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Abstract

The research conducted explored the dynamics of the historical water-
management system that was in use at Engaruka, Tanzania, between the 15t to
18th centuries CE, the aim being to model the primary human and environmental
factors and their interactions, and to assess how these influenced the development
of the system at several spatial and temporal scales. To achieve this overarching
aim, the research utilised archaeological evidence, agent-based modelling
techniques, analysis of hydrodynamics, DEM data and palaeoclimatic data analysis.
In order to create simplified reconstructions of the Engaruka system, two agent-
based models were developed that incorporate archaeological evidence,
hydrological data, topographical data, qualitative data and palaeoecological data at
different spatial and temporal scales. The ESTRaP model demonstrates that
sediments accumulation within a 6 x 6 m field can take place in the relatively short
period of a single season, which could be managed by a small number of farmer
households constructing blocks of fields concurrently across the landscape;
leading to the complex network of irrigated fields at Engaruka. The TIME-
MACHINE model demonstrates that there was not necessarily a catastrophic
climatic or environmental event that accounts for the abandonment of the
historical Engaruka system, but rather a combination of environmental and social
factors could have influenced the farmer households into giving up agriculture for
alternative subsistence activities on a household to household basis. The ABMs
developed in this research represent first steps in the integration of archaeological
evidence with ABM techniques in order to understand the Engaruka site. This
research shows how the integration of data from different sources and disciplines
can help in our understanding of how the system could have developed by
integrating a multitude of factors and showing how these interactions influenced

the development of the system.
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1.1 Introduction

The study of water management systems in Africa and in particular eastern Africa
has been limited in previous academic research. However, the importance of
understanding how these systems function, especially in the arid and semi-arid
lands, in order to provide sound evidence to support development interventions
means more attention needs to be paid to the socioeconomic and environmental
factors that influence the functioning of both historical and contemporary water
management systems. While numerous studies have been conducted on historical
water management systems, few have been conducted in the east African region
with a specific view of understanding the factors that influenced their
development. In addition, many of these studies have looked at singular factors
that influenced the development of these systems with some focusing on the
human factors while others focus on the environmental factors, for example the
environmental impacts of these systems or the social factors that influenced the
development of irrigation and agricultural terracing practices (Stump 2010a;
Widgren 2010; Harrower 2008; Costanza et al. 2007). The factors that influence
the development of water management systems vary across regions and over time
and different factors can exert influence on these systems to varying degrees both
spatially and temporally. The problem that this research intends to address is to
determine the primary human and environmental factors and their interactions
that influence the development of a historical water management system in

eastern Africa, over a temporal and spatial scale.

The debates surrounding various water management systems and how they
develop and are maintained tie to three main concepts: longevity, resilience and
sustainability. Longevity describes the length of time a system exists in a given
state, while ecological resilience is the ability of a system to recover after a
disturbance or perturbation and retain its structure, functions and feedbacks,
while sustainability, in contrast is defined as the capacity of a system to maintain
its structure, diversity and productivity for an indefinite period of time (Gunderson
2000; Costanza and Patten 1995). These three concepts play a role in development
debates where archaeological and ethnographic evidence of historical agronomies
are interpreted to support different arguments on sustainability where, in some
cases, longevity has been considered a sign of sustainability and resilience.
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However, these interpretations do not take into consideration the interaction of
human and environmental factors and the assessment of long term sustainable

management in these historical systems remains vaguely understood.

There are multiple possible human and environmental factors that can influence
the development of the complex historical agronomies such as those found in
Engaruka, Tanzania and Konso, Ethiopia; such as human factors of population
growth, labour and trade as well as environmental factors of topography,
hydrology and climate. In addition, these factors interact in various degrees and
with varying influence resulting in an infinite number of scenarios for how and
why a system developed. In order to understand how these systems work would
require massive data sets and extensive studies on the different factors and their
interactions. However limitations on the available data and difficulties in assessing
which are the primary factors over time and space and their interaction would
result in an incomplete picture. Agent based models represent an alternative tool
that allows the assessment of the different socioeconomic and environmental
factors and their interactions by taking the available data, designing a simplified
version of the system and constructing simulations of the possible scenarios that
would influence the establishment, development and maintenance of the historical

agronomies.

In this research, agent-based models (ABMs) were developed that incorporate the
archaeological evidence, hydrological data, topographical data, qualitative data and
palaeoecological data to create a simplified reconstruction of the Engaruka system.
These models were used to assess the dynamics of the historical system where the
environmental and human factors can be analysed and interrelated over a spatial
and temporal scale across multiple scenarios. By representing the dynamic human-
environment interactions and the key feedbacks, the study can thus represent and

assess the reciprocal impacts of human activity on natural systems.
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1.1.1 Research Aims

The aim of the research being undertaken is:

e To model the primary human and environmental factors and their interactions
that influence the development of the historical Engaruka water-management

system in east Africa, over a temporal and spatial scale.

To achieve this overarching aim, the research utilised archaeological evidence,
agent-based modelling techniques, analysis of hydrodynamics, DEM data and

palaeoclimatic data analysis to answer three questions:

1. To what extent does the incorporation of irrigation canals and sediment trap
fields influence the hydrological and sedimentary processes across the

landscape and the irrigation system over time?

2. To what extent does the modification of water movement influence crop

production and crop yields within the system?

3. To what extent does the interaction of environmental and social factors

influence the development and continued use of the Engaruka field system?

The agent-based models developed under this research are intended to advance
our understanding of the environmental and socioeconomic factors that influenced
the development and expansion of the historical Engaruka water-management
system. The research develops replicable techniques that combine archaeological
evidence with agent-based modelling in order to meet the research aim as well as
providing techniques for the assessment of other similar historical systems. The
research conducted forms part of the Archaeology of Agricultural Resilience in
Eastern Africa (AAREA) project whereby the research of other project members
provided data and concepts that were incorporated into the ABMs developed. The
research from other project members included archaeological data from
stratigraphic excavations and GIS surveys, interpretations of soil micromorphology
and dating data, and archaeobotanical interpretations. This was incorporated into
the agent-based modelling work along with the extensive sedimentological and
hydrological research conducted as part of this doctoral research. This research
therefore presents a substantial and original contribution through the use of

agent-based modelling and different data sources from a wide range of scientific
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disciplines, in combination with behavioural rules generated from modern
datasets and analogous systems, to generate new knowledge on the development

of the historical Engaruka system.

1.1.2 Thesis Layout

The thesis is divided into six chapters: Introduction and literature review,
Methodology and results, Model conceptualisation, ESTRaP model, TIME-
MACHINE model, and Synthesis and conclusions.

The remainder of this chapter, which forms part of Chapter One, provides a
background to the existing literature on historical water-management systems and
discusses some of the environmental and social factors that could influence their
development. The literature on modelling of water management systems and the
existing gaps in are also discussed. The aims of the research, as well as the

research questions to be explored are then outlined further.

Chapter Two outlines the field studies conducted, the methodology employed in
data collection and the results obtained. The study areas of Engaruka, Tanzania
and Konso, Ethiopia are outlined and the rationale for their selection is explained.
The methods employed include archaeological excavations, topographic surveys,
aerial surveys, hydrologic surveys and semi-structured interviews and focus
groups. The results of these field studies are presented and discussed and the ways

in which the data can be incorporated into the model was summarised.

The conceptualisation, design and structure of the agent based models developed
are discussed in Chapter Three. This chapter outlines the model structure
employed for simulations of the dynamics of the water management system in
Engaruka. This chapter outlines the issues of scale involved in the development of
an ABM of the Engarukan system and the strategy employed to address the issues
presented by this. This strategy involved the development of two ABMs to address
the specific questions of the research. The summary of this chapter then supports
the strategy employed in assessing various scenarios of the functioning of the

system which will be discussed in under each of the models.

21



Chapter Four and Chapter Five present the agent-based models developed in this
research. Chapter Four presents the Engaruka Sediment Transport and Capture
(ESTRaP) agent-based model which addresses the finer scale issues of sediment
transport within the North Fields of the field system at Engaruka. Chapter Five
presents the Techniques of Irrigation Management in Engaruka: Modelling
Agricultural Choices in Nascent Economies (TIME MACHINE) agent-based model
which focuses on the landscape scale dynamics and human decision-making
processes that led to the development of the South Fields of the Engarukan system,
incorporating the environmental and human factors that would have influenced
the development and continued use of the system. The parameters central to the
development of these models are explained and data sources for these parameters
outlined. The underlying assumptions of the models and the model sensitivity
analyses undertaken are also discussed. The scenarios implemented in the models
and the results of the analyses conducted are then discussed. The different factors
that would impact on the outcomes of the models are discussed based on existing
literature and interpretations of the development of the Engarukan water

management system.

Chapter Six presents the synthesis of the model results, summaries of the main
conclusions, recommendations and future areas of research. The main conclusions
from the agent-based models will be summarised and interpretations of the model
outcomes and their possible input into the interpretation of the development and
management of the Engarukan system will be outlined. Recommendations that can
be drawn from this research will be outlined and the avenues for future research
will be discussed. In addition, the recommendations will provide additional
insights into the ways these outcomes can be applied in contemporary
development debates. The ways in which the research can be further developed

will also be discussed to address any gaps identified by this research.
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1.2 Literature Review
1.2.1 Water-management systems

Water management systems can be defined as the practices that incorporate the
control and manipulation of water through landscapes and field systems as well as
crop selection based on their water requirements (Adams and Anderson 1988,
522). Scarborough (1991) also defined water management by a society as
involving the manipulation of water resources. These systems can also be
categorised within the context of agricultural intensification practices that require
higher labour input and community investment in human and physical
infrastructure (Stump and Tagseth 2009; Scarborough 1991) in order to improve
or maintain yields, provide for domestic household needs or support relatively
high population densities. Based on these definitions, it is clear that water
management systems incorporate a wide variety of activities and can range from
simple systems to complex structures. Water management systems can also be
incorporated within the use of terraces and irrigation to improve soil and water
conservation (Scarborough 1991; Amborn 1989, 71). Water management systems
that employ irrigation and terracing practices would incorporate the definitions
outlined above in whole or in part, with the irrigation infrastructure such as canals,
dams and off-take drainage facilitating the manipulation of water and the
establishment and maintenance of these structures requiring significant
investment in labour. The establishment of terraces would facilitate soil and water
conservation especially in steeply sloped areas by reducing the slope thus
decreasing surface runoff and soil erosion and enhancing water infiltration into the
soil (Widomski 2011, 317; Ramos et al. 2007, 2; Zuazo et al. 2005). Crop selection
also plays a role in water management systems as the choice of crops grown is not
only dependent on the water availability but could also influence the irrigation

practices employed.

The rise and decline of water management systems both historically and in
contemporary contexts necessitates an exploration into what are the water
management systems that existed in precolonial and historical times and what are
the main human and environmental factors that influenced their establishment

and development. In this work, the focus is particularly on the eastern Africa
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region where the existing documentation and accounts on these systems are not
comprehensive and limited studies had been conducted (Sheridan 2002, 79;
Adams et al. 1994; Adams and Anderson 1988, 523). This trend is slowly changing
with recent studies looking at the historical agronomies and the water
management and agricultural intensification practices employed in eastern Africa
as well as reviews that consolidate the existing information (Stump 2013;
Westerberg et al. 2010; Widgren 2010; Stump 2006a; Widgren and Sutton 2004;
Sutton 1998); but more research is needed into how the interaction of human-
environmental factors influenced their sustainability over time and on a balance of
costs and benefits. In particular, this work will look at the historical water
management systems of Engaruka and Konso, two systems that are considered
analogous to one another but also used as contrasts in debates on the success of

the practices they employed.

The response of human societies to environmental changes and stresses such as
drought vary greatly from societal collapse to the development of complex water
management structures such as irrigation and terracing systems and
infrastructure (Costanza et al. 2007, 523). Early evidence for the development of
water management systems can be drawn from a raft of historical societies (Tarolli
et al. 2014; Stump and Tagseth 2009; Harrower 2008; Tempelhoff 2008; Stump
2006a; Borjeson 2004; Widgren and Sutton 2004) with some of these systems
showing evidence of adapting to harsh climatic conditions. Societies that show
evidence of adaptation draw great interest from archaeologists, other disciplines
and development organisations with evidence from these societies featuring in
debates over the sustainability of the agricultural intensification practices
employed (Stump 2010a; Stump 2006a) as well as providing a template for the

development of new approaches drawn from these examples.

The historic water management systems in eastern Africa range from simpler
systems of opportunistic floodwater cultivation and flood recession farming to
complex systems that involve river diversions, water storage and canal and terrace
construction (Stump 2010a; Widgren and Sutton 2004; Adams and Anderson
1988). Accounts of flood recession farming can be found for the Pokomo along the

Tana River delta and floodplains in Kenya, the Turkana in the floodplains of the
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Kerio and Turkwel rivers in Kenya and in the Rufiji valley in Tanzania (Adams and
Anderson 1988; Morgan 1974). These practices take advantage of the floodplain
environments that tend to get flooded when the rivers overbank during the rainy
seasons. The communities would then take advantage of the residual moisture to
grow crops in the nutrient-rich sediments that were deposited by the floods
(Adams and Anderson 1988). The more complex systems can be grouped based on
their geographical location as detailed by Adams and Anderson (1988, 524). The
irrigation systems can be found clustered in four main regions of eastern Africa:
the northern Tanzania region of the Gregory rift valley between Lake Manyara and
Lake Natron; Western Kenya and the Marakwet escarpment in Kenya; the Mt
Kilimanjaro area as well as south and east of Mt. Kilimanjaro; and the Konso
highlands of southwest Ethiopia (see Figure 1 below). These systems are also
considered “islands of intensive agriculture” (Stump 2010a, 1252; Tagseth 2008,
462; Widgren and Sutton 2004).

The east African systems are of importance because we currently do not
understand the development of these water management systems in arid and
semi-arid regions. Systems that developed in the ASALs (Arid and semi-arid lands)
need further understanding as a majority of agriculture in sub Saharan Africa is
currently in these regions, where water availability has a great influence on crop
production (Rockstrom and Karlberg 2009; Oweis and Hachum 2006; Agnew and
Anderson 1992; Critchley and Siegert 1991). Studies on both extant and
abandoned systems, such as on the historical and modern Engaruka system, have
pointed to the possibility that the abandoned system may have supported large
population numbers, similar to the current population densities; and that the
practices employed by the abandoned system might offer solutions to improving
crop production to meet population demands. In addition, the sophistication of
some of these abandoned systems, such as stream or river diversions using canal
systems, as well as the long term maintenance of these structures provide insight
into the human and capital resource interventions that were required(Stump
2010a; Adams and Anderson 1988). The information generated from these studies
on the historical water management practices can then be employed in
development programmes for the design and implementation of contemporary

and future interventions. This is an example of the types of comparisons that play
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out in developmental debates, where extant and abandoned systems are held up as
examples of both success and failure of particular interventions as well as acting as
the blueprints for the designs of contemporary water management systems.
However, as will be explored further in the next section, these debates do not
always fully explore or integrate the socio-environmental factors of sustainability
in assessing the systems under discussion. This leads to situations in which a single
case study can be used as an example both for and against a particular
developmental intervention, highlighting the subjectivity of interpretation of

existing evidence.

1.2.2 Development debates

The development of water management systems in historical African agronomies
are often the focus of academic research and contemporary development agendas,
where they are used as examples of water and soil conservation techniques, or in
debates on the sustainability of the approaches employed (Stump 2006a, 90-91;
Amborn 1989, 79). However, the justification for the belief in the sustainability of
these systems is mostly reliant on the longevity of these systems (Stump 2010a,
1252-1253). These claims do not take into consideration the dynamics of the
entire agricultural system and the reasons for the establishment of these terracing
and irrigation infrastructure. Dynamics such as climate, human decision making,
demography, soils and vegetation are rarely integrated or interrelated in these
debates when determining how sustainable these systems were over the long
term. This is especially needed for eastern Africa where there has only been
limited documented research onto these systems, the interactions of human-
environment factors and how they influence the longevity and sustainability of the

historical agronomies.

In a large number of the early development debates, the support for contemporary
development interventions had been based on the idea of a historically “pristine”
environment with indigenous African irrigation agriculture practices ignored
(Stump 2010a, 1258; Adams 1989, 21). The discussions tended to view historical
African landscapes as undisturbed environments where the indigenous people had
little influence on the environment and made no major landscape modifications.

The concept of a pristine environment was not only supported by proponents of
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the early development interventions but was also a guiding principle in the early
conservation efforts. In the early conservation interventions, existing indigenous
agricultural practices were also seen as significantly altering the formerly pristine
landscape and as such were considered unsustainable. This raised criticism for the
existing indigenous farming practices, which were considered to be poorer
performing and unsustainable, in favour of these more modern irrigation
interventions as alternatives to increase or improve agricultural productivity.
However, the away push from smallholder farming towards ‘modern’ irrigated
agricultural schemes was not only due to the belief that small holder practices
were low performing but some other proponents of large scale irrigation held the
belief that these practices would offer greater benefits to local people by providing
agricultural improvements that would result in higher yields and improve food
security. The indigenous smallholder farming practices in sub Saharan Africa were
then pushed aside in favour of large scale irrigation systems established in the
wave of the successes of the Green revolution in Asia (Adams 1991; Adams 1989,

21; Adams and Anderson 1988, 520).

The potential of irrigation to improve agricultural productivity in sub Saharan
Africa has been a dominant theme in both colonial and contemporary development
debates (Stump 2010a; Adams 1991, 287). Food insecurity and rainfall variability
make irrigation seem to be a viable practice in ensuring water availability for food
production in the arid and semi-arid regions. However as in the case of some of the
externally imposed irrigations projects based on European and North American
farming techniques, they have suffered from poor performance and have been
found to be unsustainable over time. However, this cannot be said to be true of all
the large scale systems introduced, some of the large scale rice irrigation projects
continue to function and provide an example of viable and sustainable systems. In
East Africa, the soil and conservation benefits linked to the water management
systems have resulted in large investment in irrigation and terracing but the
expected outcomes from the large scale irrigation systems have rarely materialised
(Adams 1991; Adams and Anderson 1988). This resulted in a change in trajectory
with an increased interest in the concept of “development from below” that moved
focus to the use of small holder irrigation and the use of indigenous knowledge.

Thus, during the 1980s and onwards focus shifted to the previously ignored

27



historical agronomies and their practices, which were then incorporated into some
of the government policies across the East African countries for development as
models to be built upon, with the belief that their longevity constituted
sustainability (Stump 2010a, 1253). The historical systems were then used not
only as contrasts with the more modern systems but were also contrasted amongst
each other, with aspects from different historical systems (some of the systems are
outlined below) used to create arguments for or against the implementation of the

practices.

As discussed by Bevan and Conolly (2011), the development of irrigation and
terracing systems can require large investments in terms of both capital and
societal organisation, thus requiring compelling evidence in order to encourage
institutional and government support in contemporary development agendas.
However, other systems can develop through cooperative efforts amongst small
groups of farmers over time and resulting in large scale systems. This presents a
different angle of consideration for the development interventions as this would
require more long term planning to allow for smaller stages of development over
longer periods of time. The environmental and economic benefits of these systems
is also in question; terracing, for example, is considered a good method for
improving agricultural productivity in steep and mountainous regions but studies
by Ramos et al. (2007) and Zuazo (2005) question its viability where they found
that large number of terraces can also reduce the available cropping area, are
difficult to maintain especially on steep risers, and in some cases the terraces do
not reduce erosion due to total vegetation clearing on the terraces and slumping
and collapse of terrace walls. Though valid points, their findings only represent
one side of the debate: while the terraces might not reduce erosion, this was
mainly in cases where the terraces were not being maintained and the same
cannot be said for regions where erosion has been greatly reduced by the
establishment and maintenance of terraces. And while terraces can reduce the
cropping area, this is counterbalanced by their effectiveness in retaining soils on
steep slopes and in this sense, retaining the agricultural potential of the land. In
addition, the sustainability of these historical systems is in question; for example,
the Engaruka field system in Tanzania, along with Konso in Ethiopia, feature

prominently in development debates. The complete abandonment of Engaruka in

28



the 18th Century AD is often cited as an example of degradation and ecological
collapse while the continued use and occupation of Konso is considered evidence
of the sustainability of the practices employed with some of these practices dated
at over 500 years old based on oral historical studies (Amborn 1989). However,
recent studies conducted on Engaruka have not yielded evidence of ecological
collapse of the system such as salinization of soils (Stump 2006a). In addition, the
information on these two systems does not detail the intensity and extent of
agricultural expansion, the role of human decision making on the expansion of
these systems or the influence of the environment on these agricultural practices

and in return, how these practices influence the landscape and environment.

