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Abstract

Mt Kilimanjaro has a unique ecology that include glaciers on its summit and a rainforest where numerous perennial and
sub-perennial rivers and streams emanate. The Chagga people who cultivate the lower slopes of the mountain use this
water to irrigate their home gardens (vihamba). This water supply is now under threat due to climate change and
human encroachment of the rainforest. The glaciers on the mountain summit further add to variable water flows
downslope. Using historical, ethnoarchaeological surveys, climate and other data, we demonstrate that these events
reflect centuries-long developments encouraging the adoption by the Chagga of sustainable water management
practices. Chagga settlement of Kilimanjaro coincides with the Little Ice Age (1300-1850), characterised in Africa by
declining temperatures and cooling, reduced rainfall and severe droughts. Such climate and environmental change
must have triggered the construction of irrigation furrows (mfongo) to direct regular water supplies to the vihamba and
nduwa (mini dams) to regulate water flow. With over 2000 mfongo, the hillslopes of Mt Kilimanjaro were significantly

modified to support a subsistence system that has remained largely unaltered for centuries.
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Introduction

Chagga settlement on the southern and western slopes of Mt Kilimanjaro (Figure 1) since the sixteenth centuries AD
attests to human adaptation to a mountain ecosystem characterised primarily by water management practices supporting
home gardens (vihamba) for agricultural production (Silayo & Pikirayi 2023) (Figure 2). In a context that increasingly
witnessed high population densities, the Chagga must have employed sustainable water management strategies to
secure long-term water supplies for the residents living on the lower mountain slopes. In the process, they identified
threats to water availability and quality and adopted equitable strategies to respond to them (UNEP et al., 2016).
According to Waite (2010), sustainable water management strategies require measures, technologies, and practices to
ensure safe, reliable water supplies at an affordable cost. Such strategies focus on managing, preserving, and distributing
available water amid multiple environmental factors to meet agricultural and household needs. In sub-Saharan Africa
where high population densities in semi-arid to arid environments are also confronted by climate change, such strategies
are vital in sustaining humans, since this entails balancing the use and supply of water, where the quantity utilised is
equivalent to or less than the amount feeding the source or catchment. It would appear that the Chagga practised
sustainable water management to ensure continued success of the vihamba. A compelling factor was ensuring that
sufficient water was captured from rivers emanating from the rainforest and channeled to the vihamba. Although the
Chagga were involved in regional trade with neighbouring polities, including the slave trade during the nineteenth century,
there is no evidence of conflict over water resources. According to oral history, it was unthinkable for Chagga warriors,
and for any other Chagga in that matter, to destroy water infrastructure even during a war. Mfongo would cross several

villages undisrupted (Silayo 2017, Silayo & Pikirayi 2023).

Figure 1.
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Figure 2.

Archaeology, history, ethnography and hydrological studies attest to centuries of intensive cultivation on the terraced
hillslopes of Kilimanjaro, irrigated by water supplied through mfongo (Kimaro et al., 2019; Masao 1974; Silayo 2017; Silayo
& Pikirayi, 2023; Sunday 2015; Sutton 1994). Complex levels of socio-political and ritual organisation involved in the
constructing such water infrastructures indicate the development of Chagga society over several centuries and an
indication of water management and sustainability. Such water infrastructures have transformed the hillslopes of

Kilimanjaro from a montane forest into a cultivation zone (Figure 3).
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Figure 3

The Chagga stopped building irrigation canals due to interference by early European settlers living in Moshi, on the foot of
the mountain, as a measure to stem water diversion and thus channel more mountain water towards their farms (Grove,
1993). European settlers complained about that the increasing Chagga population resulted in the over-construction of
mfongo, leading to increased water consumption in the vihamba, resulting in less water in European farms. European
settler society thus perceived sustainability in narrow terms, measured merely in terms of downstream impact and the
needs for colonial farming. Oral history also attests that during the Chagga considered diverting or obstructing water
infrastructure because Europeans wanted to monopolise the resource. On the contrary, the Chagga appear to have
measured the same in terms of equitable distribution of and access to the resource. This would see Europeans perceiving
the furrow irrigation systems of Kilimanjaro as "wasteful and in need of improvement" (Lein 2004, 155), ostensibly to
control water use among the Chagga. However, the system has remained relatively intact and continues to play a vital
role among indigenous people in crop and livestock farming and agroforestry (Lein, 2004). Evidently, with growing human
settlements on the foothills of the mountain, water flows to either the vihamba or European farms became variable and
reduced. While variable and low water flow is typically a seasonal phenomenon, it is an essential component of the flow
regime in any river or stream (Smakhtin, 2021). Droughts aggravate such phenomenon. A further aggravating factor is
human usage of water. In Kilimanjaro, water flow is affected by seasonal variation in rainfall, snowmelt, land use including

water infrastructures, localised rock and soil conditions, stream gradient, etc. This excerpt from a scoping study on
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sustainable mountain development in East Africa motivates this paper:

