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Abstract: The southern slopes of Mt. Kilimanjaro hosts one of the oldest traditional irrigation system in Tanzania, locally
known as Mfongo. Today the system is facing several challenges that affect local livelihoods and provision of other
ecosystem services. To study the structure of the traditional irrigation systems and its management limitations in the
southern slopes of Mt. Kilimanjaro, Tanzania, an interview survey was conducted whereby focus group discussions
and key-informants were used as main tools for data collection. Study findings suggest that current water uses under
the Mfongo system is not sustainably managed, thus leading to imbalanced water supply among key users. The system
is characterized with low water conveyance efficiency and high losses during storage. Disturbances in catchment
areas have increased and community participation in canals management has declined. Moreover, poor technical
support, conflicting policies and unequal opportunities to land ownership limit local efforts dedicated to improve
irrigation activities around Mt. Kilimanjaro. There is an urgent need for technical research on alternative options for
agricultural water supply in the area and a need of minimizing water losses from supplying and storage
infrastructures.
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1. INTRODUCTION

Traditional irrigation systems still constitute the largest share of agricultural water supply in
most developing countries, most of them confined within mountainous areas (Beall, 2002; Jodha,
2001). They support agricultural production and bio-geochemical processes important for
community livelihood and ecosystem functioning (Liniger et al., 1998; Spehn et al., 2006).
Nevertheless, traditional irrigation systems have increasingly become vulnerable for diverse
reasons, thus affecting sustainable supply of water to communities. Although global climate
changes reported to affect the hydrological dynamics in mountainous regions (Becker and
Bugmann, 2001; Bruijnzeel and Scatena, 2010), the severity of these effects is probably not
sufficient to explain the decrease in water supply that we witness today.

Increased water withdrawal is already a serious concern following rapid expansion of cultivation
areas, changes in crop types and agronomic practices (Misana et al., 2012; Tagseth, 2008a).
Additionally to increased overall food demands, the modern human communities have shifted their
food preferences which affects the overall supply chain, production decisions and ultimately quality
of landscapes. Current production systems are characterized by increased water use with less
control of sediment runoff, nutrients loss and pollution from agro-chemicals (Abbasi and
Mannaerts, 2018; Kimaro et al., 2008; Sherriff et al., 2015). Additionally, poor governance of water
resources and unequal rights to land ownership jeopardize efforts dedicated to improve its
management (Marson and Savin, 2015; Valipour, 2015).

In this study, we argue that poor understanding about the organization of traditional irrigation
systems impacts sustainable management of water resources. Drawing example from the traditional
irrigation system (Mfongo) around Mt. Kilimanjaro, we assess the local narratives regarding the
effectiveness of irrigation structure and its management limitations. Mfongo system has been used
for centuries to sustain homegardens and other farming systems on the southern slopes of Mt.
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Kilimanjaro (Fernandes et al., 1985; Mbonile et al., 2017). However, water supply from canals has
been decreasing over time, thus threatening future food production and provision of other
ecosystem services.

This study offers an opportunity to evaluate and design appropriate strategies for a better
agricultural water management in the way that crops’ requirement for water are met, farmers reach
their production targets and, at the same time, natural resources are protected in mountain
ecosystems.

2. MATERIAL AND METHODS

2.1 Study area

The study area (Fig. 1) is located at the southern slope of Mt. Kilimanjaro (between 2°45" and
325" S and 3700" and 37'43" E). This study was conducted starting from the plains (900 m) up to
the forest boundary (1600 m). Major land use in this area is influenced by the elevational gradient,
whereby the lower area is dominated by maize monocropping and extensive pastoralism. In the mid
area (1200 — 1350 m), the dominant farming systems are coffee-banana agroforestry and
increasingly also maize fields. There are several coffee estates operated as large-scale farming. At
upper areas (1350 — 1600 m), the tree-based agroforestry, in particular, Chagga homegardens have
been practiced for decades by local inhabitants with banana and coffee as dominant crops (Hemp,
2006; Soini, 2005).