It is therefore of great importance to investigate these irrigation and terracing
systems to understand the factors that influenced their longevity and sustainability
in order to integrate these into contemporary practices. The highly visible
archaeological evidence of water management systems globally such as those in
the highlands of Peru and the rice paddies of China, feature in a variety of debates
on rural development, agricultural technologies and conservation; and while the
visible systems from eastern Africa also form part of this debate, the limited
supporting evidence from studies conducted in east Africa mean that these
arguments can be ambiguous. The structural archaeological evidence left behind
by these historical water management systems can provide useful evidence of the
existence of intensive agricultural practices particularly of irrigation and terrace
farming. However, lack of clear ethnographic and historical information on the
establishment and dynamics of these systems places constraints on the ability to
use them to develop objective development strategies (Stump 2010a). The water
management systems of interest in eastern Africa have been targeted for study in
archaeological and ecological studies, and particularly in this research work,
because they leave behind highly visible structural archaeological evidence;
providing an opportunity to assess long term agricultural practices particularly of
irrigation agriculture and terrace farming and therefore assess their viability and
sustainability. The human and environmental factors that influence the
development of these systems are also not clearly understood. In addition, as has
been mentioned above, these historical water management systems provide

insight into the human and capital investment required to manage them. In trying
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to understand the perceptions of the historical societies in relation to their
environments we can gain insight into the human decision making that goes into
the management of these systems; these insights can then guide development in
determining how contemporary communities would integrate these irrigation

practices.

1.2.3 Water management in historical agronomies in eastern Africa

A great expanse of literature is available on historical agricultural societies and the
water management practices that have been employed, with research ranging from
focuses on the hydrology (Harrower 2010; Harrower 2008) to human decision
making (Wilkinson et al. 2007). Some studies have looked at the significance of
these practices on the socio-political dynamics of the society (Widgren 2010;
Harrower 2008) while other studies have looked at the environmental impacts of
these systems (Stump 2010a; Costanza et al. 2007). This background provides a
brief overview of some of the literature available in order to answer the questions
on what were the different types of water management systems that were
employed in eastern Africa and what were the major physical and human factors
that influenced their development. The systems of particular interest include those
in marginalised environmental conditions such as arid and semi-arid regions as
well as societies believed to have developed or survived through a sustained
period of environmental stress such as drought. This is because many of the
agriculturally productive areas in sub-Saharan Africa are located in the arid and
semi-arid regions and savannah ecosystems where water availability is the
primary limiting factor and influence on agriculture (Agnew and Anderson 1992)
making the soil and water conservation benefits of these systems of great interest
(Ramos et al. 2007, 2). An example can be drawn from studies on Mesopotamia
where settlements in southern Mesopotamia, which relied on irrigation, were
larger than those in northern Mesopotamia which employed rain-fed agriculture
(Wilkinson et al. 2007). Another example would be irrigation in Ancient Egypt that
employed the shaduf technique, a series of manual water-lifting levers. While these
examples fall far outside the regions and time periods of interest in this study, they
serve to illustrate how far back water management technologies have been

employed by societies.
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In sub-Saharan Africa, evidence of the use of irrigation and terracing prior to
colonial occupation has been observed in West Africa, Eastern and central Africa,
through to Southern Africa (Stump 2013). Observations of these agricultural
intensification practices that focused on aspects of irrigation and terracing as
noted by Stump (2013), represent a wide variety of approaches to water
management and were most probably influenced by different environmental and
human factors. The approaches in these societies range from the use of flood
recession farming, establishment of contours, terraces and irrigation
furrows/canals (Figure 1). These techniques also tend to leave archaeological
evidence, unlike other forms of expansive agriculture, allowing for assessment of
these historical systems. The structure and complexity of these systems therefore
presents a central question to how the agronomies developed and were

maintained.

The existence of intensive agricultural systems in eastern Africa has been
estimated to date back to approximately the last 600 years (Stump 2010a, 1252).
Some of these systems have been abandoned such as Engaruka and Iraqw in
Tanzania (it should be made clear that Iraqw is not entirely abandoned but a vast
majority of the system is no longer in use) while others continue to serve as
important agricultural production areas, such as the communities on Mt.
Kilimanjaro in Tanzania and Konso in Ethiopia (Stump and Tagseth 2009; Stump

2006a; Borjeson 2004; Widgren and Sutton 2004).
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Figure 1: The different types of historical water management systems in eastern
Africa detailing the water management practices employed in the different sites

(Stump 2010a)

As has been mentioned above, the historic water management systems in eastern
Africa ranged from simple to complex systems and as is outlined in Figure 1, the
more complex systems employed three main water management practices:
furrow/canal irrigation, terracing and flood recession farming with many of the
systems employing a combination of these techniques (Stump 2010a). These
practices were also supplemented with other soil and water conservation practices
such as the use of water storage systems, intercropping, fallowing and the use of
animal manure to improve or maintain soil fertility. Based on the three main
practices, nine archaeological sites in eastern Africa were identified that employed
a combination of terracing and furrow irrigation, with the majority located in
Tanzania, five sites employed the use of furrow irrigation while three sites

employed a combination of terracing and flood recession farming and two sites
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employed terracing. The ages of the systems also vary with the Engaruka complex
dated to have existed between approximately 1400-1750 AD while the latest being
the Baringo system from approximately 1840-1920 AD. However, dating these
systems can be particularly difficult and, unlike examples such as Baringo which is
well documented in European historical accounts, dates for many others are at
best approximations based on limited carbon dating and ethnographic evidence

provided by descendants of the societies.

The pre-colonial terraced field systems of Kigezi in Uganda and Machakos in Kenya
employed mainly terracing but the dates on their inception are unclear. These
terraces could be found on the hill slopes of both these regions with those in
Machakos including benched terraces that were levelled while those in Kigezi were
not levelled (Carswell 2002; Tiffen et al. 1994). The terraces in Kigezi were
believed to have been constructed to limit soil erosion and recent studies by

Carswell (2002) on the Machakos terraces support these findings.

The systems in Iragw’ar Da’'wa in Tanzania and the islands of Mfangano and
Rushinga on the Kenyan side of Lake Victoria employed a combination of terraces
and flood farming. While these systems have not been clearly dated, genealogical
records for Iraqw and oral evidence for the islands place them at approximately
the eighteenth century (Borjeson 2004, 80; Conelly 1994, 182). The terraces on
Mfangano and Rusinga Island measured about half a meter tall and were limited to
the higher elevations above 1400 where they relied on rainfall; while the
cultivation fields on the lower slopes and lakeshores relied on flooding during the
rainy seasons (Conelly 1994). In Iraqw, the terraces were also found in the upland
regions and measured up to one metre in height; in addition, furrows were

employed, but only in the valleys to facilitate drainage (Borjeson 2004)

The combination terracing and furrow irrigation practices comprise the most
widespread of the water management systems in eastern Africa with the Ukara
system on the Tanzanian side of Lake Victoria, the Kerio valley cluster in Kenya
(comprising of the West Pokot, Elgeyo and Marakwet systems), the Pare and
Usambara mountain systems, Konso and Engaruka systems. The Ukara system,
believed to have been in existence since the 1800 AD, is commonly used as an

example of the influence of population pressure on expansion of the irrigation
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systems. The Ukara systems involved construction of dry stone terrace walls of up
to two metres high and furrow irrigation across the island. The irrigation furrow
systems in Kilimanjaro date back to at least 1600 AD and tend to be classed with
the surrounding systems on the Pare and Usambara mountains. The terracing and
furrow irrigation systems in the North and South Pare and Usambara mountains
are dated back to the early 18th century and utilised a combination of unlined
canals, wooden aqueducts and stone terraces with few stone bound canals (Stump
and Tagseth 2009, 113; Tagseth 2008, 464). The terracing and furrow irrigation
practiced in the Kerio valley cluster include forty main furrows believed to have
irrigated an area of 4000 ha. This cluster is made up of the Pokot and Elgeyo
systems which are dated to approximately the early 18th century while the
Marakwet system may date from as early as 1600 AD. The furrows were mostly
unlined with only a few stone-bound canals in erosion-prone areas and terraces
were employed for both agriculture and for habitation (Ostberg 2004; Adams and
Anderson 1988, 526).

The systems of focus in this study share characteristics in terms of the practices
employed and the environmental similarities of the surrounding landscapes. The
Engaruka and Konso systems both employed terracing and irrigation canals, and
are the oldest identified systems, so far, in eastern Africa. The Engaruka system has
been dated to have been in existence from the 15t century while Konso is believed
to have been in existence since as early as 1500 AD. The systems can both be found
in semi-arid ecosystems and both employed a combination of terracing and furrow
irrigation. Engaruka in Tanzania is believed to have developed in the late 15t and
function until the late 18th century based on radiocarbon dating prior to its
complete abandonment by the 19t century. The site comprises approximately
2000 ha, with stone-bound fields, dry-stone terraces and stone-bound irrigation
canals as well as dry-stone habitation terraces on the hill slopes (Westerberg et al.
2010; Stump 2006a; Sutton 1998). The field system is made up of three sections
(Figure 2), the north, central and south fields with each section having distinct
differences from the other (Stump 2006a; Sutton 1998). The north fields, located
north of the Engaruka River, and the south fields, located south of the Olemelepo
irrigation furrow, were most similar with agricultural terraces measuring from 0.3

metres and up to 3.0 metres high and functioning as sediment traps, as well as the
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presence of permanent irrigation furrow off-takes. The stone-bound irrigation off-
take canals were also present in these fields with further tributary canals
distributing water throughout the terraces (Stump 2006a). In contrast, the central
fields had no irrigation furrows except on the small hills, and the fields were bound
by single layers of stone. The main irrigation off-takes were on the perennial river
of Engaruka, and the now ephemeral rivers of Olemelepo and Intermediate gorge;
but apart from Engaruka, these other river sources have dried up, which could be a
possible reason for the abandonment of the system (see below). The economic
activities involved the cultivation of sorghum and various millets, supplemented by
livestock husbandry. Konso in Ethiopia is believed by Amborn (1989) to have
developed in the early 16t century and continues to be occupied, with oral
historical studies placing some of the practices at 500 years old. Different types of
terraces and field types were employed in the Konso area due to the differences in
topography and the terraces levelled to enhance soil moisture retention. In
addition to the terraces, the system also employed the use of drainage gullies to
direct excess water. The system is reliant on rain-fed cultivation as there are no

perennial rivers in the area (Amborn 1989).

In looking at the overview of available literature on the historical water
management systems in eastern Africa it is clear that a wide variety of techniques
were employed from flood recession farming to terracing and irrigation farming;
and these techniques could be seen as responses to a wide range of environmental
and human factors, from the need to intensify agricultural production to meet
population demand, to adaptive strategies to deal with soil erosion. This clearly
demonstrates that a variety of factors influenced the development of the system
and that the influence of different factors can change over time and vary
geographically. This is relevant to highlighting the importance of understating not
only the primary and the underlying factors but also the interaction of factors in

the functioning of these systems.
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Figure 2: Extent of the Engaruka system with river sources, primary irrigation off-

takes and village settlements

The extensive field terracing and irrigation canal system of Engaruka, Tanzania
and the hill terracing and floodplain terraces known as yela fields in Konso,
Ethiopia provide interesting areas of study into the sustainability of historical
water management systems. These sites are of interest in understanding historical
agronomies that employed irrigation and terrace agriculture due to the preserved

archaeological infrastructure that includes dry wall terraces and canals and stone
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bound fields. In other sites across East Africa for which there is historical
ethnographic evidence of agriculture and water management systems, these
historical accounts lack physical evidence due to the use of earthworks such as
earth bunds and degradable materials such as wood, which are lost over time; as
well as destruction of the infrastructure in the course of human resettlement
(Stump and Tagseth 2009; Adams and Anderson 1988). Examples of
archaeological sites that utilised earthworks and degradable materials include
Kerio valley in Kenya and on Mt. Kilimanjaro in Tanzania, where canals were either
simple dirt ditches or hollowed out trees and where stone-bounded canals were
only used in places of stress. In these sites, the evidence of the historical water
management practices include the accounts of the descendants of these
communities, archival records from previous archaeological and ethnographic
surveys and contemporary evidence of antecedent practices believed to have been

passed down through the generations.

Development debates usually cite the Engaruka field system as an example of
ecological collapse due to its complete abandonment in the 18t century CE
(Koponen 1988, 383), however recent studies have not yielded this evidence of
ecological collapse such as salinization of soils (Stump 2006a). Konso on the other
hand is considered an example of ecological success (Amborn 1989), but
insufficient studies have been conducted on the Konso system to determine if the
longevity of the system is due to its sustainability (Stump 2006a). The Engaruka
system is of particular interest as it has had limited disturbance from human
activity since its complete abandonment, with little of the archaeology being

disturbed, which provides an added benefit in trying to map and assess the system.

While both systems employ the use of terraces to reduce slope, improve water
retention and act as sediment traps, there are some differences in the systems. The
Engaruka system took advantage of the proximity to and availability of, water
sources from the rivers that cross the former cultivation area in order to develop a
field system using a network of canals that transported the water to fields that
were further away from the rivers sources. In contrast, in the Konso system
employed rain-fed agriculture and the terraces on hill slopes were designed to trap

and retain as much soil moisture on the slopes and reduce runoff. The terraces also
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had drainage channels incorporated within them to enable runoff of excess rainfall
and prevent damage to the terraces. Closer to the river banks, floodplain irrigation
is practiced with sediments trapped in what are known locally as yela fields to trap

both the water and nutrient-rich sediments.

1.3 Environmental and human factors influencing water

management

As has been noted in the previous section, the establishment and development of
water management systems is influenced by a wide range of factors from
environmental - such as climate change, extreme weather events, hydrology, and
vegetation change - to human factors such as social structures, trade, war and
subsistence and commercial needs. We know that these various factors and the
interaction of factors influenced the development of intensive agriculture, and the
concomitant water management systems, in historical societies. However, the
degree of influence, and the variation in influence, both at the temporal and spatial
scale, and the feedback responses of these factors to the systems is still not clearly
understood. The east African water management systems discussed above tend to
be viewed as full-formed, where the end-product are considered to be the static
state of the system throughout its lifetime. This is in many cases not reflective of
the reality of these systems where the adaptive behaviour of the societies and the
dynamic nature of the systems are not incorporated. This means that more work
needs to be done in understanding how systems develop over time, which factors
influence the development of these systems; and in the case of Engaruka, and to a
lesser degree Konso, what are the primary and underlying factors that influenced

its development.
1.3.1 Environmental factors

1.3.1.1 Climate

In semi-arid ecosystems, the amount of rainfall and availability of water resources
represent the limiting resource in agricultural production (Oweis and Hachum
2006; Critchley and Siegert). Water availability and the geographic distribution of
water resources play an important role in the development of historical societies

and in particular agricultural communities. The availability of water can place
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constraints on agricultural production and the development of human settlements.
While it is possible to establish human settlements and the requisite food
production in areas with limited water resources, this would require significant
investment in the labour and infrastructure necessary for water manipulation

(Scarborough 1991, 103).

The east African water management systems outlined above developed within the
same time period of the last 1,000 years which was characterised by a historical
regional climate fluctuations (Figure 3) that ranged from relatively drier
conditions during the ‘Medieval Warm Period’ (approximately 1000 to 1270 AD) to
relatively wetter conditions during the ‘Little Ice Age’ at approximately 1270 to
1850 AD (Westerberg et al. 2010, 305; Ryner et al. 2008; Barker and Gasse 2003;
Verschuren et al. 2000). The wetter conditions that characterised the ‘Little Ice
Age’ seem ideal for the development and expansion of an agricultural system but
this was interrupted by three prolonged dry periods that were more severe than
any recorded drought of the twentieth century (Ryner et al. 2008; Verschuren et al.
2000, 412). This begs the question of whether the Engaruka and Konso systems
developed to take advantage of the wetter climate or were adaptive responses to

the drier conditions faced.
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Figure 3: Historical regional climate fluctuations that ranged from relatively drier
conditions during the ‘Medieval Warm Period’ (approximately 1000 to 1270 AD) to
relatively wetter conditions during the ‘Little Ice Age’ at approximately 1270 to
1850 AD, including the 3 periods of prolonged drought during the wetter period
(Verschuren et al. 2000, 413)

Based on the palaeoclimatic proxy records available for eastern Africa, the water
management systems discussed in the sections above developed within the wetter
conditions of the ‘Little Ice Age’ (Figure 3). In studies combining historic
environmental conditions with human activity, major societal changes have been
found to coincide with certain environmental conditions. For example, periods of
drought coinciding with those of civil unrest and large scale migrations, while
favourable climates i.e. stabilisation of climatic conditions and extended wet
seasons, coinciding with political stability, agricultural development and

population growth (Gelorini and Verschuren 2013, 414; Costanza et al. 2007;
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Verschuren et al. 2000, 413). The climatic conditions that governed the eastern
Africa region during the period, in which the Engaruka and Konso systems were
active, were therefore important in understanding how the communities were able

to overcome the limitations of water availability.

Palaeoclimatic records of the Engaruka region (from Empakaai Crater
approximately 15km northeast of Engaruka) show that the Engaruka system may
have experienced a prolonged dry period around 1420 and 1680 AD (Ryner et al.
2008, 598) accompanied by changes in rainfall, infiltration capacity and soil
moisture distribution which might have negative effects on vegetation cover and
agricultural production (Westerberg et al. 2010, 311; Ryner et al. 2008). Initially,
the wetter conditions of the Little Ice Age might have encouraged settlement and
development of agriculture in Engaruka, however the extended dry period might
have been the catalyst that led to the development of the extensive irrigation
systems in the Engaruka landscape (Westerberg et al. 2010, 311; Ryner et al
2008). The wetter conditions and proximity to water sources would have spurred
the establishment of the irrigation systems; and as the conditions became drier
during the 1550 to 1670 AD, the community would have possibly increased their
reliance on the irrigation systems as rainfall became more sporadic. As the dry
period continued, the irrigation canal systems could have possibly been extended
to take advantage of the proximity of the perennial Engaruka River to maintain soil
moisture and crop productivity. The Engaruka system was believed to be at its
most expansive approximately 1600-1700 AD, which falls partly within the
prolonged dry periods and irrigation furrows would have been extended further
away from the river sources to increase the agricultural land (Westerberg et al.
2010; Stump 2006a). The wetter period between 1680 and 1800 AD coincided
with the continued expansion of the system, however it is not clear how quickly
and what were the other possible reasons for the expansion; and this research
aims to address some of these questions by modelling scenarios indicating the
possible patterns, and highlighting the factors that played a role in the expansion.
It was during the 1800s that Engaruka was eventually abandoned despite the fact
that this was during the wetter period. It has been hypothesised that the system

was abandoned voluntarily due to a shift in economic practices and trade and on a
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cost-benefit balance between the irrigation and pastoralism, with a possible move

towards cattle accumulation and trading (Westerberg et al. 2010, 313).

1.3.1.2 Hydrology and Topography

In the east African agronomies outlined above it has been observed that these
systems could be found in both high and low rainfall regions such that
environmental stresses of low rainfall would not necessarily be the primary reason
for the development of the irrigation infrastructure. Local environmental factors of
hydrology and topography could possibly have a greater influence on the
placement and establishment of these water management structures particularly
terraces and irrigation canals/furrows. A defining feature of the water
management systems discussed above is the modification of hilly landscapes
through the establishment of terraces and in facilitating irrigation by directing

water movement through the irrigation canals/furrows.

The proximity of water sources in Engaruka could have been a possible factor in
the establishment of the irrigation systems. Studies have shown that the spatial
distribution and patterns of water resources and water flow had an influence on
the human activity particularly agriculture (Harrower 2010, 1451). Studies in
Yemen have found that the placement of the irrigation infrastructure related to the
flow water through the landscape because areas of low energy water flows were
selected for the placement of diversion channels in order to improve infiltration
and sedimentation (Harrower 2008, 502). This is evidenced by the Engaruka
system in which the major off-take irrigation canals took advantage of the five
rivers within the system, allowing for the irrigation and maintenance of a large
area. Canal systems would also be affected by the slope of the land in order to take
advantage of gravitational flow thereby minimising labour inputs in transporting

water (Scarborough 1991, 102).

In addition to the river system that supported the field system, Engaruka is located
within the eastern Rift Valley (Gregory Rift) which consists of a series of small
shallow lakes (Marchant et al. 2018, 327). The perennial nature of the Engaruka
River and the presence of crater lakes such as Lake Empakai on the Rift Valley

uplands (Westerberg et al. 2010, 306) highlight the influence of watershed
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resources such as groundwater aquifers that contribute to the river supplies
through river springs. While there is little information available on the
groundwater aquifers within the Engaruka region they are generally characterised
as volcano-plutonic rock formations (Baumann et al. 2005, 36). The recharge of
groundwater aquifers is reliant on both diffuse recharge from precipitation and
localised recharge from surface water bodies such as lakes (Alley 2009). During
wetter periods these groundwater aquifers might undergo increased recharge but
drier periods or deforestation within watersheds can reduce recharge as well as
groundwater levels. In addition, the topography and climate of the region affects
residence times of groundwater resources until discharge (Maxwell et al. 2016).
This means that in steeper landscapes where flows are gained mainly from higher
elevations, the residence times are shorter resulting in faster discharge of water.
This interplay of hydrogeology and topography would further affect river water
supplies and thus influence the supply of irrigation water within the Engaruka field

system.

