

still likely to be informative about which regions and time periods were more productive than 238 

others. Such a measure is also extremely useful for testing many hypotheses about socio-239 

cultural evolution.  240 

 241 

Previous work has attempted to calculate carrying capacity for hunter-gatherers (Binford 242 

2001), which is a somewhat more straightforward task than for agriculturalists. This is 243 

because foragers’ sources of food are determined primarily by external climatic conditions 244 

and other characteristics of the physical environment, such as “unearned” sources of water, 245 

including rivers, which enable plant growth in otherwise arid environments (Birdsell 1953)1. 246 

Although such climatic and environmental considerations are obviously important for 247 

agriculturalists, calculating agricultural carrying capacity has a number of added 248 

complications (Fig 1). One such factor is the characteristics of crops (i.e., how they respond 249 

 
1 It is important to point out that there is a great deal of variation between hunter-gatherer societies in terms of 

the technologies they have developed and the subsistence strategies they employ. For example, societies that 

exploit highly concentrated fish stocks or vegetation can live at very high population densities relative to big-

game hunters (Johnson & Earle 2000, Binford 2001). 
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to external factors such as temperature, water availability, and soils). Hunter-gatherer 250 

population densities tend to be highest in tropical regions with high temperatures and greater 251 

amounts of rainfall, i.e. where net primary production is high (Birdsell 1953; Binford 2001; 252 

Currie and Mace 2012). On the other hand, large agricultural populations can be supported by 253 

grain crops derived from wild grasses. Cereal productivity, and, therefore, agricultural 254 

population density, tends to be greatest when annual patterns of rainfall create seasonal 255 

climates that allow grains to dry properly (Bellwood 1997), which is generally (but not 256 

always) at higher latitudes. For example, in island Southeast Asia, rice productivity is highest 257 

in regions such as Java, where monsoon conditions create a more distinct dry season 258 

(Bellwood 1997). Humans are also niche constructors par excellence (Kendal, Tehrani, and 259 

Odling-Smee 2011), and agriculture is probably one of the most dramatic representations of 260 

our ability to substantially modify our environment and, thus, reduce or ameliorate the impact 261 

of external environmental factors. Artificial selection (either intentional or unintentional) has 262 

also been a key process in improving crops and increasing yields over time, so having 263 

information about historic cultivars and varieties is of great importance. In addition to these 264 

crop characteristics, another important determinant of agricultural productivity is the level of 265 

agricultural technology and the specific agricultural practices that enhance productivity, 266 

which have varied dramatically in time and space. We return to this issue below. 267 

 268 

FIG 1 ABOUT HERE 269 

 270 

The fundamental idea behind this approach to estimating carrying capacity is to construct a 271 

function that predicts crop productivity based on a variety of theoretically informed inputs, 272 

the parameters of which will then be estimated and empirically validated. This estimate in 273 

terms of energy can then be converted into a population estimate based on an understanding 274 

of the energy requirements of human populations (Food Agriculture Organization of the 275 

United Nations 2004)(Fig 1). In both cases, calibration and validation will require historical 276 

information about past crop productivities, ideally with as broad a geographic and temporal 277 

distribution as possible. Fig 2 shows examples of changing productivities of two cereal crops 278 

(rye and wheat) in two regions in Europe (various places in England, and East Flanders, 279 



10 
 

Belgium). In both cases, productivity has increased, but to what degree these changes are due 280 

to changes in climate, technology, or genetics needs to be assessed. 281 

 282 

FIG 2 ABOUT HERE 283 

 284 

Obviously, estimating potential agricultural productivity on a global scale and over long time 285 

periods is not an easy task. In order to make this task manageable, it will be important to 286 

employ a number of simplifying assumptions and strategies. One such simplification will be 287 

to focus on a single crop for any given region. Because we are interested in assessing the 288 

amount of energy produced, a reasonable starting point is to focus on the major carbohydrate 289 

source grown. For example, (Nicholas 1989) based estimates of potential pre-Hispanic 290 

productivity in the valley of Oaxaca using only information on a single crop, maize. Previous 291 

experience with calculating carrying capacity in Europe suggests that reasonably accurate 292 

estimates can be obtained just by using a single crop such as wheat or rye (as 293 

appropriate)(Turchin 2005; Scheidel 2001). The focal crop will, of course, vary from region 294 

to region due to different histories of domestication and the spread of different crops (e.g., 295 

wheat or rye in Europe, rice in China, maize in Mesoamerica, etc.). In some cases, when 296 

different crops seriously affect the estimate, it may be advisable to estimate carrying 297 

capacities based on more than one crop. In some places, ecological conditions may vary over 298 

a relatively small distance, such that one crop does well where another one does poorly. For 299 

example, Pacific islands are characterized by wet conditions on the windward sides, where 300 

taro (Colocasia esculenta) does best, and drier conditions on the leeward side, which favours 301 

sweet potato (Ipomoea batatas)(Kirch 1994).  302 

 303 

 304 

3. The need for a systematic, comparative approach 305 

 306 
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Agricultural productivity (and the factors that determine it) varies in space and, importantly, 307 

in time. In recent years, a large amount of work has been conducted on historical climate 308 

change and the effects of climate on crop productivity (see section 4). This work needs 309 

supplementing with information about historical crop yields and the cultural and 310 

technological factors that affect agricultural productivity. Unfortunately, such data are not 311 

readily available in the kind of systematic manner on a global scale that would aid these 312 

endeavours due to the general turn away from broad-scale theorizing and comparative 313 

perspectives in disciplines such as anthropology, archaeology, and history. Here, we 314 

demonstrate how initiative that we have developed, Seshat: The Global History Databank 2, 315 

can provide a framework for collecting the necessary information to model agricultural 316 

productivity in the past and, more generally, to test comparative hypotheses about cultural 317 

evolution and human history. 318 

 319 

Most historians and archaeologists studying agricultural systems or other aspects of 320 

human societies tend to be experts in particular time periods and/or tightly defined regions. 321 

Although there are some who argue that there are broad-scale patterns and general processes 322 

shaping human history, their claims tend to rely on illustrative examples and are not 323 

systematically tested in the manner that is common in the natural sciences (Diamond 2010). 324 

However, in order to test competing ideas properly, a more rigorous way of adjudicating 325 

between alternative hypotheses is required. A barrier to such an endeavour is the lack of data 326 

of suitable quantity and quality in the kind of systematic format that is required. It is for these 327 

reasons that the Seshat project aims to work directly with historians and other relevant 328 

experts to construct a large-scale database that collates the most up-to-date knowledge and 329 

understanding of past human societies in a systematic manner. Importantly, the information is 330 

coded into well-defined variables suitable for statistical analyses so that different hypotheses 331 

can be rigorously tested. Although the Seshat approach can be applied to any aspect of human 332 

societies, in this paper, we focus in on the variables of relevance to agriculture.   333 