Two distinct rainy seasons occur in the study area: the long rains starting from mid-March and
continuing until the end of May, while the short rains occur between October to December.
Occasionally, short rains extend to the end of January of the following year. The driest period is
from July to the end of September, while April and May are the wettest months. Mean annual
rainfall varies between 600 — 900 mm in lower areas, 1000 — 1200 mm in mid areas and 1800 -
2000 mm in upper areas (Misana et al., 2012b). The soil type varies along the slope, whereby fine-
textured clay soil is predominant in the lower area, compared to the coarser textured volcanic soil in
upper areas (Mpanda et al., 2016; Zech et al., 2014).
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Figure 1. The study area (Google Maps, 2017) indicating distribution of study villages
(map adopted from Kimaro et al., 2019).
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2.2 Methods
2.2.1 Socio-economic surveys

We collected socio-economic information during Focus Groups Discussions (FGDs) and key-
informants interviews (Kls). The former involved discussions with groups of villagers (10-15
people) from 15 selected villages. Open-ended questions were used to guide discussions which
aimed at obtaining local perceptions on the traditional irrigation system and its major constraints.
Diverse social groups of villagers like women, elderly people, affluent ones, and leaders were
involved (Dollisso and Robert, 1999). Confidentiality of villagers’ identities and their contribution
was considered important and ethical (Krueger and Casey, 2000). Contributions from Kls were
obtained through interviews with the government officials like district officers from Hai and Moshi
Rural Councils, the Pangani Basin Water Office (PBWO) Moshi and the Northern Zone Irrigation
Office. Similarly, a set of open-ended questions was used to guide these discussions.

2.2.2 Mapping irrigation schemes

Uduru irrigation scheme located in the Uduru village (Fig. 1) was selected as representative.
Mapping exercise involved participatory resources mapping technique (Tripathi and Bhattarya,
2004), whereby villagers were guided to develop a hand sketch map of their irrigation scheme.
Villagers were divided into three groups comprised of 3-5 participants. Each group was given a
piece of paper and maker-pen to present their knowledge about the scheme structure. The following
details were presented on the map: (i) canals intake sources, (ii) routes of primary, secondary and
tertiary canals, (iii) orientation of crop fields. Finally, we combined presented ideas into one final
version that was agreed by all participants. The map was then scanned and imported into the
computer. From the scanned images, new vector layers were created to mirror the details of hand-
sketched map. All graphics work was completed by using Adobe Illustrator software, version CS 6
(Adobe, San Jose, CA, USA).

2.2.3 Data analysis

Descriptive statistics were used to provide statistical summary of all information related to
management of canals. Additionally, qualitative information was analyzed by using content analysis
in order to categorize verbal data for purpose of classification and summarization (Hennink, 2013).
All supporting statements were quoted in the text as personal communication (pers. com.). To
assess agreement among participants’ opinions during participatory mapping exercise, Kendall’s
coefficient of concordance (W) was used (Field, 2014). W values ranges from 0 (no agreement) to 1
(complete agreement). We employed R software for analysis (R Core Team, 2018).

3. RESULTS

3.1 Structure and functions of the Mfongo system

The mountain Mfongo network is comprised of several clusters of traditional irrigation schemes
which are scattered across the southern slopes of Mt. Kilimanjaro, with more concentration around
the western and eastern parts. According to key-informants, the size of irrigation schemes varies in
terms of land size, number of users and number of canals. Given the enormous size of the area, we
were not able to quantify these details. It was further mentioned that more than 90% of all canals
were unlined and some run more than 5 km from their sources. Given that canal flow is gravity-
driven, its construction involves several turns to avoid raised terrain. Notably, the use of aqueducts
is not common around Mt. Kilimanjaro. Occasionally, pieces of chopped wood, scraped metal or
banana stems are used to bridge water across smaller depressions.
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A network of canals is the major component of irrigation schemes. Canals were categorized
based on their relative size and the order of arrangement from the source, namely, primary,
secondary and tertiary furrows (Fig. 2A). Primary canals, like Mwaana and Mrema in Uduru
irrigation schemes, collected water from a river, thus considered as the major water entry point into
the scheme. Down the stream, primary canals branched into several secondary canals. They were
smaller in size compared to primary canals. Finally, each secondary canal was further sub-divided
into smallest canals called tertiary canals. We noted that tertiary canals were the main structures that
supplied water to the crop fields.