The establishment of terraces also related to the topography and can be viewed as
techniques to reduce the slope of the land, improving infiltration as well as
reducing soil erosion. The modification of slopes in order to improve agricultural
productivity is an important aspect of landscape modification that also influences
the hydrology of the system. The terraces of Konso are located on steep hillsides
and with no nearby perennial water sources, the system relies on rainfall for
agriculture (Amborn 1989). The terraces were developed to help trap soil
moisture as well as reduce soil erosion, with drainage canals designed to reduce
soil loss from heavy floods. Terraces played a similar role in the Engaruka system
and acted as sediment traps for the nutrient-rich sediments from the hill slopes as
well as improving soil moisture by reducing runoff thus allowing for better
infiltration into the soils. Having seen that there are multiple possible
environmental factors, it is necessary to show the many possible human factors

that could have influenced the development of these water management systems.

1.3.2 Human factors

The development of irrigation and terracing systems are not usually the result of a

single event of large scale expansion but are the outcome of many small-scale
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responses by individuals and households to environmental and socioeconomic
factors. These responses are taken up by multiple agents/individuals within the
society and iterated over time, resulting in the development of a complex system
(Bevan and Conolly 2011, 1313). The human aspect in the development of
irrigation agriculture is reflected in models of population dynamics, political and
social organisation, socioeconomic factors and the labour requirements for these

systems.

In some of the water management systems discussed above, the expansion of trade
and commercialisation of agriculture are cited as some of the reasons for the
expansion of the systems. For example, the Baringo community was believed to
have established its irrigation systems in order to take advantage of the long
distance trade employed along the caravan routes during the late 19th century
(Adams and Anderson 1988, 527). In contrast, the Engaruka system thrived during
drier periods that coincided with a contraction in the long distance trade within
eastern Africa (Westerberg et al. 2010, 315). In addition, some of these systems,
for example the Ukara system, were believed to have been established in response
to population pressure with intensification intended to meet the demands of
growing populations but this is countered by arguments that have found that
population growth can be as a result of the agricultural intensification rather than

the cause, for example in [raqw (Stump 2013, 6; Borjeson 2007).

Population and labour play a major role in the maintenance and expansion of the
water management systems discussed. Looking at Engaruka, the diversion of
rivers through off-take furrows required labour investment for building the stone-
bound canals as well as in controlling water movement through the system using
dams. In other regions such as the North and South Pare mountains the use of
unlined canals meant that continuous maintenance was required (Stump and
Tagseth 2009, 112). The construction and maintenance of terraces has also been
found to be labour intensive with labour required to move the rocks, build and
level the terrace soils and maintain the terraces. This is especially necessary as
studies have found that the lack of maintenance of agricultural terraces results in
soil erosion and landslides (Arnaez et al. 2015). An example can be drawn from

areas in Konso where the abandonment of some of the terraces has resulted in
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their collapse, resulting in landslides. The population size ties with labour as with
decreasing population, the available labour also reduces, resulting in labour
deficits in maintaining the irrigation and terracing systems. In addition, as the
benefits of the agricultural production in these water management systems
decrease despite the labour inputs, the incentive to continue maintaining the
system decrease and the society would possibly move to more economically viable
practices. This has been hypothesised as a possible reason for the abandonment of
Engaruka with the irrigation system abandoned in favour of pastoralism and the

revitalised long distance trade (Westerberg et al. 2010, 313).

1.4 Modelling the Engarukan water-management systems

In recent years, there has been growing interest in the use of agent based models
in archaeological simulation as they provide an opportunity to integrate human
activity with environment response. The use of models and inferential reasoning
can help deal with problems of equifinality (convergence of social formations or
similar outcomes given different historical processes) and uncertainties (Madella
et al. 2014, 252). Large-scale agent-based modelling can also be used in
archaeology to explore long-lost societies by creating virtual environments to
answer questions posed by the archaeological remains such as the growth and
decline of Mesopotamian settlements (Wilkinson et al. 2007) and the influence of
water on population dynamics in an agricultural community (Murphy 2012).
However, while agent-based modelling has a strong track record of application in
ecological studies, sociological applications have been less successful (Madella et
al. 2014, 254) due to the complexity involved in modelling human behaviour. In
addition, a number of archaeological ABMs developed over the last decade have
faced criticism on the approaches employed and their usefulness in portraying
human and environmental dynamics. This trend is slowly changing, as noted by
Lake (2014), with an increase in simulation models that are applicable to
archaeological inquiry. The maturation of the methodological approach, where
publications balance description of the simulation methods with comprehensive
and applicable results and conclusions, has also helped improve the uptake of

simulation (Madella et al. 2014, 252).
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Some archaeological ABMs developed include on the Anasazi (Axtell et al. 2002)
aimed to understand land-use and land-cover through settlement and population
patterns in relation to maize production with households and populations varying
across the landscape and over time. However the model did not find sufficient
evidence that climate change was the reason for the eventual abandonment of the
system (Lake 2015, 4) and failed to incorporate other factors that could have
influenced their abandonment of the system such as labour, cultural pressures or
economic incentives. In addition, critiques of the model point out that changes in
environmental conditions were imposed rather than being emergent from the
model (Wainwright 2008, 661) which makes it difficult to determine if the
variability in environment influenced the abandonment. The Village ABM
developed by Kohler et al. (2012) also models the pre-Hispanic Pueblo societies to
understand the factors that influenced their eventual abandonment by
incorporating simulations of population size, settlement patterns, resource
dynamics and development of social hierarchies. While this model incorporates
further human factors, the farmers employ optimisation behavioural strategies for
resource production that do not necessarily reflect human behaviour. This is
because humans do not necessarily engage in practices that are optimal for
productivity but may be guided by other societal norms (see section 5.2 below).
The CYBEROSION model (Wainwright 2008) reproduces interactions between the
human agents and the environment to understand feedbacks between humans,
animals, vegetation and erosion within a landscape. The model shows that the
inclusion of human within the landscape would affect vegetation, as would animals
and this would in turn have feedbacks to erosion. However while the model
represents these interactions across the landscape dynamically, the system is
closed and thus external factors of predation or migration into and out of the
system, and their effect on the human-environment interactions is not clearly
explored. In addition, the human behaviour follows an economically rational
strategy which limits responses and human behaviours that would have had
further impacts and feedbacks on the landscape. Other models include ABMs
coupled with GIS models such as the MedLand project coupled model (Barton et al.

2010) that explores the interactions between human settlements and the
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surrounding landscapes, however, integrating feedbacks between the models can

be difficult .

This assessment of some of the ABMs in archaeology shows that there are still gaps
in model frameworks which need to incorporate more integrated aspects of human
and environment interactions, as well as more nuanced rules of human behaviour
that allow for adaptability of agents and emergent behaviour. Further to this, there
are difficulties presented when trying to integrate a variety of processes within a
geographic setting (Crooks and Heppenstall 2012). The models can be limited not
only by the interconnected nature of processes at various temporal and spatial
scales, but also by the computational requirements that could hinder incorporation
of complex phenomena effectively. In addition, modellers face difficulty in
validation and comparing model performance across different settings (Crabtree
and Kohler 2012) as the current models developed are specific to the
archaeological setting. There is also a need for future ABMs to incorporate
different modelling types for more representative simulations of systems
(Millington and Wainwright 2016, 4). The challenges in creating integrated or

fully-coupled models and modelling human behaviour are discussed further below.

1.4.1 Complexity of Hydrological models

There are a variety of hydrological models available and their use is dependent on
the output required from modelling the rainfall-runoff dynamics to simulating
hydrodynamics at the catchment and landscape level, and in many cases, these
models are necessary as it is simply not possible to measure all the hydrological
processes in a watershed (Beven 2001). There are a variety of models that can be
used to model the relationship between rainfall, runoff and erosion in a watershed
such as SWAT (Arnold et al. 1993), TOPMODEL (Beven et al. 1995) and KINEROS
(Smith et al. 1995). The Soil and Water Assessment Tool (SWAT) simulates
transport of water in a basin and the contribution of rainfall and surface runoff to
stream flow and discharge (Linard et al. 2009, 1). SWAT also simulates water
management practices such as terracing and application of irrigation water based
on specific time steps or on water stress thresholds (Gassman et al. 2007, 1213).
The Topography-based model (TOPMODEL) is commonly applied to pristine

watersheds in humid environments but has been applied to agricultural areas
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(Beven 2001). The Kinematic Runoff and Erosion model (KINEROS) is an event-
based model that simulates overland flow in arid and semi-arid areas at watershed
level, and estimates runoff, erosion, and sediment transport (Goodrich et al. 2012,
4; Smith et al. 1995). Other hydrological models include the Connectivity Runoff
Model (CRUM), that simulates the generation of runoff and overland flow across a
landscape during a single storm event for semi-arid environments (Reaney et al.
2007). These models represent only one aspect of modelling the hydrological
dynamics of a landscape; other models including coupled agent-based and
hydrological models as well as agent-based models that look at the human-

hydrological interactions, are discussed further below.

The models outlined above represent deterministic or process-based hydrology
models, which try to represent real-world physical processes such as rainfall,
infiltration, runoff and erosion and could be classed as single events or continuous
simulation models (Devia et al. 2015). The models such as SWAT and KINEROS are
mainly physically-based, requiring physically measurable parameters as inputs, or
inputs that are theoretically physically measurable. This would be especially
difficult data to obtain when assessing historical systems where data sources
might be scarce, or where these inputs would need to be extrapolated from proxy
data. These models utilise digital elevation models (DEMs) for the spatial
representation of the watersheds and since they are distributed models, they allow
for the spatial variation in hydrological processes. The models also range from
those that simulate single storm events (i.e. individual rainfall events) to
continuous models (i.e. over a long time period that incorporates both wet and dry
seasons), and vary in the temporal scales from a daily time step in SWAT to the
event scale (i.e. a single storm event) such as in the KINEROS model (Devia et al.
2015; Goodrich et al. 2012; Moriasi et al. 2012, 1243; Chu and Steinman 2009;
Linard et al. 2009; Gassman et al. 2007; Beven 2001; Smith et al. 1995). The
climatic conditions that the models represent also vary, with TOPMODEL used in
simulating humid environments and SWAT for tropical environments, while

KINEROS and CRUM are used to represent semi-arid and arid environments.

However, these models have limited human agent interactions factored into them

and are limited in scale, either spatially or temporally. While the hydrological
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models outlined above enable us to assess the dynamics of rainfall, runoff,
infiltration, erosion and deposition within a landscape, they have limited inclusion
of interactions with human factors, especially when looking at irrigation systems
where human decision making plays a vital role. In some cases, coupled models
that combine agent-based models with these hydrological models have been
designed, and range from models that incorporate agents to understand the runoff
and channel flow sources of a basin in semi-arid catchments to more complex
coupled systems that look at human decision making and water distribution
(Bithell and Brasington 2009; Reaney 2008). Other models that incorporate
hydrological dynamics with agency include FlowLogo (Castilla-Rho et al. 2015) as
well the PANGAEA model, which looked at salinization in irrigation fields in
Mesopotamia and decision-making by farmers on the use of fallowing in irrigation
management (Altaweel and Watanabe 2012). The FlowLogo model couples an
existing groundwater flow models to an ABM that models human decision making
in the use of groundwater for irrigation (Castilla-Rho et al. 2015). The use of
coupled ABM-Hydrology models can present a variety of challenges, with many
coupled systems requiring intensive and extensive computational support, both in
terms of software used and user technical skills, as well as having limitations in
adapting scenarios (Castilla-Rho et al. 2015). A particular challenge faced with
coupled systems is in their limitations in scenario adaptation, which would require
changes to the ABM as well as the hydrological model, in order to synchronise the
codes between both simulation systems. This is particularly important when trying
to account for different cultural and social behaviour, where there exist a wide
range of human responses (as discussed further below). An example can be in the
hypothetical case of simulating farmer responses to change in water flows in an
irrigation system such as in Engaruka. To explore the responses to other variables
or to simulate other social behaviour, such as the cultural differences in decision-
making, would require changes to the coding in both models, which can be time
and labour intensive. In addition, these models tend to look at the human
responses to the hydrological factors, but there is limited incorporation of
feedbacks from human behaviour into the hydrology model. This is especially
important when looking at irrigation systems where the human responses to

environmental factors results in a feedback loop, the consequences of which can be
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alterations to the environment as part of the human decision-making process.
Agent based models that can incorporate the hydrological processes with the
human factors and incorporate feedbacks between the environmental and human

spheres of the model could potentially fill this gap.

Some agent-based models have also been designed to study historical societies and
landscape processes with the aim of understanding how these systems functioned,
such as the growth and decline of historical settlements and the influence of water
on population dynamics (Murphy 2012; Wilkinson et al. 2007). Other models such
as those by Isern et al. (2012), simulate human decision-making in irrigation
scheduling using a virtual irrigation system, in order to determine which are the
most viable irrigation strategies. However, these models do not fully incorporate
hydrological processes with the human factors represented, which would be of
particular interest when looking at the development of the irrigation systems over
time. As noted in the start of this section, the choice of hydrological models used is
determined by the intended output; however, the outputs from most of the
process-based models do not incorporate human factors and interactions, while
the coupled models might struggle to incorporate feedbacks from human decision
making. In addition, the data input requirements for most of the hydrology models
would be restrictive in modelling the Engaruka system given the data scarcity of
the archaeological site. In hydrological models that focus on surface water systems,
the rainfall-runoff dynamics of a catchment or watershed and simulations of
stream or channel flows are the primary functions of these models (Davie 2008;
Beven 2001). In studying the Engaruka irrigation system, the dynamics of rainfall,
runoff and channel flows are important; however, conventional hydrological
models require data inputs that might not be available for this system, given the
limited archaeological, physical and ethnographic evidence available for this site.
Given the archaeological evidence available at Engaruka, it is postulated that the
irrigation system utilised off-take canals from the main waterways, which directed
water and possibly sediments into and out of fields via smaller secondary canals;
the sediments then accumulated in the fields, which were subdivided into smaller
fields of 6m by 6m each, with stone wall boundaries that were intermittently

raised as the sediments accumulated (Stump 2006a).
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In order to model the possible hydrological processes involved in the Engaruka
system, the rainfall-runoff dynamics, erosion and deposition processes and the
water flows and sediment transport forces would need to be represented.
However, the data inputs to characterise most of these factors would have to come
from environmental proxies, given that the system is believed to have been
abandoned by the 19th century (Westerberg et al. 2010; Stump 2006a; Sutton
1998). Environmental records to assess the climate in Engaruka come from
palaeoclimatic proxies such as sediment cores taken from the lakes and swamp
within the East African region and analysed to determine the weather conditions
and timescales for the given weather events (Westerberg et al. 2010; Ryner et al.
2008; Barker and Gasse 2003; Verschuren et al. 2000). However, while these
records can provide an approximation of the weather conditions experienced they
cannot provide precise data on the rainfall and runoff generated during these time
periods, which would make it difficult to utilise conventional hydrological models.
In addition, the archaeological evidence of sediment deposition can be used as a
proxy for the water flows generated within the system and can thus determine
how much water would have possibly been flowing through the system to deposit
the observed sediment volumes. However, this would require more complex
understandings of sediment transport and could result in circular arguments
where the observed sediment levels would be used to model flow rates and
volumes, which are then turned around and used to simulate the rates of sediment
deposition. The archaeological site offers alternative evidence in the form of stone
lined channels which can be measured, and using the channel sizes and the slope
and gradient of the estimated palaeosurface, the water flows in the system can be
estimated. This would allow for the representation of different scenarios that
incorporate a range of flow rates, which would then allow for the simulation of a
wide range of possible sediment deposition rates and patterns. These
archaeological proxies present an opportunity to design an ABM that can
incorporate simulations of the hydrological processes most pertinent to the
development of the Engaruka field system, and utilising the available evidence, to
understand the development of the system; and which can be further expanded to

incorporate human decision making.
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1.4.2 Complexity of modelling human behaviour

The different hydrological models discussed in the section above represent one
aspect of the development of an irrigation system, with human decision-making
playing a crucial role in the management of water resources. As discussed above,
there are a wide range of factors that influence the development of water
management systems, from labour to trade to environmental pressures. In
addition to these factors, decision-making aspects such as scheduling and division
of labour as well as cost-benefit analyses play a role in the management of
irrigation systems. However, the wide range of possible human responses, as well
as the complexity in understanding human behaviour, makes it difficult to simulate
these aspects (Lake 2014; Madella et al. 2014, 254). Simulating socioeconomic and
cultural factors faces particular difficulty, not only in contemporary societies but
also when looking at historical societies, where the hypotheses on the
development of these systems are based on subsets of information (Madella et al.
2014). One of the challenges in modelling human behaviour has been in the
assumption of a rational or optimising individual, which is commonly applied in
economic models (Baggio and Janssen 2013, 1742). However, this model does not
take into consideration heterogeneity and stochasticity in human decision making
from the individual to the institutional or societal level (Castilla-Rho et al. 2015;
Bonabeau 2002). A wide range of human decision-making models have been
developed from empirical models (i.e. from the extrapolation of trends and
regression analysis) to process-based models (i.e. that simulate agent triggers and
responses), with different aspects emphasised in the different models (An 2012);
in addition, human decision making may evolve in response to social and
environmental factors resulting in beliefs and preferences changing over time. This
presents a challenge in modelling behaviour in historical societies where such
dynamics may not leave any tangible evidence (Barton et al. 2012, 42). Agent
based models of human behaviour present an opportunity to represent actions,
interactions, cooperation and the feedbacks from these interactions, utilising
simple rules of behaviour (Castilla-Rho et al. 2015, 306). The flexibility and ability
to represent emergent behaviour, as well as providing real-world representations,
makes the use of ABMs to simulate human behaviour a viable enterprise

(Bonabeau 2002).
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Some models have been developed that incorporate human agents in
archaeological studies such as in the growth and decline of Mesopotamian
settlements and the influence of water on population dynamics in an agricultural
community (Murphy 2012; Wilkinson et al. 2007). However, decision-making in
these models can be considered simplistic, in part because there is a small range of
behaviours relating to water management where agents respond to the
environmental conditions, but also in the limited feedbacks that result in landscape
alterations or changes in decision making. For example, in Murphy’s (2012) model,
the agents respond to the availability of water but there does not seem to be any
reciprocal feedback of actions to alter unfavourable environmental conditions. In
modelling human behaviour in water management systems, a variety of ABMs
have been developed such as those outlined above. The FlowLogo model looks at
the decisions made by farmers in utilising groundwater for irrigation and how
these decisions influenced groundwater recharge, with the aim of assessing the
viability of various management strategies (Castilla-Rho et al. 2015). The decisions
made by the agents on whether to extract water resources as individuals or as a
collective, as well as agents’ capabilities to perform basic cost-benefit analyses to
optimise their profits were modelled. However, the model homogenised farmer
use of water resources which would be difficult to extrapolate when looking at the
Engaruka where the variations in household decisions would influence how much
irrigation water is used, sediments deposited and crop production. Other models
look at specific aspects of irrigation management, such as the PANGAEA model
where decisions on whether to irrigate and when to leave fields fallow were used
to explore the effectiveness of strategies employed to counter salinization in
irrigation fields in Mesopotamia (Altaweel and Watanabe 2012). These are a few
examples employed in modelling decision-making, particularly when looking at
historical societies for which limited information exists on the societal structure,
cultural preferences and decision-making processes, which would influence water

management.

There exists limited information on the Engaruka irrigation system beyond the
archaeological evidence, which presents challenges in modelling human behaviour
that tie to how the system developed over time with Barton et al. (2012) providing

a summary of this issue. Therefore sources of ethnographic data need to be
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obtained from proxies of analogous societies such as Konso, Ethiopia and systems
that are still in use, or for which there is documented evidence. In addition, the
agents simulated in the models are guided by rules for decision-making based on
behavioural models. There exist a variety of human behaviour models to guide the
incorporation of decision-making for the agents in the system. Human behaviour
models range from rational models that prioritise maximisation of returns to
reinforcement learning models that emphasise learning from experience
(Groeneveld et al. 2017; Schluter et al. 2017) as well as deliberative, cognitive and

neurological-inspired models (Balke and Gilbert 2014).