"Mount Kilimanjaro is threatened by warming climate which has consequently led to melting its ice-caps. The ice
fields atop Mt. Kilimanjaro have lost 80 per cent of their area during the last 100 years, and, despite persisting for
over 10,000 years, the ice caps are likely to disappear in the coming decades.... Since 1976, fires instigated by a
warming climate have degraded 13,000 ha of forest (mainly Erica Forest in the upper parts of Mount Kilimanjaro),
which in turn has severely disturbed the water balance. This is particularly significant given that the forest belt
functions as the main water catchment for the surrounding area. As a result of the receding ice cap and
deforestation, several rivers are drying up, affecting the forests and farmland below. A stark example of this is the
serious water shortage in the town of Moshi, located on the foothills of the mountain. It also threatens the
livelihoods of the Chagga people, who depend on a steady river discharge for their irrigation systems. Water
shortages are becoming increasingly common during the dry seasons, especially on the lower foothills...." (E.A.C.,

UNEP and GRID-Arendal 2016: 24)

The 2020 long rain season in Kilimanjaro highlighted the ripple effects such developments have on the cultivation zone
and beyond. These indicate climate and ecological change and anthropogenic impacts on the environment. Almost all the
major rivers in Mt Kilimanjaro are overflooded, devastatingly impacting on communities in the lower plains. However, the
floods did not affect traditional water infrastructures such as mfongo and nduwa. According to our ethnographic surveys,
such a flooding episode has never been experienced during the last four decades or so. While this attests to significant
developments synonymous with global warming, more research is needed to understand how the Chagga coped with
such unusual weather phenomena. It is also evident that their water infrastructures were resilient enough to withstand
such weather extremes, attesting to their ability to sustain vihamba for centuries. Studies on climate change and the
changes within the mountain ecosystem, particularly the depletion of the montane forest and the melting glaciers (Cullen
et al. 2006, 2013; Hemp 2006a, b, 2009, Thompson 2000; Thompson et al. 2002), also trigger questions on what
conservation measures the Chagga adopted and are still using today, to cope with either reduced and variable water
flows from the mountain. Rapid changes in the ecological zones further up the cultivation zone (Said et al. 2019, 2021)
indicate significant hydrological changes that are already negatively impacting water supplies among the Chagga, posing

a threat to vihamba and, ultimately, their livelihoods.

In this paper we contribute to ongoing discussion on sustainable water management practices among the Chagga using
perspectives of deep time. We argue that due to climate change, the Kilimanjaro region has for centuries experienced
variable water flows from the summit glaciers and rainforest to the lower slopes of the mountain. To cope with such
variations, the Chagga employed water regulation practices, including the construction of water infrastructures to sustain
their home gardens. Organised in six parts, this paper first highlights the variable water flow to the cultivation zone. A
literature review and conceptual frame then presents the physiography of the Kilimanjaro region, broadly contextualized in
mountain landscapes practicing steep-slope agriculture requiring sustainable water management to mitigate the impacts

of climate change. The paper uses ethnography, history, archaeology and climate data to understand variable water flows
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to the cultivation zone over centuries of Chagga settlement in the mountain region. The results are presented in the fourth
section. The discussion is framed in the context of sustainable water management strategies in the long durée. The
conclusion highlights the importance of adopting deep-time perspectives to understand sustainability to enlist lessons

from the past in which sustainable futures can be made to work.

Literature Review and Conceptual Frame

Mt Kilimanjaro, in northern Tanzania, is a stratovolcano occupying a region measuring approximately 100 kilometres long
and 65 kilometres wide. It comprises five ecological zones: cultivation zone/hillslopes (800-1800m above sea level),
montane forest (1800-2800m), heather-moorland (2800-4000m), alpine desert (4000-5000m) and arctic summit, over
5000m (Figure 4). The artic summit is dominated by several melting glaciers (see, e.g., Cullen et al. 2006, 2013; Hemp
2009; Thompson 2000; Thompson et al. 2002; Wilcockson 1956; William 2001). According to Hemp (2006a) and Lovett
(1993) the mountain forest zones comprise a colline or hilly lowland; submontane, lower and middle montane forest; upper
montane forest; and a subalpine forest. They define 'cloud forests' as forests of the middle, upper montane and subalpine
zone based on fog water input and structure. There is also a significant difference between the main vegetation types
viewed from the northern slopes of the mountain, which are dry, and the southern slopes, which are wet. This paper
employs these terms in reference to the cloud forests while explicitly mentioning the rainforest in the lower-middle
montane zone. With some areas of the cultivation zone straddled by what Hemp (2006a) and Lovett (1993) as identify as
colline or hilly lowland from 1500 meters a.s.l., it is evident the Chagga have been extending the cultivation zone upslope

towards the cloud forest.
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The lower slopes of the Kilimanjaro region are endowed with cultural and natural resources, which have sustained human
populations living there for over 2000 years (Lwoga and Maturo 2020, Schmidt 1989; Silayo 2017, Sunday 2015). The
Chagga lived and still live on the hillslopes of Mt Kilimanjaro, where they cultivate maize, beans, millet, cassava, yams,
potatoes, coffee and banana. Banana is their staple, and each Chagga homestead lies in the middle of a banana grove
(Fernandes et al., 1985). The mountain is a vital Chagga livelihood, regulating every aspect of their lives, including water
use, farming, and worldview. As the population increased such that the original settlement defined by vihamba could not
support it, the shamba system was adopted (Chuhila, 2021). This entailed moving to the lower plains, which were usually
disregarded and found unsuitable for settlement. These were marginal dry land full of tsetse fly and disease and of less

value when compared to vihamba.