Apart from the canal network, the irrigation schemes were comprised of several small earth
dams, locally known as Nduwas (Fig. 3). They were intentionally established to sustain canal water
supply during dry seasons or where sources have lower discharge. Normally, overnight discharge is
collected and used for irrigation on the following day. The most important feature in Nduwas is the
crest, a vertical earth wall strengthened by roots of some selected tree species, common ones were
Albizia julibrissin, Ficus sycomorus and Ailanthus altissima. Likewise, a tunnel or Kipogoro with a
stopper Isasi is established near the bottom of the crest, whose drainage is controlled by a piece of
flat wood adjusted by a rope attached to a tree. This local engineering work is constrained by
excessive seepage and their maintenance is too labor demanding. The actual number of Nduwa
could not be established. However, over 80% of FGD participants from all villages mentioned that
only few Nduwa are operating today around the study area.

More than 80% of FGDs participants reported to use canals for irrigating crops at different time
of the year. Interestingly, farmers took advantage of soil wetness along canals by growing several
crops varieties, common ones included sugar cane, taro, banana and several varieties of vegetables.
Since canal water is free of charge, a significant proportion of villagers (65%) considered using
them as a potential strategy of minimizing tap water bills. On the other hand, the daily per capita
consumption of 25 litters is far below actual water needs in rural households around Mt.
Kilimanjaro. For example, the water need of stall-fed cattle was reported to be two to three times of
that amount. Over 70% of meeting participants reported to keep dairy cattle.

3.2 Conveyance and field application efficiency of canals

A number of indicators revealed that the mechanism of water abstraction, transport, storage and
field application in the study area is largely inefficient. At the intake points, a part of river flow was
obstructed by a pile of stones, sand bags or vegetation trashes to direct water towards primary
canals head. Notably, these structures are not durable and demand frequent maintenance. Moreover,
most of canal intakes are located inside the forest, far away from villages. Yet, villagers should seek
permit from the Kilimanjaro National Park (KINAPA) before entering the forest. This bureaucratic
approach often delays necessary maintenance.

Along the canals, excessive water loss through seepage was noted. We could not quantify the
actual amount of water that was lost. However, visual observation revealed wide wetted perimeter,
approximately 1 m, on each side of canals. By construction, earth piled on each side of the canal has
a weak mechanical strength, insufficient to prevent physical damage. Participants of FGDs reported
a number of potential risks that could lead to decreasing water conveyance efficiency in canals. This
included animal trampling (75%), especially free grazing livestock (Fig. 5). Similarly, villagers pay
insufficient attention to weak canal banks when collecting water for domestic uses or cutting
livestock fodder along canals (72%). Additionally, some biological activities in the soil were related
to excessive water loss from canals (68%). Common ones were perforations and holes created by
stream crabs, termites and mole rodents.

3.3 Irrigation practices under different farming systems

It was noted that traditional ways of crop irrigation around Mt. Kilimanjaro was inefficient in
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terms of water consumption and time management. Between 3 and 4 hours may be spent to irrigate

just one hectare. Extra time may be needed in case of any interruption that may block canal water
flow, thus demanding a farmer to walk upstream tracing the cause.
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Figure 2. (A) A hand sketch of traditional irrigation scheme in Uduru Village showing canal sources and a network of
primary, secondary and tertiary canals, (B) A primary canal delivering water to the scheme.

Figure 3. A small water dam or Nduwa used for temporary water storage or sustaining flow of weakly discharging
canals.

Figure 4. Ecosystem services derived from unlined traditional irrigation canals. (A) Diverse food crops planted along
canals and (B) a young boy collecting water for domestic uses.
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Figure 5. Livestock trampling over canal banks can accelerate water leakage from canals.

On the other hand, irrigation practices varied with the type of farming system. In vegetable or
maize fields water supply between crops is more or less systematic (Figure 7a). Checks in form of
rectangular ridges were established to hold water once received from tertiary canal. Once full, the
check at the lower side is opened by hand hoe to allow the flow to the next trough, and so forth. In
homegarden agroforestry (Fig. 7b), crops were not planted in confined troughs, as observed in
maize or vegetables plots, thus water supply to crops was controlled by farmers. Irrigation practices
in both farming systems involved extended foot trafficking on the wet soil and thus probably soil
compaction and a long duration of work. Additionally, amount and duration of water supply to
crops rely on farmers’ experience or availability of water.