 334 

 
2 Further background and details about the methodology employed by Seshat can be found in 

the accompanying article in the same issue of this journal by Turchin et al. (2015) 
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As a sampling strategy, we have selected 30 regions of roughly 10,000 square kilometres 335 

from around the world that are delimited by natural geographic features, such valleys, plains, 336 

mountains, coasts, or islands. Examples of these Natural Geographic Areas, or NGAs, 337 

include Latium (in present-day Italy), Upper Egypt, Hawaii, and the Kansai region of Japan 338 

(see Figure 3, and Turchin et al. this volume). We have employed a stratified sampling 339 

strategy such that the NGAs are broadly distributed geographically and exhibit substantial 340 

variation in the polities that inhabited these NGAs in terms of the degree and timing of the 341 

appearance of the first large-scale, complex societies. For information related to agricultural 342 

systems for each NGA, we are gathering data on variables that relate to the NGA itself and 343 

the forms of agriculture practiced there, going back as far as possible in the Holocene (see 344 

below). In related projects, we are capturing information about all the polities that occupied 345 

the NGA during this time. This will allow us to match different sources of information about 346 

different aspects of human societies and enable us to test a range of different hypotheses 347 

about human social and cultural evolution. 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 
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 360 

 361 

 362 

FIG 3 ABOUT HERE 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

3.2 Capturing information on past agricultural systems 378 

 379 
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What information do we need to capture about past societies in order to estimate the 380 

productivity of agricultural systems? Over the last two years, members of our research team 381 

have been developing a codebook to describe the variables relating to agricultural 382 

productivity.3 Typically, variables in the codebook relate to the presence or absence of certain 383 

features (e.g., metal tools), naming of specific features that were present (e.g., the main crop 384 

species and varieties), or a quantitative measure of certain features (e.g., the duration of 385 

fallow periods). The development of this codebook has been an iterative process, and has 386 

improved through discussing these issues with experts on agriculture in past societies. For 387 

each NGA, we examine the variables of interest during the time since agriculture was first 388 

practiced until the present day. Research assistants (“coders”) work with expert historians and 389 

archaeologists to identify the most relevant literature, attempt to code the variables in the 390 

codebook from these sources, and, where possible, indicate the time at which features appear 391 

or change. These codings are then ultimately checked for accuracy by experts in the 392 

appropriate region and/or time period. Currently, the variables we are coding relate to Land 393 

Use, Features of Cultivation, Technology & Practices, Conventions & Techniques, Post-394 

Harvest practices, Food Storage and Preservation, Social Scale of Food Production, 395 

Agricultural Intensity, and Major Carbohydrate Sources. We describe each of the categories 396 

below and illustrate the kinds of variables we are capturing within them. 397 

 398 

Land use variables relate to the areas of the NGA that were either used for agriculture (e.g., 399 

the percentage of land that was actually used for cultivation) or that could potentially be 400 

cultivated (i.e., the land in the NGA that was suitable for agriculture regardless of whether it 401 

was actually used or not).  To give a couple of modern examples, according to the CIA World 402 

Factbook (CIA 2014), around 25% of the total area of the United Kingdom is given over to 403 

crop production, whereas Japan, with its much more mountainous terrain, devotes only 12% 404 

of its land to producing crops. The amount of land that could potentially be cultivated is of 405 

theoretical interest in estimating carrying capacity because, holding all other things constant, 406 

the more land that can be used for agriculture, the greater the carrying capacity. The area 407 

actually used for agriculture at any point is likely to be much more closely related to actual 408 

population size at that time, e.g., a small population that has recently moved into a new 409 

 
3 The latest version of agriculture codebook and the codebooks relating to other variables can be found on the 

Seshat webpage (http://evolution-institute.org/seshat) 

http://evolution-institute.org/seshat
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territory will initially only make use of a fraction of the amount of the land that could 410 

potentially be used. Both the actual land used and potentially cultivable land are dynamic 411 

variables that can change over time due to such factors as new technologies and practices or 412 

climate change.   413 

 414 

The Features of Cultivation are described in terms of the size and duration of use of fields 415 

and gardens used in agriculture and the length of time over which they are left fallow. For 416 

example, ethnographic evidence from the Bine-speaking groups, who live in the wetland 417 

areas of lowland southwest Papua New Guinea, reveals that the size of a typical swidden field 418 

is around 10,000 square meters (from the scale drawing of the fields provided) and a typical 419 

field is used for 2 years before being left fallow for 5-10 years (Eden 1993). In contrast, 420 

under the three-field system of permanent agriculture that was widespread in Europe from the 421 

Middle Ages, a field would be used for growing crops for two years and then left fallow for 422 

one year (White 1964). These variables have a large effect on calculating the amount of land 423 

that is producing crops in any given year and, therefore, the overall productivity of the 424 

system. For example, a system which has a fallow period of one year will be twice as 425 

productive in the long run as a system that has a fallow period of three years.   426 

 427 

Technology & Practices relate to the tools used in agriculture (e.g. Are tools generally made 428 

from stone, wood, or metal?, What particular tools were used?), and the methods used in 429 

preparing the soil for agriculture. Improvements in agricultural technology and techniques of 430 

soil preparation such as weeding, hoeing, or ploughing fields help to improve growing 431 

conditions and, thus, lead to increased yields. Certain technologies such as improved cutting 432 

tools and the use of the horse in ploughing reduced the labour costs to agriculturalists (van 433 

Gijn, Whittaker, and Anderson 2014).   434 

 435 

In cultivating crops, different Conventions & Techniques are used that improve yields. This 436 

includes the order and combinations in which crops are grown. Crop Rotation helps to 437 

maximize productivity and reduce fallow by growing different crops in a particular sequence. 438 



16 
 

Often, this involves at least one crop that fixes nitrogen and other essential nutrients back into 439 

the soil. Polyculture refers to the practice of growing different crops within the same field.  In 440 

the case of intercropping (where an additional crop is planted in the spaces available between 441 

the main crop), it can help to maximise the use of space. Polyculture can also improve 442 

productivity through the fact the features of the crops complement each other in important 443 

ways. A classic example is the combination of corn-beans-squash developed in the Americas 444 

(Mt.Pleasant and Burt 2010): Maize provides structure for beans to grow, beans fix nitrogen, 445 

and squash prevents weeds and acts a natural mulch. Another technique is multicropping, 446 

which involves growing two or more crops in the same field during a single year, but with the 447 

important feature that there is substantial temporal separation in the planting times of 448 

different crops (which thus distinguishes it from polyculture). This could take the form of 449 

double-cropping (a second crop is planted after the first has been harvested) or relay cropping 450 

(the second crop is started amidst the first established crop before it has been harvested). This 451 

set of variables also includes the application of fertilizers to crops to increase the nutrients 452 

available to them. This can occur either incidentally from domestic animal waste deposited in 453 

fields or more deliberate, active application by humans using either domestic animal waste or 454 

other materials such as marl (pulverized limestone added to reduce soil acidity) (Mathew 455 