For centuries, the Chagga have been organized in different clans ruled by mangi (chiefs), who sometimes fought each
other or formed alliances to leverage power (Silayo 2016). This history is remembered in oral accounts and is reflected in
archaeology, which shows complex stone structures, underground fortifications, and water management structures
(Bender 2013; Hunter 2009, Silayo 2017). Unfortunately, Chagga history is often overshadowed by research focusing
mainly on biodiversity, ecology and climate change (e.g., Peters et al. 2019; Thompson 2000; Thompson et al. 2002). An

understanding of human-environmental interactions in the region requires transdisciplinary approaches.

The Kilimanjaro region experiences a bimodal rainfall pattern characterised by long rains from March to June and short
rains from November to December (Appelhans et al. 2015; Otte et al. 2017; Reohr and Killingtveit 2003). The rains feed
many rivers and streams and regulate the climate patterns of the region as well as adjacent ecosystems such as Amboseli
(Agrawala et al. 2003). The highly fertile southern slopes of the mountain host rivers and many streams such as Kikafu,
Weruweru, Kikuletwa, Mue, Karanga, Rau and Wona (Figure 5), which for centuries have contributed to the livelihood of
the Chagga and communities in the broader Pangani River basin and cathment (Deutch et al. 2017; Mckenzie et al. 2010;
Mwende 2009; N.B.T. 2018; Ramsay 1965, Rahr and Killingtveit 2003; Sarmett and Faraji 1991; Silayo 2017, URT 2013).
The lower plains are increasingly receiving less water than before, posing a considerable threat to human survival. This
puts pressure on resources and accelerates environmental degradation (Byerlee et al.2024; Daluti 1994; Fisher et al.
2010; Foely et al. 2005; Mul 2009; Tagseth 2008, 2010; Bender 2016, 2019). In much of sub-Saharan Africa, increased
resource use since early Holocene times resulted in ecosystem shifts from forest to savannah, signaling palaeoecological

and climate change (Claussen et al. 2013).
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Figure 5.

This study is contextualised in mountain landscapes with steep slopes (see e.g., Borga et al. 2014; Drenkhan et al. 2022;

Wang et al. 2022; Xing et al. 2008). Steep-slope agricultural landscapes require sustainable water management
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approaches to mitigate the impacts of climate change. According to Wang et al. (2022), episodes of high-intensity rainfall
are increasingly becoming intense, triggering flash floods and slope failure. This represents a threat to agriculture. Further,
there are indications of significant expansion of arid zones towards steep slope agricultural systems, negatively impacting
agriculture due to increasing water scarcity (Morante-Carballo et al. 2022). This calls for sustainable water resource
management to mitigate climate change-induced droughts (Muralikrishnan et al. 2022). In some steep-slope mountain
zones, indigenous worldviews on water conservation and the roles these play in managing water resources, have been
documented to understand human optimal resilience (see, e.g., Ostberg 2014). Recently, the Kilimanjaro region has been
experiencing a shortage of rainfall and the drying of rivers, triggering a decrease in staple crop yields and rising
temperatures placing pressure on natural resources (Said et al. 2019). Such a scenario calls for assessing the impacts of
climate change and anthropogenic influences in the region and their impact on sustainable biodiversity and the

ecosystem.

Climate change discussions are relevant since mountains such as Kilimanjaro represent a microcosm of the earth's
climate zones. The summit glaciers contribute to the hydrology of the mountain region (Adhikari et al., 2015; Cullen et al.,
2006, 2013; Hemp 2005; Kaser et al. 2004; Mélg et al., 2008, 2014; Mote and Kaiser, 2007; Said et al. 2019; Thompson
2000). Thompson et al. (2002) 's projections regarding the disappearance of the summit glaciers point not only to regional
and global climate change, but also imply a decrease in precipitation and water supply for residents living on the
hillslopes. Although scholars have different opinions on the impact of climate change on the glaciers on Mt Kilimanjaro
(see, e.g., Said et al. 2019), a notable or significant decrease in precipitation by the middle of the 21st century suggests
there will be significant water shortages in the region, which will impact on agriculture and livestock production (Said et al.
2019). Other pointers to climate change impacts in the Kilimanjaro region are seen in decreased vegetation species
composition during the past 100 years (Hemp 1999, 2005, 2006a, b). The causes for the changes are associated with
decreased precipitation and increased anthropogenic impacts (Hemp 2005). Evidently, the mountain region is increasingly
experiencing environmental pressures due to population increase (National Bureau of Statistics, 2018), the expansion of

agriculture and overexploitation of the montane or cloud forest and other resources.

Drenkhan et al. (2022) show that mountain climate system changes impact the water security of downstream societies
and the resilience of water-dependent ecosystems and their services. For the Chagga of Kilimanjaro, this involved an
intricate interaction with water supply from the cloud forest, augmented by glacial meltwater. This is informed by trends
towards more integrated social-ecological stidies of the wider catchment hydrology for the region. According to Drenkhan
et al. (2022), this requires locally relevant knowledge-production strategies and integrating such knowledge within
collaborative science—policy-community framework. It is believed this approach, combined with hydrological risk
assessment, may support the development of robust, locally tailored and transformational adaptation strategies to ensure
water security beyond mountain glaciers. Research by Said et al. (2021) on land cover changes on the water balance in
the Kikafu-Weruweru-Karanga watershed area of Kilimanjaro identifies the expansion in cultivation land and built-up area
as the primary attributes in changes in water yield, surface run-off, evapotranspiration, and groundwater flow. Improving
the vegetation cover on the hillside and abandoned land area could help reduce direct surface run-off in the watershed

(see Wang et al. 2022). Said et al. (2021) discovered that this area is experiencing recurring flooding and with the ongoing
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expansion in agricultural land and built-up areas, the study warns of profound, immediate negative impacts on the water

balance of the watershed.