Rational models tend to assume agents have perfect knowledge of their
environment, are goal oriented and prioritise maximisation of utility Monroe
(Monroe 2001). However, studies have shown that human behaviour is not always
rational and decisions are influenced by other factors such as social norms.
Bounded rationality models are a modification of the rational models that
incorporate agent self-interest and agents have incomplete knowledge of the
environment (Gigerenzer and Selten 2002). These models assume that the agents
will assess their choices until they meet their aspirations (Groeneveld et al. 2017).
Game theory approaches incorporate rational concepts where agents benefit from
cooperation with each other, however where there are uneven social dynamics the
models do not produce satisfactory outputs of behaviour (Wainwright and
Mulligan 2003). Descriptive norm models are based on observed behaviour of
agents based on norms that can be injunctive or descriptive (Feola and Binder
2010; Cialdini et al. 1991), however these models are limited to the observed
behaviour and could miss out on other actions that are not so easily observed.
Planned behaviour models incorporate subjective norms of aggregated beliefs that
guide uptake of practices and compliance with these behaviours (Ajzen 1991).
Prospect theory models incorporate aspects of rational decision-making and
agents are weighted on risk aversion or seeking behaviours such that decisions
focus on avoiding loss or seeking more risk (Kahneman and Tversky 1979).
Habitual or reinforcement learning models make the assumption that behaviour is
deliberate and that behaviours become ingrained when there is repeated positive
reinforcement and that agents learn from experience (Graybiel 2008; Schliiter and

Pahl-Wostl 2007).
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Production rule system models are simplified models based on act-react cycles
where the agents have a set of actions to employ in response to environmental
events or interactions with other agents (Balke and Gilbert 2014, 3). However, the
agents are limited in their adaptability and are not capable of effective behaviour
in response to conflicting rules. The Belief-Desire-Intention model (BDI) allow for
dynamic reasoning by agents as well as heterogeneity in responses. The agents are
able to select courses of action based on internalised information on the
environment (Belief) that is not necessarily accurate but which the agent believes
to be true, their intended goal (Desire) and the plan and resources available to
them (Intention) to achieve their goal (Balke and Gilbert 2014). Heterogeneity in
responses emerge from these simulations as alignment within the BDI model can
vary amongst agents (Ozerol and Bressers 2017). However the model is limited in
that it assumes bounded rationality in agent response. Cognitive models such as
the Physical conditions, Emotional state, Cognitive capabilities and Social status
(PECS) models aim to address the limitations of BDI models through condition-
state-action rules (Balke and Gilbert 2014). In PECS models simple act-react
behaviours of agents’ perceptions of the environment, are combined with
deliberate behaviour to dynamically model human behaviour. However, little
research has been conducted on this system and is currently used as a reference

conceptual model.

Modelling decision-making therefore presents a variety of challenges including
selection of relevant theories of human behaviour based on available information,
gaps in the structure of these theories that result in key behaviours being left out
and difficulties in identifying and representing causal relationships (Schliiter et al
2017). Capturing the wide range of behaviours of farmers can be limited when
determining the complexity of interactions and heterogeneity in behaviour
(Morgan et al. 2015, 8) as well as the possibility that even where human behaviour
is measured, the behaviour can change over time (Thorngate 2015). In addition,
while there are behavioural models such as BDI and PECs that can simulate
realistic behaviour, most models still employ abstract concepts (Heppenstall et al.
2016, 8). This can make it difficult to adequately represent the key behaviours and
drivers of agent decision-making, it is therefore important to incorporate human

behaviour modelling concepts to understand human decision-making in the
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Engaruka system. In modelling the human responses to water management in
Engaruka, there therefore needs to be a balance in representing the most pertinent
decision-making processes that are influenced by the socioeconomic and cultural
dynamics, with ensuring that the human-environmental interactions are well
represented. The actions of the human agents therefore need to be guided by a
suitable behavioural model that is supported by ethnographic information on

actions undertaken by analogous communities.

1.5 Research Aims and Questions
1.5.1 Aim of Study

The factors that influence the development of these water management systems
still remain unclear with different factors exerting varying levels of influence both
spatially and over time. The dynamism of these human-environment interactions
greatly influences the trajectory of a system. As has been noted, the wetter climate
conditions could have encouraged the development of the Engaruka and Konso
water management systems. Coupled with proximity to water resources, the
climatic conditions have played a role in the expansion and maintenance of the
systems. In addition, the role of trade and the cost-benefit of irrigation agriculture
versus other economic activities influence the maintenance of these systems. The
labour-intensive nature of these systems means that the role of labour is important
in their functioning such that as labour costs exceed the benefits, the possibility of

abandonment or decline is great.

While some of these systems outlined above show distinct similarities in the
practices they employed, the majority of them are not as a result of shared ideas
between communities but represent a confluence of ingenuity. The equifinality i.e.
convergence of social formations or similar outcomes given different historical
processes (Madella et al. 2014), in the practices employed makes it even more
imperative to understand the human and environmental factors that influenced
the development of these two systems i.e. Engaruka and Konso. The aim of the

research being undertaken is:
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e To model the primary human and environmental factors and their interactions
that influence the development of a historical water-management system in

eastern Africa, over a temporal and spatial scale.

This is with the intention of understanding how these systems functioned and
developed over a spatial and temporal scale. By having a better understanding of
the dynamics involved in these agricultural systems, we might therefore be better
able to assess the sustainability of the agricultural intensification practices
employed. In addition, we might also be better able to assess the perceptions and
inputs that affect these water management systems, especially in the face of a
variety of environmental stresses, socioeconomic factors and climate change. The
modelling research thus forms a critical component of the Archaeology of
Agricultural Resilience in East Africa (AAREA) project, the aim of which is to
investigate the sustainability and resilience of two historical agricultural

landscapes in East Africa (Engaruka, Tanzania and Konso, Ethiopia).

This project is funded by the European Research Council under the European
Union’s Seventh Framework Programme. The Archaeology of Agricultural
Resilience in Eastern Africa (AAREA) project is funded by the European Research
Council under the European Union’s Seventh Framework Programme Starter Grant
Scheme (FP/200702013/ERC); Grant Agreement No. ERC-StG-2012-337128-
AAREA was awarded to Stump, D. in February 2014. The project aims to map and
model the expansion and resilience of these intensive agriculture systems and
explore scenarios to determine if these indigenous agricultural practices can be
used as models for economically viable and environmentally sustainable
alternatives. In addition, the use of archaeological data in the development of the
model will be used to determine the efficacy of such techniques in guiding the
development of resource-use strategies at the development planning and policy

making levels.

To achieve this, data sets will be recovered and analysed including high precision
GPS surveys; data from stratigraphic excavation, geomorphology and dating;
archaeobotanical data and vegetation profiles to show vegetation composition and
distribution changes across spatial and temporal scales; hydrological data;

orthorectified APs, LiDAR and DEM data as well as questionnaires and
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socioeconomic data. The elements of the system such as the agents and their
attributes, agent interactions and the model environment will be developed in
order to clearly simulate scenarios; and the reasons for the selection of various
agents clearly explained. A Unified Modelling Language (UML) class diagram will
be developed to describe the structure of the system i.e. the vegetation, land uses,
human decision-making and landscape dynamics and to display interactions. The
modelling project will focus on producing accurate reconstructions of the
topography and hydrology, as well as estimates of the volume of sediment
deposited and the management protocols employed in the two study sites.
Combining this survey data with aerial photography, ethnographic data and
satellite imagery, along with the creation of a digital elevation model (DEM) that
incorporates interpreted archaeological features, an agent based model will be
developed to understand the irrigation, terracing, sedimentation and decision-

making processes across the landscape.

1.5.2 Research Questions

There have been numerous studies on the historical water management systems
specifically those focused on understanding the development of these systems
from an archaeological perspective. Many of these studies have looked at the
significance of these irrigation and agricultural terracing practices on the
sociological dynamics of the society and vice versa, such as the political structure,
population dynamics and economic factors (Widgren 2010; Harrower 2008). Other
studies have looked at the environmental impacts of these systems with the
intention of influencing development debates (Stump 2010a; Costanza et al. 2007).
It has been established that the hydrology of a region has significant influence on
the establishment and development of water management systems and that the
maintenance of these systems has a feedback to sociological factors. The dynamics
of the Engaruka system are also not clearly understood in relation to the wider
landscape. It is therefore the aim of this study to develop the research in this area
by utilising archaeological evidence, agent-based modelling techniques, analysis of
hydrodynamics, DEM data and palaeoclimatic data analysis to answer three

questions:
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1. To what extent does the incorporation of irrigation canals and sediment trap
fields influence the hydrological dynamics and sedimentation processes across

the landscape and the irrigation system over time?

Given the large volumes of sediment observed in the terraces, it is important to
understand how and when these sediments were deposited. Based on assessments
conducted in the field and laboratory analysis distinct layers of sediments were
noted (Lang and Stump 2017). The pattern of sediment transportation and
deposition therefore needs to be assessed. In addition, combined with analysis of
volumetric flow rates, the amount of water needed to transport sediments will also
be explored. This is closely tied to environmental factors of hydrology and
topography as discussed above where the role of water and the slope of the land
could have facilitated the movement of these sediments. By analysing the
dimensions of the channels and assessment of volumetric flow rates, the volume of
water that can flow through these channels was estimated. Tied to this is how
much water is needed to transport sediments and if the channels and terrace walls
are capable of containing the volumes of water. This question will also explore how
the movement of water occurs, whether in large singular events or in smaller
continuous flows that provides the necessary water as well as transporting the

sediments.

2. To what extent does the modification of water movement influence crop

production and crop yields within the system?

Given the investment into diverting water and trapping sediments, the question
becomes whether these actions improve soil fertility and soil-moisture thus
enhancing crop productivity. The use of rain-fed agricultural practices versus
irrigated agricultural practices will be explored to understand if the additional
investment combined with the crop requirements of soil and water result in

feasible improvements in yield.

3. To what extent does the interaction of environmental and social factors
influence human decisions in the development and continued use of the

system?
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As has been discussed above, could the wetter climate conditions, proximity to
water resources and topography have encouraged the development of the
Engaruka system or did the economic benefits of such a labour-intensive system
encourage its continued occupation. Combining the information on the soil and
water and assessing the crop yield, this question will enable us to understand the
effect of the environment and labour needs on the maintenance of the system.
Based on ethnographic information and the use of decision-making principles, the
human decisions related to agricultural activities will be assessed in order to
understand the drivers of the decisions over time. Given the crop needs, water
resources available and sediments, would changes in the environment such as
droughts or flood events allow for continued use of the system? Or would the
labour requirements for maintaining the terraces and irrigation canals accrue a
greater cost in comparison to other economic activities? Or would it be a
combination of both factors? In combining the above questions we can therefore

assess the sustainability of the system over time.

This thesis therefore intends to develop as much as is possible, a comprehensive
and replicable technique for the archaeological simulation of dynamics of
agricultural systems that will result in comparative results. The modelling strategy,
based on the flow diagram and model will provide recommendations for the
collection of hydrological, archaeological, ethnographic and other environmental
data in order to guide future assessment of other agricultural systems. In looking
at the dynamics of past agronomies, ultimately the strategies developed in this

thesis will be targeted at contemporary development objectives.
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Chapter 2 Methodology and Results
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2.1 Overview

This chapter outlines the fieldwork conducted, the methodologies employed in
data collection and the results obtained. The areas of study in Engaruka, Tanzania
and Konso, Ethiopia are outlined and the rationale for their selection discussed.
This chapter focuses on the data and methodology obtained to support
development of agent-based models that would represent environmental and
social factors that could have influenced the Engaruka system. The methodologies
employed include archaeological excavations, topographic surveys, aerial surveys,
hydrologic surveys and semi-structured interviews and focus groups. The results
of these field studies are presented and discussed and the ways in which the data

can be incorporated into the model are summarised.

2.2 Introduction

In the study of historical water management systems and intensive agriculture, the
focus has been on the contexts that lead to the development of these systems such
as the political organisation, socio-economic factors and environmental conditions.
In studies conducted on the development of irrigated agriculture in Eastern Africa,
the reasons identified for the development of these systems ranged from
population dynamics, political organisation, conflicts and siege situations,
cooperative dynamics between communities, trade and economic factors, to
drought and water variability and soil and water conservation (Stump 2010b;
Westerberg et al. 2010; Widgren 2010; Watson 2009; Boérjeson 2007; Borjeson
2004; 0stberg 2004; Widgren and Sutton 2004). Some of these studies have looked
at the environmental impacts of these systems with the intention of influencing
development debates (Stump 2010a; Widgren 2010; Harrower 2008; Costanza et
al. 2007). In some ethnographic studies, the social and political dynamics of the
existing irrigation systems have been observed. In studies such as those by Watson
(2009) and Hallpike (2008) the social and political dynamics of the communities
involved in the management of irrigation systems were studied through
ethnographic observations. Other studies such as by Caretta (2015) in Tanzania,
look at the gender dynamics in the mobilisation of labour and political structure of

irrigation agriculture management.
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The majority of these studies focus on single factors that influenced the
development of these systems, either on the specific human or the socio-economic
or the environmental factors, to try and understand these systems. However, the
targeted focus on single factors can often skew our understanding of how these
societies and systems develop. In order to understand how the interaction of
human and environmental factors influences the development of these systems,
we need to look at the longevity, resilience and sustainability of the system, but it
is difficult to look at these concepts separately. This is because while these three
concepts are interlinked, they represent three different aspects of study for which
no one clear method exists. Longevity describes the length of time, but does
longevity equate to sustainability or resilience? And if a system is resilient does
that necessary mean it is long-lasting or sustainable over time? These and other
such arguments have been discussed in a variety of papers, an example of which by
Stump (2010a) looks at the interpretations of archaeological and ethnographic
evidence to support arguments on sustainability in development debates, and
notes that in some cases the same piece of evidence is used to support both sides
of the argument. This example shows the nuances that exist in the analysis and
interpretations of archaeological and environmental evidence. This is notable in
many studies on water-management systems in historical agricultural societies
which focus on distinct aspects of the systems and on the consequences of the
development of these systems on the human population or the environment
(Butzer and Endfield 2012, 3628; Westerberg et al. 2010; Harrower 2008; Stump
2006a; Borjeson 2004; Sutton 1998; Amborn 1989). In the end, the impact of the
interaction of human and environmental factors is still poorly understood. This
research is therefore important in that by incorporating both human and
environmental factors we can refine our understanding of the development of the
Engaruka system and its influence on both the society and surrounding

environment.

As has been detailed in Chapter One and in the paragraphs above, there are
multiple possible human and environmental factors that can influence the
development of the complex historical agronomies such as those found in
Engaruka, Tanzania. These factors interact in various degrees and with varying

influence resulting in a variety of scenarios for how and why a system developed.
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The use of agent-based models allows a variety of scenarios and factors that could
have influenced the rise and continued use of the system to be tested. The models
build on the available data to develop a picture of the dynamics of the water-
management system and the reasons for the establishment of the terracing and
irrigation infrastructure employed in Engaruka. In addition, the models present a
cost effective alternative to gathering all the data on the different factors. One of
the greatest strengths of the models is the production of answers on the influence
of different factors that other forms of data analysis cannot. Agent-based models
are applicable across many disciplines from ecology, where they can be used to
model population dynamics, to economics, where they are used to analyse current
and future market trends and investor behaviour (Crooks and Heppenstall 2012;
Macal and North 2010; Macal and North 2009). In this research, agent-based
models are used to assess the dynamics of a historical system where the
environmental and human factors can be analysed and interrelated over a spatial
and temporal scale across multiple scenarios. This involves assessing the dynamics
of the historical Engaruka system by utilising archaeological evidence, analysis of
hydrodynamics, digital elevation models and topographical data, qualitative data
analysis and agent-based modelling, to answer several questions. The three

questions to be addressed are:

o To what extent does the incorporation of irrigation canals and sediment
trap fields influence the hydrological dynamics and sedimentation

processes across the landscape and the irrigation system over time?

. To what extent does the modification of water movement influence crop

production and crop yields within the system?

° To what extent does the interaction of environmental and social factors
influence human decisions in the development and continued use of the

system?

While there are a multitude of factors that can affect the development of water
management systems, the model developed by this research focuses on the above
specific factors as they are believed to form the backbone of the system in
Engaruka. As described in Chapter One and in the sections below, the system was

made up of an extensive system of canals. These canals have an important role in

64



the diversion and movement of water across the landscape as well as the
sediments that are also transported with the water. In addition, the purpose of
irrigation is mainly in order to provide consistent water supplies to crops,
therefore the crops grown and their water requirements influence production. The
sediments transported also have an influence on soil fertility which influences crop
production, and the accumulation of sediments leads to the development of the
sediment trap fields. The decisions made by households and collectives of farmers
will then have an overall influence on the choice of crops, labour inputs and the

management of water.

2.3 Study Area
2.3.1 Engaruka, Tanzania

Engaruka is located north-west of Arusha, Tanzania at 35° 57' 45" E, 2° 59' 20" S.
The irrigation system is believed to have been in operation during the 15t to the
19t centuries (Westerberg et al. 2010; Stump 2006a).The site rests at the base of
the Rift Valley escarpment and is characterised by rapid changes in topography
from the plains at the Rift Valley floor to the steep slopes of the escarpment
foothills (Figure 1). The site covers an area of more than 2000 hectares and has an
extensive system of terraces and irrigation canals, which supported several
settlements in the area. The region has a bimodal rainfall pattern and currently
receives approximately 400 mm of rainfall a year. The topography also influences
the climate in the region, with the highland regions receiving much higher rainfall
at approximately 1000 mm per annum (Westerberg et al. 2010; Stump 2006a;
Homewood and Rodgers 1991). The vegetation at the base of the escarpment is
characteristic of open grassland savannah ecosystems with low Acacia trees and
shrubs, while on the hill slopes it transitions into woodlands and forests. The
escarpment is cut into by a series of gorges that contain the major rivers and
streams known as Olemelepo, Engaruka, ‘Intermediate north gorge’, Makuyuni and
Lolchoro. The Engaruka River is the only permanent water source with its source
high in the Lolmalasin mountains (Sutton 1998, 3). The Engaruka River and the
other seasonal rivers drain into the Engaruka basin, containing a shallow seasonal
lake (Dawson 2008). The abandoned field system is covered with irrigation

furrows set to take advantage of the available river sources(Figure 4), and indeed
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it is noteworthy that many of these irrigation channels drew water from what are

now palaeochannels that rarely contain water (Stump 2006a).

Engaruka field system
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Figure 4: Location of and extent of the historical Engaruka system with river
sources and village settlements. Source: National Geographic World Map (Sources:
National Geographic, Esri, DeLorme, HERE, UNEP-WCMC, USGS, NASA, ESA, MET],
NRCAN, GEBCO, NOAA, iPC)

It is also significant in terms of the hydrological modelling component of the
current project (see below and Chapter Four) that there are evident differences in
the form and function of field divisions in the lowland area of the site. Sutton
(1998) later termed these different field systems as the North, Central and South
fields after having carried out extensive archaeological surveys. These excavations
demonstrated that these three areas have distinct styles of field divisions while all
are comparable in the fact that they are all formerly irrigated arable plots. This is
significant to the current study because archaeological excavations within these
former cultivation areas conducted in 2002-3 demonstrated that the North

Fields - located to the north of the Engaruka River (see Figure 4) - were
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constructed by periodically capturing sediments that were carried within water

channels or canalised streams (Stump 2006a; Sutton 1998).

The differences in the details of field construction in Engaruka were due to the fact
that subtly different sequences of field construction could produce the same end
result where farmers could accumulate alluvial sediments using low flows over
comparatively small areas or instead utilised large flooding events to cover larger
areas. The farmers could then have gradually increased the depth of deposits over
this wider area over a period of years, decades, or centuries. In order to model this
process of sediment capture and the subsequent irrigation of the terraces
constructed in this way it is necessary to have detailed topographic data regarding
the size and shape of the channels through which these entrained sediments were
transported, the slope of the land surface both before and after sediment
accumulation, as well as details of the depths of the captured sediments, and to
cross reference all of these data sources to the size of the particles transported and
deposited, and any changes to particle sizes through time. This was achieved
through a combination of topographic surveys in the immediate area of the
excavation complemented by aerial surveys over a wider area, and by a
hydrological survey of current wet season river flows and of modern irrigation

channels that act as analogies for those on the abandoned archaeological site.

2.3.2 Konso, Ethiopia

Konso is located in the southern Ethiopian highlands at 37° 23' 30" E, 5° 18" 30" N.
The landscape encompasses over 200 km?2 of drystone agricultural terracing, and
rests within the Rift Valley and is characterised by a hilly landscape with steeply
sloped hills (Figure 5). The area has an extensive system of hillside terraces with
the majority of settlements comprising stone-walled villages located at the tops of
hills. In surveys conducted by Amborn (1989) in the late 1980s, a complex and
extensive terraced field system was documented in southern Ethiopia that formed
the Burji-Konso complex. The region is bordered by the Sagan River in the East and
South, and the Woito River to the West. The region experiences a dry, afro-
montane climate with a bimodal rainfall pattern with rainfall ranging from 300 -
900mm annually (Ferro-Vazquez et al.). The soils in the study area are volcanic in

origin and the geology of the Konso study area shows that the parent material is
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primarily basalt rocks. The topography has a significance influence on soil stability,
with the soils highly susceptible to erosion due to the steep topography; this has

resulted in many hillslopes exhibiting shallow soil depths.

| Konso settlements and terraced field system
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Figure 5: Location of the area of study in Konso, Ethiopia, which borders the

UNESCO world heritage site, Konso Cultural Landscape (2011).

The Konso system in Ethiopia is considered to be analogous to the Engaruka
system in Tanzania due to the similarities in the complex system of terraces and
canals employed in the water management and soil conservation practices of these
historical societies. Both systems employ the use of terraces to reduce slope,
reduce soil erosion, improve water retention and act as sediment traps. In the
Konso system, the society employs rain-fed agriculture and the terraces on hill
slopes were designed to trap and retain as much soil moisture on the slopes and
reduce runoff and hillside erosion. The terraces also have drainage channels
incorporated to enable runoff of excess rainfall and prevent damage to the
terraces. Closer to the river banks and in the valley floors, floodplain irrigation is
practiced with sediments trapped in yela fields to trap both the water and

nutrient-rich sediments (Figure 6).
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Figure 6: A section of the Konso system of terraces and canals showing hillslope
terraces with drainage channels and a valley floor with yela fields that trap water

and sediments.