1993). Another technique is mulching which involves using stones or other items to cover the 456 

soil to prevent moisture loss through evaporation, which can be very beneficial in arid 457 

conditions (Stevenson et al. 2006).  458 

 459 

Another important set of variables under this category relate to the application of water to 460 

fields, which can dramatically improve productivity because crops are no longer dependent 461 

on rainwater to receive sufficient moisture. This can occur through natural means when crops 462 

are grown in fields where flood waters are receding (e.g., early agriculture along the Nile) or 463 

in fields that are still water-logged or swamp-like (e.g., some forms of rice, and swamp taro 464 

cultivation). “True” irrigation, however, involves a more deliberate application of water to 465 

fields or gardens. Often, this involves the construction of features to divert, store, and control 466 

the flow of water so that crops receive the right amount of water at the right time. Some 467 

crops, such as rice, are more productive in permanently submerged fields, but others would 468 

drown under such conditions.  Irrigation can also involve small-scale water control, such as 469 

the kind of pot irrigation practiced in Oaxaca, Mexico, where wells are dug every few meters 470 
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and individual plants are watered by hand (small ridges are often also dug around the plant to 471 

keep the water contained)(Kirkby 1973). Irrigation has sometimes led to dramatic 472 

transformation of the environment, such as the terraced landscape created by the Ifugao in the 473 

northern Philippines (Conklin 1980), or on the island of Bali (Lansing 1991).  474 

 475 

Other forms of landscape improvement that don’t involve diverting water to crops can also be 476 

important ways of increasing productivity. This can relate to such features as drainage ditches 477 

(whose function is opposite to that of irrigation systems in that it is designed to take water 478 

away from crops) or walls (in cases where they serve a function such as retaining soil rather 479 

than just marking boundaries or ownership). For example, at Kohala on the Big Island of 480 

Hawaii during the late prehistory of that region, walls were constructed as part of dry-field 481 

system that helped protect crops from damage by winds and reduced evapotranspiration, thus 482 

increasing yields (Ladefoged, Graves, and McCoy 2003). 483 

 484 

Another group of variables focuses on Post-Harvest practices, Food Storage and 485 

Preservation, and relates to what is done after crops have been grown and harvested to 486 

improve the final product, enabling it to be used for longer periods of time. Threshing 487 

involves the separation of the edible grain or seed from the husk and straw that surrounds it. 488 

Before mechanization, it was carried out laboriously by hand or through the use of domestic 489 

animals. Winnowing is a process that follows threshing and involves using moving air (or 490 

throwing grain into the air and letting it fall back down to earth) in order to separate the 491 

lighter chaff from the heavier grain. Both these techniques can be carried out in ways that 492 

reduce labour inputs and reduce waste. Other important post-harvest agricultural processes 493 

are food preservation techniques (e.g., pickling, drying, grinding to make flour) and storage, 494 

both of which allow surplus production to be stored for longer periods than would otherwise 495 

be possible. This can be extremely important in alleviating falls in production or famine in 496 

years when agriculture is compromised for whatever reason. Because food storage can be a 497 

public good, we are interested not only in the evidence of where or what containers in which 498 

food is stored but also the scale at which food storage occurred (i.e., was it primarily a 499 

household affair, or was it conducted at the level of the village or an even wider sociopolitical 500 

unit?). 501 
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 502 

We have also developed a collection of variables designed to capture the Social Scale of 503 

Food Production to get an idea about the degree and scale of cooperation in the domain of 504 

agricultural production. For example, is the preparation of fields and harvesting of crops 505 

conducted by individual households, or are there more collective practices involving kin or 506 

descent groups, or a whole village? Here we can also capture whether dependent forms of 507 

labour were employed in agriculture, such as waged labour, slavery, or corvée, which are 508 

socially and economically important. It is an important theoretical issue whether cooperation 509 

in particular domains, such as agriculture, is limited to that domain (under-pinned by specific 510 

institutions) or whether it reflects more generalized, society-wide cooperative tendencies.   511 

 512 

We are also attempting to capture Agricultural Intensity, which is a measure of the extent to 513 

which societies depend on growing crops to meet their subsistence needs. This is likely to be 514 

particularly important at earlier periods of history when societies were transitioning to food 515 

production. However, it also provides important information about those societies for whom 516 

animal husbandry is of prime importance (e.g., “pastoralists”) and those traditional societies 517 

that still gain a substantial amount of their subsistence from aquatic (i.e., fishing) or terrestrial 518 

wild animals (i.e., hunting). For some societies, trade with other societies may be a further 519 

important dietary source. These cases may be informative for understanding sources of bias, 520 

or discrepancies in estimates of population derived from an assumption of the productivity of 521 

a region based solely on crop yields.  522 

 523 

Finally, for each society, we want to capture what the major carbohydrate sources were, 524 

i.e., what were the crops that people grew that provided the bulk of their diet? Because much 525 

of the historical or archaeological literature does not provide quantitative estimates of such 526 

things as the proportion of food production resulting from a particular crop, or the 527 

importance to the diet of a crop, we have found it useful here to ask coders to estimate these 528 

variables on a scale of 0–10, where these values translate to percentages (i.e., 1=10%, 529 

6=60%, etc.). Where multiple crops are identified, the total values estimated should not total 530 

more than 10 (100%). These estimates provide us with information about which crops are 531 
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most suitable, and in approximately what proportions, to include for modelling agricultural 532 

productivity. Many large-scale complex societies tend to be reliant on a relatively small 533 

number of main crops as sources of carbohydrates, whereas smaller-scale swidden 534 

agriculturalists cultivate a wider variety of crops.   535 

 536 

 537 

3.2 Case studies 538 

 539 

In this section, we present three case studies describing the agricultural systems of past 540 

societies in three of our NGAs. This will make clearer the kinds of features we are interested 541 

in and the challenges associated with extracting information on these features from the 542 

historical and archaeological records. The regions we have selected for this purpose are the 543 

Kacchi Plain, the Konya Plain, and Egypt. In the first two, we examine the very earliest 544 

phases of crop production, when agricultural activity was on quite a small scale, and our 545 

information is based primarily on archaeological information. The Egyptian case is from a 546 

later time period, when agricultural technologies and capabilities had advanced quite 547 

substantially, and the sources are mainly historical. Comparing these case studies brings out a 548 

number of important insights.  549 

 550 

 551 

 552 

3.2.1 The Konya Plain4  553 

 554 

 
4 This section on the Konya Plain is adapted from information presented in a number of previous articles: 

(Bogaard 2005), (Bogaard et al. 2009), (Bogaard et al. 2013), (Bogaard et al. 2014), (Russell and Bogaard 2010) 

Those sources contain more information about the archaeological basis of the inferences drawn in this section, 

citations of the relevant literature cited and potential sources of disagreement than is possible within the 

constraints of the current article.  
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The Konya Plain is located in central Anatolia (in modern-day Turkey). For this case study 555 

we are focussing on the site of Çatalhöyük during the earliest periods of agricultural 556 

development, around 7600–6000 BCE (the period known as the Pre-Pottery Neolithic B, or 557 