Forest fires are an increasing occurrence on the mountain and these consume much of the montane forest. According to
Hemp (2009) cloud forests are essential in the hydrological functioning of watersheds in eastern Africa, especially the
montane forests, which are heavily threatened by global change impacts. Satellite images for the period 1976-2000
focusing on vegetation plots show significant land-cover changes on the mountain, which may also have impacted on the
water balance. Although glaciers on the mountain summit may be disappearing rapidly, the increase in frequency and
intensity of fires on the slopes of Kilimanjaro, though less conspicuous, is perhaps ecologically far more significant. Fires
have led to changes in species composition and structure of the forests and a downward shift in the upper forest line by
several hundred meters. During the last century or more, the mountain has lost nearly a third (150 square kilometres) of

forest cover due to both fire and clearance, causing a significant reduction in water yield (Hemp 2009).

Studies by Peters et al. (2019) on Kilimanjaro show how human land use affects tropical mountain ecosystems'
biodiversity and ecological functionality. They demonstrate that land use leads to a significant loss of biodiversity and
alters the ecosystem functions of tropical mountains. For Kilimanjaro, the intensity of such changes varies in different
altitudinal zones, strongly correlated with the climatic context. Land use has severe detrimental consequences for the
biodiversity and ecosystem functions of the cultivation zone on the foothills of Kilimanjaro. Therefore, protecting and
promoting land use approaches that are sustainable and compatible with biodiversity is vital to preserving the diversity of
species and nature-based ecosystem functions. A significant development is decreased precipitation and water in the
mountain's lower slopes, which affects Chagga agriculture and food production. It is thus vital to understand how such

developments took place over centuries, and how the Chagga interacted with such developments.

Methodology

The study used ethnographic data acquired through oral interviews, historical accounts and archaeological surveys to
understand past and present water management practices among the Chagga. Climate and ecological data were
consulted to understand variations in precipitation and water flows in the mountain over time, which also impacted on the

Chagga.

Archival and published historical sources on water management practices among the Chagga (Dundas 1968; Hakansson
et al. 2008; Masao 1974; Mitten 1886; Moore and Puritt 2017; Morison 1933; Oliver 1887; Pike 1965; Stahl 1964, 1965,
Thomson 1887; von Clemm 1964) were consulted to understand flows regulation. The nineteenth century caravan trade
(see, e.g., Alpers 1969, 1975) and conflict between various chiefdoms did not disrupt Chagga water infrastructure and
supply. According to Groove (1993), such substantial infrastructure involves 1800 km of primary channels and an
estimated throughput of 200 million m3 of water annually. The persistent assumption is that water resources and supplies
from the montane zone, particularly the rainforest, have always been permanent. Rather, an important development in

Chagga water infrastructures was the building of nduwa to regulate supply. Furrow management was a daily operation,
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with the elders responsible for directing and redirecting the water depending on the need and availability of the resource.
This also included scheduling the times to release water to the fields, to the domestic animals to drink, and for household
consumption. Clan or equivalent management of the water infrastructures ensured that these infrastructures were
community-owned and traditions of such ownership were passed from generation to generation. The cooperative nature of
the Chagga, according to Huxley (1956: 67), could be seen in the need to keep the "irrigation furrows in good order; to

maintain maximum water flow; to repair the banks; and to regulate the use of the furrow"

We also used ethnographic data to collect details on water infrastructures (Silayo and Pikirayi 2023), which involved
interviewing 90 informants between 2013 and 2019. These interviews completed the archaeological surveys conducted
particularly in the Kibosho area of the mountain. In this paper, we attempt to establish the extent to which centuries-long
construction of mfongo and reservoirs was also an attempt to regulate water supplies to the cultivation zone, to sustain

vihamba.

Results

Oral interviews highlight Chagga reliance on irrigation watering their crops, which allowed them to cultivate their farms
throughout the year. Quoting Mr Rafael from Sungu village in Mweka, Kibosho; "We took every possible measure to
ensure a steady flow of water to our farms, including building nduwa (See Figure 3). According to Matthew Bender (2011:
191), "Most farmers cultivated the grain (finger millet) not in the rainy seasons, but rather in the dry season months using
irrigation”. Irrigation, coupled with the fertile Chagga land and good organisation from chiefs and their associates, made
the country greener while increasing agricultural output. Charles New, who visited Kilimanjaro in 1871, reported the land
of the Chagga as "extremely picturesque and beautiful; its productivity is extraordinary, and its climate is not only pleasant,
but it is also perfectly salubrious... It is the Canaan of East Africa, for it may be said to flow with milk and honey" (New

1971[1873)).