The soil and water conservation practices employed by the Konso society are
important in understanding the decision-making involved in the management of
this and other analogous systems. In order to model the development of the system
in Engaruka, it is important to understand the strategies employed by households
and communities to maintain these water-management systems. Qualitative
methods were employed in order to obtain data on the strategies employed by the
Konso society, this data informs the decision-making component of the model as

the Konso system is considered analogous to that of Engaruka.
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2.4 Archaeological Site mapping
2.4.1 Methodology
2.4.1.1 Archaeological excavations

The excavation site in the South Fields- i.e. the former cultivation area located to
the south of the Olemelepo Stream (see Figure 4) was selected as it was highly
probable that there were similarities in sediment capture processes in these fields
as those carried out in the North fields. Reconnaissance activities found deeply
incised gullies that exposed sediment layers and sections of field walls, suggesting
deep alluvial deposits similar to those in the North fields. The stratigraphic and
geoarchaeological work conducted focused on defining the process of field
construction and subsequent cultivation as well as surveying the areas
immediately surrounding the excavation locations in order to produce the
topographical details necessary to support the modelling of the hydrological and

sediment capture processes involved.

The terraces of interest in the Engaruka system were identified and excavated to
expose features and understand the processes by which fields were constructed
and cultivated. In order to achieve this, the excavation methodology involved the
targeted investigation of drystone field walls and stone cairns (in this case rock
piles faced with drystone walls) that were either visible on the current ground
surface or revealed in the sides of recently incised gullies. Different depositional
events or construction events were identified during excavations and each was
assigned a unique record number i.e. context number. These unique record
numbers were also used identify artefacts or soil samples retrieved from the
different layers of depositional events. Removal of deposits such as during
construction of irrigation features such as ditches were also assigned unique
record numbers. In several locations it was necessary to excavate more than one
cross-section through the same man-made construction, for example to
demonstrate in which direction water would flow along an irrigation channel, and
in such instances the same events revealed in the different cross-sections were
assigned different numbers to allow comparisons between the artefacts or geo-
chemistry at different locations along the length of the feature. Pre-printed record

sheets were used to record observations for each unique event identified. Details
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included in the record sheets comprised of observations concerning the nature of
the event, its relationship to other events, and notes on sediment characteristics
and recovered artefacts found. The record sheets also included cross-referenced
information on related soil samples, photographs and scaled drawings. Cross-
sections (hereafter referred to simple as ‘sections’) were drawn on waterproof
drafting film at a scale of 1:10 cm, and plans (i.e. overhead map views) of
individual excavated areas were drawn at a scale 1:20 cm, with the locations of
these plans and sections recorded via either a GPS (Global Positioning System)or
total station theodolite (TST) as outlined below. Once excavation was complete the
reconstructed sequence of all excavated events was compiled into a single
stratigraphic matrix in order to try and understand the sequence of events for the

recorded stratigraphic data.

2.4.1.2 Topographic Surveys

Archaeological surveys now commonly incorporate the use of Post Processed
Kinematic (PPK) GPS, Mapping Grade GPS and a Total Station (Kavanagh and Bird
2000, 257-264), and surveys conducted in Engaruka and Konso employed a
combination of these techniques. The topographic surveys employed the use of the
Leica SR20 PPK GPS and the Trimble Geo7X differential GPS (dGPS) devices. PPK
surveying uses one static antenna that is used to monitor how satellite movement
and atmospheric conditions are altering the GPS signal, and a roving antenna that
is used to move from one survey measurement to the next. PPK surveying applies
post-processed inferential correction rather than correcting in real time, and is
used over smaller distances because the conditions further away from the base
station will become too different to allow accurate measurement. A total station or
TST (total station theodolite) is an electronic/optical instrument used in modern
surveying and building construction. The total station is an electronic theodolite
(transit) integrated with an electronic distance meter (EDM) to read slope
distances from the instrument to a particular point (Kavanagh and Bird 2000, 257-

264) as well as recording elevation data.

The survey of each site in Engaruka and Konso was carried out primarily using the
Leica and Trimble GPS devices with coordinate data relating to various

topographical, archaeological and survey recorded. Topographical maps of the
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area were used to identify features prior to the start of field work. Identified
features within the site were then marked and their GPS coordinates recorded
using the two GPS devices and the Leica Total Station. Features identified and
recorded included the terrace walls, settlements, irrigation canals, gullies and
other features relating to agricultural practices. The Leica GPS, a survey grade GPS,
was primarily utilised to record the archaeological details at a high resolution
particularly in areas of excavation as well as features smaller than 0.5 metres,
while the Trimble GPS, a mapping grade GPS, was used to record details across the
landscape and at a slightly coarser resolution of above 0.5 m. At the completion of
the season of fieldwork, the coordinate data collected was downloaded and post-

processed to improve accuracy (see below).

2.4.1.3 Aerial Surveys

Aerial surveys present a cost-effective survey method allowing users to record
archaeological evidence and develop terrain models such as digital elevation
models (DEMs) at a high resolution for analysis (Javernick et al. 2014). The use of
unmanned aerial vehicles (UAVs) to conduct surveys is a relatively new technique
that has recently gained importance in environmental and ecological disciplines
(Rippin et al. 2015; Hugenholtz et al. 2013) and offers great potential benefits in
the archaeological disciplines. The UAV surveys have a potential benefit over
traditional piloted aerial surveys in terms of costs and also resolution of the
images generated (Rippin et al. 2015; Javernick et al. 2014; Snavely et al. 2008).
The aerial surveys also provide a bridge in the resolution scale between satellite
imagery and terrestrial topographic surveys combined with the flexibility in the
resolution generated for multi-scale mapping (d'Oleire-Oltmanns et al. 2012). The
aerial survey conducted in Engaruka, Tanzania involved deploying a DJI Phantom 2
quadcopter mounted with a high definition GoPro Hero3+ Silver Edition camera
and the resultant images analysed using Structure-from-Motion software packages
to generate point clouds before being input into ArcMap 10.2 to produce DEMs

(see below).
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Figure 7: Aerial survey flight pattern over areas of interest in the North and South

fields, showing the placement of ground control points

The Engaruka field system covers an extensive area which would have required
multi-day data acquisition to ensure the site is fully covered, however time
constraints and rough terrain limited the aerial survey to specific areas of interest
in the south and north fields (Figure 7). Surveys were conducted in 2016 in the
North and South fields, in a North-South flight direction to take into consideration
the influence of light on processing of the aerial images. The aerial photographs
were taken at a near vertical angle (< 3°) to minimise the possibility of point cloud
noise that the vegetation could generate. An overlap of 60% and side-overlap of
30% was the target for the images over a series of survey lines covering the site
(Figure 8). This overlap was achieved by limiting the distance between flight paths
for each sector within the sites being surveyed, with flight paths approximately 20
metres apart. Each section of the specific sites in the North and South fields was
divided into sectors for ease of survey where each sector had approximately 10
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ground control points (GCPs) to provide referencing points for the images in post-
processing. These GCPs were established using 13cm diameter white plastic plates
with crosses of made of bright, contrasting colour overlaid on the plates. Survey
height was approximately 25 m to ensure fine resolution of the images produced.
Survey height was observed and maintained through the use of a handheld
electronic tablet device that communicated with the quadcopter and provided
information on the height and speed of the quadcopter as well as allowing the user

to view the aerial images as they were being collected.

Figure 8: Aerial Survey photograph overlays showing an overlap of 60% (red and

blue rectangles) and side-overlap of 30% (blue and green rectangles)
2.4.2 Analysis

After the fieldwork seasons were completed, coordinate data collected during
topographical and aerial surveys was downloaded. The results of these surveys
were post-processed by georectifying the data for inclusion into multi-scale
Geographic Information System (GIS) databases. Post-processing involves the
comparison of time-coded signals from the GPS (rover) device, which are used to
determine the coordinate positions measured in the field, with those received by a
fixed reference (base) station with known coordinates in the same region.
Coordinate data are determined using the Global Navigation Satellite System
(GNSS) by comparing time-coded signals from a minimum of four networked
satellites in the area where data is being collected and triangulating a theoretical
position based on the time taken between transmission and reception of the
satellite signal. By comparing the coordinate data from the rover GPS devices with
those from base stations, the data was georectified to improve the accuracy of the

coordinates collected.
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Aerial survey image data was also downloaded and processed using the Agisoft
Photoscan Pro 0.9.0. The development of high resolution digital elevation models
(DEMs) utilising photogrammetry techniques has benefited from recent advances
in survey and remote sensing methods. The use of Structure-from-Motion (SfM), a
novel digital survey and photogrammetric technique, enables users to generate
high resolution DEMs at a lower cost than comparable terrestrial surveys
(Javernick et al. 2014 180). The term SfM describes a technique that allows for the
reconstruction of a three dimensional model using a sequence of two dimensional
images taken from multiple camera positions (Rippin et al. 2015, 3; Snavely et al.
2006, 839). The SfM software packages enable the user to load images and process
the data to produce quality DEMs. This research utilises Photoscan (0.9.0) because
of its user-friendly interface and the results of studies that have generated high

quality data utilising the software (Javernick et al. 2014, 167).

The aerial survey images were processed using the established workflows in the
Photoscan software (Figure 9). The images were imported into a Photoscan project
and poor quality images were removed. The images were aligned utilising the
camera angles and time frames before camera alignment was optimised. A dense
point cloud was built from the aligned camera positions before building geometry
i.e. Mesh of the landscape features. The surface features were then overlaid on the
mesh by Building the Texture. In order to effectively georeference the images, after
the initial camera alignment and building the dense point cloud, Build Texture was
utilised and the GCPs visible within the landscape were georeferenced by assigning
their georectified coordinate data, based on the projection system used for the
coordinate data. The Build Mesh and Build Texture tools were then used to
reanalyse the images at higher resolution to provide a georeferenced orthomosaic
of the landscape. The orthomosaic images were then exported for use in ArcGIS

10.2 as tagged image file format (TIFF) and digital elevation model (DEM).
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Figure 9: Photoscan workflow for photo-stitching and georectification of aerial

survey image data

The data from the archaeological excavations, topographical surveys and aerial
surveys were processed using ESRI ArcGIS 10.2 to develop maps of the
archaeological features and surrounding landscape. In addition, the DEMs created
were analysed using the ArcGIS raster calculator tool to determine the accuracy of
the photostitched images. DEMs are single dataset files containing elevation data
and are stored in a GIS database as raster or GRID image file or Triangular
Irregular Network (TIN) format, which are vector surface models. The DEMs
created were analysed using existing DEMs which can be obtained from various
institutions such as the United States Geological Survey (USGS). These DEMs are
georeferenced to a known geographic or projected coordinate system and pixels in
the images are attributed height values. The DEMs primarily used for most of the
analysis in this research were obtained from the USGS EarthExplorer the ASTER
GDEM V2 released in 2011 with a resolution of 30 metres (1 arc-second) and the
SRTM Void Filled released in 2012 with a resolution of 90 metres (3 arc-second).

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
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Global Digital Elevation Model (GDEM) was developed jointly by the U.S. National
Aeronautics and Space Administration (NASA) and Japan’s Ministry of Economy,
Trade, and Industry (METI). The Shuttle Radar Topography Mission (SRTM) was
developed jointly by the National Aeronautics and Space Administration (NASA)
and the National Geospatial-Intelligence Agency (NGA), the Void Filled elevation
data was the result of additional processing to improve areas of missing (NASA_]JPL

2012; NASA_LP_DAAC 2011).

2.4.3 Results
2.4.3.1 Engaruka

The excavations and topographic surveys conducted in 2014 in Engaruka were
primarily focused on the South fields region and the village platforms that
overlooked the site. The excavations and surveys conducted in the South fields
focused on a field terrace area that had dry-stone walls on three sides and was
bisected by a gully which on investigation was considered to be a previously-filled
palaeochannel that reopened due to gully erosion (Figure 10). The field terrace
studied covered an approximate area of 6,000 m2 and archaeological excavations
revealed the existence of a series of irrigation canals and stone-bound fields in the
south fields that were distinctly different from those found in the North fields by
Stump (2006a). The three dry-stone walls identified exhibited different
characteristics relating to their different roles. The primary terrace wall located on
the western side of the field terrace ran approximately 80 metres and separated
one set of fields from another. The primary terrace wall functioned as a revetment
wall, acting as a barrier to allow for the capture of sediments in the upper field

terrace.
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Figure 10: Map of study area (highlighted in blue) in the South fields outlining the
field terrace, excavation areas and other archaeological features noted across the

landscape

Excavations along this wall, as outlined in Figure 10, found that this wall was not
free standing and was not a later addition to the sediments accumulated; instead
the walls were inclined such that they rested against the layers of sediments that
accumulated behind them and courses were added to the wall as the sediments
accumulated. This wall also had the additional function of forming part of the
stone-lined irrigation canals used to facilitate the diversion of water from the main
water channels into the fields. The irrigation canal utilised this wall to form one

side of the canal with the opposite canal wall extended as needed (Figure 11).

The dry-stone wall south of the field terrace and running near-perpendicular to the
primary terrace wall in a south easterly direction (Figure 10) was found to
function primarily as an embankment wall, with evidence of a water channel found
on one side of this wall, running along its course downslope before turning north-
eastwards and merging with the eastern embankment wall. The wall could have
therefore functioned to prevent the water channel from overbanking onto the field

terrace during periods of high water flows while also acting to trap sediments
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within the field terrace. The dry-stone wall on the eastern side of the field terrace
was another embankment wall however this wall differed from the southern wall
in that it comprised a set of two walls with the space between the two walls filled

with gravel material.

Figure 11: Primary terrace wall (in the background of the image) showing several
courses of construction, while in the centre of the image, courses of the irrigation
canal wall can be seen. The primary terrace wall functioned both for sediment

capture and as one wall of the irrigation canal that ran in front of it.

The aerial surveys conducted in 2016 were used to develop high resolution
imagery using SfM techniques. In a comparison with the ASTER GDEM, SRTM Void
Filled and Quickbird satellite imagery, the photo-stitched aerial survey imagery
had the highest resolution at 0.25m this is in comparison to the satellite imagery

that had a resolution of 0.7m and the GDEM and SRTM at 30 m and 90 m
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respectively (Table 1). The higher resolution allows for smaller archaeological

features to be assessed within the context of the wider landscape.

Table 1: Comparison of resolution of image datasets for analysis of topography and

archaeological features

Dataset Resolution (metres)
SRTM Void Filled 90

ASTER GDEM 30

Quickbird Satellite image 0.7

Aerial Survey image 0.25

Analysis of the aerial survey images reveals additional details on the pattern of
placement of irrigation canals and sediment trap fields within the landscape.
Adjusting the colour spectrum on the images also allows for more features to be
observed (Figure 12) showing sequences of fields that were otherwise unclear. The
irrigation canals were angled to take advantage of gravity to support the
movement of water, with canals built heading downslope and the angle of the off-
take for the irrigation canal improves discharge while minimising possible damage

to the channel walls.
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Figure 12: Orthomosaic photo of aerial survey imagery from Engaruka, in the
South fields at scale of 1:1,250. The high resolution imagery reveals a series of
stone-bound fields and irrigation canals with little degradation of the image as

compared to satellite imagery at the same resolution

The irrigation canals were set at oblique angles to the natural water channels, with
the approximate angle for the off-takes at 120°. The stone-bound fields were also
angled away from the irrigation canals this allows water to be diverted into the
stone-bound sediment trap fields at a fast enough rate to cover the field without
causing damage to the field walls. The irrigation canals were also spaced out along
the water channels to ensure adequate coverage of the fields before any additional

water was carried out of the system downstream.
2.5 Hydrology

2.5.1 Methodology

The hydrological and sediment sampling was conducted in May 2015, after the
long rains that usually occur between March - May, conditions during this period
were dry with no storms or rainfall incidences during the sampling period.

Sampling encompassed sections of the Engaruka and Olemelepo Rivers as well as
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irrigation canals that fed into the modern section of the Engaruka farming area.
The samples were collected after the rainy period had ended, during moderately
warm weather during which there were no storms within the Engaruka area. The
Grab method was used to calculate the amount of suspended material. This
involved taking water samples of known volume, and pumping the samples
through a pre-weighed filter. Weighing the dried filter afterwards gave the
sediment content in weight per volume (Davie 2008; Hudson 1993, 79).
Measurements were conducted at several points along the Engaruka River as well
as at points along the off-take channels and focused on the water body with bed-
load (i.e. particles transported along the river bed through rolling, gliding or
saltation) considered to have negligible effects (Figure 13). Five replicates were
collected at each sampling point and the dimensions of the Water channels, water
depth and pH of the water was also measured at these points. After fieldwork, the
samples were air dried in a fume hood to prevent contamination for a week. The
dry weight of the samples was then recorded using an analytic balance accurate to

0.01 grams.
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Figure 13: Hydrological and sampling practice showing a) the collection of
sediment samples using the Grab method, b) one of the irrigation canals leading
into the modern fields sampled for sediments and to determine water channel
dimensions, and c) water depth and river channel width measurements using a

tape measure and ranging pole across the river channel.
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2.5.2 Analysis

The dimensions of the gullies and canals, obtained from the topographic surveys,
were used to calculate water flow rates within these channels. The gully, which is
believed to be a former palaeochannel, was surveyed at eight points along its
course which was adjacent to the field terrace studied during the 2014 field study
(Figure 10). The adjacent canal was also surveyed. This was in order to assess how
much water could effectively be transported through the channels as well as the
influence of flow rates on sediment transportation and deposition. Flow rate in the

channels was estimated using Manning’s equation (Eq. 1) (Robert 2014, 31):

k 2
Q = —*(R)?*\/E*A
n Equation 1

Q represents the water discharge (m3 s'1), A is the cross-sectional area (m?), R is
the hydraulic radius (m) and is equal to A/P. P is the wetted perimeter (m), S is the
slope of gradient of the stream bed (m m-) and n is the Manning’s roughness

coefficient (dimensionless).

| Q

Equation 2

V represents the velocity (m s-1) of the water flows through the channels is a

function of the water discharge Q and the cross sectional area (4).

Total suspended solids (7SS, mg L-1) were determined as the difference between
the dry weight of the filtered sediments and the filter as a ratio of the water

volume:

Ry — Fy Equation 3

Ry is the dry weight of the residue of the filter (mg), Fw is the dry weight of the

filter alone (mg) and W; is the volume of the water sample in litres (L).
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The results of the analysis of total suspended solids were statistically analysed for
variances in the volumes of suspended sediments along the channels using ANOVA

testing.

2.5.3 Results

Based on the channel dimensions and a probable maximal water depth
corresponding to the tops of the channels, the water flows within the gully were

found to be higher than those from the neighbouring canal (Figure 14).
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Figure 14: Velocity of flows within the channels approximated using channel

dimensions obtained from topographic surveys

The water flows increased incrementally from the upper reaches of the gully to the
downstream before decreasing as the channel narrowed and became shallower.
The water flow rates within these channels fall within Hjulstrom diagram values of
0.2 - 5.0 m/s for the transportation of sediments, particularly clays and silts and
fine sands. The flow velocity within the channels was also low enough to prevent

erosion of the channel surface.

Table 2: Dimensions of the channels surveyed, cross-sectional area and slope

Channel type Cross-sectional Area | Channel slope (m/m)

(m?)
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Gully / Palaeochannel 0.91 0.028

Canal 0.78 0.016

The differences between the flow velocities in the gully and canal can be related to
the differences in channel dimensions with the gully having a wider and deeper
channel as compared to the canal. In addition, the gully had a slightly steeper slope
as compared to the canal which would have resulted in higher flow velocities

(Table 2).
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Figure 15: Total suspended sediments determined along the contemporary

Engaruka and Olemelepo rivers and neighbouring irrigation canals

The Total Suspended Sediments within the river channels differed significantly
along between the river channels and the neighbouring canals [F (13, 56) = 2.57, p
= 0.007] (Figure 15). The Engaruka river also had significantly higher TSS values
as compared to the Olemelepo river. This could have been due to the nature of the
channels particularly in relation to channel surface roughness. The river channels
were noted to have gravel bottoms and vegetation along the banks which would
act to prevent the erosion of material into the water channel. The irrigation
channels on the other hand, were earthen channels and the channel banks tended
to be bare allowing for the erosion of sediments into the water column. The water
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depth fluctuated along the course of the different channels, however, there was no
significant correlation between the water depth within the channels with the

volume of sediments transported.

Based on studies conducted by Stump (2006a), the soils in the Engaruka field
system are believed to have accumulated through sediment accumulation in the
fields from suspended material that was transported in the rivers and irrigation
canals before being discharged onto the fields. The transport and capture of
sediments across the Engaruka landscape are closely related to the hydrological
dynamics of the river channels and irrigation canals utilised by the farming society.
This ties closely with the flow rate of water within the channels as the fast moving
water will transport larger pebbles while slower flow rates would be transport silt,
sand and clay (based on interpretation of the Hjulstrom-Sundborg diagram)
(Miedema 2010; Sundborg 1956). This means that it is likely that the sediments
were transported in proper suspension, i.e. not through rolling, gliding or saltation.
In this way, the desired sediments would be carried in the channels and deposited

in the fields.