Figure 6. (4) Irrigation water management under vegetable farming and (B) home gardens around Mt. Kilimanjaro.
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Figure 7. (A) Traditional water supply patterns in vegetable farming and (B) in home gardens.
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3.4 Weakness of resource governance

Weak cohesion between water management authorities and local communities is the most
pronounced water management concern around Mt. Kilimanjaro. It was commented during the
FDGs that formal authorities operate through a top-down approach, which weakens social ties with
communities. Villagers are provided little room for collaboration, including presenting their
opinions or participating in decision making. Increased installation of gravity-based pipes by district
authorities was reported to affect the discharge of traditional canals. Most villages in the central part
of the mountain slope, like Uchira and Uparo have no access to canal water since early 2000s. In
spite of this weakness, efforts to establish new arrangements for water management between local
and government authorities have not been considered.

On the other hand, KIs reported that the internal changes within Chagga communities have
weakened the authoritative capacity of local institutions. The authority of clan heads over
community furrow work has been highly disintegrated. Currently, most local institutions play only a
minor role confined within the vicinity of their village. A lack of sufficient labor required for canal
maintenance and unwillingness of young people to participate in canal maintenance, leave the
burden to a few people. Additionally, collective responsibilities among local people, like attending
funerals or harvesting also limit effective participation in furrow work. Most furrows are repaired
between June to August, which is also the peak harvesting season of beans and maize. Between 15
and 20 people are required to complete furrow repair within one-week period. But much effort is
needed to mobilize people and yet takes longer to accomplish the same task.

Figure 8. The remnant of an abandoned irrigation canal following poor community participation in canal maintenance.

Furthermore, contradicting national sectoral policies seem to mislead local decisions related to
water management. For example, the Kilimo Kwanza (Swahili for agriculture first) was
implemented to improve food security. However, there is an increased focus on commercial
agricultural production with far-reaching implications on the governance of water resources.
Criticism about misinterpretation of the Kilimo Kwanza policy has been reported by forest officers
around Mt. Kilimanjaro. Politicians are falsely taking advantage of the policy statements to re-
establish their local popularity. Concurrently, increased number of farmers has used the policy as an
excuse to encroach restricted areas. Disturbances around protected areas like lower mountain forest,
riparian vegetation along rivers and around springs were easily spotted. However, it was weakly
agreed (30%) by villagers that they are also involved in forest encroachment.

3.5 Lack of technical and financial support

The majority of FGDs participants (85%) have not been in contact with agricultural extension
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officers for the last five years. However, some villagers (30%), particularly around Machame and
Kibosho, have been in contact with coffee extension officers from Tanzania Coffee Research
Institute (TACRI) to learn general management practices of agroforestry. Only few examples on
specialized technical education regarding management of furrows and water supply have been
developed by responsible authorities (pers. com.). This include establishment of rice farming at
Lower Moshi and Mabogini areas through the support of the development cooperation agency of
Japan (JICA). It was mentioned that introduction of this scheme had significant impact to livelihood
transformation in terms of increased income and food security. Likewise, through the support of
United Nations Development Programme (UNDP), a traditional scheme was improved at Uduru
village in the early 2000s (pers. com.).

Furthermore, we noted that private sectors and NGOs could be useful to promote improved
irrigation activities around Mt. Kilimanjaro like in other parts of the country. During our field visit,
we learned that several micro-financing services operating in villages around Mt. Kilimanjaro.

3.6 Influence of gender and land rights on management of canals

Traditional taboos that restrict women to participate in canal maintenance still exist around Mt.
Kilimanjaro. However, 65% of respondent informed that the restrictions are gradually changing, as
the number of women heading a household increases. Similarly, spatial variation of gender
segregation was observed along the elevational gradient. In villages located in the lower elevation
zone, more women participated in cleaning and repairing of canals, compared to their counterparts
in the higher altitudes. Additionally, we noted a strong connection between gender, land rights and
water management within Chagga communities. Since land (Kiamba) is normally inherited by sons
only, women have less control and authority on land resources including irrigation canals.

On the other hand, significant proportion of villagers around Mt. Kilimanjaro was reported to
lack permanent land ownership. They operate plots on the basis of renting or taking care of a
relative who stay away. The majority of interviewed villagers (65%) mentioned that land tenant is
likely to avoid commitment to install improved irrigation infrastructures or participate effectively in
maintaining canals given that farm investments take long time to pay back.