Our ethnographic surveys also reveal that for Chagga, water supply represents "large-scale climatic patterns" and
determines climatic development. Our informants stated that variation in water supply means a change in climate and
seasons which also influences cultural and social life. To keep pace with the climate and seasonality, the Chagga had to
pay attention to the direction and movements of the clouds. Oral histories contend that with the traditional knowledge of
climate and seasons, the Chagga could tell when they would receive heavy rain and the direction of the shower (see, e.g.,
Tagseth 2010), and used this knowledge to prepare their farms promptly. Mfongo and nduwa bear testimony to centuries
of water management, including catchment management practices designed to capture water upslope and supply
vihamba efficiently. The Chagga regard water as one of the “gifts of the forest”, in addition to the many household and
medicinal products, fuel wood, beekeeping, hunting, charcoal production and logging. Their knowledge of the seasons

and climate, according to Blot (2006), is shaped by their immediate worldview.

According to the ethnography, the hillslopes of Mt Kilimanjaro region are undergoing massive landscape transformation

through widespread, sustained deforestation, replanting of alien species for commercial farming and logging. Studies of
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the past two decades or so have also recorded the destruction of the montane forest mainly due to forest fires, with
massive conservation repercussions forest ecology (Beck et al. 1983, Eva and Lambin 2000; Gamassa 1991; Gathaara et
al. 1999). Our 2018 fieldwork observations suggest that despite the establishment of a national park to protect nearly 1700
square kilometres of the mountain ecosystem above the tree line (over 2700 m a.s.l.) in 1973, the move in 2005 to include
the montane forest zone (over 1800 m) was as an attempt to conserve the broader mountain ecosystem in an already
depleting forest. The rainforest is vital in stabilising the climate of the mountain. For residents living in the cultivation zone,
it helps to maintain the water cycle by adding water into the atmosphere. Critically, they protect the cultivation zone

against flooding, droughts, and erosion (e.g., Bjgrndalen 1992).

Archaeological research points to fewer mfongo in Rombo district in northern Kilimanjaro, in comparison with other parts
of the mountain. Our interview with Mr Tobias Milioni Mushi in August 2019 reveled that the Kibosho ward had more
mfongo than any other area of Kilimanjaro due to the stability of the chiefdoms and the ability to keep their enemies at
bay, allowing them ample time to engage in agriculture and the irrigation systems to run undisturbed. While from a
physiographic viewpoint Rombo lies in a rain shadow area, receiving less rainfall and with few perennial rivers to support
mfongo, it is also important to highlight that it was ruled by Mangi Horombo (1720-1802), who believed in military might at

the expense of his own and other chiefdoms (Silayo, 2017).

Along several rivers or streams flowing from the arctic zone through the moorland to the alpine forest, we noticed
substantial evidence of increased river or stream speed and, by extension, erosive power (Figure 6). This development
may attest to summit glaciers melting, and increased water flow downslope. According to Joseph Mapima (pers.com, 18
December 2020), who assists climbers to the summit, this is an unusual development on the mountain, which now makes
crossing some of the rivers extremely difficult due to enhanced vertical erosion. This is perhaps an indication of how the
mountain region is experiencing climate change. This is critical in protecting the Chagga from droughts, ensuring that food
production is stable (for Kenya, see Nicholson 1936). However, this is contradicted by the available rainfall data presented
above. Using mfongo to channel water to the vihamba is a convenient resource management method. According to the
ethnographic evidence, such furrows were owned and managed by various Chagga lineages, a practice which has now
been replaced by villagisation. Continuing local control over mfongo ensures the survival of the central traditions
governing their distribution and maintenance. All this speaks to sustainable management of a variable and increasingly

scarce resource.

Discussion

Sustainability must always be understood in relative terms, as what is considered "sustainable" in one location may
challenge sustainability elsewhere (Waite 2010). Sustainable water systems should provide adequate amounts of water to
those in need without compromising the future ability to provide this capacity. Another point Waite (2010) makes and is
relevant to the hillslopes of Kilimanjaro is that water systems in the realm of sustainable development may not literally
include water use but systems where water use has traditionally been required. Sustainable ecosystem use is crucial.

This goes beyond that of Peters et al. (2019) by examining human efforts towards protecting and promoting land use over
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a long period. This research places humans at the centre of biodiversity and ecosystem change and as critical agents in
transforming the montane ecosystem and the cultivation zone. Studying the Kilimanjaro Mountain region is also about
studying environmental and climate change and the broader changes these phenomena are triggering across the globe.
This calls for forecasting future land use patterns, water availability, and possible climate change mitigation. There is need
to develop adaptive strategies for responding to climate change and anthropogenic impacts on the hillslopes of Mt

Kilimanjaro now and into the future.

For the Chagga to continuously sustain the vihamba system in a mountain region characterised by climate change, loss of
montane forest, and the intense human footprint on the hillslopes, management of water has been vital, not only within
recorded or remembered history but as far back as the earliest Chagga settlement in Kilimanjaro. Thus, sustainable water
management in the cultivation meant coping with a changing climate, variable and increasingly below-average rainfall
since the sixteenth or seventeenth centuries, droughts, and consequently reduced or low water flows from the rainforest.
We contend that the construction of water infrastructures such as mfongo was in response to these developments to
enhance direct access to water and sustain the vihamba. Such practices must consider climate change, water availability,

land availability and usage, and population increase.