2.6 Farmer decision-making

As discussed in Chapter One and the sections above, the socioeconomic factors and
decisions made by households and the overall social structure involved in the
management and development of an irrigation system play an important role. In
order to understand the choices involved in water and labour allocation, choice of
crops and response to shocks or uncertainty within an irrigation system, the
society involved in the development and management of the system, needs to be
understood. However, the decision-making processes that influenced the
development and expansion of the Engaruka society would be difficult to assess as
the system has been abandoned and the current occupants in the surrounding
region bear no common ancestry with the previous occupiers of the irrigation
system. In order to try and assess this historical society, qualitative research on
communities and societies that employ water- management practices similar to
the historical Engaruka irrigation society can provide insights on the decisions
involved in the management and development of the system, for example, the

Konso of Ethiopia. In addition, local perceptions within the contemporary
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Engaruka communities and their responses to existing environment conditions
were also assessed to take into consideration local contemporary decision-making
in water management. The findings of these studies can then be collated with data
from other research as outlined above to develop an agent-based model of the
possible decision-making scenarios employed by the historical Engaruka society

that influenced the development of this system, as discussed in the sections below.

However, there are some issues in the use of modern rules of a community’s
behaviour to infer past behaviour of other similar communities from them. While
analogous communities both in terms of geographical or cultural contexts present
an important resource in highlighting practices of past societies, there is the
assumption of continuity in cultural knowledge and motivations of these
communities (Sillar and Joffré 2016, 657; Lane 1994, 57). There is thus the
possibility of assuming that the practices employed have not changed over time
and are static in the face of environmental and social factors. In addition, these
interpretations can fail to identify unique practices that were employed by the past
communities that may have been lost to the modern ones (Minnis 2004, 254). One
of the positives of the use of modern ethnographic studies is that it can also
capture variations in practices that would otherwise not be notable through
reliance on the archaeological evidence alone lane (Lane 1994, 59). In this way the
research can expand interpretations on the practices employed by past societies.
Thus, in order to try and avoid some of the pitfalls discussed above, the research
conducted focused on the variety of actions and activities that the farmers in these
modern communities would engage in and their responses to environmental
factors for irrigation management. In this way the research does not try to infer
cultural motivations that might not necessarily be true of the historical community

and allows for variations in practices.

Within the context of the main research aim, the qualitative surveys intend to
address the question: What were the preferred strategies and practices for the
management of water and labour and in response to uncertainty in the terraced and

irrigated landscapes of Engaruka, Tanzania and Konso, Ethiopia.

The community in Konso has been the subject of previous studies by Hallpike

(2008) and Watson (2009) as they are considered an example of long term
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sustainable intensive agriculture with the community believed to have been in
existence for over 500 years. The contemporary community in Engaruka is an
example of intensive agriculture, particularly in water management and scheduling

practices where water allocation and scheduling play an important role.

2.6.1 Methodology: Interviews and Focus Groups

Data was gathered in two communities, Engaruka, Tanzania and Konso, Ethiopia
between 2014 and 2015. The respondents for this research were selected based on
a combination of discussions with local community representatives and research
into the communities in the study areas. In the study conducted in Engaruka, a
sample of ten farmers was interviewed, with the respondents selected after initial
discussions with identified community leaders and on the advice of local assistants
who have worked on previous ethnographic studies conducted in the area. In the
Konso study, a total of 27 farmers were selected based on discussions with local
community leaders and community selection of representatives. The qualitative
methods employed included ten interviews in Engaruka and in Konso, six
interviews and two focus groups made up of ten people in each focus group were
conducted. The difference in the number of respondents in the two study area was
because in the Engaruka study, only interviews were conducted while in Konso a
combination of interviews and focus groups were conducted. Respondents in the
focus groups and interviews did not overlap, such that no respondent participated
in more than one interview or focus group. The criteria for the selection of
respondents included was primarily focused on those actively farming, residing
within the study area, and engaging in intensive agricultural practices of irrigation
and terracing. This resulted in a respondent pool of mixed genders and different
age groups. In order to provide focus during interviews a series of set interview
guide questions were prepared to ensure the topics of interest were sufficiently
explored. In Engaruka, the interviews focused on irrigation water scheduling and
maintenance of fields and canals. In Konso, interviews and focus groups focused on
the theme of energetics i.e. the amount of time and energy invested in farming and
maintaining the hill slope terraces and the yelas. The concept of energetics
encompasses issues of energy and time and their influence on resource utilisation
(Worthman 2003, 294). Information to guide questions on soils was obtained from
literature from previous studies conducted in Engaruka and Konso that described
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general characteristics of the soils in the regions (Westerberg et al. 2010, 311;
Amborn 1989). In addition, representative soil samples of the different soil types
were collected and used to support the respondents’ descriptions and ensure
consistency in reporting, particularly in cases where a soil type was known by

different local names.

Respondents were only interviewed once and there must be noted the possibility
that responses might be distorted due to personal biases as well as the possible
personal dynamics that could have arisen within the mixed-gender focus groups.
In order to counter this possible distortion, triangulation, i.e. using more than one
method to collect data, was utilised to improve the assessment of the findings and
to capture different dimensions of the findings (Barbour 2001). This included the
use of a combination of interviews and focus groups with quantitative data and
field observations. As outlined below, the interviews and focus groups covered a
variety of themes to build an overall understanding and gain insight into
respondents’ practices. In addition within the focus groups, to reduce the risk of
individuals within the group being excluded, respondents were usually asked to
give their opinion on an issue individually and then allowed to discuss as a group
to allow for consensus or contradicting opinions to emerge. However, as outlined
above, the main focus of this study was on identifying the preferred practices and
responses employed by the respondents in managing water allocation, labour and

energy requirements in their farming.
Research activities

Interviews in Engaruka were conducted in Kiswahili and in the Maasai language
with the aid of a translator, recorded and transcribed with the help of assistants.
The discussions conducted covered three main themes: Irrigation practices, soil
characterisation and farming practices, and responses to extreme events (Table 3).
In order to streamline soil characterisation, samples of the different soils identified
were collected and used for the purpose of soil type identification by respondents.
The age, gender, primary occupation and ethnic identity of the participants were

also recorded.
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Table 3: Summary of Interview guiding questions for the interviews conducted in

Engaruka, Tanzania

Farming and Irrigation Practices

1. Please explain the process you follow in preparing your fields/ farm for

irrigation?

a. Do youremove stones?

b. Do you add manure?
2. Do you have smaller furrows in the farms to direct water to the crops?

a. Ifnot, please explain why?

b. Ifyes, please explain how you arrange the small furrows in your farm?
3. Do they allow for fallowing between planting seasons?
4. Do they practice crop rotation?
5. Do they incorporate additional inputs such as manure or fertilisers in the soil?
6. What do they do with the manure in the animal pens?

7. After harvesting, do they allow livestock to go through the farms and eat the

crop remnants?

8. Was the water management practice of irrigation scheduling developed by the

community?

Soil Characterisation

1. Please explain the different types of soils that you are aware of in the Engaruka

farms?
2. Can you describe the different soils? Texture? Colour? Quality?
3. What crops that you can grow on the different types of soils?
4. Do you add manure to the soils?

5. Are there any practices you employ to ensure the soils remain fallow?
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Extreme Weather Events

1. Please explain any floods and droughts that have occurred? The time period?

2. What do you do if your farm does not receive any water from the irrigation

system?

3. What do you do if there is a drought or there is extreme rainfall or flooding?

Interviews and focus groups in Konso were conducted in the local Konso dialect
(Konsinya) with the aid of a translator, recorded and transcribed with the help of
assistants. The discussions conducted covered three main themes: energetics,
terrace history, construction and maintenance, and landscape and climate i.e.
responses to extreme events (Table 4). In some cases, to ensure accuracy of
description, respondents demonstrated the activities and practices they employed.
The age, gender, primary occupation and tribal or clan affiliations of the

participants were also recorded.

Table 4: Summary of Interview guiding questions for the interviews and focus

groups conducted in Konso, Ethiopia

Farming and Energetics

1. Do the participants own land within the village territory or outside of it? Where

do they own land?

a. Do they have more than one piece of land? If so, how many, are they all

in the same place? And how far are they from the homestead?

b. Do they farm all their pieces of land? If not, why did they choose not to

cultivate some?

c. Do they farm land other than their own? If so, is it in the same place(s)?

Do they use it for the same thing(s) as their own land?
2. Have they stopped using some of their fields for farming? If so, when and why?

3. How many villagers have left the current area to farm in other areas? Do you

91




know why?

4. How long does it take the participants to move from the village to their piece of

land or from one field to another? How long does it take to return?
5. What do they do if there are very heavy rains or very dry periods?

a. Do the terraces and other walls usually survive very heavy rainfall

events?

b. How much do you have to rebuild the terrace walls each year due to

rainfall damage?

6. What activities do they undertake during each part of the agricultural cycle and
how much time and labour do they allocate to each? Do the activities vary
between the different seasons and why? Who carries out these different

activities?

Seasons: a) Bona (December to February; Dry season); b) Katana/ Sorora
(February to June; Long rains); c) Masana (July to September; Dry season) and

d)Hakayta (October to mid-December; Short rains)

Activities:
a. Before the long rains? d. When harvesting?
b. When preparing the fields? e. After harvesting?

c. When planting and weeding fields?

7. How do they allocate time and labour for the different activities? (Follow up if
no clear response: e.g. continuously or in intervals?) What different things do
they do to allow them to carry out more strenuous activities in the field? (E.g. to

follow up - beer for work parties etc.)
8. Do different crops have different time, resource and labour needs?

a. Do they grow different crops on different farms or during the different

parts of the agricultural cycle? If so, which and why?

b. Do they grow different crops in the terraces and the yelas or on different

soils? If so, which and why?
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c. Do they plant more crops during the long or short rainy seasons? If so,
why?
d. Do they apply manure or ash to their fields? Does this differ between the

terraces, yelas and village gardens? What are their reasons?

e. Do they practice fallowing, intercropping or crop rotation? What are

their reasons?

9. Do they have different activities that they follow at different times of the day i.e.

in the morning and in the afternoon?

a. Schedules of what they do in the morning, lunch, afternoon and evening

during the different seasons.

10. During the growing season, how much time do they spend on their different
fields? How do they decide? (E.g. follow up: Is this dependent on how much
yield they get or anticipate getting?)

11. What is the division of labour in farming and terrace construction and

maintenance? Use of group working?

12. What is the construction and maintenance process for the hill-slope terraces?

Yelas? Kabas (irrigation canals that direct water into the Yelas)?

a. What do they usually do and to maintain the terraces, kabas yelas? And

which period do you carry out these activities?

b. How many people and/or how much time does it take to build or repair

a damaged terrace, Yela or Kaba?

Terrace history, construction and maintenance

1. Have the terraces and yela fields always been on the participant’s land? Were
they in use throughout their lifetime? Can they estimate how long they have

held the land in their family?
2. Do they still use the terraces and Yelas?

a. If they still use terraces and Yelas, why do they do so? What are the

advantages and disadvantages of using the terraces (and Yelas)?
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b. If they stopped using the fields or terraces and yelas, when did they stop
using them and why did they do so?

c. Did they stop using the terraces and yelas at the same time or in

sections and why?

d. Do they continue to maintain the terraces even though they are not in

use?

3. Are there different types of terraces? How and why are they different? (E.g.
follow up- how do you decide how wide a terrace should be/how tall the walls

should be?)

4. Have the walls/courses of the terraces or yelas been raised or added to? If so,

how much effort does it take?

5. What is the process for water offtake when using the Kabas? Who decides and
how do they decide who gets the water? Is there a schedule for offtake or is it

as per the farmer’s discretion? Who decides who gets water?

2.6.2 Thematic Analysis

The data from the respondents were anonymised using a coding system to protect
the identities of the respondents. In addition, the anonymization system was also
used as an identifier when discussing the findings. The data were then analysed for
the emerging themes following grounded theory using the Glaserian approach
(Alasuutari et al. 2008, 470-473; Heath and Cowley 2004; Glaser 1998). This
approach involved preliminary scanning of the responses and then the
development of initial codes and themes that emerged from the data as well as
based on pre-existing literature. These initial codes were then further scrutinised
and selective codes developed; the codes developed were supported with memos
that expound on the underlying themes and categories. These codes were then

categorised into themes and assessed to determine the overarching themes.

2.6.3 Findings
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The overview of findings for each of the case studies is outlined below, and the
themes emerging from the study are discussed further below. The total number of
female respondents in both studies made up 46% of respondents while male
respondent made up 54% (Table 5). The interviews in Engaruka comprised of 4
women and 6 men, while in Konso the interview respondents were equally
dividedbetween the genders i.e. 3 men and 3 women. In Konso, each focus group
was made up of respondents from the same village with one focus group of five
women and men from Kuile village while the other focus group of six men and five

women was from Geldime village.

Table 5: Number and Gender of respondents in the qualitative study

Study Female Male Total
Engaruka, Tanzania - Interviews 4 6 10
Konso, Ethiopia - Interviews 3 3 6
Konso, Ethiopia - Focus Groups 10 11 21
Total 37

2.6.3.1 Case study: Engaruka

Discussions and interviews found that the Engaruka community has an intricate
irrigation and water-allocation system that relies primarily on the Engaruka River
as the water source. The area is divided into two major regions of Engaruka Juu
and Engaruka Chini where each region is allocated 12 hours per day of access to
the water. Further, Engaruka Juu, is subdivided into seven smaller villages where
each village is allocated water on a rota of 3 or 4 days. This means that typically,
access to water for irrigation occurs every 21 days for a given farm. In addition,
farmers growing vegetables/horticultural crops such as onions and Chinese
cabbage were allowed one hour of water access every day. The irrigation practices
employed by the Engaruka community are seen to be a response to the local
environmental conditions. A majority of respondents identify as predominantly
pastoralist and farming is seen as a means of providing an additional food source

and income. The enforcement of Ujamaa system in the 1970s resulted in the forced
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settlement of the migratory communities of the Maasai and Somali in the Engaruka
area which also played a role in encouraging the uptake of farming. The low
rainfall experienced in the region is likely to have played a role in the development

of the irrigation system employed by the communities.
Irrigation Practices

The irrigation protocols employed by the participants, prior to water allocation,
involve clearing debris in any feeder irrigation channels within the farms as well as
tilling of the soils and bolstering the contours. The contours allowed the water to
be trapped within the farms and allow for the water to infiltrate into the soils. The
reasoning behind this was noted as primarily to prevent soil erosion with some
respondents saying that they “build contours at the far end of their farms to
prevent the water from just running through and carrying away the soil”. Other
participants noted that the contours trapped water and allowed it to infiltrate
slowly into the soils, maintaining soil moisture for longer. This points to
respondents understanding of soil and water conservation and provides insight in
to the possible decision-making processes involved in the management of their
irrigation system. If we relate this to the historical Engaruka system we can see
how the need to conserve water and improve soil moisture as well as prevent soil
erosion could have played an important role in the historical communities’
decision to employ stone-bound sediment trap fields for soil and water

conservation.

Water access within the community studied has a great influence on the crop
productivity some respondents stating that “the allocation system affects the crops
grown and the planting schedule as one must wait for water access”. As mentioned
above, the water-allocation rota means that each village receives water every 3 or
4 days with individual farms receiving water approximately once every 21 days.
While the farmers were able to rely on receiving a consistent supply of water, the
adequacy of the water received would have a bearing on the farmers’ management
of their farms. The farmers all felt that they were not receiving adequate supplies
of water as they were limited to approximately 2 hours of access for their farms. In
eight of the ten cases, the respondents employed a variety of strategies to cope

with the water availability. Most farmers would grow crops that were able to
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tolerate drier conditions such as maize and black beans. Another strategy was to
grow commercially desirable vegetables such as Chinese cabbage, spinach and kale
on small portions of their farms. These vegetables which require more water,
would allow the individual farmers to request for additional water access,
increasing their allocation. The farmers had to work within the constraints of the
water allocation and scheduling system to ensure viable crop productivity. This
response ties to the understanding of how water-allocation within the historical
Engaruka system could have functioned as well as the effect of this water-

scheduling on crop choices and labour allocation to different farms.

The assertion that the water-allocation system was established by the community
was supported by six of the ten respondents who identified the development of the
water-allocation system as a community effort in order to try and ensure adequate
provision and distribution of water resources across the farming area. This is
important in understanding one of the ways in which the historical Engaruka
water-management system could have functioned. There have been debates over
the issue of centralised versus household/community organisation in water
management with some studies arguing that the only way these systems could be
managed would be through a centralised system. The respondents assertion that
the system developed as a community effort points to a more collaborative
structure in water management that could be limited to household or community

level decision making as compared to a hierarchical or centralised system.
Soil Characterisation

The participants identified two main soil types in the Engaruka juu area as
Kichanga (Olrok in Maasai) and Tifutifu (Ar ng’arua in Maasai) with Kichanga
described as a dark soil that is gritty and free draining while Tifutifu was described
as a red/brown soil that retains water better. The Tifutifu was also considered to
be more fertile than the Kichanga soil. The participants also grow a wide variety of
crops on the different soils with the majority cultivating maize and various
legumes such as Black beans and Cowpeas as well as other crops such as bananas,
potatoes and vegetables i.e. Chinese cabbage, onions, kale and tomatoes. The
participants stated that the only crops that do well in the area were maize and

black beans and the rest were not as productive and mainly grown for subsistence.
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The respondents identified the influence of soil type on crop productivity, which
has an important role to play in the management of this system. This is important
in understanding the choices made by the farmers on the crops to grow based on
the soils available and, as discussed below, the strategies employed to improve soil

fertility and crop productivity.
Farming Practices

A majority of those interviewed i.e. nine of the ten respondents, would incorporate
fertilisers into the soils in order to improve soil fertility and would mostly rely on
manure from animal droppings and would rarely use commercial fertilisers. When

questioned about this, nine of the respondents stated

...... the commercial chemical fertilisers have to be added constantly to the

soil to maintain fertility.....”

One of the respondents felt that the commercial fertilisers were best for use in
growing vegetables, but were too expensive for larger scale. Of the ten
respondents, two utilised commercial fertilisers and noted that the fertilisers
required repeated application; they thus preferred the use of animal manure to
improve soil fertility. Nine of the participants would apply animal manure to their
fields to improve soil fertility. This gives an idea of the possible choices of practices
that could have been employed by the community to improve soil fertility. The
farmers balance the cost of the inputs with the possible benefits that could be
derived from their use. The farmers also adjusted their practices due to their own
observations showing variability in decision-making over time. This can be
exemplified by one of the respondents who did not utilise animal manure, while
the respondent recognises the benefits, the labour inputs required to transport the
manure to the field as well as time constraints meant that the they were unable to
employ this strategy. In this case, the possible benefits of the inputs did not

outweigh the labour costs required by the farmer.

Two of the ten participants practiced crop rotation or fallowing with one stating

that

“....fallowing is only possible if you have big or many pieces of land.....
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Crop rotation is also rarely practiced with intercropping more common.
Intercropping would usually involve alternating growing seasons of maize only
with maize and black beans. This is important in noting if the farmers employed
measures to improve soil fertility such as fallowing, crop rotation or intercropping.
The farmers would mainly rely on the use of animal manure in these cases because
the farmers did not have adequate land to allow them to fallow some areas while
still being able to produce enough for subsistence. The use of intercropping was
utilised mainly to provide a variety of crops for subsistence and as a strategy to

cope with climate and rainfall variability rather than for soil fertility.

Livestock are also used to clear post-harvest vegetation on farms, with most
participants preferring to allow the animals to access the farm rather than stall
feeding them. One of the participants noted “...most of the farmers here are
pastoralists and their purpose for farming is mainly to provide fodder for their
animals as well as for [supplementing] food....”. In this case the farmers utilised
the post-harvest crop residues as important animal fodder, however they were not
as concerned about the possible damage the livestock would cause to the fields.
This is in contrast with four other farmers who would not allow livestock on their
farms specifically to prevent damage to the earth bunds and irrigation canals. This
is important in understanding the role of livestock within the communities, where

some farmers prioritised their livestock while others prioritised their farms.

Overall, the modern Engaruka community employs not only community-level
strategies for water-management but also individual farmer households employ

strategies in response to their household-level circumstances.