4. DISCUSSION AND CONCLUSION

4.1 Structural functions of Chaggas irrigation schemes

Seemingly, water supply from traditional canals is highly variable across the study area. While
communities in the eastern and western parts have been well endowed with canals, most villagers in
the central parts could be highly vulnerable to water scarcity. We attribute this to complex
landscape that limits most villages to access canals (Kimaro et al., 2019). Additionally, water flow
in canals is gravity based (Tagseth, 2008a). However, the overall agricultural production potential
could be different from one scheme to another due to variable size of schemes, number of canals
and number of water users. Thus, schemes characterized with many users and low number of canals
could be experiencing water shortage and frequent social conflicts related to competition over
water. Relationships between water availability, crop yield and water conflicts have also been
reported in other small holder irrigation schemes (Tognetti et al., 2006; Veldwisch et al., 2013).

The observed order of canals revealed that old Chaggas had good skills and application
knowledge of fluid mechanics, since the size of canals decreased from the intake source
downwards. Despite the fact that water flow in mountainous areas is largely influenced by slope
(Beven and Kirkby, 1979), water velocity increases when it flows towards small canals as described
in Bernoulli's law of fluid dynamics (Munson et al., 2013). Notably, some parts of landscape are
relatively flat, like Lyamungo Kati and Uduru villages, yet we observed some canals flowing more
that 5 km from their sources.
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Future sustainability of micro-dams (Nduwa) around Mt. Kilimanjaro is still questionable for a
number of reasons. Traditional technical knowledge is poorly transmitted to young generations
(Kangalawe et al., 2014). Only few trees species are recommended for construction of Nduwa (pers.
com.). However, as indigenous trees are increasingly replaced by exotic ones (Misana et al., 2003),
tree species important for construction of Nduwa could also be lacking. Additionally, Nduwa are
highly vulnerable to siltation and labor required for their maintenance is not readily available.
Therefore, the irrigation system should be combined with other economic activities as an incentive
to villagers’ participation in management of irrigation structures. In Sri-Lanka, for example, fishing
has been introduced successfully as a promotion of multiple-use of irrigation water (Renwick,
2001).

4.2 Water conservation under traditional irrigation practices

Generally, traditional ways of supplying irrigation water and their field application around Mt.
Kilimanjaro is largely inefficient. Excessive water loss during water conveyance or storage, suggest
a need of minimizing water seepage. Given that majority of local farmers around the study area
have low income (NBS, 2013), introducing concrete lined canals could be infeasible. Therefore,
farmers should be assisted to identify areas where soil is highly permeable. This is attributed to
physical properties of the soil, like texture or natural cracks (Haghnazari et al., 2015). Additionally,
high population of rodents, termites and stream crabs can easily damage unlined canals. To
overcome this threat, cheap options, like application of plastic sheets, have been successfully
attempted in small-holder farming (Schibi, 2004).

Attempts to minimize potential risks to canal structure could enhance water conservation.
Expanding tap water network near homesteads and enforce restriction to grazing livestock could
reduce trampling on canals wall. Uncontrolled livestock could be the source of water pollution
(Hooda et al., 2000). Additionally, uncontrolled livestock affect crop yield and trigger social
conflicts between livestock owners and farmers (Hussein et al., 1999).

Harvesting rainwater could reduce pressure to use canal water. Upper elevation zones of Mt.
Kilimanjaro receive high and frequent precipitation (Hemp, 2006), thus can spare large share of
canal water to downstream users. Additionally, conservation agriculture practices, like mulching
and application of organic amendments could reduce excessive use of water for irrigation (Cook et
al., 2006). Despite prevailing water shortage around Mt. Kilimanjaro, adoption of water harvesting
technologies is far below expectation (pers. com.). A study is recommended to investigate potential
barriers that influence the limitations.

It is worth noting, however, that the connection between causes and impacts on water
management in Mfongo system is variable at spatial scales. For example, the impacts of increased
abstraction in gravity-based pipes on canal discharge in River Uchira were realized some years later
and not immediately. Likewise, deforestation in upper catchment area could lead to increased flood
risks at lower slopes. Although flood events on the lower areas of Mt. Kilimanjaro were not
frequently reported, the geomorphology of the landscape indicates that most villages in this area
could be vulnerable to flooding.