Climate data indicates a decrease in precipitation and water supplies in the cultivation zone in the lower slopes of the Mt
Kilimanjaro region. While historical records confirm such a decrease from the 1850s, climate data also points to the same
for 1350-1550 AD, which generally coincides with the inception of the Little lce Age (1300-1850). In Africa, this climate
episode is associated with declining temperatures, droughts, and desiccation (Nicholson and Yin 2001). Agrawala et al.
(2003) highlight the contrasting climatic conditions experienced in equatorial East Africa since the early first millennium
AD, starting with the Medieval Warm Period or Medieval Climate Anomaly (1000-1300 AD), followed by the Little Ice Age
(1300-1850 AD). Data on Medieval Climatic Anomaly in eastern Africa is somewhat limited, especially in mountain regions
such as Kilimanjaro (LUning et al. 2017). However, the evidence from lakes Challa, Hausberg Tarn, Tanganyika and
Turkana attests to warming during the time, though there was an earlier cold spell for Lake Turkana, and Mount Kenya
experienced a warm phase between two significant periods of glacier activity dated 650-850 AD and 1350-1550 AD
(Karlén et al. 1999). Studies on glacial retreats (see, e.g., Thompson et al. 2002, 2009, Mélg et al. 2009, Hastenrath and
Kruss 1992), while not detailed on climate change during the second millennium AD, must be read in conjunction with

other sources or records of climate change in the region.

Lake sediment records from western Uganda suggest regional variability of East African climate during the Little Ice Age.
Severe droughts have been recorded in the western areas of the region, verging towards central Africa (Russel et al.
2007). However, a wet Little Ice Age has been recorded for Lake Naivasha (Russel and Johnson 2007). This variable
nature of the climate attests to the solid regional nature of climate change, which must have had a bearing on the rainfall
patterns on the African continent during the entire period. Verschuren et al. (2000) point to a drastic climatic dislocation
during the last two decades of the nineteenth century, characterised by episodes of persistent aridity, reportedly more
severe than any recorded drought since then. East Africa and the broader sub-Saharan region witnessed significant drops
in lake levels due to reduced annual precipitation of as much as 150-200 mm in some places, e.g., Lake Victoria, and

glacier recession due to enhanced solar radiation (see also Hastenrath 1984, 2001, Hastenrath and Kruss 1992,
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Hastenrath and Greischar 1997, Nicholson 2000, Nicholson and Yin 2001). The retreat of some glaciers on Mt Kenya and
Mt Kilimanjaro during the last quarter of the nineteenth century is attributed to significant decreases in annual precipitation

(Kruss 1983, Hastenrath and Kruss 1992).

The retreating glaciers on the summit and artic slopes of Mt Kilimanjaro are changing the landscape character of the
mountain (see Altmann et al. 2002). This is also a phenomenon that is strongly linked to climate change. For discussion
on these glaciers on Mt Kilimanjaro, the reader is referred to Hastenrath (1984), Hastenrath and Greischar (1997), Kaser
(1999, 2001), Kaser et al. (1996, 2004), Thompson (2000), Thompson et al. (2002, 2009). For glaciers on Mt Kenya,
please see Hastenrath and Kruss (1992), Karlen et al. (1999) and Kruss (1993). According to Kaser (1999), in the
nineteenth century, they witnessed the rapid melting of glaciers and a significant increase in the number and intensity of

wildfires on Mt. Kilimanjaro. Altmann et al. (2002) implicate enhanced anthropogenic influence.

Available rainfall data indicate decreased water supplies in the mountain's lower slopes since the 1880s. According to
Agrawala et al. (2003), there has been a declining trend in precipitation in the Kilimanjaro region at least since 1880. A
noticeable warming trend in the mountain region has also occurred since 1950. Amboseli's observations indicate a local
warming rate of 0.275 °C per decade between 1976-2000, significantly higher than globally averaged warming. According
to Altmann et al. (2002), proxy data reveals that annual precipitation decreased by 150 mm between 1880 and 1900. The
daily rainfall records from the Lyamungu Coffee Research Institute in the sub-montane cultivated zone on the southern
slope of Mt. Kilimanjaro show a decrease in precipitation since 1935 of about 2.6 mm/year. Extrapolating this figure back
to the year 1900 means an annual loss of over 400 mm compared to pre-1880. Based on Hay et al. (2002), the rainfall
records from the Lyamungu Coffee Research Institute are consistent with a general reduction in rainfall throughout most
of Africa since 1950 (Nicholson 2000) and in the Kilimanjaro area for the periods 1941-1960 and 1971-1995. Data from the
same station reveal that the number of dry months with less than 30 mm increased, whereas wet months with more than
125 mm were stable. Temperatures in the mountain region rose between 1951-1960, stabilised or decreased slightly
between 1960-1981, and increased again between 1981-1995. Temperature records from 1976 from the Amboseli
mountain region show dramatic increases throughout the same 25-year period (Altmann et al. 2002). So, what does this

mean regarding water supplies to the cultivation zone, both in terms of the present and the past?