PPNB). Çatalhöyük covers around 13 ha and probably had a population that numbered in the 558 

thousands (Cessford 2005). This type of ‘mega-village’ is a settlement type that began 559 

emerging in this region during the PPNB. Closely packed mud brick buildings were 560 

superimposed, one on top of another, and there is no evidence of public buildings or plaza-561 

type public spaces. This suggests that the society that inhabited this site was reasonably 562 

egalitarian and lacked full-time occupational specialists, even though these settlements were 563 

comparable in size to many early cities. It should be noted that in the Near East a greater 564 

research focus has been on the origins of agriculture, rather than the details of early farming 565 

systems. However, there is still a lot of useful information we can discern from the 566 

archaeological record during these earliest phases. 567 

 568 

Çatalhöyük is surrounded by heavy clay soils that formed under marsh-like conditions due to 569 

the alluvial fan created by the Çarsamba River. Early farmers are generally thought to have 570 

been drawn to such alluvial regions, where crops could grow well due to the water and 571 

nutrients supplied by such a system (Sherratt 1980). More recent research indicates the 572 

presence of certain weeds associated with dry-farming and herding, suggesting that these 573 

forms of subsistence were also important to these early agricultural communities. The 574 

presence of dry-farming can also be inferred due to the lack of multi-cell cereal husk 575 

phytoliths, which would tend to be found if cereals are grown in moist wetland soils (Roberts 576 

and Rosen 2009). Geomorphological studies indicate that the local landscape at Çatalhöyük 577 

was made up of both wet and dry habitats, both of which could potentially have been 578 

exploited by early agriculturalists. How import ‘dryland’ conditions were in the Konya plain 579 

is an active area of inquiry.  580 

 581 

The diet at Çatalhöyük was based on domestic cereals (i.e., hulled wheats including einkorn 582 

and emmer; free-threshing wheat; barley), pulses (lentil, pea, bitter vetch), sheep, and goats. 583 

However, early farming communities at Çatalhöyük continued to exploit wild resources as an 584 

important part of the diet. Large animals such as aurochsen (cattle), deer, horses, and wild 585 
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boar were hunted, and fruits, nuts, and oil-rich seeds were collected and stored. In common 586 

with other Anatolian sites, hulled cereals (which provide greater protection to the seed) 587 

tended to replace the naked forms at Çatalhöyük (e.g. hulled barley started emerging 588 

alongside the naked form from the end of the Neolithic). Whilst these kinds of changes in 589 

crop characteristics are in evidence, the range of crops grown appears to have stayed fairly 590 

constant. The presence of both cereals and pulses makes it plausible that some form of 591 

productivity-enhancing crop rotation was practised. Although it is almost impossible to find 592 

direct archaeological evidence of crop rotation, such techniques are practiced by traditional 593 

dryland-farmers in the Near East. Getting enough water to crops is likely to have been an 594 

import challenge for farmers in the lands around Çatalhöyük. Different sites would have 595 

experienced different levels of flooding and silt deposition, and this could vary from year-to-596 

year. In order to make enough water available to crops, particularly in dryland conditions, it 597 

is feasible that early farmers practised small-scale flood irrigation or watering. 598 

 599 

In recent years, evidence of the importance of domesticated sheep (and other caprines) has 600 

come to light  (Russell and Martin 2005). Herding emerged during the PPNB at a time when 601 

crop cultivation had already been established, and this practice could have had important 602 

positive effects on crop productivity. Grazing of unripe crops by caprines helps prevent cereal 603 

stems collapsing under their own weight (‘lodging’), which can be a danger in highly fertile 604 

plots; it also results in shorter, denser crop plants less prone to this problem (‘tillering’). 605 

Grazing has an additional benefit in that it helps convert stubble into manure which is 606 

deposited by the animals on arable land. Although direct archaeological evidence is lacking, 607 

the more deliberate application of manure to land by people is also suggested by the evidence 608 

of the use of dung for other purposes such as fuel, and indications that livestock were kept 609 

quite close to the settlement. 610 

 611 

Investigations of burned houses provide evidence of food storage at Çatalhöyük. In such 612 

houses, the location of the remains of plants and animals are likely to be the places where 613 

they would have been most common in day-to-day life. We see an increase in built storage 614 

features during the PPNB in line with an increasing reliance on agriculture. The location of 615 

these storage features changes from the Middle PPNB to the Late PPNB. Initially they were 616 
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found in transitional porch- or anteroom-like spaces, but then in the later periods they are 617 

found in the inner recesses of compartmentalised houses. This can be taken as evidence as a 618 

move towards more ‘private’ forms of storage. In addition to these built features, more 619 

perishable storage containers are indicated by phytolith traces and plaster impressions. 620 

Furthermore, botanical clusters have sometimes been found that suggest that bundles of crops 621 

were stored in the rafters of houses. These features of household storage at Çatalhöyük in the 622 

PPNB indicate that households were economically autonomous. 623 

 624 

 625 

3.2.2 The Kacchi Plain5 626 

 627 

The Kacchi plain is an alluvial fan created by the Bolan River that is situated in modern-day 628 

Baluchistan, Pakistan (Petrie and Thomas 2012). The archaeological site of Mehrgarh, which 629 

lies at the northern end of the Kacchi plain, has been key to understanding early agriculture in 630 

this region. The Kacchi region is generally quite arid and agricultural activity is heavily 631 

affected by patterns of rainfall that lead to flooding of the alluvial fan. However, evidence 632 

from pollen analysis suggests that the region may have been considerably wetter in the 633 

Neolithic than it is today. The archaeological site is actually comprised of a number of 634 

distinct areas of occupation along the right bank of the Bolan River, covering an area of about 635 

300 ha. The populations that occupied the site appear to have been sedentary, however, it 636 

seems that from time-to-time the location of settlements shifted to new areas within the site. 637 

Occupation of the site stretches from 7000 or 6000 BCE to 2000 BCE and is commonly 638 

divided into eight major phases (I–VIII) (Jarrige et al. 2013; Jarrige et al. 1995). The 639 

discussion here will focus on the agricultural practices during the ‘Neolithic’ occupation at 640 

the site, which runs to approximately 4300 BCE (Periods I, IIA, and IIB)(Jarrige et al. 2013). 641 

We will also touch upon when important changes occurred in the transition to the 642 

 
5 The information in this section on the Kacchi Plain is adapted primarily from a book chapter by (Petrie 2015), 

A vital source of information on Mehrgarh are the publications of the French Archaeological Mission to 

Pakistan (1974 - 1986, and 1997 - 2000) directed by J.-F. and C. Jarrige. As with the Konya Plain section those 

publications should be consulted for full references and more detailed information.   
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‘Chalcolithic’ occupation: Periods III, IV and V (running from 4300-3200 BCE)(Petrie 643 