2.6.3.2 Case study: Konso

The interview and focus group discussions found that the farmers in Konso employ
a variety of coping strategies to deal with issues of labour, soil fertility, water
variability and risk and uncertainty. The community members employ intricate
reciprocal relationships, known as paraka, to mobilise labour for a variety of
farming activities. In addition, the farmers employed other strategies for coping
with situations where labour is limited, such as incremental repairs to more

extreme cases where they left the hillslope terraces to fallow for extensive periods
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as well as demonstrating household strategies for dealing with situations where
labour is limited. For example, when more extensive repairs are needed such as
across an entire field, the household would request other members of the village to
assist with repairs under the pakara system. Large groups would schedule a day
for the repairs and the households would be obligated to provide food for the

volunteers and reciprocate if any of the volunteers require assistance in future.
Farming and Energetics

Typically, the respondents scheduled different activities based on the different
seasons. Activities in the dry seasons, mainly involved harvesting, hillslope terrace
maintenance, alternative economic activities such as trade and land preparation.
During the rainy seasons, the main activities included planting, weeding, and
managing the irrigation canals (kabas) for those who had yelas. The amount of
time and energy varied for different activities with most respondents stating that
terrace repair and maintenance, and planting requiring the most time and labour
input. One of the reasons for the high labour demands for planting on the terraces
was that ploughing with cattle could not be utilised on the terraces, therefore
farmers would have to prepare the land using hand ploughs which would require
two people typically to complete one row of terraces over a period of one day. The
terraces required continuous repair with most respondents reporting that there
would be damage to the terraces after every rainy season. One respondent noted
that it would take one person between 4-6 days to repair a terrace wall
approximately one metre high and approximately five metres long. However, the
poor fertility of the terrace soils meant that the effort put into repairing and
maintaining the terraces did not translate into good crop yields. The respondents
noted that the yields from the terraces were not as good as that from the yelas,
based on their comparisons of yields in the terraces and in the yelas from previous

harvests.

The majority of the respondents would divide time and labour between their
different fields if they had multiple farms, and would prioritise fields that they
recognised as being the most productive based on the previous year’s yields. The
yelas were considered the most productive and those farmers owning yelas would

prioritise maintenance of those fields over the hillslope terraces, with some
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farmers allowing the terraces to fallow or growing grass or trees on them for
fodder or food. For the majority of farmers who rely on the terraces for crop
production, the maintenance of the terrace walls would fall on household members
with few able to afford the high cost of conducting a pakara, as the burden of
feeding all the volunteer helpers would fall on the household. In addition, the
household would have to reciprocate and provide assistance to the volunteers who
came to their aid through the pakara, taking time away from their own farms. This
means that while this technique is beneficial in mobilising labour for the repair and
maintenance, there was a future cost in that the household would have to
reciprocate. This would have a future cost of taking a large amount of time and
labour away from their own farms, much higher as while they received one to two
days of assistance on their fields, they would potentially lose more than those days
on the different farms of the different households that had previously assisted
them. This points to farmer decision-making on the cost-benefits of their choice in
labour inputs. Selecting pakara would allow them to complete major repairs at a
much faster rate, however they would lose time and labour that could have been
focused on their farms in order to reciprocate. The costs to their own ability to
maintain their farms and the potential effects on productivity would therefore be

considered a risky choice of strategy by the farmers.
Terrace history, Construction and Maintenance

The majority of the respondents had farms in different places within the study
areas, with some farms closer to the villages with others spread across the
surrounding landscape based on historical land divisions as well as contemporary
land tenure. Most respondent had both land on the terraced hillslopes as well as
yelas, and expressed a preference for farming on the yelas as compared to the
hillslope terraces. The majority of respondents explained that the reasons for this
was the poor fertility of the hillslope terraces and the intensive labour
requirements needed to maintain the terrace walls for effective agriculture. As
discussed in the section on energetics above, the high labour requirements of the

terraces did not necessarily result in improved crop production.

The majority of respondents have no memory of the original builders of the

hillslope terraces or yelas. In addition, two out of the 27 respondents had extended
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or incorporated new terraces or yelas on their lands. One farmer who had
extended a section of yelas on inheriting the land, and remembers their father

working on sections of the walls for the yelas, and that the terraces and yelas had

(i »

always been there “..from before my father’s time...”. Another farmer had
extended the terraces and constructed new terraces on their land, which
contradicts findings by Watson (2009) that found that the farmers did not build
new terraces. However, this farmer falls under a minority as none of the other
farmers interviewed had constructed new terraces on their land but would instead
repair and maintain the existing terraces. The majority of respondents either
inherited the lands from their parents or married into families that held terraced
lands and/or yelas, with some purchasing more land or being allocated land under
a new government project being conducted at Sagan River. This provides us with
an understanding of the continuity of practices employed by the farmers, for
example, the majority of farmers would continue maintaining the terraces on their
fields even when they are left to fallow. In addition, the farmers are seen to employ
strategies to cope with variability on crop production by having farms in different
areas such that given different environmental conditions and labour requirements,

the farmers could prioritise the fields that they believed would provide the best

returns for their inputs.

2.7 Discussion

The different methodologies discussed above provide information on the
topography, pattern of field terrace and irrigation infrastructure development, and
management strategies that could have been employed in the historical Engaruka
system. The results from the data were then used to support the development of
the agent-based model of the historical Engaruka system which assesses patterns
of development of these stone-bound fields and the sustainability of the system
over time. The archaeological excavations conducted in 2014 found evidence that
the field system in the south fields were constructed through sediment capture,
with distinct similarities in how the sediment trap fields developed in the South
fields and the North (Lang and Stump 2017). However, these fields in the North
and South fields were distinct from those in the Central fields. In the South fields,
deeply incised gullies showed evidence of deep deposits of sediments, which were
similar to those found in excavations conducted by Stump (2006a) in the North
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fields. The topographic surveys mapped out the extent of agricultural fields and the
evidence of archaeological features such as embankment walls. The data from
these excavations was used to estimate the depth of sediments captured in the
fields and together with the area of the study site, the volume of sediments
captured was also estimated. The results of the aerial surveys provide additional
information on the pattern of field construction and the placement of irrigation
canals relative to the sediment trap fields. The results of the hydrological surveys
along the Engaruka River, Olemelepo River and adjacent off-take canals found that
water velocities within these channels ranged between 0.2 - 1.0 m s'! and the total
suspended sediment transported ranged from 100 -800 mg L-1. The flow rates
within the channels and the TSS values provide data to support modelling the flow

velocities and discharge rates within the ABMs.

The results of the semi-structured interviews and focus groups found that the
community in Engaruka relied on an intricate water-allocation system that relies
primarily on the Engaruka River as the water source. The low rainfall experienced
in the region played a role in the development of the irrigation system employed
by the community. The majority of respondents identified as predominantly
pastoralist with farming seen as a means of providing an additional food source
and income. Famers would typically have access to water for irrigation every 21
days but farmers would employ strategies such as growing
vegetables/horticultural crops which would increase their water access to one
hour every day. The community in Konso also employed variety of coping
strategies to deal with issues of labour, soil fertility, water variability and risk and
uncertainty. The majority of the respondents would divide time and labour
between their different fields if they had multiple farms, and would prioritise fields
that they recognised as being the most productive based on the previous year’s
yields. The intensive labour required for the maintenance of the field terraces
required farmers to employ a variety of strategies such as conducting incremental
repairs as well as mobilising additional labour through the paraka system of
reciprocal labour mobilisation. In addition, farmers would allow for long fallow
periods on hillslope terraces where labour was limited or they had other more
productive fields, but would still retain ownership of the fields by planting grasses

for fodder or trees.
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The data obtained from the excavations, hydrological and aerial surveys conducted
in the south fields therefore support the modelling of water flows within channels
and sediment capture in the stone-bound fields within the North fields based on
the similarities noted. This means that by modelling how water flowed within
these canals it is also possible to assess how much entrained sediments these flows
could carry, and hence the minimum and maximum rates at which the stone-bound
sediment trap fields and field terraces could have been constructed and expanded.
Incorporating the decision-making strategies employed by the communities from
the interviews and focus group studies, the model is able to provide insights into
how the system function and how farmer decision-making allowed them to adapt
to various circumstances overtime. By combining the data discussed above with
established hydrological and sedimentological and behavioural theories, the
models on the development of the Engaruka system would then support our
understanding of the systems sustainability in terms of its ability to provide
adequately for the community involved, and its ability to cope with extreme

environmental changes.
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Chapter 3 Engaruka Model Conceptualisation
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3.1 Overview

This chapter discusses the model conceptualisation that outlines the factors that
influenced the development of the Engaruka water-management system and their
interactions in order to facilitate the design of the model structure for the agent-
based models. The challenges and solutions to incorporating and modelling the
different environmental and social factors at different social and temporal scales
and degrees of complexity are discussed. The strategy for the development of two
agent-based models is addressed and the model concept designs for each of the

ABMs developed are outlined.

3.2 Model Conceptualisation

As outlined in Chapter One, the factors that influenced the development of the
Engaruka water-management system include environmental factors of climate,
topography and vegetation as well as human factors of population, social norms
and decision-making in relation to farming. The extensive archaeological evidence
available gives us information on the extent and complexity of the field system
(Stump 2006a; Sutton 1998). However, this evidence presents only one aspect of
our understanding of the system, but the factors behind its development and
continued use, and ultimately if the interaction of these factors led to a sustainable
system, are not clearly understood. The use of irrigation systems can be seen as an
adaptation in response to changes in environmental or socioeconomic conditions,
resulting in a more resilient society. However, there exists only the archaeological
evidence of the system which does not provide all the necessary information

needed to determine the resilience of the system.

Simulating the various environmental and socioeconomic scenarios that could
have influenced the development of the Engaruka water-management system
enhances our understanding of the factors that drove its continued use and
provide possible reasons for the systems eventual abandonment. In doing so, the
research aims to refine our understanding of the sustainability and resilience of
the historical Engaruka system, as well as having applications in modern water
management systems. However, the limited archaeological data presents
challenges in modelling environmental factors and human behaviour that tie to

how the system developed spatially and over time. In order to model the possible
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environmental processes involved, the rainfall-runoff dynamics, erosion and
deposition processes, and the vegetation dynamics and sediment transport forces
needs to be represented. However, the data inputs to characterise most of these
factors have to come from environmental proxies, given that the system is believed
to have been abandoned by the 19t century (Westerberg et al. 2010; Stump
2006a; Sutton 1998). Environmental records to assess the climate in Engaruka
come from palaeoclimatic proxies such as sediment cores taken from the lakes and
swamp within the East African region and analysed to determine the
environmental conditions and timescales for the given climate events, as discussed
in Chapter One. These environmental proxies present an opportunity to design an
ABM that can incorporate simulations of the environmental processes most
pertinent to the development of the Engaruka field system, and utilising the
available evidence, to understand the development of the system. This ABM

developed can be further expanded to incorporate human decision making.

The results of field studies as outlined in Chapter Two provide further information
that can be used to model the system but this information is based on
contemporary scenarios that may not necessarily reflect historical situations. The
archaeological evidence of water management such as irrigation canals and
agricultural terraces in the archaeological site of Engaruka provide an opportunity
to explore the landscape level dynamics of the irrigation agriculture practices
involved, in relation to the surrounding environmental conditions, by combining
modelling and archaeological evidence. The hydrology of the agricultural
landscape, with particular focus on study areas in the North and South fields are
linked to other factors such as vegetation, climate, sedimentation rates,
topography and human decision-making with the aim of understanding the
reciprocal influences of these factors on each other in the context of the wider
landscape, over a temporal scale; as well as the possible implications on the
resilience of the Engaruka society. The model required to address the research
problem needs to simulate past water management dynamics in a historical
agricultural system, for which there exists no direct data such as hydrological
measurements or ethnographic data. It is therefore necessary to design a model for

the Engaruka field system that incorporates existing archaeological, hydrological,
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palaeoecological and qualitative information to simulate the development of the

system.

3.2.1 Conceptual model of the Engaruka system

The conceptual model of the Engaruka system represents the environmental and
human factors that could have interacted and influenced the development and
sustained use of the system. In order to try to adequately facilitate our
understanding of the Engaruka water-management system, the agent-based model
developed needs to incorporate a range of interacting environmental processes
and human factors as well as the archaeological evidence of the irrigation
infrastructure. These factors include topography, vegetation dynamics, the climate
(i.e. rainfall and temperature), hydrological dynamics and hydraulic dynamics of
water and sediment transport as well as human factors involved in decision-
making for agriculture, as outlined in the model conceptualisation (Figure 16).
Each of the factors incorporate their own dynamics as well as interacting with
other factors that result in the overall system dynamics that influenced the

development and management of the Engaruka society.

As outlined in Figure 16, the climatic factors incorporate dynamics of rainfall and
temperature interact to influence hydrological factors of infiltration,
evapotranspiration and ultimately the soil moisture dynamics (Cai et al. 2015;
Bronstert and Plate 1997). The climatic factors also influence surface runoff and
recharge of water resources that affect sediment dynamics of channelised flow and
sediment transport (Nu-Fang et al. 2011). The recharge of water resources in turn
contribute to the hydrological and hydraulic dynamics of irrigation management.
The hydrology, climate and sediment dynamic influence the vegetation dynamics
(Scheiter and Higgins 2009, 2224) with water resources representing a limiting
resource in semi-arid environments and irrigation hydraulic dynamics facilitating
improved crop vegetation biomass in the face of unfavourable conditions
(D'Onofrio et al. 2015; Oweis and Hachum 2006; Pereira et al. 2002; Critchley and
Siegert 1991). In turn, vegetation dynamics affect sediment transport and
hydrological dynamics of surface runoff and soil moisture recharge (Tietjen 2016,
13). The topography also affects the hydrology, irrigation hydraulics and sediment

dynamics where the spatial distribution and patterns of water resources and
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topographical attributes such as slope affect the placement of the irrigation

infrastructure (Harrower 2008, 502; Scarborough 1991, 102).
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Interacting with all these environmental factors are the human dynamics for the
management of the system where the farmers make decisions on subsistence
agriculture and irrigation management in response to water resource availability
and to improve crop yields. These factors influence farmers’ decision-making and
in turn the farmers’ responses contribute to shaping their environment (Ozerol
and Bressers 2017, 46). The climate affects the farmers’ decisions on agriculture
and their adaptation responses while the influence of climate on the vegetation
biomass affects the farmers’ yields and thus affecting their decisions on the use of
alternatives such as animals to supplement yields. The farmers awareness of
changes in their environment thus affects their ability to adapt (Hassan and
Nhemachena 2008, 93). However, the farmers do not have perfect information of
the system and instead employ tactical responses to environmental changes
(Risbey et al. 1999, 161). Decisions on where to farm are influenced by the
topography as well as where to place irrigation infrastructure, and in turn the
farmers modify the landscape to improve productivity (Harrower 2008, 502;
Scarborough 1991, 102). The level of decision-making also influences the farmers’
actions with decisions made at individual, household or community level
influencing their actions where decisions at one level can constrain decisions at
another (Groeneveld et al. 2017, 41). The farmer decision-making is guided by the
belief-desire-intention model (Ozerol and Bressers 2017) where decisions on
farming, use of irrigation, response to climate change and other adaptation
responses are made based on a combination of the resources available to them,
their own expectation and social norms that guide decision-making. However, it
can be difficult to determine how much of the farmer’s knowledge is based on
social or collective memory that has passed down through generations. This is
particularly challenging when modelling decision-making in the historical
Engaruka system as the modern community in the area, while providing analogous
information on human responses to environmental factors within the same
landscape, are not related to the historical community that previously occupied the
landscape and developed the irrigation system. In addition studies by Minnis
(2004) and Lane (1994) also highlight the possibility of loss or changes to
collective memory that could result in novel practices or environmental

adaptations being lost or changed. These aspects of social and collective memory
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would be difficult to infer from existing information and incorporate into the
models. Thus the models allow for collective interactions but do notset out
collective memory of environmental knowledge, and instead focus on practices
and actions for which there is known history of its application in both modern and

historical communities.

3.2.2 Challenges and solutions to Modelling the Engaruka system

The wide range of factors and dynamics conceptualised for the Engaruka system
present a variety of challenges in developing an agent-based model that can
effectively represent the system’s dynamics and complexity. One of the main
factors to take into consideration while developing the model is the issue of the
level of complexity to be incorporated. While it is tempting to try and create a
system that encompasses a wide range of factors, doing so could result in the
incorporation of assumptions that might not adequately reflect the system being
studied or provide useful outputs (Barreteau et al. 2004, 261; Wainwright and
Mulligan 2004, 8; Holling 2001, 390). In addition, there are a wide range of
pathways to complexity that might not be clear from the information available (An
2012, 25). One of the options for dealing with the incorporation of a wide variety of
factors is through the use of coupled models. As discussed in Chapter One, there
exist a variety of coupled models where one model incorporates the
environmental, process-based simulations while the other model focuses on the
agent decision-making. However such partially-coupled or fully-coupled models
present a variety of challenges, such as intensive and extensive computational
support, both in terms of software used and user technical skills, as well as having
limitations in adapting scenarios (Castilla-Rho et al. 2015). A particular challenge
faced in using partially-coupled systems is in their limitations in scenario
adaptation, which require changes to the ABM as well as the hydrological model, in
order to synchronise the codes between both simulation systems. This is
particularly important when trying to account for different cultural and social
behaviour, where there exist a wide range of human responses. Simplification of
the model also takes into consideration the computational restrictions that affect
runtime i.e. the amount of time it would take to run the model as well as the effect
of large number of agents and processes that make simulation performance
impractical due to high volumes of data outputs generated (Rhodes et al. 2016,
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21). The approach employed here therefore incorporates the main processes that
influence the system and focuses on building understanding of the system rather
than creating a fully controlled system that hypothesises cause-and-effect. The aim
of this research is therefore to develop an integrated agent-based model that
incorporates both the environmental process-based factors with human factors
expressed through agents that can interact with their environment while allowing
for heuristic modelling of human decision-making. The model is simplified to allow
for the main processes to be represented and produce useful outputs while

allowing for interactions and adequate complexity in model structure.

The other factor taken into consideration in the development of an ABM of the
historical Engaruka water-management system involves issues of scale, both
temporal and spatial (Bloschl and Sivapalan 1995). The environmental and human
factors that influenced the development of the historical Engaruka system range
from spatial resolutions of 6x6 m fields to the wider catchment and landscape of
the Engaruka system which covers approximately 20 km?2. In addition, the
temporal scales for the different processes range from daily when looking at
dynamics of sediment transport to monthly, decadal to centurial when looking at
factors such as vegetation growth, crop management, decision-making involved in
irrigation-agriculture water-management and overall sustainability of the system.
The finer scales involved in sediment transport and canal hydraulic dynamics
which operate at the field level and at daily or instantaneous time-steps present a
challenge in incorporating into the longer term, landscape level processes involved
in the wider system. The research presented here therefore developed two agent-
based models of the Engaruka system that look at the effect of the different process
at the different scales between the long term, wider landscape development of the
Engaruka water-management system in contrast to the smaller field and canal
hydraulic dynamics of the sediment transport and field system. The models
developed are not coupled but these processes are tied through the overarching
similar environmental factors of climate, topography and hydrology that have been
adjusted to suit the different temporal spatial scales involved. While the models
developed are not coupled and the outputs from one model do not feed into the
other model, the models are related in their environmental factors of climate and

variability in water availability that influence agent actions in both models. Taking

112



the conceptual model outlined above (Figure 16), under the umbrella of
environmental factors that are relevant to both models, the processes central to
each of the research questions to be addressed are then developed into two
distinct models. The outputs from both models are then combined in order to
guide our understanding of the system at different temporal and spatial
resolutions. In this way, the outputs from the models can then be integrated and
assessed to further understand the Engaruka system as well as supporting

assessments of other contemporary systems.

3.3 Model Development
3.3.1 ESTRaP Model

The Engaruka Sediment Transport and Capture (ESTRaP) model addresses the
finer scale issues of sediment transport within a section of the field system. The
influx of water and sediment discharge into the fields influences soil depth and
fertility. The accumulation of sediments in the fields is a defining aspect of the
Engaruka field system and understanding the timescales for the accumulation is

one of the problems addressed.

CLIMATE

RATNFALL
Sadiment Input

y

SEDIMENT
CHANNELIZED FLOW
SEDIMENT DISCHARGE

TOPOGRAPHY
MODERN TOPOGRAPHT

Figure 17: The concept diagram of the ESTRaP model outlines the structure of the
model simulation; incorporating climate, hydrology and irrigation hydraulics,
sediment transport dynamics, irrigation canal networks and sediment

accumulation processes within a landscape characterised by topography.
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As outlined in Figure 17 above (and discussed further in Chapter Four) the climate
through rainfall affects the hydrology and water resources available in the
irrigation canals. The hydraulic dynamics of the network of irrigation canals then
facilitate the movement and transport of water and sediments within the irrigation
canal system and distribution within the stone-bound sediment trap fields. The
transport of sediments ties closely with the flow rate of water within the channels.
The network of canals distributes the sediments to the block of fields modelled
where they accumulate over time. The accumulation of sediments can then be
related to the topography and the evidence of the modern archaeology found in

Engaruka.

3.3.2 TIME-MACHINE Model

The Techniques of Irrigation Management in Engaruka: Modelling Agricultural
Choices in Nascent Economies (TIME-MACHINE) model focuses on the landscape
scale dynamics that led to the development of the Engarukan system,
incorporating the environmental and human factors that influenced the
development and continued use of the system. The wider landscape scale
interactions of the society with the environment such as the influence of the
changes in soil moisture and precipitation on crop yields, and farmer decisions to
either plant more fields or use irrigation to extend the growing seasons have been
explored by the second model. The model incorporates systems complexity by
combining temporal and spatial scale-dependent biophysical processes and
dynamics with human agent interactions (Asseng et al. 2010, 813). This model
explores the use of irrigation agriculture and the influence of social norms on the

resilience and sustainability of the system.
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Figure 18: The TIME-MACHINE model concept diagram outlines the structure of
the model simulation; incorporating climate, hydrology, soil erosion and sediment
effects, vegetation dynamics, farmer household decision making and scenarios that

influence the household choices within a landscape characterised by topography.