While the results confirm the variable climate of eastern Africa more broadly, they do not refer directly to the Kilimanjaro
region. However, we treat these results as a proxy for the mountain. The climate data points to increased cooling during
the past five centuries, more broadly synonymous with developments attributed to the Little Ice Age in eastern and
southern Africa (Johnson et al. 2001). This also influenced rainfall patterns in these regions, although some regions may
have received above-normal rainfall, albeit for limited phases. Documented observations since the middle of the
nineteenth century for the Kilimanjaro region show decreasing trends in precipitation until the second half of the twentieth
century, punctuated here and there by episodes of high rainfall. More broadly, the implications of such developments
regarding water supply from the rainforest and the montane forest are enormous. If climate change data is considered,
the Chagga must have experienced reduced or variable water volumes towards the vihamba for centuries. Coupled with a

growing population, they may have felt some constraints around water management, including control, sharing and
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distribution (as attested by mfongo).

Chagga vihamba must have consumed considerable quantities from the cloud forest. These gardens are, in effect,
irrigated lands, and the productivity of such land is often measured at approximately three times greater than that of rain-
fed land (F.A.O., 2010), making irrigation an essential factor for sustainable agriculture systems. Archaeological survey of
some vihamba allowed us to observe and re-think their physical and conceptual connection with the montane forest.
These are an anthropogenic reformulation of the montane forest ecosystem, attested by how plants are spaced and how
they are differentiated in terms of height to reflect the multiple levels of their growth (Blot 2006, Hemp 2006a, Hemp and
Hemp 2009). This reformulation of the montane forest ecosystem takes place in the hillslopes of the mountain, where
vihamba may have initially been connected to the water through fast-flowing streams, rivers and rivulets. This re-creation
and replacement of the montane forest ecosystem was characterised by small-scale but intensive cultivation of crops,
fertilized by cow manure. The banana grove was developed to become the ultimate forest among the Chagga. The
construction of water infrastructures in the form of irrigational channels and reservoirs provided a regulated connection
between montane forest and the homesteads, that elevated the Chagga to a level synonymous with the development of a

complex agrarian system.

Ichinose et al. (2020) point out that cultivating different species and genotypes of crops is one of the strategies
implemented by smallholder farmers to maintain their livelihood. In the Kilimanjaro highlands, the Chagga people run
small-scale but intensive farming. The development of such an agrarian system was not static but evolved in response to
other factors. The Chagga people altered their farmland management strategies by increasing banana and maize
cultivation and decreasing coffee cultivation in their vihamba based on the significance of each crop within their
livelihoods. Banana cultivation has assumed considerable importance among the Chagga because it is a source of
income and staple food. Ichinose et al. (2020) suggest that maintaining diverse variants of bananas is one adaptation
strategy that brings a stable food supply and income to Chagga. This also enables them to maintain their livelihood in the

context of changing socio-economic conditions.

The increasing Chagga population must have accelerated food production in the Kilimanjaro region, which also increased
the demand for water for irrigating vihamba (U.N. 2005). However, agriculture is also responsible for some surface and
groundwater degradation due to run-off. According to Waite (2010), water has a dual role when assessed in the context of
supply, which involves efficient usage for irrigation and protecting surface and groundwater resources. Chagga vihamba
employs sustainable water supply techniques, including organic farming practices that ensure continued soil fertility,
limited tillage, and limited water and soil contamination. Such practices were clearly inherited from the past and may date

to the introduction of crops such as the banana in the mountain region.

Montane forests' depletion is the primary reason behind the changing climate patterns within and around the mountain.
According to Bjorndalen (1992), these montane forests are vital water catchments, supplying water to populations living
on the lower slopes. They are also vital towards the hydrological functioning of watersheds in sub-humid East Africa
(Hemp 2009). A reduced forest canopy results in less cloud formation and, consequently, less rain and water. Such

clouds are necessary for transporting moisture to the mountain's lower slopes. For how long the montane forest has been
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subjected to this requires further research. It would be safe to assume that the montane forest of Kilimanjaro was much
more extensive than the present. It is also safe to assume that some of these declining water supply trends were
triggered and enhanced by increased human settlement on the mountain slopes, now numbering more than two million
people. All of these rely on the water from the montane or cloud forest. However, we do not know the consequences of
the continued loss of the forest. Human impact around and inside some forest reserves is evident in the heavy population
pressure surrounding them, leaving them "isolated, fragmented 'islands™ (Bjgrndalen 1992). Hemp (2009) highlights the
impact of fires in the montane forest, pointing out that climate change-induced fires have led to changes in species
composition and structure of the forests and to a downward shift of the upper forest line by several hundred metres. Since
the late 1930s, Mt Kilimanjaro has lost nearly a third of its forest cover in the upper areas due to fire and the lower forest

border due to land clearance (Eva and Lambin 2000; Hemp 2009, Hemp 2006b; Hemp and Beck 2001).

Less discussed in terms of the water needs for the residents living in the cultivation zone are the melting glaciers on the
artic summit and hillslopes. Some researchers believe these contribute only to a very small fraction of the water needs of
the cultivation zone (see Cullen et al. 2006, 2013; Kaser et al. 2004). However, how this is measured negates
groundwater and the impact of increasing snow melting. While original estimates by Thompson (2000) and Thompson et
al. (2002) that the ice caps on Kilimanjaro would have disappeared by now, evidence of dry river beds, according to
Altmann et al. (2002), is not necessarily an indicator of long-term climatic changes or shrinking glaciers, but rather, more
likely the result of forest destruction or increasing water demands of the rapidly growing human population in the

cultivation zone.