2015). 644 

 645 

Archaeological evidence provides us with information about the diet of the early farming 646 

communities at Mehrgarh. Naked six-row barley (Hordeum vulgare) was the predominant 647 

cereal crop at Period I, making up more than 90% of the identified crop remains. Domestic, 648 

hulled six-row and wild and domestic, hulled two-row barley were also present, whilst 649 

domestic strains of emmer and einkorn wheat have also been detected at very low levels. 650 

Animal remains from this early stage are mainly wild species, including bovines, deer, 651 

gazelle, goat, and sheep, but there is also evidence of domesticated goats. Period IIA sees a 652 

switch from hunting of these wild animals to the exploitation of domesticated cattle, and 653 

some sheep and goats. In contrast to sheep and goat, which appear to have been domesticated 654 

farther to the west, cattle domestication almost certainly happened locally. Period II sees the 655 

appearance of fired ceramic vessels, and also evidence of grain storage structures, which are 656 

relatively small and compartmented (Jarrige et al. 2013). 657 

 658 

Settlement patterns help reveal information about the population dynamics of the region. A 659 

growth in population in Period IIA is indicated by an increase in the number and size of 660 

settlements, and the overall size of the settled area. These new settlements tended to be 661 

situated on alluvial fans, which suggests that groups were targeting these specific ecological 662 

niches in preference to other potential areas (Petrie and Thomas 2012). The agricultural area 663 

and therefore the carrying capacity were somewhat limited, so overall population size would 664 

have remained relatively small. However, in Mehrgarh Period III, there was a further increase 665 

in the number of settlements, which reveals how the sedentary population of western South 666 

Asia was increasing dramatically at this time (Possehl 1999; Petrie et al. 2010). 667 

 668 
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The system of farming in this region can be characterized as the cultivation of crops in small, 669 

permanent fields or gardens located in the alluvial plains, with periodic flooding providing the 670 

necessary nutrients to the crops (Petrie and Thomas 2012). Initially, this is likely to have been a 671 

passive process in which crops were planted in the naturally occurring flood plains. However, 672 

during Period III (i.e. 4300–3500BCE) deliberate field systems appear be in place, and there 673 

is direct evidence of manipulating water flow through channels in order to actively irrigate 674 

the land in other parts of Baluchistan. It is possible that this method may have been practised 675 

from as early as 6000 BC (Petrie et al. 2010). The use of stone, bone, and wood tools is in 676 

evidence in early periods, but metal tools, in the form of copper, only appear in the 677 

Chalcolithic period. Tilling the soil does not appear to have occurred in early phases, with no 678 

evidence of tools for tillage such as digging sticks, hand hoeing, or use of the light plough 679 

(though evidence for such practices may not be preserved in the archaeological record 680 

(McIntosh 2008)). Cattle-driven ploughing technologies were probably absent during the 681 

Neolithic and Chalcolithic, as we only have robust evidence of the use of the plough from the 682 

Harappan period (c.3300–1900 BCE) as attested by Miller’s (Miller 2003) analysis of cattle 683 

bone pathologies, and the discovery of a terra-cotta model light plough (ard) at the Banawali 684 

site in the state of Haryana, India (McIntosh 2008; Wright 2009). Apart from irrigation, there 685 

is little evidence of agricultural practices designed to increase productivity, such as crop 686 

rotation, fallowing, multi-cropping, and mulching (although again these are difficult to detect 687 

and identify archaeologically). Although wheat and barley were both grown, there is no 688 

compelling reason to suggest they were grown together, and there was no obvious 689 

combination of crops that would enhance productivity by being grown together (i.e., the 690 

practice of polyculture was probably absent). There is no direct evidence of the deliberate use 691 

of cattle dung in manuring at Mehrgarh, but research at Indus Civilisation sites elsewhere has 692 

shown that dung was probably used as fuel (Lancelotti and Madella 2012). 693 

 694 

 695 

 696 

 697 

3.2.3 Egypt 698 



25 
 

 699 

The history of Egyptian civilization is intimately linked with the Nile River, which flows 700 

through north-eastern Africa. In this section, we concentrate on the historical evidence from 701 

the period of Pharaonic rule between the Old and New Kingdoms6 (~2900–1070 BCE), 702 

although comparisons are also drawn with earlier or later periods to illustrate important 703 

changes. Far from a uniform landscape, the Nile Valley was, in Pharaonic times, an 704 

aggregation of several micro-regions, each one with its own physical and irrigation 705 

particularities. For instance, the valley was narrower in most of Upper Egypt and, 706 

consequently, agricultural land was scarcer, whereas Middle and Lower Egypt included about 707 

80 percent of potential agricultural areas. However, population density was lower in Middle 708 

and Lower Egypt, and alternative uses of soil are well-attested (e.g., extensive cattle raising, 709 

fishing and fowling). In fact, the abundance of agricultural soil in Middle and Lower Egypt is 710 

often invoked as an explanation as to why pharaohs founded domains regularly in these 711 

regions since the very beginnings of Egyptian civilization (Butzer 1976; Moreno García 712 

2007; Bunbury 2010). 713 

 714 

Our knowledge of the organization and management of the landscape during this period is 715 

somewhat incomplete. It is important to note that most of the available historical sources 716 

were produced by institutions like temples, crown domains, and landholdings of the elite, 717 

whereas peasant tenures are still poorly understood. That is why crops highly demanded by 718 

the state and its tax system (cereals, flax, and, later, wine and oil) enjoy an overwhelming 719 

importance in the written record, whereas other agricultural produce, including more 720 

perishable products (pulses, horticulture), appear more difficult to detect. Such an unbalanced 721 

picture has had heavy consequences for the knowledge of crop rotation, agricultural tools and 722 

irrigation techniques (Moreno García 2006, 2014). Nonetheless, cereals and extensive 723 

agriculture, as well as the use of ploughs and draught animals (oxen, donkeys), were 724 

characteristic of the institutional sphere. This is probably not representative of the agricultural 725 

practices and production techniques prevailing in the domestic sphere, where intensive 726 

horticulture and cerealiculture, the use of the hoe (instead of the more expensive plough), and 727 

 
6 For information pertinent to calculation of the carrying capacity of the Egyptian 

socioecological system in later periods see (Korotayev and Khaltourina 2006) 
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pig- and goat-rearing were probably the norm. Having these limits in mind, it appears that 728 

since the late Neolithic, two main crops were cultivated in Egypt: barley (Hordeum vulgare) 729 

and emmer (Triticum turgidum dicoccon). Later on, sometime around the sixteenth century 730 

BCE, an important shift occurred. Emmer became the main crop, dates (Phoenix dactylifera) 731 

became more common (as attested in the written record), and olive plantations and vineyards 732 

created by the crown became widespread, including in the oases of the Western Desert (Eyre 733 