As outlined in Figure 18 above (and discussed further in Chapter Five) the climate,
through rainfall and temperature affect infiltration and evapotranspiration which
in turn affect soil moisture, surface runoff and soil erosion across the landscape.
The soil moisture further affects vegetation dynamics through availability for plant
growth while vegetation cover influences evapotranspiration and soil erosion. The
sediments and soil erosion affect soil fertility which in turn has an effect on plant
growth. The hydrological and crop vegetation dynamics influence the farmer
households where decisions involving the use of rain-fed vs irrigated agriculture
and the choice to incorporate alternative activities are governed by social norms.
There exist a wide variety of human behaviour models to guide simulation of
decision-making (see section 1.4.2). The The TIME-MACHINE model is guided by
the BDI behavioural models (Ozerol and Bressers 2017) (see section 5.2.2.2),
which allows for the incorporation of the social norms and beliefs of the farmers as
well as motivation and the limitations on their intentions placed by resource
availability, and ties well to the ethnographic information collected from analogous

communities.
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3.4 Summary

The design and implementation of two ABMs therefore facilitates the exploration
of the factors that influenced the development of the historic Engaruka system at
the different spatial and temporal scales. This circumvents some of the
computational issues that constrain modelling in NetLogo while enabling users to
utilise similar scenarios across both models. Scenarios of water availability and
climate change can be incorporated at similar scales in both models with the
ESTRaP model focused on processes at a finer spatial and temporal scale while the
TIME-MACHINE model focuses at the landscape level. Both models incorporate
scenarios to explore the possible ways the system developed and how this relates
to the archaeological evidence found today. In particular the models explore
current factors such as climate change to assess the strategies the human agents
employed and thus are able to relate them to modern-day water-management
systems. The outcomes from the implementation of the different scenarios provide
insights into the factors that influenced the development and continued use of the
system. In addition the emerging patterns from the models and the performance of
the models in simulating real-world scenarios as well as developing realistic
outcomes is discussed. In this way, the models can support our understanding of
the sustainability of the system and the application of the lessons learnt to

contemporary systems.
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Chapter 4 Engaruka Sediment Transport and Capture (ESTRaP)
Model
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4.1 Overview

This chapter presents the Engaruka Sediment Transport and Capture (ESTRaP)
agent-based model which addresses the effect of water and sediment transport on
sediment accumulation on a block of fields within the North Fields section of the
Engaruka field system. The problem that the model addresses is discussed and the
purpose of the model is outlined. Model assumptions are discussed to outline what
the model does and does not address. The parameters central to the development
of these models are explained and data sources for these parameters outlined. The
scenarios that influence water availability that form the model simulations are
outlined. The scenarios implemented in the models and the results of the analyses
conducted are then discussed. The interpretations of model outcomes are
discussed and related to existing literature, and the impacts of these
interpretations on our understanding of the Engarukan water management system

are summarised.

4.2 ESTRaP Model Design and Development

The construction of artificial sediment traps to create agricultural fields is a
widespread practice in the modern world (Mekonnen et al. 2015), and is a practice
that is increasingly being recognised on archaeological sites. These include long-
abandoned sites like Petra in Jordon (Beckers et al. 2013), as well as ones in areas
that continue to be farmed using techniques developed centuries earlier (Ferro-
Vazquez et al. 2017; Hill and Woodland 2003). These also include landscapes
where sediment traps are rarely if ever built today but act as exploitable legacies
from previous periods of agricultural expansion or intensification (Giraldez et al.
1988). The drystone-bound agricultural fields that form the sediment traps, which
are also referred to as check dams in some of the literature (Beckers et al. 2013;
Abedini et al. 2012; Hill and Woodland 2003), can be built in a variety of ways and
can perform one or more of several functions. It should be noted that the
description of check dams in archaeological study should not be confused with
those described in hydrological studies where the check dams are structures built
to control sediment movement through ephemeral channels. The functions of
these sediment traps include mitigating the impacts of soil erosion (i.e. by

capturing sediments lost from the hillslopes, and thereby reducing the effect of
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sediment flows downstream), stabilising sedimentation, increasing soil depth and
soil-water storage capacity, reducing runoff or the velocity of channelled water,
accumulating fine sediments for ease of tillage or root penetration, or to create flat
areas for cultivation within valleys or at the base the slopes (Mekonnen et al. 2015;
Abedini et al. 2012; Ran et al. 2008). Within the archaeological literature such
structures are also sometimes classified as a form of runoff agriculture or as a
runoff terrace system (Beckers et al. 2013; Evenari et al. 1982), reflecting the fact
that water harvesting systems can unintentionally accumulate the sediments
entrained within water flows, most obviously in the case of the infilling of artificial

reservoirs (Morrison 2015).

In the case of the archaeological site outlined here, it seems clear that the famers
who built the irrigated-agriculture field system at Engaruka between the 15t and
18th centuries CE (Westerberg et al. 2010) intended to exploit available river flows
while capturing the sediments these carried, in the process creating c.9 km? of
sediment traps of between 350 mm and up to 700 mm deep in the northern end of
the site (Stump 2006a), and accumulating sediments over 2 m deep towards the
southern end of the field system (Lang and Stump 2017). Excavations and field
surveys conducted in the South Fields in 2014 yielded provisional single grain
Quartz optically stimulated luminescence (OSL) dates from between 700 + 120 CE
to 1860 * 110 CE, which fall within the time period within which the Engaruka
system was believed to be in use. In addition, stratigraphic and geoarchaeological
studies conducted by Lang and Stump (2017, 10) found no evidence of erosion and
breaks in sediment accumulation to the fields during these time-periods. In
addition, the use of stone-bound fields would have minimised erosive processes of
surface runoff, thus pointing to limited removal of sediments. The archaeological
evidence of the historical field system also shows no sequences of abandonment or
non-preservation of the field walls that would relate to contraction of the field
system and discerning patterns of contraction in the archaeology would be
difficult. It should be noted that in the modern Engaruka that abuts onto the
historical archaeological site, the modern society also employs irrigation
agriculture (Caretta 2015; Westerberg et al. 2010) which shows diachronic
contraction and expansion of the modern field system (Figure 19). However it

would be difficult to account for this field contraction and expansion in the
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historical system as the archaeological record shows no evidence of these
contractions; the sediment transport model developed here therefore focuses on

the expansion of the field system.

Although studies of archaeological stratigraphy can define the depth and extent of
sediment accumulation, and can demonstrate broadly the sequence of sediment
trap construction, this approach provides little data on rates of sedimentation, and
hence the rate, pattern and manner of development of the system. The Engaruka
Sediment Transport and Capture (ESTRaP) model uses a simulated version of part
of this landscape with Agent-Based modelling (ABM) techniques in the NetLogo
platform to address these issues, employing data from modern irrigation at
Engaruka and palaeoclimatic data from the region (Ryner et al. 2008; Verschuren
et al. 2000) to simulate different hydrologic scenarios. The techniques employed
have the potential to contribute to studies of the efficacy and sustainability of
sediment trap systems in the modern world by providing information on the
accumulation of sediments over centuries, rather than simply over the few years

available to modern observational studies (Barton, 2015).

4.2.1 ESTRaP Model Overview/Problem

The archaeological site of Engaruka in Tanzania offers an example of the utilisation
of water and sediment transport to develop an extensive and intensive agricultural
field system (Figure 20). The historical Engaruka irrigation-agriculture water-
management system believed to be in operation during the 15% to the 18t
centuries CE, covers approximately 20km?2 and comprises an extensive system of
irrigation channels, stone-bound fields and agricultural terraces (Westerberg et al.

2010; Stump 2006a). The ESTRaP ABM developed therefore aims:

e To understand the overall effect of hydrologic and sedimentary dynamics on
sediment accumulation in a series of fields within the North Fields section of

the Engaruka field system.

In the study of water-management systems, particularly irrigation-agriculture, the
role and effect of sediments transported within these systems can be positive or
negative. In some cases, the sediments are viewed as an unwelcome but

unavoidable by-product of the diversion of water resources. In other cases, these
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transported sediments are employed and deliberately accumulated within
agricultural fields for a variety of reasons ranging from the perceived nutrient-rich
qualities of clays which hold more organic matter, to the ease of tilling the finer
sediments, to the influence of sediment particle-size on drainage, to supporting the
construction, maintenance or expansion of agricultural soils and fields through the
reduction of slope. By modelling how water flowed through the irrigation
channels, it is possible to assess how much entrained sediments could also be
transported and therefore extrapolate the amount of sediment that can be
accumulated and the rates at which these stone-bound fields could be constructed

and expanded over time.

The historical Engaruka field system comprised of a series of five rivers Engaruka
River, Olemelepo River, Makuyuni River, Lolchoro River and the Intermediate
gorge River which have their sources in the highland regions (Figure 19)
(Westerberg et al. 2010; Sutton 1998). These rivers were diverted for the
irrigation system into the fields through a series of canals. The stone-bound
irrigation off-take canals extended into the fields with further tributary canals
distributing water throughout the stone-bound fields and terraces (Stump 2006a).
The main irrigation off-takes were on the perennial river of Engaruka, and the now
ephemeral rivers of Olemelepo and Intermediate gorge; but apart from Engaruka,
these other river sources have dried up (Westerberg et al. 2010; Stump 2006a;
Sutton 1998). The modern Engaruka community that now lives within the extents
of the historic system also utilises some of the remaining river sources and canals
for irrigation agriculture but not to the extent evidence by the archaeology of the
historical society (Westerberg et al. 2010). As mentioned in section 4.2 above, the
modern landscape shows transitions from drier to humid zones due to the
variability in proximity of the fields to water sources. However, the modern system
is reliant primarily on water resources from the Engaruka while the historical
system functioned during much wetter climatic conditions and employed a much
wider network of irrigation canals and river resources which would have resulted
in more water available for irrigation. The model developed therefore does not
incorporate this variability and focuses on the expansion in the construction and

development of the field system.
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Figure 19: Location of the Engaruka field system, modern Engaruka settlement,
network of rivers (blue) and the historical irrigation canal system (red dashed
line)
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Figure 20: Location of the Engarukan water-management system and extent of the

agricultural field system with river sources and village settlements.

Source: National Geographic World Map (Sources: National Geographic, Esri,
DeLorme, HERE, UNEP-WCMC, USGS, NASA, ESA, METI, NRCAN, GEBCO, NOAA,
iPC)

Across the 20 km? field system in Engaruka there are evident differences in the
structure and function of the field divisions resulting in the field system being
categorised into three distinct sections of the North, Central and South Fields
(Sutton 1998). These distinct sections are defined based on differences in field
construction, with excavations in the North Fields demonstrating that the fields
were constructed through the periodic capture of sediments that were transported
within the water channels and irrigation canals (Stump 2006a). Large parts of the
South Fields were also developed through sediment capture and accumulation,
similar to the North Fields, but on a much grander scale (Lang and Stump 2017),

while the Central fields were built by tilling the existing topsoil and removing
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stones from the field area (Stump 2006a). Detailed stratigraphic excavations
conducted by Stump (2006a) and a combination of stratigraphy, geochemistry and
soil micromorphology studies by Lang and Stump (2017), have demonstrated how
sediments were accumulated. However, the processes and interacting factors that
could have resulted in the development of these fields are still not clearly
understood. This is because subtly different processes and sequences of field
construction could produce the same end result, and there is thus an issue of
equifinality with respect to archaeological data. For example, the farmers could
have utilised low flows from water diverted from the rivers into irrigation
channels to transport and accumulate sediments in small field sections, or used
much higher flows to flood larger areas and accumulate sediments more quickly.
The multitude of interacting hydrological and sedimentary factors that could
influence the construction and patterns of development of the field systems
requires methods that can overcome the limitations of the existing data and
interpretations. One such approach is the use of ABM techniques to allow for the
exploration of the different scenarios that would result in the formation of the

Engarukan field system.

Archaeological excavations conducted by Stump (2006a) in parts of the North
Fields found that fields were constructed by creating drystone-bound fields of six
by six metres along canalised streams with the first field set upslope of the stream

(Figure 21).

Figure 21: Phases of field construction based on excavations of part of the North

Fields (Stump 2006a)

As shown in Figure 21, the phases of field construction based on archaeological
excavations show field construction upslope of the canalised stream and travelling

downslope towards the stream with consecutive fields constructed downstream
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along the canalised stream stump (Stump 2006a). In addition, an irrigation canal is
constructed along the upper section to allow for water diversion into the stone-
bound fields. During stage one and two, fields are constructed with the most
upslope drystone-bound field first followed by another field set downslope of the
first and towards the canalised stream. A further stone-bound field that abuts the
canalised stream completes the first segment of fields. This process is then
repeated along the stream with an irrigation canal incorporated at the uppermost
fields as the fields are constructed. Observations by Stump (2006a) found that this
irrigation canal was included as part of the construction of the field system and not
a later addition. The pattern of field development identified through excavations
points towards periodic sediment capture. However, the stratigraphic evidence
cannot tell us the rate at which these fields were constructed over time or the
hydrological and sedimentary dynamics involved. The use of ABM would therefore
provide much needed information that strengthens archaeological interpretations

and our understanding of the development and expansion of the Engaruka system.

The aim of this study is to assess the effects of water- and sediment sediment-
transport dynamics on sediment accumulation and field development within the
historical Engarukan water-management system. Given the large volumes of
sediment observed in the stone-bound fields in Engaruka, it is important to
understand the temporal and spatial patterns for the transport and deposition of
these sediments. The primary functions of hydrological models that focus on
surface-water systems is defining the rainfall-runoff dynamics of a catchment or
watershed, and simulations of stream or channel flows (Davie 2008; Beven 2001).
In studying the Engaruka irrigation system, the dynamics of rainfall, sediment
transport and channel flows are important; however, conventional hydrological
models require data inputs that are not available for this system. This is because
flow measurements cannot be accurately taken from long-abandoned
watercourses and rainfall records do not exist for the region and period under

study.

In order to model the possible hydrological processes involved in the Engaruka
system, the rainfall-runoff dynamics, erosion and deposition processes, and the

water flows and sediment transport forces, would need to be represented.
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However, the data inputs to characterise most of these factors would have to come
from proxies, given that the system is believed to have been abandoned by the 19th
century (Westerberg et al. 2010; Stump 2006a; Sutton 1998). These include a
combination of archaeological or palaeoenvironmental proxies or combination of
proxies as well as estimates from the channel dimensions from excavation data.
These include off-site records such as palaeoclimatic proxies derived from
sediment cores taken from the lakes and swamps within the East African region
and analysed to determine the climatic conditions and timescales for the given
weather events (Westerberg et al. 2010; Ryner et al. 2008; Barker and Gasse 2003;
Verschuren et al. 2000). While these records can provide an approximation of the
climatic conditions experienced they cannot provide precise data on the rainfall
and runoff generated during these time periods, making it difficult to utilise
conventional hydrological models. For this reason the current modelling
prioritises on-site archaeological evidence including information on channel
dimensions and gradient, and particle size of accumulated deposits, in order to
model flow rates, since relying on only one variable such as water-channel data or
sediment volumes risks the development of circular arguments. Combining these
data allows for the representation of a range of different flow rates constrained by
the physical dimensions of the irrigation infrastructure, while allowing for the
simulation of a wide range of possible sediment deposition rates and patterns
based on different environmental conditions drawn from palaeoecological case-
studies. Together, these proxies present an opportunity to design an ABM that can
incorporate simulations of the hydrological processes most pertinent to the
development of the Engaruka field system, thereby refining archaeological
interpretations of how the Engaruka field system was built and used. The model
developed can also be further expanded to incorporate more complex patterns of

field construction as well as human decision-making.

4.2.1.1 Purpose

ESTRaP ABM was constructed to perform a series of simulations to understand the
temporal and spatial patterns for the transport and accumulation of sediments
within a section of the stone-bound fields in the Engarukan water-management
system. Sediment transport is dependent on a number of factors including the
amount of water available, discharge and amount of sediment load that can be
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transported by the waterway (Mouri et al. 2014, 267). This model focuses
exclusively on the physical processes of sediment transport and accumulation
within a section of the stone-bound fields. The model simulates water flows and
sediment transport through a small section of the canal systems covering c. 3,000
m? block of fields in the North Fields section of the site in order to demonstrate the
core features of sediment accumulation. The purpose of this model is to
understand the influence of irrigation infrastructure and water diversion on the
accumulation of sediments and development of a series of stone-bound fields in

the North fields of the historical irrigation system in Engaruka, Tanzania.

The aim of this model is to determine the amount of water flows and sediments
that would be required to develop a series of six by six metre stone-bound fields
along a set of irrigation canals located in the North Fields section of the Engaruka
field system (Sutton 1998). The model focuses on the hydrology of channel flows
and sediment transportation and deposition processes to determine the amount of
time it would take to develop a series of fields given idealised conditions for water

flow and sediment transport and deposition.

The model is designed for researchers interested in assessing the temporal and
spatial scales as well as the hydrologic and sedimentary processes involved in the
development and modification of landscapes through sediment accumulation. This
information would be of particular use to archaeologists to enable the
understanding of the timescales involved in the development of stone-bound fields
and field terraces through sediment transport by water. In addition, modern
irrigation systems utilise similar sediment trapping strategies and the results of

this model would help in understanding the management of such field systems.

The model description is based on the agent-based model description protocol and

the updated ODD+D protocol (Miiller et al. 2013; Grimm et al. 2006).

4.2.1.2 Model Assumptions

The ESTRaP model omits more complex landscape-scale elements: rainfall and
surface runoff and erosive processes, as well as site-specific elements of bedload
sediment transport. This is in order to focus on the simulation of water flows and

sediment transport within a network of canals linking a block of fields in the North
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Fields section of the site so as to demonstrate the core features of sediment

accumulation.

The effects of rainfall and surface runoff on discharge rates are not simulated
directly within the model but are simplified and represented by variability in
water depth within the irrigation channels. The hydrological processes of rainfall
and surface runoff influence the amount of water available within water courses.
Studies conducted have shown that rainfall increases can lead to an increase in
surface runoff which in turn contribute to water flows in channels and canals and
can result in corresponding increases in water depth (Linard et al 2009;
Montgomery and Buffington 1998) resulting in increases in water discharge rates.
Studies, particularly on storm events, have shown that rainfall increases can lead
to an increase in surface runoff which in turn contribute to stream flows and can
increase water discharge rates from water channels (Linard et al. 2009, 1). The
influx of surface runoff into water courses can also result in a corresponding
increase in water depth (Montgomery and Buffington 1998, 19) which can also be
related to the corresponding increases in the water flows and discharge rates.
Therefore in order to represent the influence of rainfall and surface runoff in the
model the variations in water depth act as proxies. Variations in rainfall at a
temporal scale were therefore represented by variations in water depth to show
the influence of these variations on water discharge. In addition to using water
depth as a proxy for rainfall levels, Manning’s method and roughness coefficient is
considered a reliable method for the estimation of discharge rates (Roy and Mistri
2013, 4; Benson and Dalrymple 1967). Thus using a combination of Manning’s
roughness coefficient and water depth, the water discharge from the water
channels (both canalised stream and irrigation-canals) will be estimated in the

model.

Erosive processes across the landscape are omitted and sediment inclusion is
represented by the total suspended sediments in order to focus on sediments
already present within the channels. The omission of erosive processes is also
because the presence of the stone-bound fields across the landscape would act to
limit surface runoff and erosion (Mekonnen et al. 2015; Lesschen et al. 2009), so

we assume lateral inputs into the channel are several orders of magnitude lower
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than the transport of sediment in the channel, and can therefore be considered
negligible as a first-order approximation. While the ESTRaP model does not
explicitly represent erosive processes, variability in Total Suspended Sediments
(TSS) can be related to erosion where increased erosion in upstream regions can
be represented by increases in the TSS in water channels. However this is with the
caveat that surface runoff does not necessarily result in increased erosion. As
studies by Lesschen et al. (2009) and Hooke (2003) on hydrological connectivity
have shown the links between runoff, erosion and sediment are not always clear
cut as the soil type and vegetation also can influence runoff and erosion. In
addition, the presence of stone-bound fields act to intercept runoff and act as sinks
for sediments and runoff as well as acting as sediment traps (Mekonnen et al
2015; Lesschen et al. 2009). This also acts to limit runoff and erosion across the
landscape particularly on the agricultural lands. For this reason, the model focuses
on TSS within the channels and not erosion and runoff across the landscape.
Variability in TSS therefore acts as proxies for erosion from upstream regions for

the combined mechanisms of erosion.

In addition, the transport of sediments ties closely with the flow rate of water
within the channels as the fast moving water will transport larger pebbles while
slower flow rates would transport silt, sand and clay, where clays have formed
aggregates, (Miedema 2010; Sundborg 1956). Studies by Lang and Stump (2017)
have shown 