While the impact of the melting glaciers on the Chagga is still unknown, it is essential to pay attention to the potential
consequences of increased water flow to the lower mountain slopes. The observations made by some of our informants
regarding rapid stream flows and deep gullying are vital to the discussion here. According to the IPCC (2019), melting
glaciers can affect river run-off and freshwater resources available to human communities close to the glacier and distant
from mountain areas. Glaciers release water from long-term storage as they shrink in response to a warmer climate.
Initially, glacier run-off increases due to the glacier melting faster and, thus, more water from the glacier downslope. This
is referred to as 'peak water'. However, this glacier's run-off and contribution to stream and river flow downslope will
decline after several years or decades. Peak water run-off from glaciers may increase the quantity of water downstream.
For the Kilimanjaro region, given the increasing trend in the melting of glaciers, the melt adds to the water generated in
the cloud forest, thus providing additional water for vihamba. If the mountain region has passed the peak water stage, this
additional water will decrease with continued glacier shrinkage and retreat and projected disappearance. This implies that

the Chagga and other downstream communities are losing additional water sources.

Given the equatorial location of Kilimanjaro, slight variations in seasonal air temperatures and alternating wet and dry
seasons are the primary control of the amount and timing of glacier run-off throughout the year (e.g., IPCC 2019). With
Kilimanjaro summit glaciers some 30-40 kilometres from the cultivation zone, meltwater run-off from the ice shrinkage is
unlikely to cause flooding but is expected to be negligible. Thompson (2000) and Thompson et al. (2002) highlighted that if
Kilimanjaro were to lose its glaciers, the repercussions on the Chagga in the cultivation zone would be immense. Give

more than four centuries of Chagga settlement in Kilimanjaro, their clan histories require re-writing to understand how they
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have coped with the changing mountain ecosystems. Also, developments since 1850 significantly altered their
circumstances, e.g., the shifting to the lowlands for agriculture and settlement as well as urban areas. Such an
understanding should also highlight that the loss of Mount Kilimanjaro's forests is critical in triggering a water crisis as
rivers dry up. Since 1976, climate change has destroyed 13,000 hectares of the mountain's forests. The mountain has
witnessed increased incidences of wildfires and accelerated destruction of forests. This alters the mountain's precipitation
and hydrology, resulting in villages and towns in the cultivation zone and beyond experiencing water losses. This requires

more research.

Conclusion

Located in the context of indigenous populations in Africa using traditional irrigation systems (Adams 1989; Adams et al.
1988; Silayo 2017; Sunday 2015; Sutton 1994) and also in an environment dominated by steep slopes and mountain
topography (see, e.g., Xing et al. 2008), the study contributes to a growing body of work on sustainability in relation to
climate change (see, e.g., Drenkhan et al. 2022; Ostberg 2014; Sulas and Pikirayi 2018; Waite 2010; Wang et al. 2022).
Chagga's sustainable water supply involved integrated water resource management, including catchment management
approaches, which pooled together multiple stakeholders, such as chiefs and village elders, furrow engineers and
constructors, to determine how water should best be harvested, and conveyed to the rest of the population on the
mountain slopes (Silayo and Pikirayi 2023). Such collective and integrated approaches must have prioritised not only
Chagga's subsistence and other socio-economic needs but also the broader needs of the mountain ecosystem. Thus,
centuries-long of Chagga indigenous knowledge, historical experiences of the mountain environment, and interactions
with other groups must have generated sustainable approaches to water management in the Kilimanjaro region. Given the
current threats of global warming and human encroachment to ecological zones in the mountain, such as the montane
forest, it is now uncertain whether the Chagga will continue providing this capacity without compromising the present and
the future. The impacts of emerging agricultural practices on groundwater quality in some catchments are now known

(Lwimbo et al., 2019).

While there is a wide range of scholarly views regarding the impacts of climate change on the glaciers on Mt Kilimanjaro,
the hydrological impacts remain poorly known. The impact of climate change and anthropogenic pressure on resources
require more structured, historical data documenting what happened and predicting what is likely to occur in the future.
Data on current and future land use/cover and change is also limited in the Kilimanjaro region. Also relevant are studies
on fog water deposition for equatorial and tropical rainforests in eastern Africa. These forests serve as the water towers of
rivers and streams, including those emanating from the mountains. Our review only highlights how climate and
anthropogenic impacts may affect the ecosystem in the region. For a region with traditions of indigenous irrigation, there is
need to develop adaptive strategies for responding to climate change and anthropogenic impacts on the hillslopes of

some of eastern Africa’s largest mountain systems, now and into the future.

Sustainable development of mountain communities, where human activity responds to the changing nature of mountain

systems, is a crucial strategy for minimising the impacts of climate change, both in the mountains and in surrounding
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areas. The Chagga have achieved this for centuries by adapting their cultivation needs to the cloud forest and possibly
beyond. This included constructing water infrastructures to control the water required for their home gardens and
recreating the rainforest to conserve the original lower montane forest destroyed due to expansion and for agriculture and
settlement. It is evident that mfongo, nduwa, and vihamba are resilient infrastructure to weather and climate extremes,
adding towards protecting livelihoods and the broader mountain environment as sites of geological, ecological and cultural
heritage. IPCC (2022) states that these interventions can help limit climate change impacts on sensitive mountains in

Africa and elsewhere.
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