1994). These innovations were concomitant with the intensification of international 734 

exchanges (cereals were traded between Egypt, the Levant, and the Hittite Empire) and with 735 

new irrigation technologies (the shaduf) mainly used in small plots devoted to horticulture. 736 

Literary texts suddenly evoke peri-urban areas and villas belonging to the elite, where 737 

gardens, wells, and horticulture played an important role. Archaeology confirms this picture 738 

of gardens planted with vines, date palms, and fruit trees as common in urban and peri-urban 739 

villas. As for administrative sources, New Kingdom texts evoke fleets sent by temples, the 740 

royal palace, and dignitaries to collect dates, flowers, fruits, wine, and other goods, while 741 

texts from around 1100–700 BCE confirm that horticulture was common in small plots 742 

around wells and that, in some cases, purchase strategies focused on such coveted pieces of 743 

land. Finally, extensive cerealiculture expanded in New Kingdom times, especially in areas 744 

with low population density, such as northernmost Middle Egypt and the Eastern Delta. 745 

Historical sources such as the Wilbour Papyrus and Ostracon Gardiner 86 describe in detail 746 

the agricultural activities, yields, and taxes collected from the institutional domains founded 747 

in those areas (Moreno García 2006, 2014). 748 

 749 

Institutional sources also reveal information about the practice of fallowing and crop rotation 750 

in the Egyptian agricultural system. Extensive institutional fields planted with cereals 751 

prevailed in land called qayt (“high”), where the annual flood of the Nile did not always 752 

reach and yields were lower than in kheru (“low”) and mau(t) (“new”) fields. In fact, from an 753 

administrative point of view, “high” fields were supposed to produce five sacks per year, but 754 

some quotations in the Wilbour Papyrus suggest that the expected standard yield was actually 755 

10 sacks (the same standard as “new” fields) but only once in two years. This document also 756 

suggests that, in some cases, fields were left fallow, but contemporary letters reveal that land 757 

planted one year with cereals was cultivated with “plants” or “fresh plants” the following 758 

year. These could refer to alternative crops, such as pulses or plants that would be used for 759 
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fodder, but unfortunately, the Egyptian terms are rather imprecise. In any case, some kind of 760 

crop rotation and/or fallow system was probably necessary in order to restore the fertility of 761 

the soils rarely reached by the seasonal Nile flood. Crop rotation was common in Greco-762 

Roman times and later, but the choice of the crops to be planted (flax, cereals) also obeyed 763 

profit considerations, as the letters written by Heqanakhte, a well-off potentate living around 764 

1950 BCE, demonstrate (Moreno García 2006, 2014; Allen 2002). 765 

 766 

Finally, crop processing is well-attested in the institutional sphere. Cutting cereals low on the 767 

straw leaves cereal stubble in the fields for livestock to graze and also leaves a long length of 768 

straw attached, a harvesting method well-known in the Old Kingdom. However, the practice 769 

of reaping high on the straw seems to have prevailed in New Kingdom times, and Pliny 770 

reported that, in Egypt, wheat was cut twice. According to the iconography and the textual 771 

evidence, trampling by animals was the method usually employed for threshing; beating with 772 

a stick might have been the prevalent method when small quantities were processed, but it 773 

has been hardly represented at all in Egyptian art. Thus, threshing floors appear 774 

conspicuously in the administrative record, usually linked to institutional domains and to the 775 

delivery of taxes in cereal (Murray 2000; Moreno García 2006, 2014). 776 

 777 

 778 

3.2.4 Comparisons of case studies 779 

 780 

Although the regions and time periods covered in the above examples are somewhat limited 781 

(at least with respect to the scope of our overall project), nonetheless, a number of insights 782 

can be drawn from comparing these case studies. First, there are both similarities and 783 

differences between the agricultural systems described above. Among the similarities, all of 784 

the case studies are drawn from regions where periodic flooding by rivers has created 785 

conditions that allow for productive agriculture in places that were otherwise somewhat arid. 786 

In Egypt, this natural process has been supplemented by extensive irrigation systems that 787 

actively control the flow of water to crops. In the Kacchi and Konya examples, we lack direct 788 
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evidence of active irrigation during the earlier time periods considered, although there 789 

remains the possibility that such techniques were practiced (albeit on a smaller scale than in 790 

the Egypt example). The Kacchi and Konya examples show a number of similarities, which is 791 

not surprising, given that they are relatively small-scale and represent the some of the earliest 792 

agricultural societies in their respective regions. Although all cases ultimately share historical 793 

links with the origins of agriculture in the Near East, certain features, such as the native 794 

domestication of cattle in Kacchi, the potential importance of dry farming in Konya, and the 795 

elaboration of agricultural systems in Egypt, illustrate how these systems developed 796 

differently in each region. The case studies also reveal important differences in the sources of 797 

information that we have to understand past agricultural systems.  798 

Both archaeological and historical sources have their strengths and weaknesses. The textual 799 

sources from Egypt provide rich information, but are somewhat biased towards the 800 

institutional sphere and have less to say about what the majority of the population were 801 

doing. Archaeology, which is our only source of information in the Kacchi and Konya 802 

examples, can reveal the material remains of what most people in societies were doing. On 803 

the other hand, it can be difficult to discern features of interest, such as direct evidence of 804 

crop rotation or fallowing, with archaeological data alone. We return to the limitations of 805 

studying past societies in the discussion. As we move forward and continue to collect more 806 

information on agricultural systems in the past, including those that derive from other 807 

independent centres of plant domestication (e.g., the New World, East Asia), this kind of 808 

systematic comparative perspective will provide further insights into the patterns and 809 

processes of agricultural development and human socio-cultural evolution.  810 

 811 

 812 

4. Coding past agricultural systems: Challenges and Opportunities  813 

 814 

Our knowledge about the past is fragmentary for a number of reasons, and there are 815 

many challenges facing our approach. Many of these are by no means unique to the study of 816 

agricultural systems, and relate to the nature of the historical and archaeological records. 817 
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Firstly, we must deal only with the limited material remains of past societies (including their 818 

writings), or the marks they left on the world around them. Features of behaviour and practice 819 

are not preserved directly but instead have to be inferred from what does remain. Secondly, 820 

some regions and time periods are better-studied than others, and this reflects a number of 821 

factors, including ecological conditions, that make some regions easier to excavate than 822 

others, the personal interests or theoretical persuasions of researchers, and broader social and 823 

historical factors that shape which countries and institutions have the money to conduct such 824 

research. In other words, there are certain biases in our records of the past of which we need 825 

to be aware when attempting to draw broader inferences. One potential source of error comes 826 

from the fact that although our units of analysis are the NGAs and the societies that have 827 

inhabited them in the past, we often only have information from a small number of 828 

archaeological sites or a limited set of historical records. For example, our inferences about 829 

the early stages of agriculture in the Kacchi Plain, discussed above, are extrapolated from the 830 

single site of Mehrgarh. A potential risk here is that this site may not be representative of 831 