Furthermore, we realized that the water demand varied along the mountain slope and across
different farming systems. We attribute this to structural functions of irrigation systems,
management of canals and related social aspects of resources governance around Mt. Kilimanjaro.
For example, canals around upper areas experience higher water losses during water conveyance,
while increased vegetable production in lower area intensifies the water demand. Our findings
concur with observations by Turpie et al. (2005), who observed the effect of changing crop
preferences and market demands on irrigation water supply around Mt. Kilimanjaro.

4.4 Socio-economic implications of traditional irrigation practices

Irrigation canals around Mt. Kilimanjaro are ungauged. Therefore, it is difficult to estimate the
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cost of agricultural production under small-holder farming. Additionally, the use of hand hoe to
manipulate water supply around crop root zone has a number of disadvantages to farmers. Too
much time that could be economically useful to other chores is spent to irrigate a small area. In
homegardens, high variability of crop types suggests that some crops receive more or less water,
compared to their actual demand. Additionally, irrigation involves too much foot trafficking on wet
soil. Through this, soil could be compacted if irrigation is conducted successively for many years.

Despite the weakness of using hand hoe, we did not find other alternatives that Chagga people
could use to control canal water during irrigation. In other small-holders agricultural landscape in
Tanzania, the use of small irrigation pumps has been promoted (Villholth et al., 2013). However,
this option could be challenging around Mt. Kilimanjaro, since direct pumping from stream and
rivers is not allowed (Turpie et al., 2005). Concurrently, water volume in tertiary canals is not
sufficient to run a pump, unless collection ponds are established.

The use of irrigation pumps could be a solution to water losses in canals. However, its
implementation could reduce a number of co-benefits that the traditional canal system provides to
community. The canal network is a cultural heritage to Chagga people. They carried names of
people who initiate them, symbolize power and linked to number of past events (Dundas, 1924;
Tagseth, 2008b; Winter, 1984). Additionally, a permanently wet soil along canals is a hotspot for
medicinal herbs and wild vegetables (pers. com.).

4.5 Influence of policies, land rights and gender to the management of Mfongo system

Institutional problems related to water management like those around Mt. Kilimanjaro have been
reported in many other catchment areas in Tanzania (Sokile et al., 2003; Vedeld et al., 2016).
However, the fragility of mountain ecosystems has not been given sufficient attention. Instead,
blanket recommendations have been widely applied across different agro-ecological zones (Kimaro,
2019). From social perspective, livelihood in mountain communities is highly diverse. It is strongly
connected to mother-nature and traditional practices (Braun, 2003). Therefore, policy guideline
related to water management should emphasize participatory and holistic approaches that take into
consideration various socio-economic differences, like economic capacity, education and local
perceptions. A solid knowledge of the local environment should be well integrated in planning and
decision making.

Persisting land ownership problem is an indication that significant proportion of local people
could be avoiding fully participation to canal management. We link permanent land access to
personal decisions on land-based investments. Establishing improved irrigation canals or frequent
involvement in their management demands individual’s time and financial resources. Small-holder
farmers face unforeseen risks, like unreliable agricultural market (Salami et al., 2017), and therefore
could be avoiding to invest their resources where tenure period is not guaranteed. However, we
could not quantify the proportion of farmers who rely on rented land around Mt. Kilimanjaro.
Therefore, it is worthwhile to conduct further assessment on how customary land rights influence
management of water resources around Mt. Kilimanjaro. Similar to land right issues, unbalanced
access to canal water between men and women could be detrimental to overall food production
system. Cultural barriers that limit full participation of Chagga women in canal management and
accessing water should be considered as something of the past. Since women play a more important
role in agriculture than men (Boserup et al., 2013), there is a need to empower their participation in
agricultural water management. We suspect that Chagga women could better understand farm
conditions including characteristics of the soil and performance of different crops compared to their
husbands.

This study has delivered a strong indication that increased water demand and ecosystem
disturbances around Mt. Kilimanjaro are vulnerable to several future threats. We attribute this to
impact further on overall functioning of ecosystem and community livelihood. Current patterns of
water demands would put additional pressure on already destabilized hydrological systems and limit
any effort dedicated to improve or restore their functioning. Moreover, results presented in this
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study are not sufficient to address socio-economic consequences of poor management of irrigation
canals in Mt. Kilimanjaro. Therefore, we recommend further studies to validate our findings and
generating more findings related to sustainable water use in mountain agro-ecosystems.
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