what was going on in the wider NGA. On a practical point, there is not much that can be done 832 

here except to recognize that we must work with whatever information we have, be aware of 833 

the potential limitations and sources of error, and be ready and willing to update our 834 

understanding as and when new information is discovered. Our general strategy is to make as 835 

clear as possible the assumptions involved in defining and coding these variables, and in how 836 

they will get incorporated into further inferences about the productivity of past agricultural 837 

systems. 838 

 839 

One way to make sure we are using the best available data and are aware of its 840 

limitations is by engaging fully with academic historians and archaeologists who are experts 841 

on our focal regions and time periods. Such experts enter into the process in a number of 842 

ways. Firstly, they help us navigate what is known already, identifying the most relevant 843 

literature, aiding in the design of the codebooks, and advising on what information is or is not 844 

feasible to obtain. Secondly, they verify that the information being collected is based on the 845 

most up-to-date knowledge and scholarship. Finally, as we move forward and begin 846 

analysing these data statistically, experts will also be able to provide important background 847 

information and context that can help in the interpretation of the results. It should be noted 848 

that researchers can sometimes come to different conclusions about how historical and 849 
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archaeological records should be interpreted. In other words, there is often conflicting 850 

evidence, or a lack of consensus about what the data are telling us. We try to avoid imposing 851 

any kind of typological scheme or monolithic theoretical perspective on the data, and the 852 

coding framework allows us to indicate where there are disagreements.   853 

 854 

Another practical step we have taken in dealing with how to interpret the information 855 

that is present in the archaeological and historical records is to try and make the coding 856 

process as objective as possible. This is done by focussing on presence/absence-type features, 857 

which are often much easier to code with certainty, and almost by definition are more 858 

consistent across different situations than quantitative estimates or judgments. We have found 859 

it often helps to break things down into component parts that can be more readily coded in a 860 

presence/absence manner, particularly for societies known only archaeologically. For 861 

example, rather than simply asking whether irrigation was practised or not, we can ask if 862 

certain features related to irrigation systems (e.g., dams, channels etc.) were present or not. In 863 

our experience, certain features, such as the presence or absence of metal tools or food 864 

storage facilities have proven relatively straight-forward to code. Other variables have proven 865 

more challenging because, due to their annual or cyclical nature, many agricultural practices 866 

can be quite hard to discern archaeologically. A solution to this is to have very specific 867 

criteria about justifying the presence of such techniques. For example, for crop rotation, a 868 

sensible justification could be that within a particular site, a spectrum of crops were grown 869 

that is compatible with the rotation of crops. The point here is not that these justifications are 870 

without error, or cannot be challenged, but rather, that the reason given should be made clear. 871 

 872 

Attempting to code data systematically across different regions highlights that, for 873 

many variables of interest, there will be many cases in which not much, if anything, is 874 

known. Because this project is primarily interested in the broad patterns and processes of 875 

human history, the issue of missing data or scholarly disagreement perhaps matters less than 876 

if we are trying to find the particular details of a given time or place. In other words, as long 877 

as we have information on enough variables and enough regions then major trends should 878 

still be discernible. On a practical level, we are able to incorporate such sources of 879 

uncertainty into any statistical analyses that we perform, and we can explore whether making 880 
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different assumptions about the data affects our overall results and conclusions. Although 881 

sometimes frustrating from an analytical perspective, highlighting where there are gaps in our 882 

understanding also serves a useful purpose in the wider sense in that it highlights those areas 883 

where future research efforts can be productively targeted. 884 

 885 

 886 

5. Toward an empirically informed model of carrying capacity in past human societies 887 

 888 

Having outlined out the general factors that will be important in assessing potential 889 

productivity in past societies, in this section, we sketch out how we are combining earth 890 

system science approaches with historical and geographical information to create a model of 891 

carrying capacity in past societies. Our general approach is to take estimates of productivity 892 

based on the output of simulations of modern crop growth and then modify these estimates 893 

based on the kind of historical information discussed above.  894 

 895 

A variety of process-based models have been developed to simulate crop growth and 896 

productivity using detailed physical and biological processes. The details of the inputs 897 

required by these models can vary greatly depending on the question being addressed and the 898 

scale at which a simulation is being applied (which can range from a global level to the level 899 

of individual fields). For this project, we are making use of the LPJmL global crop model of 900 

(Bondeau et al. 2007), which simulates the productivity of a limited number of broad crop 901 

functional types (temperate cereal, rice, tropical root, etc.) through an explicit model of crop 902 

growth and development based on the features of such plants, their eco-physiology, and the 903 

management techniques applied to them. The model uses inputs relating to climate and 904 

weather in order to assess productivity under a variety of scenarios.  905 

 906 
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One of the advantages of LPJmL for our purposes is that it is constructed at a suitable level of 907 

abstraction, with a limited number of inputs, that is suitable for projecting back into the past. 908 

A downside of simulations is that they are often time-consuming to run and require specialist 909 

expertise to develop. To overcome this constraint, emulators have been developed that are 910 

computationally fast, statistical representations of process-based models.7 In previous work, 911 

(Oyebamiji et al. 2015) developed an emulator of the LPJmL model. It generates a spatial 912 

map of maize, rice, cereal, or oil crop yields (in terms of kg per ha) at approximately 50 km 913 

resolution. The crop emulator allows for variable management levels, allowing us to capture 914 

the effects of developing agricultural technologies. The emulation framework takes a matter 915 

of minutes to derive a global map of crop yield for a specified climate input and crop 916 

management level. This speed compares to several days of computing that would be required 917 

if we were using its underlying simulators. We are, therefore, using this emulator approach 918 

for reasons of tractability, flexibility, and to facilitate the analysis of modelling uncertainties. 919 

 920 

To date, LPJmL has been used primarily to simulate current and future conditions. However, 921 

the emulation approach allows us to take the modelled associations between climate and crop 922 

productivity and project these back into the past using information about past climate. For 923 

this project, we have developed a crop-modelling framework that uses emulation of a crop 924 

simulator (LPJmL) and a palaeoclimate simulator (PLASIM-ENTS intermediate complexity 925 

climate model, (Holden et al.). The palaeoclimate emulator (Holden et al. 2015) generates 926 

spatially and seasonally resolved fields of temperature, precipitation, and cloud cover as 927 

functions of the Earth’s orbital configuration. The climate data is then passed to an emulator 928 

of the LPJmL crop model.  As with the original (Oyebamiji et al. 2015) emulator, the outputs 929 

of this crop emulator are spatial maps of crop yields, but this time, those maps are derived 930 

from the estimated climate at defined periods in the past. To make the outputs more relevant 931 

to past societies, the suite of crops being considered will be extended beyond the maize, rice, 932 

cereal, or oil crops of the original emulator to take into account additional important classes 933 

of crops, such as tropical cereals (e.g., sorghum) and tropical roots (e.g., cassava). The 934 

 
7 A process-based computer simulation attempts to model the actual process of crop growth, 

with a greater or lesser degree of detail and realism depending on the simulation. An emulator 

is a statistical model of a simulation, which describes the statistical relationships between the 

inputs to the simulation (e.g. climate, soil type etc.) and the output (crop yield). 
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simulator and the emulator also estimate productivity under rain-fed and irrigated conditions, 935 

which can help inform our historical estimates of productivity based on knowledge about the 936 

presence of irrigation techniques in the past.  937 

 938 

With these estimates of productivity in hand, we can set about adjusting them based on the 939 

historical data on past agricultural systems described above. The basic idea is that within a 940 

Geographical Information System framework, we can take the initial coverage maps supplied 941 

as output from the emulator and apply a formula that shifts the estimated yields up or down 942 

depending on the particular crops, agricultural techniques and practices, and other relevant 943 

factors at different points in time and in different regions. The values used in these formulas 944 

will be based on estimates and information from the literature. As a first step in adjusting the 945 

emulator output, our data can tell us when agriculture began being practiced in different 946 

regions and which crops are most important to assess for different regions. Adjustments will 947 

have to be made based on the human-induced biological improvements that crop varieties 948 

have undergone. For example, (Kirkby 1973) was able to estimate the improvement in maize 949 

yields that occurred over time in Oaxaca, Mexico, based on the increase in the length of ears 950 

of corn evident in the archaeological record. Furthermore, information about variables, such 951 

as the size of fields and whether land is farmed permanently or more sporadically (e.g., in 952 

swidden systems), will affect the amount of land that could be devoted to food production 953 

and, therefore, the carrying capacity under that system. The effects of other variables can also 954 

be assessed with reference to the literature about the degree to which techniques such as 955 

fertilizing, mulching, or crop rotation affect crop productivities.  956 

This process can be conducted at several scales. Firstly, because the historical data relate 957 

directly to particular NGAs, we can make adjustments at this level to estimate productivity 958 

and carrying capacity at the NGA level. However, because our NGAs are well-sampled 959 

geographically, we can use this information in conjunction with other sources to make 960 

reasonable extrapolations out from these points to assess potential productivity on regional 961 

and global scales.  962 

 963 

 964 
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6. Conclusion 965 

 966 

The importance of agriculture to studies of the human past demands that we make 967 

greater efforts to collect information about past agricultural systems (and other aspect of past 968 

societies) in a systematic and standardized manner. We can use this information to explicitly 969 

model the productivity and potential of those systems on a global scale. This is clearly a large 970 

undertaking, and there are a number of challenges and limitations facing the approach as we 971 

have outlined in this paper. The approach we are taking derives from a desire to test 972 

hypotheses about the human past in the same kind of quantitative, systematic, and rigorous 973 

manner that characterizes the natural sciences. Our aim is to accomplish this in a way that 974 

makes full use of the vast knowledge and understanding built up by scholars in the social 975 

sciences and humanities and provides a way of sharing and collating this knowledge to 976 

provide further understanding and new lines of enquiry. In other words, we are seeking to 977 

establish new interdisciplinary and mutually beneficial collaborations between researchers in 978 

the humanities and the sciences. This enhanced method of working holds the promise of 979 

bridging the gaps between the ‘two cultures’ of academic inquiry. This process of estimating 980 

past productivities and carrying capacities will necessarily involve painting with broad brush 981 

strokes and making a number of theoretically informed assumptions. However, the benefit of 982 

such an approach lies in making explicit the steps in the process and assessing the effects of 983 

different modelling assumptions on our estimates of carrying capacity. The task is an 984 

ambitious one, yet promises to provide important insights into fundamental aspects of past 985 

societies, and will enable us to more rigorously test key hypotheses about human socio-986 

cultural evolution. 987 

 988 

 989 

 990 

 991 

 992 
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 1185 

Figure Legends 1186 

 1187 

Fig 1. Schematic representation of the factors discussed in this paper that determine crop 1188 

productivity and, ultimately, carrying capacity. Rectangular boxes indicate the outputs we 1189 

want to assess, which are the productivity (yield/unit area) of a particular crop species and the 1190 

carrying capacity of a given region. Going from crop productivities to carrying capacity can 1191 

involve making certain assumptions about the demographic structure of a population. 1192 

Rounded rectangular boxes represent factors that we can directly estimate and incorporate 1193 

into models of crop productivity, whereas ovals represent factors that are incorporated more 1194 

indirectly. For example, pests and weeds may be assumed to be constant problems that are 1195 

only ameliorated if certain agricultural practices (e.g., weeding) are in place; artificial 1196 

selection can be incorporated through estimating or inferring improvements in yields over 1197 

time.  Solid arrows represent the direct effect of some factors on others at a given point in 1198 

time (e.g., certain agricultural practices improve crop yields). Dotted lines represent the 1199 

effects of some factors on others over time (e.g., climate affects what agricultural practices 1200 

are developed). 1201 

 1202 

Fig 2. Historical estimates of yields from two different crops in two different regions of 1203 

Europe. The right-hand side shows yields of rye (hectolitres per hectare) in the East Flanders 1204 

Region of Belgium (Dejongh 1999), while the left-hand side shows yields of wheat 1205 

(Winchester bushels per acre) in various regions of England (Clark 1991). Both regions show 1206 

an increase in yields over the time period covered, which could be due to a number of factors 1207 

including climate change, genetic improvements due to artificial selection, or improved 1208 

agricultural techniques and technology. 1209 

 1210 

 1211 

Fig 3. Sample of 30 Natural Geographic Areas (NGAs) that form the focus of our initial 1212 

efforts at collecting historical and archaeological information about past societies and their 1213 
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agricultural systems. The specific NGAs were chosen in a stratified manner such that 1214 

societies are sampled from different world regions and across a wide range of degrees of 1215 

socio-political complexity (circle size: large=high complexity, medium=medium complexity, 1216 

small=low complexity) (see Turchin et al. 2015 for further details). NGAs are labelled by 1217 

number as follows:1) Ghanaian Coast, 2) Iceland, 3) Lena River Valley, 4) Yemeni Coastal 1218 

Plain, 5) Garo Hills, 6) Kapuasi Basin, 7) Coastal Taiwan, 8) Finger Lakes, 9) Lowland 1219 

Andes, 10) Highland New Guinea, 11) Niger Inland Delta, 12) Paris Basin, 13) Orkhon 1220 

Valley, 14) Konya Plain, 15) Deccan, 16) Central Java, 17) Kansai, 18) Cahokia, 19) North 1221 

Colombia, 20) Chuuk,  21) Upper Egypt, 22) Latium, 23) Sogdiana, 24) Susiana, 25) Kacchi 1222 

Plain, 26) Cambodian Basin, 27) Middle Yellow River Valley, 28) Valley of Oaxaca, 29) 1223 

Cuzco, 30) Big Island Hawaii. NGAs used as case studies in the text are highlighted in bold. 1224 


